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Preface

This book contains naterial which was given as a serics of lec-
tures to a seminar at the University of Minnesota during October,
1960. This seminar was jointly sponsored by the departments of
Botany, Entomology, and Soils. The first lecture, Chapter 1, was
presented as a Sigma Xi address on the St. Paul Campus and rep-
resented the keynote lecture for the seminar. The material was
also presented as a course in the Biology Department of the Uni-
versity of Colorado during the autumn semester of 1961.

The lectures have been revised and a substantial amount of
material has been added in order to give the subject matter the
necessary depth and breadth for its printed form. As complete a
bibliography as possible has been given in order that the reader
will be encouraged to explore beyond the contents of this book.
This is particularly true with regard to Chapter 3 on radiation
instruments in which the references will show details ot construc-
tion which could not be presented here.

The author particularly wishes to thank Professor Donald B.
Lawrence, University of Minnesota, for initiating these lectures,
for encouraging the publication of them, and for criticism of the
manuscript. The author also wishes to express his appreciation
to the following persons for their criticisms and suggestions: Pro-
fessor George R. Blake and Dr. Donald G. Baker, University of
Minnesota; Professor Frank Kreith and Professor John W. Marr,
University of Colorado. The author assumes responsibility for
the correctness of the material presented. He sincerely hopes that
this work will assist with bringing into modern biology, especially
ccology, more frequent use of the techniques and principles of the
physical sciences, for it is indeed a basic fact that ecology, by defi-
nition, is truly interdisciplinary.

David M. Gates

Boulder, Colorado
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Chapter 1
The Energy Environment

in Which We Live

INTRODUCTION

Environments have been of great interest to scientists for
many years and have been described and measured in a va-
riety of ways. The study of environments has been the con-
cern of meteorologists, climatologists, geographers, geologists,
botanists, zoologists, agriculturalists, foresters, and others.
Although the author is a physicist, who has been working
on problems of atmospheric physics, he has long had a serious
interest in the subject of biology and ncarly entered this
branch of science rather than physics. Since the atmosphere
is resting on the biosphere, so to speak, and since organisms
not only spend their whole lives interacting with one another
but also interacting with their immediate physical environ-
ment, it is not surprising that this physicist should take a re-
newed interest in the biological problems. Looking at the
various environments ranging from tropical rain forests,
deserts, lake shores, grasslands, boreal forests, alpine meadows
to arctic tundras, one is struck by onc predominant feature
besides the characteristics of vegetation and animal life, and
that feature is the energy exchange. The flow of energy into
and out of these environments must in many ways be an
extremely critical condition for the existence and propaga-
tion of life itself. Energy and the exchange of energy from
one object to another in the laboratory, industry, the atmos-
phere, the stars, and now in outer space have been of great
interest to the physicist, the astronomer, and the engineer for
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many years. The subject of heat transfer has been thoroughly
developed and is now one of the most esteemed subjects in
most engineering schools. The application of this branch of
physics to biology is long overdue. It is now essential and
critical that physics and mathematics be properly integrated
into the study of environmental biology.

To begin with, one point should be made emphatically
clear. Biology is by far a more difficult subject than physics.
It is much more complex, and it has more variables. It is more
difficult to do a controlled experiment and to understand
the basic laws of nature which apply in biology than it is in
physics. The complexity of problems in biology means that
the subject should be attacked with all the skills and tools
available. Onc cannot separate the biological world from the
physical processes of the universe. To study biology without
simultaneously rcaching an understanding of physical mech-
anisms is to superficially isolate the biological problem from
reality. Biologists should be trained as thoroughly as possible
and in many disciplines, including mathematics, physics, and
chemistry, as well as the traditional subjects of biology. This
may require more years of study than is now expected; how-
ever, there is little choice. Modern science is capable of ad-
vancing biology far faster than it is now moving. Those stu-
dents who will educate themselves thoroughly in the basic
sciences will reap a rich harvest in the field of biological re-
scarch.

The world in which we live is indeed a complex one. Con-
ditions on the planet earth happened to have been just right
for life tc have evolved. It may be a fairly delicate balance, a
rather thin thread upon which we dangle. It is tremendously
important to consider the interaction of biological organisms
with their environment in a quantitative fashicn, rather than
in the traditionally descriptive qualitative style so often oc-
curring today. I wish to introduce in the following pages a
quantitative approach, which, in my opinion, is the way to
study environments and the relationships of organisms to
them.

It has been traditional for the biologist to describe an eco-
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logical environment in terms of its plant and animal associa-
tion and such meteorological factors as annual rainfall, sun-
light, air temperature, wind, and moistuie, as well as soil
characteristics. However, it should be remicmbered that some
of these factors are perfectly good parameters for describing
the propertics of the atmosphere, but if they are to be used
for describing an ecological environment, then they must be
correctly applied. Very rarely in the ecological literature are
such data properly utilized. Usually the data are amassed and
the statement often made, “little correlation with plant
growth was noted” or “it was difficult to find a correlation.”
Actually, in fact, it would have been most surprising to find
a high degree of correlation in many instances. 'T'he parame-
ters air temperature, soil temperature, dew point, solar ra-
diation, moisture, and wind speed are indeed important; they
arc important not in themselves, but for the purpose of de-
scribing the cnergy regime and energy exchange of the en-
vironment. One must learn how to use them and when and
where they are required; their use is rarely simple. It is the
purpose of these lectures to provide a discussion ot the energy
regime of environments and of the interaction ot plants and
ammals with the energy exchanges.

THE FLOW OF ENERGY

Sunlight, thermal radiation, evaporation, convection, and
conduction all interact with an organism on the surfacc and
either deliver a net energy to the organism or abstract ¢nergy
from it. The following equation expresses the various com-
ponents of energy as they stream to and {rom the surface of
the carth in the boundary layer in which most terrestrial or-
ganisms spend their lives.

S+R+LE+G+C+s=0 (1.1)

where § = solar radiation flux; R = thermal radiation flux
from the ground, atmosphere, and surrounding objects; L =
latent heat of evaporation; E = rate of evaporation; G =
sensible heat flux by conduction from the ground through the
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soil or rock to the surface; C = sensible heat flux by convec-
tion in the air; and s = a storage term for storing energy or
giving up energy over short periods of time. The term “flux,”
when applied to radiant energy, refers to the total amount of
radiant energy ot all wavelengths crossing a unit area of sur-
face per unit time, in units of cal per cm® per min. When
applied to the movement of water or mass, the term “flux”
1cfers to the amount crossing a unit area per unit time in units
of grams per cm? per min.

For living organisms, the components are essentially the
same, except the reflective, transmissive, and c¢missive prop-
erties of the organism must be taken into account for both
visible and infrared wavelengths. The equation is now writ-
ten:

S—(+tS+eR+LE+G+C+s+P+M=0 (1.2

where r = reflectivity, ¢ = transmissivity, ¢ = emissivity, P =
photosynthesis, and M = basal metabolism. The organism
may exchange energy like a gray body, therefore, radiating
a fraction, ¢, of the energy radiated by a black body. The term
S again represents the total solar energy incident upon the
organism, and the term (r + ¢)S represents the encrgy un-
available to the organism through reflection and transmis-
sion losses. The term § — (r -+ ()S represents the solar en-
ergy absorbed by the organism. The latent heat term remains
as before, the ground conduction term may remain if the
organism is in contact with the ground, the convective term
is almost always present, and then there will be basal metab-
olism and possibly also photosynthesis going on within the
organism itself.

Figure 1 shows mean values for the various components of
energy as they pertain to the atmosphere of the northern
hemisphere of the earth./If one considers 100 units of solar
radiation passing through a horizontal surface at the top of
the atmosphere, these 100 units will represent 0.485 cal per
cm? per min. This is the annual mean value in the northern
hemisphere of the solar radiation energy incident upon a
horizontal surface located outside the atmosphere. Of these
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FioURE 1.—Eneigy exchange of the earth and atmosphere for the northern
hemisphere (100 units = 0 485 cal per cm? per min). Based on the solar constant
value of 194 cal per cm® per min.

100 units, one can consider that, on the average, 52 units will
be dealt with by the clouds in the atmosphere. The clouds
will reflect 25 units back to space, absorb 10 units themselves,
and permit 17 units to stream to the ground to be available
at the surface. On the average, 24 units will be transmitted
directly through clear skies to the surface, 6 units are scat-
tered by the sky to the surface. The total energy available at
the ground will average 47 units or 0.228 cal per cm® per min
on a horizontal surface.)Actually, of course, these exact num-
bers are not encountered in practice, but represent the aver-
age of both summer and winter conditions for the northern
hemisphere to give the energy budget of the atmosphere and
surface.

The carth and the atmosphere radiate heat in all direc-
tions. This is one of the phenomena which will be discussed in
detail later. The warm surface of the earth radiates heat very
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effectively, very much like a black body. Of 119 units radiated
outward from the surface, 10 units escape to space and 109
units are absorbed in the atmosphere. The atmospheric gases
reradiate this energy and send a stream of 105 units to the
surface and 56 units to the cosmic cold of outer space. The
atmosphere acts like a gray body; it has a temperature gra-
dient with height, and it radiates heat. This process is always
occurring, day or night, summer or winter, sunny or over-
cast. 'This heat radiated by the carth’s atmosphere, both up-
ward and downward, is long-wave infrared radiation with
energy distributed throughout the infrared spectrum but
reaching a maximum at a wavelength of about 10 microns.
The next encrgy exchange term is the very important evap-
oration-condensation process which takes place at the surface.
On the average, the carth’s surface in the northern hemisphere
is feeding 23 units of energy into the atmosphere by means
of the evaporation process. This moisture comes from the
soil, from the lakes and rivers, and from the plants growing
on the surface. This cnergy is not lost from the earth because
the moisture that is vaporized at the surface is recondensed
in the form ot clouds in the atmosphere, thereby giving back
23 units of latent heat to the atmosphere. Therefore, as shown
in Figure 1, there is a minus 23 units at the surface and plus
23 units higher up. The last term to be considered in the
eneigy cxchange of the earth-atmosphere system is the sen-
sible heat component. Sensible heat is the heat transferred by
convection because of the wind flowing across the surface of
the earth. In Figure 1 it is labeled conduction, but it is ac-
tually conduction-convection together. The winds across the
surface carry away 10 units and deposit those 10 units 1n the
atmosphere. This simply means that on the average the sur-
face of the earth is warmer than the air, and the air is gaining
heat by mass flow over the surface.

And so it is that Figure 1 represents the energy flow be-
tween the carth’s surface and the atmosphere where the or-
ganisins arc spending their entire lives. It is important to em-
phasize again and again that every living organism, you and
I, the other animals, the plants on the face of the earth, spend
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their entire lives in a thermal radiation, infrared heat ex-
change environment which may be moditied by solar radia-
tion, convection, and latent heat exchange. In some circum-
stances, such as the arctic winter, there is no solar 1adiation.
and the organisms are existing cntirely in a thermal heat
radiation environment. You and I in a building are exchang-
ing radiation with the walls, and our comfort and survival
depends upon this radiation field. We are not dependent
upon the incandescent lights or visible light. We are quite
comfortable in the dark, with the walls exchanging heat with
us according to the surface temperature of the walls and our-
sclves. Here is a good example of a strong radiational envi-
ronment. 'This environment is not modified by wind, so your
comfort and your adjustment to this environment do not de-
pend upon the sensible heat term. Nor is there much evapo-
ration taking place, although our exhaled air and perspira-
tion will put some moisture into the room while we are sitting
there. Food must be periodically consumed in order to main-
tain the internal energy and body heat against the losses by
radiation and evaporation.

' The solar radiation term, the § of Equations 1.1 and 1.2,
will now be described in some detail. The amount of energy
per unit time from the sun incident upon a surface placed
outside the earth’s atmosphere perpendicular to the sun’s rays
at the mean distance of the carth from the sun is called the
“solar constant.” This has been a very difficult quantity to
measure because of the disturbing influence of the atmos-
phere and the broad wavelength distribution of the energy.
T'he best value is now Lhought to be 2.00 cal per an* per min
(see Johnson, 1954). Previously the value was thought to be
1.94 cal per cm? per min))and Figures 1 and 2 are based on
this value. It is interesting to sce how the amount of solar
energy incident on a horizontal surface varies over the globe
as a function of latitude and season. Figure 2 gives the daily
totals of undepleted solar energy as reccived by a horizontal
surface outside of the earth’s atmosphere. The tremendous
differences in the amount of solar energy flux at various posi-
tions on the earth are immediately evident. At Libreville, on
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Ficure 2—Daily totals of the undepleted solar radiation received on a hori-
zontal surface for different geographical latitudes as a function of the time of
year. Based on the solar constant value of 1.94 cal per cm? per min.

the equator, the changing position of the earth in its orbit
around the sun has very little effect throughout the year. The
solar radiation environment of equatorial regions is very con-
stant and hence is one of the reasons for the relative constancy
of the energy regime of equatorial regions as is evidenced by
the extremely small seasonal variations in soil temperatures,
among other things.

Farther north in temperate latitudes, such as New Orleans,
Washington, Paris, London, and Berlin, it is evident from
Figure 2 that there is a considerable seasonal variation in the
total daily solar energy incident upon a horizontal surface.
Still farther north the variation in the daily totals becomes
more extreme from summer to winter until finally north of
the Arctic Circle the direct winter sunlight becomes zero in
midwinter and the skylight illumination becomes small. At
Spitsbergen there is no direct sunlight for nearly three
months, only twilight, and the environment is composed of
thermal radiation, modified at times by turbulent winds.

The solar radiation has to penetrate and diffuse through
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Fioure 3.—Extiateriestiial solar flux, the solar flux at the earth’s suface,
and the flux from 6000°K black body as a function of the wavelength. 'The ab-
sorption bands resulting from atmospheric O., Oy, and H.O are shown.

the earth’s atmosphere, and when it gets to the surface 1t has
been strongly depleted by mcans of absorption at discrete
wavelength positions and by a continuum of scattering at all
wavelengths. Figure 3 shows the spectral distribution of the
solar energy when it reaches the surface as well as outside ol
the carth’s atmosphere before it has been attenuated by scat-
tering and absorption. For comparison purposes the emission
from a 6000°K* black body at the mean distance of the sun
is also shown. The visible portion ot the spcctrum is only a
fraction of the total energy radiated by the sun. The solar
energy curve peaks in the green of the visible at 0.48 microns.
On the ultraviolet side it is depleted strongly through absorp-
tion by ozone and oxygen, and on the infrared side through
absorption by water vapor, carbon dioxide, and ozone. The
powerful actinic rays in the ultraviolet would “burn up” most
organic material if it were not for the protecting layer of
ozone up in the stratosphere and the oxygen molecules dis-
tributed to much greater heights in the atmosphere. The ab-

* Kevin scale, formerly called Absolute temperature, degree units of same
size as the Celsius or Centigrade scale, but with zero 273 degrees lower.
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sorption of light by atoms or molecules is due to the fact that
the molecule or atom resonates at definite frequencies cor-
responding to energy transitions between quantized gnergy
states. Each molecular or atomic species will have a unique
set of absorption lines or bands by means of which the absorb-
ing constituent can be identified. In this way we know pre-
cisely the nature of the absorbing gases in the atmosphere.
You will notice many absorption bands in the infrared attrib-
uted to water vapor and a strong depletion of the solar energy
curve by these bands. Some biological textbooks state that the
solar energy curve ends at 3 microns. This is quite incorrect,
because, as discussed later, some sunlight does come through
beyond this wavelength, although it is indeed the tail of the
curve and represents a relatively small contribution to the
total energy.

Let us look for a moment at what is happening during the
day and night at the ground, upon which all these organisms
are dwelling, with regard to the temperature regime. Figure
4 is a schematic illustration of the temperature profiles in the
air above and in the ground below the surface at midnight,
after sunrise, at noon, and before sunset. The horizontal scale
represents temperature with increasing values to the right,
and the vertical scale is a measure of the height above and
below the surface. By dawn the ground surface has cooled off
to some low value, and this temperature is shown at the far
left of the figure. The air above and the ground below are
both warmer than the surface and so the temperature profiles
slope to the right. At some depth well below the surface, about
30 centimeters, there is no diurnal temperature change, and
all profiles must meet at this point. The annual wave of heat
will penetrate to a depth of about 600 centimeters. The rate
of penetration for any heat wave in the soil is about 2.2 cm
per hr, the exact rate depending on the thermal conductivity
of the soil under consideration and the temperature gradient.
The direction of the energy fluxes due to ground conduction,
G, turbulent convection, C, and latent heat of evaporation
or condensation, /., are shown by arrows and by the symbols

> or <, representing “greater than” or “less than,” respec-
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Fioure 4 —Idealized temperature profiles in the ground and air for various
tumes of the day, and the transport of heat by convection, C, by conduction, G,
and by latent heat of evaporation or condensation, L.

tively. All quantities will be positive if heat 1s flowing toward
the surtace and negative if flowing away from the surface. By
dawn, with the surface cooler than elsewhere, the energy flow
due to convection, conduction, and latent heat must be to-
ward the surface, from the air downward, and within the
ground upward. Condensation may take place at the surface.
Soon after sunrise the surface has been warmed somewhat by
the sun. However, there is a lag beneath the surface so that
the temperature drops as one penetrates a few inches into the
soil, and then the temperature must reverse and end up at the
nodal point at sufficient depth where all profiles meet. Above
the surface the air is still warmer than at the surface, and the
usual nocturnal temperature inversion still prevails. Heat
must be conducted away from the surface into the ground
toward the lower temperature strata and from the air toward
the surface from above. Evaporation at the surface has prob-
ably begun at this time of day. By noon or early afternoon,
one can picture the surface having been warmed to its maxi-
mum extent, and this point is shown at the far right in the



12 DAVID M. GATES

diagram. The ground and the air are both distinctly cooler
than the surface, and heat must be conducted and convected
away from the surface. Evaporation must now be quite strong
providing there is moisture available. The ground warms the
air near the surface. This air rises because of its buoyancy,
turbulence results, moisture is carried into the air, dust rises
aloft, visibility goes down, winds come up, and the disturbed
conditions of midday are in full swing. In the late afternoon,
before sunset, the temperature of the surface has dropped but
is still warmer than the air. However, there is a distinct tem-
perature lag in the ground, and the temperature at a few
inches depth remains warmer than the surface. In the ground,
heat must be conducted toward the surface and toward deeper
levels, while in the air, heat must be convected away from the
surface. Some evaporation is probably still occurring. From
these four examples it is easy to project the temperature pro-
files for other times of the diurnal cycle. It is in this boundary
layer, near the surface, subjected to the diurnal changes of
the heat flow, where large numbers of organisms spend their
entire lives. The deeper roots of plants are in a rather undis-
turbed energy regime. Those roots which penetrate deep into
the soil, say more than two feet, exist in an extremely con-
stant thermal environment. Those roots nearer the surface
have the harshness of the temperature changes at the surface
considerably softened. The vegetation above the surface may
undergo temperature excursions which are much greater
than the surrounding air. For this reason it is important not
only to understand qualitatively the pulsating dynamics of
this environment at the surface, but to appreciate thoroughly
its quantitative significance as well. One cannot consider what
happens on the barc exposed ground as completely analogous
with what happens above and below a ground covered with
vegetation. However, the qualitative picture shown here is
illustrative of the energy flow at the surface and the extent
to which it may vary diurnally. For a vegetated surface the
temperature profiles in the air may have quite different
slopes than those shown here, and in fact one knows that the
profile will change quite abruptly on passing from vegeta-
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tion into free air above. In the daytime the air in the canopy
of trees may be quite warm compared to the free air above
them. At night the air in the canopy may be cooler than the
air above the trees, due to the radiative cooling of the leaves
themselves.

Figure 5 illustrates the heat load with which an animal
living on the surface of the earth must contend. The animal
is out in the open and is being irradiated with sunlight—
direct sunlight, scattered sunlight from the sky, coming in
from all directions. He gets reflected light from the ground,
the leaves of the plants, the trees, and everything around
him, including any clouds in the sky. He receives thermally
radiated infrared radiation from the atmosphere, clouds,
ground, and surrounding vegetation. He, in turn, is a hot
radiating object, reradiating to space, to the sky, to the
ground, and thereby losing heat by radiation in all directions.
There is convective loss—turbulent transfer due to the air
flowing across his body. This loss will occur whether or not
there is wind. Without wind it is called natural convection;
with wind it is called forced convection. The cenvective loss
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Ficure 5.—Energy exchange for an animal in a natural environment.
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can be substantial depending upon the organism and the na-
ture of its body surface. The animal may sweat and hence
there will be an evaporative loss of moisture. .

The earth’s surface radiates infrared radiation to the at-
mosphere and through the atmosphere to outer space, and
the atmosphere itself emits infrared radiation downward to
the ground and outward to space. While the solar radiation
flux strikes the earth only during daylight, the long-wave,
infrared strcams of energy are always present, day or night,
winter or summer. All organisms cmit radiation and are, in
turn, subjected to a constant flux of thermal radiation. These
fluxes of infrared radiation have been generally ignored by
the biologist in environmental studies although they actually
represent a very important component of the energy ex-
change. It is the purpose now to describe the features of this
long-wave, infrared heat exchange as it pertains to organismns
living on the surface of the earth.

The atmosphere is composed of 78% nitrogen, 21% oxy-
gen, and 0.93% argon by volume for dry air. Minor constitu-
ents which make up the remaining fraction include, among
others, carbon dioxide, ozone, nitrous oxide, and methane.
These minor constituents are widely variable in the bio-
sphere. The carbon dioxide concentration may vary consid-
erably within vegetated regions, but over the globe as a whole
it averages about 0.03% by volume. Ozone at the surface is
generally considered to be 4 parts per 10 million parts of air,
but increases by tenfold or more in city smog conditions.
Ozone also increases with altitude where its peak concentra-
tion of about 6 parts per million occurs in the stratosphere at
25 km above the surface. Nitrous oxide, which is a product
of bacterial action in the soil, has a concentration near the
surface of about 5 parts per 10 million parts and is quite
variable. Water vapor, which is the most variable constituent
over the surface of the earth, has concentrations from 0.1%
to 1% by volume for most air. The concentrations given
above were all for dry air. These molecular constituents pos-
sess numerous absorption bands—regions where they absorb
incident energy—in the infrared. The regions of transpar-
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ency between the absorption bands are termed “atmospheric
windows.” Some of the absorption bands due to water vapor
and carbon dioxide (see Figure 3) cut off at a wavelength of
3.2 microns. However, beyond that wavelength, toward longer
wavelengths, there are many more very important absorption
bands due to water vapor, carbon dioxide, and ozone. These
are shown in Figure 6. The transmission of the atmosphere
to solar radiation of wavelengths greater than 4.0 microns is
shown at the top of the figure. It should be noted that the
solar spectrum as received at the earth’s surface extends as
far as 23.0 microns before finally being terminated. Solar ra-
diation penetrates through the atmosphere again at very long
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wavelengths in the microwave or radio region at about 1000
microns or 1.0 millimeter. The absorption bands due to water
vapor, located at 6.3 microns and from 18 microns angd be-
yond, those associated with carbon dioxide at 4.3 and 15.0
microns, and the 9.6 micron band of ozone are extremely im-
portant from the standpoint of radiation transfer in the at-
mosphere. The reason for their importance lies in the fact
that they are located in the wavelength region where radiators
at the temperature of the carth or atmosphere cmit most of
their energy, namely 4.0 to 50.0 microns.

If the carth’s atmosphere was composed of only oxygen,
nitrogen, and the inert gases, which make up over 99% of the
atmosphere, and did not contain the trace constituents water
vapor and carbon dioxide, this planet would be a most unin-
habitable place indeed. The gases nitrogen, oxygen, argon,
etc., have no significant absorption bands in the infrared.
They transmit sunlight readily but in addition transmit freely
the long-wave infrared radiation from the surface of the
planet to outer space. The earth would be hot on the daytime
side and intensely cold on the nighttime side, having a cli-
mate not too dissimilar from that existing on the moon. It is
doubtful from the purely radiation standpoint whether any
form of lite could exist under such conditions, and certainly
true that higher forms of life could not have evolved. The
truly minor constituents, water vapor and carbon dioxide,
produce the critical control on the radiation exchange be-
tween the earth, the sun, and outer space which mollifies the
climate at the surface to give the biosphere tolerable tempera-
ture limits.

The physics of thermal radiators is extremely well known
and can be found in any clementary physics textbook. How-
ever, it is important for the present discussion to review the
basic characteristics of radiators. A black body is defined as
an object which will absorb completely all frequencies of ra-
diation incident upon it. A good black body is constructed
by cutting a small hole in the wall of a cavity or enclosure.
The hole or opening indeed appears black, and all energy
incident upon it will be trapped inside. This black body cav-
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ity will also emit radiation of all wavelengths back out
through the hole in the wall. The radiation emerging repre-
sents the maximum energy which can be cmitted at the tem-
perature of the cavity. All other radiators or absorbers are
compared to this black body. The surtace of the carth. par-
ticularly soil, can be considered as a good approximation to
a black body radiator. The first fundamental law of radiation
states that the total energy emitted by a black body 1s propor-
tional to the fourth power of the absolute temperature (de-
grees Kelvin). The second law ol radiation states that the
wavelength maximum for the emitted energy distribution
multiplied by the absolute temperature is a constant. For a
black body at the temperature of the earth, e.g., 288°K, the
emitted energy will peak at nearly 10 microns wavelength.
This curve is shown in the center of Figure 6 and is labeled
“ground emission.” Notice how the energy is distributed from
a wavelength less than 4.0 microns to wavelengths off the di-
agram well beyond 26 microns. The total energy emitted will
be the arca under the curve. If the earth were at a higher
temperature, it would emit cnergy according to a curve above
the one shown and shitted toward shorter wavelengths. Notice
that in Figure 3 a black body radiator at a temperature of
6000°K, approximating the solar emission, had its energy
peak in the green of the visible at a wavelength of 0.48 mi-
crons. If the atmosphere were to absorb completely all wave-
lengths, then it too could be considered to be a black body.
However, as has been pointed out, the atmosphere only ab-
sorbs energy in certain discrete absorption bands. If the at-
mosphere were a black body, it could be considered as ra-
diating downward toward the surface as if it were at a
temperature of about 263°K. This is shown in Figure 6 as
the curve “black body emission 263°K.” A third law of ra-
diation states that a good absorber is a good emitter at the
same frequency or wavelength. Since the atmosphere absorbs
in discrete bands it will emit energy in these same discrete
bands and to the degree to which they absorb. By applying
the curve at the top of Figure 6 to the curve marked “black
body emission 263°K,” one gets the crosshatched areas marked
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“estimated atmospheric thermal emission.” The only excep-
tion to this procedure is for the ozone band located at 9.6 mi-
crons. This is because most of the ozone is located im the
stratosphere at a height of about 25 kilometers above the sur-
face and must be considered as radiating at a temperature of
235°K. Applying the shape and strength of the 9.6 micron
ozone band at the top of the figure to the curve marked “black
body emission 235°K,” one gets the shaded peak at 9.6 mi-
crons in the “estimated atmospheric thermal emission” curve.
It is now interesting to compare the estimated curve with an
actually observed night sky emission shown at the bottom of
the figure. It is secn that all of the emission features are con-
firmed and in about the correct relative strength. There is a
slight difference in the two vertical scales used since the re-
port of the observations (Sloan, Shaw, and Williams, 1955)
did not give sufficient information to permit a conversion.
Hence, onc sees from Figure 6 that the atmosphere above
does not flood the earth’s surface with a continuous wave-
length stream of energy, but sends down strong bands of en-
ergy located primarily between 5 and 8 microns and from 13
microns toward longer wavelengths, with smaller streams in
between. It is of further importance to note that these bands
of energy depend upon the atmosphere being composed of
some water vapor and some carbon dioxide. The amount of
carbon dioxide is 0.03% by volume and is well mixed over
the globe although there are local inhomogeneities. There-
fore the flux of energy in the region of 13 to 16 microns,
which is due to CO,, is reasonably constant over the globe
and probably will not significantly reflect the small varia-
tions in CO, which occur in the biosphere. But the other
fluxes, which are due to water vapor, vary tremendously with
the water vapor content of the atmosphere over the globe,
which is far from constant, being about 0.1% by volume for
relatively dry air and 1% by volume for saturated warm air.
Everyone has experienced the feeling of a clear sky on a dry,
cold night and how much colder it feels than the air tempera-
ture would indicate. This is because the body is radiating
heat and at the same time receiving relatively little from the
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atmosphere in return. If the moisture content of the atmos-
phere were to increase suddenly by a substantial amount, or
if a layer, even a thin layer, of clouds wcre to move in over
head, then a much stronger stream of thermal radiation would
flood the surface and one would feel distinctly more com-
fortable. This very phenomena was witnessed in dramatic
fashion on the evening of this lecture (24 October 1960, St.
Paul, Minnesota). The author described what could happen
if clouds moved in and how very cold it felt outdoors before
the lecture because of the clear sky overhead. Unknown to
the lecturer, during the evening a veil of clouds did develop
over St. Paul, and when one stepped out of doors after the
lecture the environment telt distinctly warmer. It is probably
true that the air temperature had changed relatively little.

CARBON DIOXIDE THEORY OF CLIMATIC CHANGE

The carbon dioxide theory ot climatic change has received
considerable attention in recent years, notably through the
publications by Callendar (1938, 1958) and by Plass (1956a,
b,c, 1959). This theory is based on the fact that the funda-
mental absorption band of the CO, moleculc is located in the
infrared at 14 microns where the carth’s atmosphere radiates
heat efficiently. The carbon dioxide in the atmosphere ef-
fectively shields the earth’s surface from the cosmic cold of
outer space. An increase in the carbon dioxide content of the
atmosphere would produce increased effectiveness of the
shielding effect and by this means make the surface warmer.
On the basis that the carbon dioxide content of the earth’s
atmosphere has increased by 13% during the past one hun-
dred years, Plass calculated that the average temperature of
the earth near the surface should have increased by about
1°F or 0.56°C. Since this is almost exactly the average increase
recorded all over the world for the last century, it has been
regarded as confirmation of the carbon dioxide theory of cli-
matic change. Bray (1959) has restudied the question of the
change in atmospheric carbon dioxide concentration during
the last century and comes to the conclusion that the con-
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centration was 294 ppm during the period 1857 through
1881 and 319 ppm during the years 1932-1956. Reports of
analyses on carbon dioxide samples from many statioms in
Scandinavia are made periodically by Egnér and Eriksson in
the journal Tellus and may be found there. The amounts
vary with the station and with the time of the year, the ex-
tremes running from 245 to 380 ppm.

Kaplan (1960) and Kondratiev and Nilisk (1960), among
others, have had doubts concerning the magnitude of the ef-
fect of carbon dioxide on climatic change and have made ex-
tensive new calculations. According to Kaplan, halving of
the carbon dioxide content of the atmosphere would reduce
the mean temperaturc of the earth’s surface by between 1.3°C
and 1.9°C, and because of this it would scem that carbon di-
oxide variations could not play a major role in the ice-age
cycle unless the carbon dioxide changes were by an order of
magnitude. Kaplan further concludes that a change of 10%
in the carbon dioxide concentration should result in a change
of not more than 0.25°C in the surface temperature. Kondra-
tiev also comes to the conclusion that the effect of carbon di-
oxide on climatic change is relatively insensitive. Kondratiev
and Nilisk show in particular that the effect of water vapor
absorption overlapping with the carbon dioxide absorption
in the wavelength region 12 to 18 microns acts in such a way
as to almost completely suppress any possible influence by
carbon dioxide on climatic change through radiative proc-
esses.

There is no question but what the carbon dioxide theory
of climatic change is an appcaling hypothesis and that it
should not be set aside as settled once and for all. Perhaps
new evidence, either from the standpoint of the carbon di-
oxide content of the atmosphere, or with regard to the details
of the radiation process, will someday make the hypothesis
more valid. However, in the meantime, the carbon dioxide
hypothesis should not be considered likely to be the primary
reason for major climatic changes. The effects of cloud cover
on climate will be far more dramatic than the possible effects
by carbon dioxide. Also the effect of the mean water vapor
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content of the atmosphere, which is highly variable, may be
of considerable influence. Calculations are required to show
the magnitude of this effect for water vapor.

ENERGY REGIMES OF THE WORLD

The net radiation at the surface of the earth is the differ-
ence between all downward streams of radiation minus all
upward streams of radiation. The downward flow ot radia-
tion includes direct solar, diffuse sunlight scattered by the
clouds and sky, and thermal infrared radiation from the at-
mosphere and clouds. The upward flow of radiation includes
reflected sunlight from the surface and thermal infrared ra-
diation radiated by the surface of the ground. The net radia-
tion at the surface, which is often referred to incorrectly as
the radiation balance, is of great importance for considera-
tion of the evaporation rates and the generation of thermal
winds, and for the basic understanding of the energy budget
at the surface. Budyko (1956) describes the world-wide dis-
tribution of net radiation as given by maps in the Radiation
Atlas which he had published earlier (Buayko, 1955). The
map giving annual totals has been redrawn and is reproduced
in Figure 7. The energy units are kg-Cal per cm? per year. It
is interesting to note some comparisons over the globe. The
largest values of net radiation are found over the oceans where
cloud cover is more prevalent, especially at night, thereby
causing the surface to lose less heat to the cosmic cold of outer
space, and at the same time the clouds are effective radiators
themselves sending a strong flux of black body radiation to-
ward the ocean surface emitted from their bottom sides. Al-
though the increased cloud amounts over the ocean do some-
what reduce the amount of sunlight reaching the surface, this
reduction is less than the increased blanketing effect produc-
ing more long-wave thermal infrared radiation as described
above. The increased moisture content of oceanic air also
contributes to the downward stream of infrared radiation.
The greatest value of net radiation is 140 kg-Cal per cm? per
year over the Indian Ocean where a very warm, moist at-
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mosphere prevails throughout much of the year. There are
abrupt discontinuities between the oceans and the continents
generally amounting to 20 to 40 kg-Cal per cm? per year. The
continents may have more sunshine because of clearer skies,
but they also have much stronger nocturnal cooling at the
surface because of reduced cloudiness at night; in fact, the
thermal radiation loss from the surface through the clear at-
mosphere to space will occur constantly day and night. There-
fore, over the Sahara Desert where daytime temperatures may
be extremely high due to the intense sunlight at the surface,
the nighttime temperatures may be surprisingly low due to
the nocturnal cooling by radiation loss through the very dry,
transparent air. It will be noted from Figmc 7 that the annual
net radiation over the Sahara Desert is 60 kg-Cal per cm? per
year. The value of the albedo of desert soils will also mate-
rially affect the net radiation values. Across northern United
States through Minnesota the value is estimated to be about
40 kg-Cal per cm? per year. As one goes north the annual
total amount of sunlight becomes reduced and the net radia-
tion at the surface falls accordingly. Even arctic regions with
continuous summer illumination have a smzll accumulation
of positive net radiation throughout the year. The world-
wide values for the month of June are shown in Figure 8.
Here it will be noticed there are negative values in antarctic
regions duc to the lack of sunlight during the south polar
winter. T'he net radiation values shown on these maps arc
averages, and large deviations from these can and do exist
locally, due to orographic teatures affecting cloud distribu
tion and humidity of the air, and to various soils and vegeta-
tions.

The author experienced the consequences of an unusually
large net radiation at L.ocarno in Switzerland where the vege-
tation is unexpectedly tropical and characteristic of vegeta-
tion found seven hundred miles to the south in Sicily. The
reason for this unusual condition is orographic since Locarno
is located on the southern slopes of the Alps. This results in
clear skies in the daytime, thereby permitting a great dcal of
sunshine to reach the surface, and the nights are frequently
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cloudy with heavy rainfall. Locarno has the greatest amount
of sunshine and the greatest annual rainfall in Switzerland.
The vegetation type and growth are clearly a response to this
heavy energy budget and moisture regime.

The net radiation at the surface, which results in a gain or
a loss of energy, must cither evaporate moistute, condensc
moisture, or generate air density gradients which will result
in thermal winds. In the energy balance equation the net
radiation represents the sum of the first two terms § + R.
For conditions at the surface or just above the ground, the
conduction term G can be neglected. Except for the storage
of heat, the net radiation must be carried away by cvapora-
tion LE and convection C. In general the rate of evaporation
will keep pace with the heat load where soil moisture is ade-
quate. In this case the transfer of heat by convection will be
small. When there is not sufficient soil moisture to maintain
adequate evaporation proportional to the heat load, the energy
must go into thermal winds and the convective transfer term
becomes large. A comparison of climates throughout the
world for various seasons of the year will illustrate this idea.
In Figure 9 are shown the principal components of the energy
regime for six locations on the earth. These examples repre-
sent certain extremes to be encountered as well as certain
moderate conditions. In this diagram, contrary to the conven-
tion employed carlier, positive values of LE and C represent
energy carried away from the surface.

At Manaos, Brazil, there is almost constant soil moistening
by precipitation, and most of the net radiation is used in
evaporation. The turbulent component is very small. The
net radiation regime is nearly constant throughout the year.
This is consistent with the constancy of the solar insolation in
equatorial regions and the isothermal conditions oi tropical
soils as noted by Weber (1959).

For Saigon, Indochina, there is also a reasonable constancy
of the net radiation with the exception of a sudden rise in late
winter when the cloud cover present throughout the rest of
the year suddenly diminishes and the insolation increases as
a result. During this drier period evaporation diminishes and
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Ficure 9.—The annual variations of the heat balance components in kg-Cal
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radiation at the sutface, C is the heat transferred to or from the surface by con-
vection or turbulence, and LE is the heat transfeired by evapowation or con-
densation. (Data from Budyko, 1955, 1956 )

more of the net radiation must be carried away by convec-
tion. This period of the year in Saigon is characterized by more
gusty winds. Throughout the remainder of the year the tur-
bulence is very small indecd.

As onc goes north from equatorial into tropical regions the
nct radiation begins to exhibit a strong seasonal variation. A
typical dry, continental, tropical locality is Aswan, Egypt.
Here the rainfall is so small as to have a negligible effect on
the energy regime. The annual variation of the net radiation
is considerable, and the turbulent exchange follows this curve
closely. It should be noted that the maximum net radiation is
not as large at Aswan as it is at Saigon, due to the higher albedo
of the desert sands and the stronger outgoing infrared radia-
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tion from the warmer ground through the transparent dry
air. The desert conditions are generally dry, dusty, and windy.

The Mediterranean climate is characterized by wet winters
and dry summers, and the cnergy relationships for Lisbon,
Portugal, exhibit this feature. The evaporation keeps pace
with the net radiation increase in the spring, but then as the
summer dry period scts in, the evaporation diminishes and
the energy must be dissipated by convection, which reaches a
maximum in July. It will be noted that the convection term
is negative; this means that warm turbulent ain, probably
from over the sea, is delivering heat to the surface. This is the
1cason tor the evaporation term being lasger than the net 1a-
diation texm during December. The heat delivered by the
warm winds that blow must be carried away (hrough evapora-
tion.

For continental regions in temperate latitudes, there is a
more even distribution ot the energy flux among the com-
ponents. Paris, France, represents a good example of this
situation. Here once again winds that are warmer than the
snow-covered ground deliver energy to the surtace during No-
vember to February, and the evaporation amount is well above
the net radiation level which is negative during this period.
Throughout the remainder of the year the rainfall, and hence
the evaporation, is not suflicient o discharge all of the net ra-
diation accruing at the smiface, and so there is always some
turbulence with the winds stionger and more frequent during
midsummer.

At Turukhansk, Siberia, the net radiation is negative—a
loss of radiation from the sutface—during the season mid-
September to April, and the winds which are slightly warmer
than the snow-covered tundra nearly compensate for the nega-
tive radiation regime. ‘The evaporation is therefore zero dur-
ing this same winter period. The summer peak in the net ra-
diation shows up as an increase in convection until the snows
melt, and then a peak is reached in evaporation while the
winds have diminished in their role to carry away heat.
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LOCALIZED RADIATION REGIMES

Having surveyed the world-wide energy relatlonshlps it is
now important to evaluate some specific localized conditions.
Figure 10 is designed to exhibit and compare the solar and
thermal radiation load of some specific situations. The lower
curve in the diagram shows the average flux of sunlight, both
direct and scattered, received on a horizontal surface in the
latitude zone 40° to 50° for various times of the year. The
upper curve shows the average flux of extraterrestrial solar
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radiation on a horizontal surface for the latitude zone 40° to
50°. The maximum value for July at latitudes 40° to 50° for
solar plus skylight is given as a horizontal linc at the value 1.0
cal per cm® per min. The maximum solm cnergy received at
the earth’s surface on top of the highest mountain on a plane
perpendicular to the sun’s rays would be approximately 1.75
cal per cm* per min and is shown by the dashed line at this
level. Also for reference the value of 2.0 cal per an® per min
for the solar constant is also given.

On a clear night, with the surface air temperature at 15°C
and with average humidity conditions, the downward stream
of infrared thermal radiation from the atmosphere will be ap-
proximately 0.44 cal per cm? per min. It the night is overcast
and the air temperature is 15°C, the downward stream of ra-
diant flux is greater than on a clear night and is now approxi-
mately 0.53 cal per cm® per min. These two conditions are
shown in Figure 10 as the lowest two horizontal lines. The
next horizontal line represents the downward stream of at-
mospheric infrared radiation from a clear daytime sky at an
air temperature of 30°C. The value here is 0.56 cal per cm?
per min. Actually for calculating the stream ot infrared ther-
mal radiation from the atmosphere, it makes no difference
whether it is day or night since the atmospheric long-wave ra-
diation tcrm does not include scattered or direct sunlight, but
only the radiation thermally emitted by the atmospheric gases,
water vapor, carbon dioxide, and ozone. Therefore the impor-
tant parameters, which may vary with time and place, are the
air temperature and the atmospheric water vapor content. If
only the air temperature and relative humidity ncar the sur-
face arc known, then the atmospheric radiation calculated
will be approximate to within about 15% or 20% of the true
value. However, this accuracy is sufficient for the comparisons
being made here. In order to obtain greater precision, it would
be necessary to know the temperature profile and the humid-
ity profile from the surface up to near the tropopause. De-
tailed calculations of this type will be described in the follow-
ing lecture. If the day is overcast, the downward stream of
infrared atmospheric radiation is stronger due to the fact that
the clouds act as black bodies emitting at the temperature of
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their bases. An example of such a situation for an air tempera-
ture of 30°C near the surface is given by the fourth horizontal
line from the bottom in Figure 10 with a value of 0.66 ¢al per
cm? per min.

Also of importance to vegetation and animals, in addition
to the downward stream of atmospheric radiation, is the up-
ward stream of infrared thermal radiation from the ground.
The ground radiates very much like a black body, and for a
surface temperature ot 410°C the upwaid strcam of infrared
radiation would amount to 0.79 cal per «<m? per min and is
shown by the horizontal line in Figure 10 marked by R, .
Higher ground surface temperatures can prevail under many
circumstances during the daytime, and the radiated flux will
be higher according to the fourth power of the absolute tem-
peraturce. If the ground surtace temperature was 60°C, the
radiated flux would be 1.0 cal per cm® per min, about equal
to the total sunlight received on a horizontal surface in July
at latitudes 40° and 50" N. "T'he 1eason tor presenting Figure
10, as given here, is to show as emphatically as possible the
fact that the long-wave infrared thermal radiation is indeed
competitive with the solar radiation in tevms of total energ
T'his fact becomes even more striking when one integrates
the values over a twenty-four hour period. The total thermal
energy radiated by a cloudy sky with sutface air temperature
30°C over a twenty-four hour period would be 86 cal per cm?,
while the total amount of solar energy received on a clear day
in June or July would amount to about 560 cal per cm? At
all other times of the year the total solar energy will be less
than this, and for cloudy days it will be considerably less. The
upward stream ot thermal radiation from the ground surface
will also total about 860 cal per cm? if the surface temperature
averages 20°C over a twenty-four hour period. Almost never
will the thermal radiation stream, downward or upward, con-
tribute less energy over a twenty-four hour period to a hori-
zontal surface than will the solar radiation. The solar energy
is of course important because it irradiates plants with the
wavelengths of importance to photosynthesis and furthermore
contributes energy to all of the dynamic and life-giving proc-
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esses on the planct earth. But if the thermal radiation from
the ground and atmosphere were not present, then life on
this planet would not be possible either, for during the night-
time everything would get desperately cold. Such is the con-
dition on the moon where there is no atmosphere—Dblazing
hot by day and way below freezing at night. The point that
should be made is that all components of the energy regime
are important and to consider one, such as the solar, without
considering the others is to study only a fragment of the total
picture.

It is interesting to visualize the heat load that these streams
of radiation place on the leaf of a plant. It is convenient to
consider a horizontal leaf rather than one with some other
orientation although other orientations could be worked out.
If a horizontal leal is in full sunlight over sand on a (lear day,
it will absorb a total radiant energy of 2.4 calories per two
square centimeters of surfaces per minute. The two square
centimeters involve one square centimeter of upward facing
surface and one square centimeter of downward facing sur-
face. The incident radiation on the upward facing surface was
the sum of the total direct and scattered sunlight plus the
downward stream of inirared thermal radiation from the at-
mosphere. 'T'he downward facing suiface receives sunlight
reflected from the ground plus the infrared thermal radiation
emitted upward by the ground surface. 'The energy absorbed
has already taken into account the reflectivity of the leaf sur-
face. If the horizontal leal is over a grass surface, the amount of
sunlight reflected by the grass will be less than that reflected
by the sand and the amount of energy absorbed by the leal
will be less. "The maximum radiant energy absorbed by a leaf
under these circumstances will be approximately 2.2 calories
per two square centimeters of surtaces per minute. If oie were
to consider the average radiant heat load per surface it would
amount to 1.2 and 1.1 cal per cm?® per min, respectively, which
is greater than the maximum amount of direct and scattered
sunlight received on a horizontal surface and nearly four
times the average value of direct and scattered sunlight. For a
horizontal leaf inside a deciduous forest the downward stream



32 DAVID M. GATES

of radiation is of quite different nature, in terms of its wave-
length distribution and magnitude, than it is in the case of a
leaf exposed directly to the sun and sky. The amount of solar
flux will be greatly reduced and almost negligible in terms of
energy contribution. The amount of infrared thermal energy
from the atmosphere will also be negligible since it is assumed
that the forest canopy above will cut off most of this radia-
tion. The leaf will then receive thermal radiation emitted by
the leaves of the canopy at some mean temperature for the
canopy and also thermal radiation emitted fiom the ground
surface. For a canopy temperature of 35°C the heat load will
be 1.43 calories per two squarc centimeters of surfaces per
minute, and for a canopy temperature of 23°C the heat ab-
sorbed will be 1.24 calories per two square centimeters of sur-
faces per minute. The values given in Figure 10 for the radiant
energy absorbed by a horizontal leaf are maximum values for
the conditions stated; for many actual situations somewhat
smaller values will occur. Other situations in different en-
vironments should lead to values falling between and below
the examples given herc. The lcaf itself must get rid of this
radiant heat load, and there are three ways in which this
can be done: by reradiation, by convection, and by trans-
piration. The leaf will radiate energy very nearly as a black
body at the temperature of the leaf surface. It will reradiate
at least half of the heat load. The convective transter can
be large or small depending upon the air temperature and
the amount of wind. If the leaf is not subjected to much wind
and if the air temperature is about the same as the leaf tem-
perature, the convective term will be negligible. A substantial
amount of energy will go into transpiration. If one works out
these factors for day and for night conditions, one finds under
many circumstances the leaf must continue to transpire on
into the evening. Working out the heat load on a leaf and
subtracting the reradiation component, one finds that the
transpiration follows very closely to the net radiation as long
as there is sufficient soil moisture.

For further comparison purposes, the radiant energy regime
of a home environment with wall temperatures of 20°C is
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given. Any indoor space, such as a room, will act essentially
like a black body cavity at the temperature of the walls. The
infrared thermal radiation from the walls is an important
component of indoor environments. One has experienced the
discomfort of sitting in a room with the air temperature rea-
sonably warm, say 72°F, and the walls cold, say 50°F. The
lack of radiant heat from the walls can make one feel very
chilled indeed. While mentioning indoor environments it is
probably well to point out that similar problems pertain to
environmental chambers, phytotrons, etc. Many experiments
have been done in environmental chambers in which light
flux has been carefully controlled and measured, and an utter
disregard for wall temperature, thermal radiation, and con-
vection processes has prevailed. For some experiments these
oversights may not matter, but for other experiments these
neglects could invalidate the conclusions.

Some environmental measurcments made in Alaska by Stoll
and Hardy (1955) are of particular interest. The measure-
ments were made to assist with the problem of correctly cloth-
ing troops for survival in the arctic environment. Figure 11
is an example of conditions encountered at Nome, Alaska,
under summer conditions. In order to evaluate the magnitude
of the radiation environment, a thermal radiometer was used
for measuring the flux of radiant energy coming from the sun,
sky, clouds, or ground, and the strength of the radiation was
expressed in terms of the emission by an equivalent black
body at a definite temperature. In Figure 11, various radiant
temperatures are given for sky, ground, and total environ-
ment. In addition, the energy from the sun is plotted and the
total heat load on a human being in this environment is eval-
uated. The air temperature, T, , was measured and found to
remain constant within about 2°C over nearly a twelve hour
period. The amount of cloud cover is plotted at the bottom
of the figure. It will be noticed that the sky was clear from
7:00 A.M. to 8:30 a.m. Then the clouds began to form; the
amount of direct solar radiation, R, , received on a horizontal
'surface began to drop steeply; the equivalent environmental
radiant temperature, Ty, fell steeply; and the heat load on a
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man, H,y , dropped by ncarly 75 kg-Cal per cm® per hr, a dra-
matic change in the hecat load. Notice, however, the simul-
tancous steep increase in the radiant temperature ot the sky
because of the cloud cover. If it were not for this component
of the heat load, i.e., the downward stream of infrared thermal
radiation from the clouds, the drop in the heat load would
have been even more severe. As the clouds thinned around
noon the solar radiation began to penetrate and the radiant
shy temperatune diopped, but the radiant environmental tem-
perature increased as did the heat load on man. Late in the
day, as the sun went down and as the shy remained nearly clear,
the radiant environmental temperatures began to drop and
the heat load diminished correspondingly. This is a dramatic
example of the sort of variation in the heat load which may
occur daily for vanious types of environment throughout the
world. The air temperature may remain nearly constant and
the heat load may change tremendously. It is not suflicient to
measure just the air temperature; in fact the air temperature
may be very misleading as an environmental parameter by it-
self. It is absolutely essential to evaluate the flow ol energy
when considering the interaction of organisms with their en-
vironment. The response of the organism may have very little
to do with the air temperature. There are relationships, of
course, but they are not always as immediate and direct as
one might imagine. Untortunately, a great deal of wasted cf-
fort has been incurred over the last half century by taking
detailed temperature measurements and then not making the
proper use ob them. Often expected or hoped-for correlations
between temperatine and some biological 1caction, such as
growth, did not show up and, in fact, in many cases it would
have been surprising if they had. If one is to measure the tem-
perature of part of the environment, such as the air, then it is
essential to understand, in terms of the physics involved, the
use to which such a measurement may be put. Specifically it
may be of use to determine the convective heat transfer from
the organism to the air and of some value in a determination
of the thermal radiation emitted by the air or atmosphere. Air
temperature by itself may be of only sccondary importance in
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biological work unless properly utilized, although it is an ex-
tremely important parameter to the meteorologist.

In Alaskan winter, environmental temperatures cam be-
come frightfully cold when the air temperature is low and the
air is clear and dry. Figure 12 contains a histogram of the ra-
diant sky temperatures in the zenith. In addition it shows the
average summer and the maximum and minimum winter tem-
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perature profiles as a function of altitude as measured with a
radiosonde. The important point to note here is that the
radiant sky temperaturc on one occasion dropped to the ex-
tremely low value of nearly —80°C. This means that mighty
little radiant heat was coming groundward from the clear.
dry, cold sky. The lowest air temperature encountered near
the ground was —45°C, and the lowest temperature in the air
was —60°C at a height of approximately 28,000 feet. Thus we
have once again an cxample of environmental conditions
much more severe than the air temperature by itself would
indicate—in fact, 35°C colder than the lowest air temperature
near the surface. If arctic troops were clothed to withstand
the air temperature conditions known to exist near the sur-
face, they would rapidly freeze to dcath by losing heat through
the dry, clear sky to the cosmic cold of outer space. The en-
vironmental temperatures in the arctic are usually 15°C to
20°C colder than the air temperature. Remember that the
term “environmental temperature” is a fictitious quantity,
being the temperature a black body would need to have in
order to produce thermal radiation equal to that actually
being received from the environment. The term “radiant sky
temperature” has the same sort ol meaning, i.c., the tempera-
ture a black body would have to assume in order to produce a
stream of thermal radiation cqual to the downward stream of
radiation from the sky. If the sky were a completely transpar-
ent gas it would produce no thermal radiation, since it would
not absorb any radiation, and the sky in this instance would
have a radiant temperaturce of absolute zero. Fortunately this
is not the casc for the carth’s atmosphere.

In Figure 13 can be seen one more example of the great ex-
cursions in the environmental radiant temperatures of the sky
while the air temperature and the ground temperature re-
mained nearly constant over a thirty hour period. The radiant
sky temperature reached a minimum of —75°C when the air
temperature was —38°C. When the sky became overcast and
it began to snow, the radiant sky temperature rose 48°C to a
value of —27°C, which was some 7° or 8°C above the air tem-
perature at that time. Similar measurements reported by Gates
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(1961) were made in Yellowstone National Park during Feb-
ruary, 1961, and are discussed in Chapter 5.

A different example of the behavior of sky temperature and
air temperature is given in some measurcments by Kelley,
Bond. and Tuner (1957h) made in the Imperial Valley ot Cali-
fornia in August, 1957. The air temperature, measured at 42
inches above the ground, changed from 90°F to 103°F during
the daylight hours 0700 to 1600. The radiant temperature of
the north sky changed from 54°F to 82°F during the same
petiod. "These changes were entirely associated with the varia-
tions in cloud cover during the day.

Some interesting radiation measurcments of a forest stand
have been made in Bavaria by Baumgartner, who was study-
ing the heat budget of a pine forest. The hourly totals of the
net radiation are shown in Figure 14. Observations were made
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with a nonventilated net radiometer at 10 meters height above
the tree tops, 4.1 meters height in the crown of the trees, and
2.1 meters height at tree trunk level. The height of the pine
trees was approximatcly 6.0 meters. At the 10 meter level
above the tree tops the net radiation is about as expected,
showing strong insolation in the daytime and fairly strong
cooling at night. In the crown of the trees the amount of net
positive flux is somewhat reduced because of the screening
effect of the tree tops for low solar angles. The asymmetry of
the curve is due to the geometry of the tree tops. At the tiee
trunk level there is nearly a two hour lag in the time ot oc-
currence of positive net flux in the morning due to the screen-
ing from the sun. The maximum insolation reaching the
ground is only 20% of that reaching the tree tops, and ncga-
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tive net flux is re-established more than three hours before
sunset. It is interesting to compute the total accumulated
value of the net flux at the three levels. The accumulated
negative net flux during the night has been completely com-
pensated for by the positive net flux of the daytime by 0830
at 10 meters height, by 0900 at 4.1 meters, and not until 1030
at 2.1 meters. The total accrued energy during a twenty-four
hour period was in the ratio of 100:40:5 for the space above
the trees, to the space in the crowns, to the space at the tree
trunk level, and the number of hours of positive net flux were
in the ratio of 8:6:4. Over a three day period of observation,
the air at the 10 meter height received a positive accumulation
of 850 cal per cm? at the 4.1 meter level 350 cal per cm?, and
in the 2.1 meter region 35 cal per cm?. Ordinarily, such erergy
would raise the temperature of the air above the tree tops
several hundred degrees; however, the temperature actually
rose only 2.7°C. In the crown of the trees it rose 3.0°C and at
the trunk level 0.5°C. Clearly much of the excess energy must
have been disposed of through turbulent exchange and evap-
oration. The interior of a forest may be a very gentle place in-
deed compared to the harsh conditions of more exposed
environments. The important lesson to be learned by this
example is that the usual meteorological parameters could
not have given an accurate description of the microclimatol-
ogy of this stand of pines. The energy and moisture budget
must be dealt with quantitatively.

In a most interesting paper, Miller (1956) presented a de-
tailed study of the heat transfer in the needles and crowns of
a stand of lodgepole pine. This study was an attempt to ex-
plain the unusually warm air (often 60°F) encountered above
snow-covered ground in and around the stands of pines in the
Sierra Nevada mountains. Miller assumed the incoming solar
radiation incident on a horizontal surface to be 90 cal per cm?
per hr. By virtue of the vertical nature of the crowns and the
spacing between them, he estimated that a total of 154 cal per
cm? per hr is absorbed in the crowns, 15 cal per cm? per hr are
transmitted through the crowns to the ground, 18 cal per cm?
per hr are reradiated upward to the sky, 11 cal per cm? per hr
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are reradiated downward, 3 cal per cm? per hr go into photo-
synthesis, 2 cal per cm? per hr are stored in the wood, 80 cal
per cm? per hr are transferred to the air through convection,
and 40 cal per cm? per hr are transferred to the air by trans-
piration. Therefore, on a typical spring day, about 120 cal
per cm? per hr of heat are supplied to the air by the needles of
the pine forest. Miller wrote, “as the sun heats the trees, the
level of highest temperature migrates from 50 feet downward
to 30 feet and lower. For several hours this middle ievel is
warmer than the air either above or below it, and heat flows
both upward and downward from it.” There is no doubt that
similar phenomena should occur in coniferous forests through-
out the world.

ANIMAL RESPONSE TO ENERGY ENVIRONMENTS

Having learned something concerning the energy factors
of various environments, it is of interest to consider the re-
sponse of plants and animals to their environment. Various
organisms will behave differently with respect to their mode
of energy exchange in any given environment. Some will lose
most of their heat by radiation, some mostly through convec-
tion, and some mostly through evaporation, while some will
distribute the loss among these mechanisms. Therefore, ani-
mals might be classified according to whether they are radia-
tors, convectors, or evaporators. Unfortunately most of the
research (o date has used temperature as a frame of reference
and rarely in the literature is there any mention of the energy
regime.

Large insects such as the locust (Schistocerca gregaria), the
cockroach (Periplaeta americana), and the grasshopper (Gas-
trimargus transversus) are able to maintain their body tem-
perature below the ambient temperature of the air when
there exists a substantial heat load. The evidence seems to be
that they can do this better in dry air than in moist air. The
sun shining on insects definitely increases their body tempera-
ture and sometimes at a fairly high rate. A small animal is at
a distinct disadvantage in keeping its body temperature down
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by means of evaporation since the water available soon be-
comes exhausted. A cockroach loses about 80% of its energy
loss through convection and about 20% through radiation.
Work done by Parry (1951) in England has shown that insects
compare very favorably with inanimate dry objects of the
same size and shape as far as the mechanism of energy ex-
change is concerned. This is consistent with the fact that the
factors metabolism and evaporation play an insignificant role
in the energy exchange of insects. Parry carried out a series of
experiments on inanimate objects to determine the details of
the heat transfer mechanism. This is an extremely important
philosophy since if one cannot understand how a simple cylin-
der or a flat plate exchanges energy in a given environment,
then it is absurd to attempt to understand the heat exchange
mechanism for an insect. Insects appear to be especially
adapted for adjusting to their environment and surviving un-
der extreme conditions. Some insects, such as locusts, are able
to sun themselves and orient their bodies favorably for catch-
ing heat. Insects of arid zones have special adaptations such as
long legs to.keep their bodies up off of the hot sands and a
partial or total loss of the power of flight. In Algeria and
Tunisia nearly half of the arthropods are wingless. Many
Tenebrionidae and Carabidae have fused wings. The discus-
sion of the energy regime of the desert of Aswan, Egypt,
showed that where there was a lack of moisture and a strong
heat load, a windy, turbulent condition resulted. The deserts
are characterized as windy environments. Where the winds
are frequently strong the insects apparently need to remain
earth bound much of the time. In other parts of the world
where the heat load may be high but the winds are low, in-
sects will use their mobility to fly through the air, thereby
generating heat loss through forced convection. In the grass
near the ground, in our own yards during the summer, con-
ditions are essentially tropical, hot and moist, and insects often
must use their mobility to climb up a stalk of grass to get in
the wind so that the convective heat transfer will cool them
off. With regard to insects in cold environments there seems
to be little doubt that a few genera can survive very low tem-
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peratures and the formation of some ice within their tissues;
however, complete freezing would appear to result in death
in most cases. Some insects apparently generate antifreeze in
their body plasma in the form of glycerol and survive sub-
freezing conditions as low as —30°C. These insects generate
the antifreeze during the autumn and winter and usually
perish when exposed to the same low temperatures during
the spring and summer.

Amphibia are interesting in that they would be classified
as evaporators. They act like a wet-bulb thermometer when
they emerge into the open air with even the slightest wind.
The skin of amphibia is more transparent to sunlight than
is the outer layer of many animals and hence they heat up
more rapidly. Amphibia frequent moist and shady places in
order to protect themselves against the danger of death
through desiccation.

Reptiles gain and lose heat by radiation and convection
but not through evaporation. The mobility factor is critical
for reptiles. They are able to seek out warm exposures to the
sun, change their body orientation if they become too warm
or too cool, or retire to the shade if necessary. Some lizards
can even modulate their skin pigmentation according to their
need for capturing solar radiation. It is always interesting to
speculate on the behavioral mannerisms of the giant reptiles.
It is clear they would be late to rise and to retire because of
their large body mass and heat capacity. The giant reptile
would be very lethargic during the morning hours but would
gradually warm up as the sun heated the body. It might be
almost noon before he generated much pep. Then in the
cvening, warmed by the stored solar energy, he would forage
for food, gradually lose heat by reradiation, and finally settle
down about midnight.

The role of evaporation in the energy exchange of various
animals is extremely different when expressed as the percent-
age of body weight lost per day when exposed to warm, dry
environments. The python and tortoise lose about 0.1% to
0.3% and therefore do not exhibit any evaporative control
of their body temperatures. The meal worm loses about 1%
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of his body weight per day, the cockroach as high as 4%, and
the wood louse 14%. The salamander would perish very
quickly in dry air, losing moisture at such a rate as to los€ the
equivalent of 950% per day.

Birds are magnificently constructed to conserve heat. The
body feathers contain myriads of air spaces, thereby produc-
ing excellent insulation. The extremities of birds are poorly
insulated as they consist of bone and tendon with little blood
flow and can function at temperatures much lower than mus-
cles, and heat loss from them must be small. Birds must lose
a significant proportion of their body heat through radiation
and some by evaporation through breathing.

Mammals, along with birds, are endowed with the ability
to maintain a nearly constant body temperature. Various
mammals must differ considerably in their heat transfer mech-
anisms. Man, cats, and dogs, when the heat load becomes too
great, open their mouths, pant, and salivate. Pigs and rabbits
pant less and do not open their mouths. Rats and mice ac-
celerate their breathing very little and do not open their
mouths when subjected to a heavy heat load. A sheep loses
approximately 48% of its energy loss through radiation, 38%
by convection, and 14% by evaporation. A sheep in the open
during the summer, exposed to the full blazing sun, is sub-
jected to a pretty severe heat load. Mcfarlane (1958) in Aus-
tralia measured the temperature in the wool of a sheep’s
back to be as high as 87°C or nearly 190°F. Livestock usually
seek out shade under such circumstances, and by standing
on the north side of a tree (for the northern hemisphere) they
not only will be shaded from the sun, but will radiate heat and,
in addition, receive less radiation in return from the “cold
spot” in the sky which exists in the northern sector at 90°
from the sun. This knowledge of the “cold spot” in the sky
has been very useful for properly designing shelters for ani-
mals in hot summer climates.

Many detailed studies have been made concerning the
heat transfer process with regard to man. Among the classic
works in this regard are those by Winslow, Herrington, and
Gagge (1936a,b, 1938a,b), Gagge (1936, 1940), Gagge, Wins-
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low, and Herrington (1938), and Winslow, Gagge, and Her-
rington (1940). These investigators invented the measurement
technique of partitional calorimetry and by this means sorted
out the various terms of the energy budget equation as ap-
plied to man. They found the unclothed man to lose 47% of
his energy loss through radiation and 53% through convec-
tion. A clothed man, dressed lightly in underwear and a
business suit with a vest, loses 55% through radiation and
45% through convection. The absolute total loss oi energy
is, of course, less for the clothed subject than for the un-
clothed, but the mechanisms for losing energy are in the
proportions given here. Clothing constitutes insulation which
tends to retard the flow of air over the surface, thereby re-
ducing the loss by convection compared to the loss by radia-
tion. The type of measurements which have been made on
man are absolutely fundamental and should now be made on
many other organisms of the animal kingdom. It is important
to establish for each organism the fundamental constants
which define the flow of energy between the organism and
its environment. The constants are the radiation emissivity,
the conduction coefficient, the convection coefficient, the
evaporative properties, and the metabolism and photosynthe-
sis rates. Modern science has now matured to the stage where
environmental investigations can be done in rigorous fashion.
Modern biology, including ecology, requires a detailed
knowledge of the physical world as well as of the biological
world. The knowledge and skills are available from physics,
chemistry, mathematics, and biology, but the biologist must
avail himself of the training and knowledge available in these
other disciplines. A detailed understanding of the mecha-
nisms of interaction of the organism with its envirpnment
will lead to dramatic advances in our understanding of the
distribution and propagation of the species on the planet
earth, will give quantitative information of importance to
genetics and origins, and will, for the first time, place the sub-
jects of paleobotany and paleontology on firmly analytical
bases. For modern biology there is no choice, for we have the
ability, the knowledge, and the techniques, providing the
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desire exists, to properly integrate the sciences and to truly
consider the organic world as an integral and vital part of the
physical world.

Ecology—the interaction of plants and animals with their
environment—is indeed an exciting and rewarding subject.
However, it is an extremely difficult discipline if properly
undertaken. Progress in the subject has been steady, if not
always spectacular, but now a new era of immense advance-
ment may begin if biologists avail themselves of the tech-
niques and ideas of physics, chemistry, and mathematics.



Chapter 2

Solar and Thermal Radiation

INTRODUCTION

The purpose of this and succeeding chapters is to give a
more detailed technical discussion of the physical principles
described in the first chapter for the use of the biologist. The
sun, directly or indirectly, is the source of most of the energy
derived by the planet earth. The amount of solar radiation
reaching the earth, the rotation period of the earth on its
axis, and the composition of the atmosphere all combine to
make the evolution of life on the planet possible. For this
reason a great deal of effort has been centered on the study
of solar radiation, its distribution over the .earth, and its
utilization. Detailed material on this subject will not be re-
produced here; however, references will be given for finding
the appropriate information.

SOLAR RADIATION

The best evaluation of the solar constant—the flux of
energy outside the atmosphere on a surface perpendicular to
the sun’s rays at the mean distance of the earth from the
sun—is presented by Johnson (1954), who arrived at the
value 2.0 cal per cm? per min. The wavelength distribution
of the solar energy is shown in Figure 3. Even outside of the
earth’s atmosphere, before depletion by the absorbing con-
stituents, the energy curve is not a simple, smooth, consistent
envelope, but has structure to it with spikes of energy appear-
ing on the short wavelength, ultraviolet side. The general
features of the solar energy curve can be approximated by a
6000°K black body radiator, but in places the deviations

47
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from this curve are large indecd. When the energy distribu-
tion is plotted against wavelength, the maximum monochro-
matic intensity of the sun would appear to occur a® 0.47
microns in the green of the visible spectrum. This is an illusion
because of the method of plotting. It is more correct to plot
the energy versus the frequency, in which case the area under
any section of the curve is directly proportional to the energy.
The reason for this is that energy in the electromagnetic
spectrum is equivalent to #», where % is Planck’s constant
and » is the frequency of the radiation. The frequency may be
given in the customary units of vibrations per second or it
may be given in other units proportional to this. The funda-
mental relationship for relating wavelength to frequency is:
A = ¢, where ¢ is the velocity of light in cm per sec, A is the
wavelength in cm, and » is the frequency in vibrations per
second. However, since ¢ is a constant it is possible to write
A = 1 with X in cm and » in reciprocal centimeters or cm~!.
When energy is plotted versus frequency as shown in Figure
15, the true energy peak is shifted to just beyond 10,000 A or
1.0 micron. The median value occurs at 7100 A in the near
infrared just beyond the visible. Twenty-nine per cent of the
energy lies at wavelengths greater than 1.0 micron and 509,
beyond the red of the visible. The distribution is somewhat
shifted after the solar radiation has traversed the earth’s
atmosphere to the surface. The spectrum is continuous, ex-
tending throughout the infrared to 1000 microns where begins
the portion of the spectrum termed the microwave—the
shortest of the radio frequencies. The spectrum from the sun
continues, and much longer radio wavelengths are emitted
from sources deep within the solar atmosphere at temperatures
as high as 100,000°K. Thus the statement so often made in
textbooks—that the solar spectrum ends at 3.0 microns or
thereabouts—is quite false. For the extraterrestrial radiation
the spectrum continues almost indefinitely, and several seg-
ments of the spectrum well beyond 3.0 microns reach the
earth’s surface. The energy becomes less and less toward
longer wavelengths, and the contribution of these segments
on the tail of the curve to the total energy received is almost
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Ficure 15.—The solar spectrum at the mean solar distance from the earth
as received outside of the earth’s atmosphere on a surface perpendicular to
the solar rays. The intensity scale is based on a solar constant of 2.00 cal per
cm? per min per cm™, which would represent the area under the upper curve.
The intensity of direct beam sunlight received on surfaces perpendicular to
the solar rays at an altitude of 14,000 feet and at sea level for a zenith sun is
also shown. The attenuation at 14,000 feet is based on ozone amounts of 2.00
and 3.00 mm which results in the splitting of the curve at the high frequency
end. Two amounts of total precipitable water vapor content are used: 1.0 mm
and 25.0 mm, representing the extremes to be encountered.

negligible. The total solar energy arriving at the earth is al-
most constant with time; however, tremendous increases occur
in the very short wavelength, very high frequency, ultraviolet
and X-ray regions, coincident with the appearance of a flare
or disturbance of the solar corona. Although these impulses
of ionizing radiations may change by many times their am-
bient values, the contribution of these changes to the total
energy from the sun is negligible. It is still very likely that the
bursts of short wavelength radiation, occurring at times of
solar activity, are of considerable importance biologically in
that the earth is flooded with highly penetrating X rays,
which in turn could produce genetic mutations in organisms
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if these X rays were to reach the surface. Normally all of
these X rays have been stopped high in the stratosphere at
balloon heights around 100,000 feet above the surfade. Al-
though the most intense X rays have been observed lower in
the atmosphere, they have never been observed reaching the
surface. The daily extraterrestrial, undepleted insolation at
any position of the earth’s surface is dependent only upon the
latitude of the station and the time of the year. These daily
totals are shown in Figure 2. The maximum value of daily
total extraterrestrial insolation occurs at the summer pole
having twenty-four hours of sunlight and amounts to about
1060 cal per cm? per day. The average undepleted insolation
over the sunlit hemisphere is about 0.973 cal per cm? per min.
The long-term mean value of extraterrestrial insolation
averaged over the globe for an entire year is 0.485 cal per
cm? per min, and this is the value used for computing the
numbers shown in Figure 1. It is important to appreciate the
extent to which some regions of the earth, such as the polar
latitudes, are subjected to a strong annual pulsation of solar
heating and cooling, while equatorial regions exist in a nearly
uniform diurnal flood of sunlight so that the daily totals‘\vary
only slightly from winter to summer. :

The stream of solar radiation is depleted by scattering and
absorption on passing through the earth’s atmosphere to the
surface. The amount of dust clouds and absorbing constit-
uents in the atmosphere vary greatly over the surface and
from day to day. For this reason the insolation at a given
location on the surface is an ever-changing quantity de-
pendent upon local atmospheric conditions. The solar radia-
tion passing through the atmosphere is affected by the absorp-
tion and scattering processes according to the following
exponential law:

I)‘ = I)o e—(k)'+.)‘) u sec § (21)
where

I, = monochromatic intensity of the solar beam at
the earth’s surface.
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I, = monochromatic intensity of the solar beam
outside of the earth’s atmosphere.

k» = absorption coefficient at the wavelength \ to
N + di.

s = scattering coefficient at the wavelength \ to A
+ dx.

u = optical depth of the absorbing or scattering
material in grams per cm? of vertical column.

6 = zenith angle of the sun.

The absorption and scattering coefficients are both com-
plex functions of the wavelength. The absorption coefficient
varies widely with wavelength due to the fact that each ab-
sorption band consists of hundreds of individual, narrow
absorption lines of various strengths which are often tempera-
ture and pressure dependent. Values of the absorption coefli-
cients for the atmosphere have been determined in papers by
Dunkelman and Scolnik (1959) and by Gates (1960). The
amount of absorption of sunlight produced by atmospheric
carbon dioxide and oxygen in the atmosphere should be
nearly uniform over the surface, except for the effect of the
changing altitude of the surface above sea level, since these
gases are uniformly mixed in the atmosphere. The absorption
produced by water vapor will be strongly variable over the
globe due to the heterogeneous distribution of water vapor in
the troposphere. The variations in absorption due to ozone
will be small, although they will affect the ultraviolet cutoff
which changes with altitude. It is well known that more
ultraviolet radiation will penetrate to the surface of mountain
tops than to lower elevations (see Stair, 1952). Bener (1960)
presents recent research concerning the ultraviolet radiation
received from the sun and sky on cloudless days and includes
references to all earlier work. In principle it would be possible,
knowing the amount of water vapor and the density of the
atmosphere above a station, to compute from Equation 2.1,
wavelength for wavelength, the transmission of solar radiation
and then to integrate over the wavelength span to get the full
energy flux received at the surface. This is far too troublesome
to be worthwhile, and our information of the state of the
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atmosphere above a given station is not sufficiently accurate
to make this a reasonable mode of operation. The scattering
coefficient, s\, is also a complex function of the wav@length.
Scattering by air molecules, nitrogen, oxygen, etc., depends
directly upon the index of refraction and the density of air,
and inversely upon the fourth power of the wavelength. This
is the well-known Rayleigh scattering law. Usually larger
dust particles are also in suspension in the atmosphere and
produce an entirely different form of scattering. Angstrom
(1951) has shown empirically that the scattering coefficient
for dust should be of the form

o= B\ (2.2)

where g is proportional to the particle density and v is a
parameter which decreases as the ratio of particle diameter to
wavelength increases. So with larger size particles in suspen-
sion the value of v drops toward unity. Average atmospheric
conditions give the value 1.3 and in dust storms the value 0.5.
For fog droplets, v = 0, a condition referred to as diffuse
reflection, in which the scattering is independent of wave-
length.

It is usually best to separate the water vapor absorption
from the dry, clear sky absorption and also from the scattering
depletion due to dust. Brooks (1959) has done this for the
direct beam of solar radiation expressed in BTU per ft? per
min. Rewriting this for the flux of direct sunlight in cal per
cm? per min received on a surface perpendicular to the sun’s
rays, one gets:

2.0 :
Q, = 5 cxp [~0.089(pm/1013)"™ @9)

~—0.174(wm/20)°*—0.083(dm)"*]

where
Q, = flux of direct sunlight on a surface perpendic-
ular to the sun’s rays in cal per cm? per min.
p = the air pressure in millibars.
w = the total precipitable water vapor of the at-
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mosphere in the zenith direction in mm. (Pre-
cipitable water vapor is the thickness of liquid
water which would be formed if all of the
water in the atmosphere were condensed into
a liquid film at the surface.)

d = the concentration of haze and dust particles
in number of particles per cc.
m = the air mass by which is meant the ratio of the

slant path length of the sun’s rays through the
atmosphere to the zenith path length or ap-
proximately the secant of the zenith angle of
the sun. The zenith angle of the sun will be
given by Equation 2.9.

r = the radius vector of the earth, which is the
distance from the earth to the sun expressed
as a fraction of the semimajor axis of the
earth’s orbit.

The value of w will run about 1 mm for a very cold, dry
atmosphere in the winter to as high as 30 mm for warm, moist
summer conditions, as shown by Gates (1956). These values
can usually be obtained from the standard U.S. Weather
Bureau radiosonde soundings by integrating the moisture
profile with height. The values for 4 may vary from 0.2 to as
high as 3.0 particles per cc. Usually for clear days 4 will vary
from 0.6 to 1.0 and for polluted atmospheres in the vicinity
of cities from 1.4 to 2.0. The value for d is likely to be the most
difficult to obtain for a given situation. The air mass values
will run from very large, 15 or so, early in the morning, to as
low as 1.0 if the sun is in the zenith. Usually values of practical
interest will range from 1.4 to 5.0 corresponding to solar
zenith angles of 45° to 78°. The formula is more useful for
computing the dust content of the atmosphere when one
measures Q,, p, m, and w, all of which are readily measure-
able.

Of more practical value are the large numbers of measure-
ments of the daily insolation at the earth’s surface made at
many stations distributed over the globe. The meteorologist
may be interested in large zonal accumulations of this energy,
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and these are given in a number of publications, notably
Haurwitz (1941). The Smithsonian Meteorological Tables (Sixth
Revised Edition, 1951) gives a chart of the undepletdd solar
radiation at the top of the atmosphere and numerous graphs
and tables for computing the depleted insolation strength at
the surface. A series of articles by Hand (1947, 1949, 1950,
1953, 1954) gives the values of the daily totals for direct and
sky scattered sunlight on a horizontal surface from numerous
stations throughout the United States. These articles describe
how the average annual insolation received at the surface
depends upon such factors as cloudiness, fog occurrence, and
location near bodies of water, on windward side of mountains,
or in a dusty, contaminated region. The annual receipt of
solar energy in the Southwest is twice that received in the
Great Lakes region. The Northwest coast and the Mississippi
Delta regions rank next to the Great Lakes region in the
lowest amount of annual solar energy received in the United
States due to cloudiness factors. Liu and Jordan (1960) have
presented procedures for evaluating the intensity of diffuse
radiation on clear days and long-term average hourly and
daily sums of diffuse radiation from a knowledge of the total
(direct plus diffuse) radiation received on a horizontal surface.

Fritz and MacDonald (1949) have given maps of the aver-
age solar energy received over the United States for each
month of the year and have worked out a linear regression
equation relating the amount of energy received at the surface
on cloudy days with the amount received on clear days and
the number of hours of sunshine. The corresponding equation
is as follows:

Q = Q,(0.35 + 0.61 5) (2.4)

where () is the'amount received on a horizontal plane at the
surface on any day, Q, is the amount received on clear days,
and § is the number of hours of sunshine instrumentally re-
corded divided by the number of hours of possible sunshine
during the day. Q,, the solar flux received on a horizontal
surface, is related to Q,, the solar flux received by a surface
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perpendicular to the sun’s rays, by Q, = Q, cos z, where 2
is the zenith angle of the sun.

Black (1956), Budyko, Berliand, and Zubenok (1954), and
Burdecki (1956) have given analyses of the relationship be-
tween the amount of sunlight received and the cloudiness
conditions. By means of a statistical analysis of solar data
(direct sun plus sky), from 88 stations distributed over the
globe, Black deduced the following empirical formula:

Q = Q, (0.803 — 0.340C — 0.458C?) (2.5)

where Q,’ is the extraterrestrial solar radiation in cal per cm?
per day, such as given in Figure 2, and C is the cloud amount
in fraction of the sky covered, usually expressed in tenths.
This formula assumes that the maximum amount of sunlight
received at the surface on a cloudless day is only 0.803 of the
amount received on a similarly oriented surface outside of the
atmosphere. This is not a completely valid assumption since
atmospheric conditions such as dust concentration may be
very different on various cloudless days. Thus when the
amount of cloudiness is known, the amount of sunlight re-
ceived at the surface can be estimated by this formula.

A more accurate and generally more useful formula is one
derived by Angstrom (1922) and modified by Savinov (1933):

Q= Qll — (1 — KC] (26)

where Q, is, as in Equation 2.4, the total amount of solar
energy received by a horizontal surface at the ground on clear
days, C is the amount of cloud cover in tenths, and £ is a
parameter which is a function of latitude having the values
0.47 at 70°, 0.39 at 60°, 0.32 at 50°, 0.30 at 40°, 0.29 at 20°,
and 0.32 at 0°. It will be seen, however, that £ actually repre-
sents the ratio of the total sunlight received when there is
complete overcast, C = 1, to the total sunlight received
through clear skies. The values of k£ given here are only broadly
representative of latitude belts each of which are characterized
by certain cloud types. The values listed in Table II give &

as a function of cloud type and solw
completely overcast cdnditions. Therefrd oM@ pagioudet



56 DAVID M. GATES

cloud type in the sky, one could select more accurately the
value of £ to use in Equation 2.6. One could compute values
for various times of the day, therefore for different air mass
values, apply Equation 2.6, and then integrate the values to
get the total insolation for the entire day.

Haurwitz (1948) has made an extensive study of the re-
lationship between the insolation received through an over-
cast sky and the type of cloud cover. He fitted the following
empirical relationship to a large number of observations which
had been made at Blue Hill Observatory near Boston, Massa-
chusetts:

Q — Q,o(a/944) e—(b — 0.059)m (27)

The term m represents the air mass or the ratio of the slant
path length for the direct solar radiation through the atmos-
phere to the path length in the zenith direction. The terms
a and b are parameters dependent upon the type of cloud
cover, and their values for each type are listed in Table I.
In Table II are given the values of the ratio Q/Q, which is
the ratio of the insolation received through overcast sky to the
insolation received through clear sky.

Formulas of the above types are only approximations at
best, but are nevertheless very useful. Except for direct
measurement, which is often difficult, the only other method
for estimating the amount of solar energy incident at the
surface is through the use of formulas such as these. Further-
more, these formulas will not give the instantaneous values of
the total solar irradiation, but will give reasonably good

TABLE 1
Croup CovErR PARAMETERS FOR SOLAR INSOLATION As INFLU-
ENCED BY VARI0Us CLoup TypEs (Ci, CIRRUS ; Cs, CIRROSTRATUS;
Ac, ALTOCUMULUS; As, ALTOSTRATUS; ScC, STRATOCUMULUS;
St, sTRATUs; NS, NIMBOSTRATUS)

1 Ci ; Cs Ac As Sc St Ns Fog

87.1
0.148

52.5 (39.0 (34.7 |23.8 11.2 |15.4
0.112 | 0.063 | 0.104 | 0.159 |—0.167| 0.028
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TABLE II

RATIO OF INSOLATION WITH OVERCAST SKY TO INSOLATION WITH

CLouDpLEss Sky rFor Various Croup Tyees (Ci, cirrus; Cs,

CIRROSTRATUS; AC, ALTOCUMULUS; AS, ALTOSTRATUS; Sc, STRATO~
CUMULUS; St, STRATUS; Ns, NIMBOSTRATUS)

Air Mass Ci Cs Ac As Sc St Ns Fog
1.1 0.85 0.84 0.52 0.41 0.35 0.25 0.15 0.17
1.5 0.84 0.84 0.51 0.41 0.34 0.25 0.17 0.17
2.0 0.84 0.78 0.50 0.41 0.34 0.25 0.19 0.17
2.5 0.83 0.74 0.49 0.41 0.33 0.25 0.21 0.18
3.0 0.82 0.71 0.47 0.41 0.32 0.24 0.25 0.18
3.5 0.81 0.68 0.46 0.41 0.31 0.24 0.18
4.0 0.80 0.65 0.45 0.41 0.31 0.18
4.5 0.30 0.19
5.0 0.29 0.19

estimates of the total amount of energy received during the
day.

Klein (1948) has given an excellent discussion of the role of
various factors affecting insolation and among others discusses
the effect of altitude. According to Klein, the following factors
must be considered as altitude dependent: (a) “the air mass
at an elevation of z meters above sea level is equal to its sea
level value multiplied by the ratio of atmospheric pressure at
the level z to standard sea level pressure”; (b) “the precipi-
table water above the level z is approximately equal to 2.3
e, 107™% cm . where ¢, is the vapor pressure in cm at the ele-
vation z in meters”’; (¢) “observations on mountain stations
show that dust depletion decreases irregularly from about 4%
of the extraterrestrial insolation at 1.5 km to 19, at 4 km.”
Klein then expresses the transmission coefficient a., and the
ratio R, , of diffuse to total radiation with clear sky, both as a
function of altitude. One can get the appropriate values from
the charts he presents. The total radiation Q received on a
horizontal surface is given by:

Q = 2.04a,/(1 — R,) cal per cm? per min (2.8)

One of the frequently occurring problems in ecology, deal-
ing with the solar irradiation of a surface, is the question of
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how much energy reaches a sloping surface oriented at some
angle to the sun. Before dealing with sloping surfaces the
geometrical factors affecting the amount of sunlight faling on
horizontal surfaces will be discussed. For a horizontal surface
outside the atmosphere, the irradiation by direct sunlight can
be expressed as

Q. = gﬂE cosz  cal per cm? per min (2.9)

where 7 is the radius vector of the earth which varies with the
time of year. Values for 7 are given in Table 169 of the Smith-
sonian Meteorological Tables (Sixth Revised Edition). The sun’s
angular zenith distance, z, is given by

cos z = sin ® sin & + cos ® cos & cos A (2.10)

where @ is the latitude of the station, § is the sun’s declination,
and 4 is the sun’s hour angle. The quantities required for
computing 2z from Equation 2.10 are to be found in the
Nautical Almanac. Values for z may be found directly in Table
170 of the Smithsonian Meteorological Tables. By means of
Equations 2.9 and 2.10, and the proper integration over time,
the values of the extraterrestrial insolation given in Figure 2
were computed. In order to calculate the energy received on a
horizontal plane at the earth’s surface, one must multiply
Equation 2.3 by the cos z factor. This may be written as fol-
lows:

Qo =22 exp [ Joos @11)

where the brackets [ ] contain the factors given in Equation
2.3.

For sloping surfaces it is possible to derive a general relation-
ship for the angle of incidence, i, between the normal to the
surface and the ray from the sun, in terms of the following
factors: the slope of the surface, 8, measured from the hori-
zontal, or in other words, the angle between the normal to
the surface and the zenith direction; the zenith angle of the
sun, z; the azimuth angle of the sun, «; and the angular devia-
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tion in azimuth, 5, of the normal to the surface from the true
south position. This generalized formula is

cos ¢ = cos 3 cos z + sin B sin z cos (@ — 7) (2.12)
where the solar azimuth angle, o, is given by
sin a = cos 4 sin &/cos z (2.13)

Table 170 of the Smithsonian Meteorological Tables gives « in
graphical form. The geometry of Equation 2.12 applies only
to the direct rays from the sun and not to the diffuse radiation
from the sky. For south or north facing slopes u = 0°, for
east facing slopes n = —90°, for west facing slopes n = 90°.
For vertical slopes 8 = 90°. The instantaneous irradiation of
any slope at the surface would be given by

Q=2exp[ Jcosi (2.14)

where the brackets again contain the atmospheric transmission
factors from Equation 2.3. In order to get the daily total of
direct solar radiation on a slope, Equation 2.14 would need
to be integrated over time from sunrise to sunset. This can be
readily done either graphically or analytically, but the results
will not be presented here. The diffuse skylight striking a
sloping surface may be important in many instances, partic-
ularly for surfaces facing away from the sun and for any surface
on a cloudy day. Near noon the diffuse skylight on cloudless
days represents about one-sixth of the total radiation falling
on a horizontal surface and an increasing fraction of the total
toward sunrise or sunset. The best way to get the total irradia-
tion of a slope, direct solar plus scattered solar, is to measure
it for the slopes of interest. Values of this type are reported
by Orendorff (1954), in connection with architectural design,
by Hand (1947), and by Grafe (1956). In addition to the
diffuse scattered light from the sky, there is also the diffusely
reflected sunlight and skylight from ground surface which will
distinctly contribute to the irradiation of a sloping surface on
some occasions. A snow-covered ground will be a situation
in which the diffusely reflected sunlight may contribute a
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significant fraction to a surface above it at almost any orienta-
tion. If one compares the total solar radiation, direcy plus
diffuse sky, plus ground reflected, incident on a vertical north
facing surface with direct sunlight incident on clear days, it is
found that the north facing wall always receives substantially
more radiation due to skylight and reflected light than it
would get by direct sunlight. This is particularly true during
the winter months at middle latitudes. Grife (1956) gives
numbers for this ratio for various slopes.

Also of importance in any discussion of solar energy as an
environmental factor is the problem of albedo, which by
definition is the reflectivity of a surface to visible light. Many
albedo measurements have been made and may be found in a
number of references including the Smithsonian Meteorological
Tables, Geiger (1957), and Krinov (1953).

THERMAL RADIATION

The thermal radiation aspects of the physical environment
involve certain basic laws of physics which are well-described
radiation theory concepts and which are discussed here for
purposes of orientation. Some aspects of the thermal radiation
environment are conceptually simple while other aspects,
such as those dealing with the atmosphere, are somewhat"
more involved and require more background development
for their understanding. The thermal radiation fluxes flowing
in the boundary layer adjoining the ground and the atmos-
phere will be described in detail. By the term ‘thermal
radiation” is meant the emission of electromagnetic waves,
heat, light, or radio waves, by virtue of the temperature of an
object. Do not confuse the term ‘“thermal radiation” with the
term “radiation’’ or “nuclear radiation” which is commonly
found in current scientific literature and which connotes the
emission of a particles, 8 rays, high energy particles and other
products of reactions involving the atomic nucleus. The
electromagnetic spectrum extends from very short wave-
length—high frequency waves in the ultraviolet through the
visible—through the infrared or heat region, to the very long
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FicUre 16.—The electromagnetic spectrum and means of detection.

wavelength—low frequency waves in the radio region. As
a reminder and a means of orientation, this spectrum is shown
in Figure 16. It will be noticed that the visible segment, from
0.3 microns to 0.7 microns (3000 A to 7000 A) is a very limited
portion of the entire electromagnetic spectrum, limited by
virtue of the restricted sensitivity of the human eye to the
wavelengths or frequencies we know as violet, indigo, blue,
green, yellow, orange, and red. To the high frequency, short
wavelength side, there are ultraviolet rays, X rays, and v rays,
all of which are capable of penetrating matter and producing
ionization. These short wave radiations may all be detected
by means of photographic plates, and this technique will also
work throughout the visible and into the infrared as far as
1.2 microns. The infrared or heat radiation segment of the
electromagnetic spectrum extends from the visibility limit of
the human eye at 0.7 microns (7000 A) on toward greater
wavelengths, until in the vicinity of 1000 microns it is super-
ceded by the radio techniques of the microwave region. The
only detectors sensitive to all wavelengths in the infrared are
thermocouples and bolometers. Photoconductor detectors
such as PbS, PbTe, or PbSe and copper or gold-doped ger-
manium have sensitivities of limited wavelength response.
The entire range of usefulness for photoconductors is shown
in Figure 16. Most photoconductors mu51 be cooled to liquid
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nitrogen, hydrogen, or helium temperatures to be highly
sensitive. Photoconductors may some day be extended to even
longer wavelengths than are now possible. The pit#nary
advantage in photoconductors over thermocouples or bolom-
eters is not only their somewhat higher sensitivity, but also
their much shcrter time constant or response time.

A “warm” object at any temperature above absolute zero
will radiate ‘“thermal radiation.” This radiation will be
characterized by means of its intensity and its wavelength or
frequency distribution. The higher the temperature of the
radiating object, the greater will be the number of short wave-
lengths emitted. The lower the temperature of the radiating
object, the greater will be the percentage of emitted wave-
lengths which will fall toward the long wavelength end of
the electromagnetic spectrum. This is illustrated for the
radiation from a black body in Figure 17. A black body is a
perfect radiator or a perfect absorber and can be approxi-
mated to a high degree of accuracy by a small opening into
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a cavity enclosure. The behavior of these curves can be rec-
ognized from common experience. One often hears it stated
that a hot flame is white in appearance, and a cooler flame is
more orange or red in color. One has observed the dying
embers of a fire change in color from brilliant white, to glow-
ing orange, to dull red, and finally the colors disappear from
view but the embers still feel warm to the hand placed nearby.
This is simply the process of shifting from one temperature
curve at a higher temperature to another curve at a lower
temperature, and proportionately toward longer wavelengths
having less intensity as the coals cool off. The wavelength be-
havior of this shift is the well-known Wien displacement law
of radiating objects described in terms of the wavelength
position, An, of the peak of the radiation curve as follows:

AmT = 2864 micron degrees Kelvin (2.15)

where )\, will be given in microns and 7 in degrees Kelvin.
For an object at a temperature of 286°K or 13°C the radiation
emitted will peak in the infrared at 10 microns. If the tempera-
ture is doubled, to 573°K, then A, will be 5 microns; for
T = 1146°K, A\ = 2.5 microns; for T' = '2292°K, A\, =
1.25 microns; etc. For lower temperatures than 286°K, the
radiation emitted will peak at longer wavelengths. The surface
of the earth and plants and animals radiating with surface
temperatures in the neighborhood of 290°K will have a wave-
length peak in the vicinity of 10 microns in the infrared. Thus
all objects, animate or inanimate, occurring in nature on the
planet earth at these temperatures, will exchange infrared
radiation with their surroundings.

The total intensity, Jgs, of black body radiation radiated
will be equal to the area under the spectral curve. Another
well-known law, namely the Stefan-Boltzmann radiation law,
describes the temperature behavior of this total energy to be

JDB = 0'7-‘4 (2.16)

where ¢ = 5.67 X 10~ erg per cm? per °K* per sec or 1.32 X
10-2 cal per cm? per °K* per sec, known as the Stefan-Boltz-
mann constant. At a temperature of 20°C or 293°K one cal-
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culates Jzz = 9.73 X 1073 cal per cm? per sec or 0.584 cal
per cm? per min. If one were to double the absolute tempera-
ture to 586°K the total energy radiated would increast six-
teenfold. If an object radiates not as a black body but as a
so-called “gray body,” then, providing the emissivity, e, is
constant with wavelength, the total intensity of the radiated
radiation will be given by the following relationship:

Jgg = €6T4 (2.17)

The shape and strength of the curves given in Figure 17 are
described by means of the Planck radiation law which may
be written:

Jr = CA—5(%M — 1)1 (2.18)

where C; = 3.703 X 10-% erg cm? sec™!, C; = 14,330 mi-
cron’K, A is wavelength in microns, and T is temperature in
°K. The other radiation laws may be derived from this one.

Another law of radiation states that a good absorber is a
good emitter at the same wavelength and temperature. A
black object which absorbs efficiently certain wavelengths
incident upon it must also emit efficiently at the same wave-
length, for if it did not, it would heat up indefinitely. A mirror
surface will absorb very little radiation and in turn will radiate
very poorly. The surface of the earth is mostly black in the
infrared and therefore absorbs and radiates essentially as a
black body. The leaves of plants have low reflectivity in the
infrared, about 5%, as shown by Gates and Tantraporn (1952),
and therefore are 959, absorbers and in turn radiate 959, of
black body radiation. Snow is “black” at infrared wave-
lengths and absorbs nearly all infrared radiation incident
upon it and radiates as a black body surface would. Therefore,
for solid objects such as these, where the emissivity is known,
it is a simple matter to compute, by means of Equation 2.16,
the amount of energy radiated if one knows the surface tem-
perature. If one is in a room with walls at 20°C the radiant
heat load will be 0.6 cal per cm? per min as computed from
Equation 2.16. This is shown in Figure 10 as a horizontal line.

The atmosphere, containing various gases, is neither
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“black’ nor entirely transparent at infrared wavelengths. The
character of the infrared absorption spectrum of the atmos-
phere is shown in both Figures 3 and 6. There are some ab-
sorption bands which are “black’ or opaque for the depth of
the entire atmosphere. The intense absorptions due to water
vapor in the atmosphere are located at 1.4, 1.9, 2.4, 2.7, and
6.3 microns, and from 22 microns continuously on toward
longer wavelengths. There are weaker bands due to water
vapor at 0.7, 0.77, 0.82, 0.93, and 1.1 microns. There are also
strong absorptions due to carbon dioxide located at 4.3 and
15.0 microns and a weaker one at 2.7 microns overlapping
with the water vapor absorption at this wavelength. The only
other really significant absorption in the infrared is the band
at 9.6 microns due to ozone. The spectrum also contains very
weak absorptions not shown in Figure 6, which are produced
by carbon monoxide, nitrous oxide, methane, and heavy
water. The atmosphere absorbs radiation of these wavelengths
from the sun and from the ground and will, in turn, reradiate
energy at these wavelengths in strengths proportional to the
absorption bands and the temperature of the atmosphere.
The actual process of absorption and reradiation by the
atmospheric gases is very complicated, since the process is
distributed throughout the atmosphere from top to bottom
over vast pressure and temperature differences. The meteor-
ologist is concerned with how various levels of the atmosphere
are heated or cooled by the radiation process. For purposes of
biological environments, one is primarily concerned with the
strength of the radiation fluxes at the earth’s surface. The
nature of the downward stream of radiation coming from the
atmosphere toward the surface and the upward stream from
the ground can be appreciated from Figure 6. If the ground
surface temperature is 15°C or 288°K, the upward stream of
radiation will be simply that calculated from Equation 2.18
and will have a continuous envelope with wavelength as
marked in the middle part of the figure. In order to calculate
the downward stream from the atmosphere, one must consider
the selective radiation by the atmospheric gases. The radia-
tion emitted by the water vapor and carbon dioxide largely
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comes from the troposphere—that portion of the atmosphere
between the ground and the stratosphere. If the troposphere
were indeed opaque, it would radiate essentially as a*black
body at a temperature of about 263°K and would exhibit the
radiation curve in Figure 6 marked ‘“black body emission
263°K.” However, since the atmosphere is distinctly “gray”
and absorbs and radiates only in certain discrete bands, it is
necessary to apply this band emissivity to the continuum
curve to get the crosshatched areas shown under the curve.
It will be noticed that these crosshatched emission zones ap-
pear almost as mirror images of the absorption bands located
at the top of Figure 6. The one absorption band in the spec-
trum that cannot be considered as tropospheric absorption or
emission is that at 9.6 microns due to ozone. This is because
most of the ozone in the atmosphere is located in the strato-
sphere at a height of 20 to 30 kilometers and at a temperature
of approximately 235°K. In order to estimate the strength of
the radiation flux originating with the ozone in the strato-
sphere, the magnitude of the absorption band at 9.6 microns
is applied to the black body emission from an object of 235°K
to give the emission peak located at 9.6 microns in the center
diagram. So it will be noticed that the downward stream of
infrared thermal radiation from the atmosphere is quite
variable with intensity with wavelength but that a significant
proportion of the radiant energy is distributed among wave-
lengths greater than 13 microns. The 15 micron carbon
dioxide band, and the so-called ‘“‘pure rotation” band of
water vapor extending throughout this long wavelength
region and on out to microwave wavelengths, are both ex-
tremely important contributors bathing the earth’s surface
with a warm flux of radiation. A portion of this spectrum has
been observed by Sloan, Shaw, and Williams (1955), with
a low-resolution infrared spectrometer pointed toward the
night sky. This spectrum is displayed in the lower portion of
Figure 6.

The spectral properties of the thermal emission from the
sky or atmosphere are important for two reasons: the first
being the dependence of the downward thermal radiation
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stream on the atmospheric composition, concentration, and
temperature; and the second being the fact that plants and
animals may have different responses to the various spectral
regions. Not a great deal is known concerning the response of
various organisms to infrared radiation, although it is entirely
likely that most organisms absorb infrared radiation uniformly
and fairly completely, thereby converting the radiation to
heat within the surface cells.

It is possible to express the magnitude of the downward
flux of thermal radiation from the atmosphere as a purely
analytical expression. The mathematical derivation of this
analytical expression is very involved and will not be given
here. A good description of the derivation, as well as its
presentation in terms of the Elsédsser radiation chart, may be
found in Haltiner and Martin (1957) and in Berry, Bollay,
and Beers (1945). Elsdsser (1960) has recently revised the
radiation chart in order to make it more accurate. The radia-
tion chart is a convenient graphical method for obtaining a
solution to the analytical expression for the strength of the
radiation flux in terms of the moisture and temperature profile
with height in the atmosphere. However, its use depends
upon information from meteorological soundings which give
the desired profiles. In addition the percentage of cloud cover,
the cloud type, and the temperature of the base must be
known. With all of this information available, a reasonably
accurate computation may be made of the downward stream
of thermal radiation from the atmosphere at any given time
and place. Another form of radiation chart is given by Robin-
son (1950) and also one by Yamamoto (1952) and Yamamoto
and Sasamori (1954), the latter claiming somewhat greater
accuracy and pointing out certain corrections necessary in
the Robinson chart.

Before analytical expressions which lead to the use of radia-
tion charts had been derived, Angstrom (1915) and Brunt
(1932) had arrived at empirical expressions for the downward
stream of thermal radiation from the clear sky. The Angstrom
formula is

R, = ¢T%0.81 — 0.241170.05%) (2.19)
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where ¢ is the Stefan-Boltzmann constant, 7 is the surface
air temperature, and e is the partial pressure of water vapor
at the surface expressed in millibars. The Brunt formuth is

R, = ¢T%0.44 + 0.08 1/°) (2.20)

These empirical formulas obviously do not agree for the condi-
tion of ¢ = 0, i.e.,, a dry atmosphere, when the radiation
would be primarily determined by the carbon dioxide content
of the atmosphere. Both formulas give somewhat high results
for absolutely dry atmospheres, since the true amount of
radiation due to carbon dioxide in the normal concentration
of 0.03%, is 0.185 ¢ T*. Also it is apparent that formulas such
as these do not in any way take account of the moisture and
temperature profile in the atmosphere and the time variation
of these variables at any level other than the surface. The
formulas work as well as they do because much of the moisture
in the atmosphere is tropospheric and is concentrated near
the surface. However, it is often the situation that only the
surface conditions are known or available, and for this reason
these equations are very useful in making rough estimates
of the downward thermal radiation flux from the clear sky.
In order to take into account the influence of clouds,

Angstrom and Asklof (1920) have given the radiation from
overcast sky expressed in terms of the clear sky radiation, R, ,-
of Equation 2.19 as follows:

R = oT* — \(¢T* — R,) (2.21)

where \ is a parameter which depends upon the height of
the cloud base, being 0.17 at 2.0 km, 0.38 at 5.0 km, and 0.45
at 8.0 km. It is obvious that further refinement of this formula
is required to take into account partially clouded skies.

Using a value for o of 1.32 X 10~ cal per cm? per °K!
per sec or 0.793° X 10— cal per cm? per °K* per min, one
calculates the values given in Table III, using Equation 2.19.

For orientation purposes it is valuable to consider the
typical values of vapor pressure for various temperatures and
relative humidities shown in Table IV.

The exponential behavior of the radiation with vapor
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TABLE III
VaLues oF R, (IN CAL PER CM? PER MIN)
250°K 300°K 320°K
0 mb 0.176 0.363 0.469
10 mb 0.231 0.477 0.617
40 mb 0.252 0.522 0.700
TABLE 1V

VAPOR PRESSURE VALUES
(IN MILLIBARS)

Relative T
Humidity 0°C 10°C 20°C 30°C 40°C 50°C
1009, 6.1 12.3 23.4 42 .4 73.8 123.4
50%, 3.1 6.2 11.7 21.2 36.9 61.7

pressure in Equation 2.19 shows up in the calculations wherein
the changes in radiation flux are greatest for small values of
vapor pressure or dry atmosphere. This is because the water
vapor absorption or emission bands rapidly saturate as the
amount of water vapor is built up.

RADIATION FLUXES WITHIN SPECIFIC ENVIRONMENTS

It is of interest to compute the energy fluxes flowing within
certain hypothetical environments which are nevertheless
based on reality. By means of the formulas given above, the
values shown in Table V have been worked out for the condi-
tions listed. In Table V, T, represents the air temperature
near the surface, and 7, the surface temperature of the
ground. The total direct sunlight plus scattered skylight on a
horizontal surface was taken to be 1.0 cal per cm? per min,
which is a typical clear sky, summer day value for middle
latitudes. Larger values, which do occur, will increase the
heat load above the values given here. Values of energy flux
or heat flow are not of significance by themselves but in
relationship to something else. For the meteorologist they
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are of importance for estimating the temperature changes
which a parcel of air may undergo, or for forecasting the
occurrence of frost. For the biologist the interest may center
on the organisms themselves and the effects of the heat load
on the organism. As an example of the usefulness of the calcu-
lations being made here, the last column in Table V gives
the total radiant energy absorbed by the upper and the lower
surfaces of a horizontal leaf suspended in the environments
given in the table. The heat load for the leaf oriented in other
directions could also be calculated, however the horizontal
position is the most convenient. Some of the values of the
heat load given in Table V are also reproduced in Figure 10.
It should be noticed that the total heat load on two surfaces
of the horizontal leaf is always considerably greater than the
direct sunlight would be on an upward facing horizontal
surface during the daytime. The maximum heat load en-
countered will be approximately 2.40 cal per 2 cm? per min.
If all of this energy were to go into increasing the temperature
of the leaf, the temperature of the leaf would reach a fan-
tastically high value. This temperature increase can be calcu-
lated by means of the following relationship:
AT Q 4

t  t Mc (2:22)
where Q/t is the radiation flux in cal per cm? per min, M/A
is the mass of the leaf per unit area and is taken to be 0.02
grams per cm? ¢ is the specific heat taken to be 0.88, and
AT/t is the time rate of temperature change. If Q/t = 2.40
cal per 2 cm? per min, then AT/t = 136°C per min. If Q/t =
2.00, then AT/t = 114°C per min. Obviously these are
ridiculous answers. Several events occur which have not been
taken into account. The leaf reradiates most of this energy,
some of the energy is convected away, and transpiration
works to keep the temperature down. For the present the
convection loss will be ignored, but it will be dealt with in a
later chapter. It is easy to calculate the temperature the leaf
would reach if it lost all of the heat load by reradiation.
Assume the leaf to radiate 959, as effectively as a black body.
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Then for equilibrium between heat load and reradiation one
must have: .

095 ¢T4 = 0.753T* = % (2.23)
Using Q/t = 2.40 cal per 2 cm? per min, one gets 7' = 352°K
or 79°C which again is too high a temperature. This obviously
means that the other mechanisms for carrying away the
energy are playing a significant role. Ehlers (1915) has shown
that leaf temperatures may run 2° to 10°C above air tem-
peratures during winter conditions. For the first case given
in Table III, which has an air temperature of 30°C and is
the situation giving rise to a heat load of 2.40 cal per 2 cm?
per min, one can assume the leaf temperature to not exceed
40°C and compute the transpiration rate required to maintain
this temperature. The leaf will radiate at this temperature
0.791 cal per cm? per min from one surface and 1.582 cal per
2 cm? per min from two surfaces, and the remaining 0.818
cal per 2 cm? per min must be given up through transpiration
and convection. If the latent heat of evaporation for water
at an initial temperature of 40°C is taken as 600 cal per gram,
then the leaf will need to transpire 0.818/600 = 0.00136
grams of water per 2 cm? of surface area per min or 0.0818
grams per 2 cm? per hr. If this value is unreasonably high for
the transpiration rate, then it means that the leaf temperature
must rise to a higher maximum value or a considerable
amount of heat must be carried away by convection. If the
leaf temperature were to rise to 50°C, then it will radiate
1.720 cal per 2 cm? per min from two surfaces. The residue
of heat would amount to (2.400 — 1.720) = 0.680 cal per 2
cm? per min, and the transpiration rate would be 0.00113
grams of water per 2 cm? per min or 0.068 grams per 2 cm?
per hr. The leaf temperature will need to rise considerably
higher before the transpiration rate is reduced to a small
value, or considerable convection must occur. As shown in
Table V and Figure 10, various other lesser heat loads may
frequently occur, and the transpiration rate in these cases
will be correspondingly less. However, it should be empha-
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sized that for an estimate of transpiration rates, the complete
heat load on a leaf must be arrived at either through calcula-
tion or measurement. To use only the incident solar radiation
component is to obtain only part of the answer and will give

a gross underestimate of the effects. Convection effects will
be considered in a later chapter.



Chapter 3
hir

Radiation Instruments

INTRODUCTION

Instruments for the detection and measurement of solar
and thermal radiation may be classified and described ac-
cording to their wavelength range of sensitivity and their
mode of operation. Not included in the present discussion
are spectrometers, interferometers, or other instruments with
dispersive characteristics. The instruments to be described
here either receive and detect all wavelengths of energy si-
multaneously, or broad wavelength bands of energy as passed
by a filter. Table VI gives a general classification of radiation
instruments. The classification is according to the wave-
length response of the instrument. Any instrument which has
a glass dome or cover is limited in its wavelength response to
the range 2800 A to 30,000 A. Crystal quartz will extend the
range 2000 A to 40,000 A and fused quartz to a somewhat
shorter wavelength on the ultraviolet end. When very thin
polyethylene is used as a dome, it essentially transmits all
wavelengths of energy, both the short wave and the long wave,
and therefore is not classified as an instrument with limited
wavelength response.

The instruments which measure the short-wave sunlight
and skylight energy are referred to generally as pyrheliome-
ters, pyranometers, pyrgeometers, actinometers, and solarim-
eters, etc. An example of this type of instrument is shown in
Figure 18 (see opposite p. 78). If the instrument is self-record-
ing, the term ‘‘graph” will replace the term “meter.” Instru-
ments which measure the total flux of energy of all
wavelengths received on a single surface will be termed ra-
diometers. If the instrument has two receiving surfaces, an

74
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TABLE VI
RADIATION INSTRUMENTS

A. Direct Sunlight and Skylight Response (2800-30,000 A)

. Eppley pyrheliometer

. Moll-Gorczynski solarimeter

. Stern pyranometer

. Robitzsch bimetallic actinograph
. Bellani pyranometer

G WON e

B. Total Radiation Response
a. Ventilated net radiometers or balance meters

. Franssila-Suomi net radiometer or balance mcter

. Gier and Dunkle net radiometer or balance meter
. Kew Observatory net radiometer or balance meter
. Courvoisier net radiometer or balance meter

BN -

b. Nonventilated exposed surface instruments

. Hofman heat-compensated net radiometers or balance meters
ngstrom compensation pyrheliometer and pyrgeometer

. Silver disc pyrheliometer

. Monteith net radiometer or balance meter

. Stoll-Hardy radiometer

. Frigorimeter

S sWN—

¢. Nonventilated enclosed surface radiometers

. Schulze radiometer

. Suomi ‘‘economical’’ net radiometer or balance meter

. Funk net radiometer or balance meter

. Fritschen and van Wijk net radiometer or balance meter

N —

upward facing and a downward facing, and responds to the
difference signal between the two surfaces, then it may be
termed a net radiometer or balance meter. An example of a
net radiometer or balance meter is shown in Figure 20 (see

opposite p. 78).

DIRECT SUNLIGHT AND SKYLIGHT RESPONSE

Eppley pyrheliometer
The Eppley pyrheliometer is the most widely used so-
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larimeter in the Western Hemisphere, having been the stand-
ard U.S. Weather Bureau instrument for recording solar
radiation. This instrument consists of a thermopilé® con-
structed from an alloy, 60% gold and 40% palladitim, against
another alloy, 90% platinum and 10% rhodium. The “hot”
junctions are in thermal contact with a blackened silver ring
which is surrounded by a concentric ring painted white with
magnesium oxide with which the “cold” junctions are in
thermal contact. Usually 16 or 50 junctions are employed,
depending upon the desired sensitivity. The receiving as-
sembly is enclosed in a spherical glass bulb which is her-
mitically sealed and which limits the wavelength response to
wavelengths shorter than 3.5 microns. The voltage response
of the instrument is nearly linear with incident radiant flux
and amounts to about 8 millivolts per cal per cm? per min for
the 50 junction model. The time constant is of the order of
20 seconds and the resistance 100 ohms. The instrument is
manufactured by the Eppley Corporation, Newport, Rhode
Island. For a description of the instrument see Kimball and
Hobbs (1923).

The instrument, when used fully exposed to the upward
hemisphere, will record both the direct sunlight and the scat-
tered skylight. If the instrument is inverted to the downward
facing position it can be used to record reflected sunlight and.
skylight from the ground surface. If the instrument is to be
used for measuring only the scattered skylight, it will be used
in the upward facing position with the direct sun obscured
by means of a metal disc or band mounted on an arm so that
its shadow will always fall across the receiving element. The
Eppley pyrheliometer can be operated for long periods of
time in the field with very little attention required. The sig-
nal from the instrument can be recorded with any standard
pen and ink electrical potentiometer.

Moll-Gorczynski solarimeter

The basic principle of the design of this instrument is
similar to the Eppley, however it is different in detail and of
independent invention. The receiver is a blackened, hori-
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zontal, rectangular receiving area backed with 14 manganin-
constantan thermojunctions in good thermal contact. The
receiving area is surrounded by a heavy brass block with
which the “cold” junctions are in thermal contact. This unit
is covered with double concentric hemispherical glass domes
of 2 mm thickness and of diameters 30 and 50 mm. The pur-
pose of the double glass domes in this instrument is to reduce
the transfer of heat from the receiving surface to or from the
outer dome by convection. The glass domes are cemented
into circular grooves in the brass casting and when subjected
to severe weather conditions sometimes loosen and leak. They
can be resealed by use of “Bostik glazing compound,” and this
has proven more weather resistant than the original cement
used by the manufacturer. The sensitivity is about 8 milli-
volts per cal per cm?® per min, the resistance is 10 ohms, and
the time constant is about 10 seconds. The instrument is con-
sidered somewhat more accurate than the Eppley instrument
and, except for the difficulty with the domes, may be more
rugged. Naturally the instrument is more commonly used in
Europe where it is manufactured by Kipp and Zohnen in
Delft, Holland.

Stern pyranometer

The Stern pyranometer is shown in Figure 18 (see opposite
p- 78). As illustrated here it has 32 thermocouple junctions
which make contact with alternated black and white receiving
surfaces. The black absorb the sunlight and the white reflect
the sunlight. The output of the instrument is between 1.5
and 2.0 millivolts per cal per cm* per min. The instrument has
an internal resistance of about 5 ohms. A single glass dome
shields the receiving surface from strong disturbances caused
by wind. The instrument therefore only records the visible
and near infrared wavelengths in the range transmitted by
glass. The Stern pyranometer can be obtained from Philipp
Schenk, 40 Voltagasse, Vienna 21, Austria.

Robitzsch bimetallic actinograph
This instrument receives radiation on a long thin black-
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ened metal strip about 8.5 mm by 1.5 mm. Two long thin
strips, paralleled to the black strip and to either side, are
painted white 1n order to reflect the radiation. The three
strips are connected so as to cause the mechanical distortion
of a lever which actuates a pen arm. The pen rests on a paper
chart which is driven by a spring. The instrument is designed
in such a way that ambient temperature changes are compen-
sated and produce no deflection of the pen. The instrument
will register the daily totals of solar radiation and sunlight
to an accuracy of 5% to 10%. Instantaneous values are some-
what less accurate, especially since the instrument has a long
time constant, of the order of 2 minutes, and will not respond
to quickly changing amounts of sunlight.

The Robitzsch bimetallic actinograph was first produced
by Fuess in Berlin-Steglitz who still continue its manufacture.
Other models are now made by the Italian firm Societa Itali-
ana Apparecchi di Precisione in Bologna, by Casella in Lon-
don, and by Belfort Meteorological Observatory in Baltimore.
The Belfort instrument employs only two long thin metal
strips rather than three. References describing the use and
calibration of the instrument include Robitzsch (1932), Mo-
rikofer (1939), Courvoisier (1946), Schiiepp (1952), and Black-
well (1953), among others. The instrument has had a great
deal of appeal since it can be used in the field remote from
power supplies and essentially left without attention for sev-
eral days.

Bellani pyranometer
This is a simple self-registering radiation instrument for
giving the daily totals of sunlight and skylight of wavelengths

FIGURE 18 (top).—Stern pyranometer for observing the direct solar plus sky
radiation and meter for direct reading of the output in cal per cm?® per min.
The glass dome limits the response to radiation wavelengths shorter than 3
microns.

FIGURE 20 (bottom)—Franssila-Suomi net radiometer or balance meter for
measuring the difference between the downward and the upward streams of
radiation. All wavelengths are detected.
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shorter than 3.0 microns. The instrument is particularly use-
ful for field work involving biological climatology studies. A
cross section of the original spherical Bellani pyranometer is
shown in Figure 19. It is comprised of two concentric glass
spheres, G, mounted on the end of a calibrated glass tube, 4.
The reservoir within the inner sphere which is filled with al-
cohol is open to the calibrated tube through a smaller chan-
nel, C. The inner glass sphere is completely encased in a
metal surface, R, which is coated with a black paint and acts
as the receiver surface. The receiver surface becomes warm
and transfers heat to the volatile alcohol which in turn vapor-
izes, filling the tubes C and T with vapor which then con-
denses in the bottom of C. The amount of liquid alcohol
accumulated in the tube, T, which is calibrated, is a measure
of the total short wave radiation incident on the spherical
receiving surface. Because the receiving surface is spherical,
it receives and registers the radiation received from the sun
and sky as well as the sunlight reflected from the ground. For
this reason it does not give the radiation received on a hori-
zontal surface. In order to eliminate convective and conduc-
tive loss of energy to the outside, the space between the two
glass spheres is evacuated.

A new design of the instrument by Courvoisier and Wierze-
jewski (1954) employs a black horizontal surface as receiving
element mounted inside a cylindrical glass envelope. The
black receiver is shielded on the sides by a metal cylinder.
This instrument only responds to the total sunlight and sky-
light received on the horizontal surface and does not include
reflected radiation. Except for the cylindrical geometry rather
than spherical, the principle of operation is precisely the same

Ficure 21 (top)—Hofman heat-compensated net radiometer or balance
meter. Two instruments are shown since each disc is a complete instrument.
All wavelengths are. detected.

Ficure 23 (bottom).—Schulze radiometer with the polycthylene dome re-
moved, exposing the blackened receiver. The small box at the right shows two
pairs of thermopiles. The downward facing half of the instrument is identical
with the upward facing half.
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FIGURE 19.—Bellani pyranometer. The globe, G, is
filled with alcohol, 4, which vaporizes, passes through
the capillary, C, and condenses in the tube, T. The
amount of alcohol accumulated in the tube is a direct
measure of the amount of radiation received on the
blackened spherical receiving surface, R. The glass
dome limits the response to radiation wavelengths
shorter than 3 microns.

as with the earlier version. The instrument is readily reset
by simply inverting it, thereby permitting the alcohol to re-
fill the reservoir at the top. Some residual alcohol will remain
in the tube, T, but the level is simply noted and the difference
in readings during the period of measurement is recorded.
The Bellani pyranometers give the daily totals of sunlight and
the skylight within a 3% accuracy. The old model and the
new model are available from the Physikalisch-Meteorologi-
schen Observatorium, Davos, Switzerland.

\

TOTAL RADIATION RESPONSE

Black receivers, which are not enclosed within a glass cover,
are capable of responding to all wavelengths of radiation, in-
cluding the long-wave infrared. However, an exposed black
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surface is subject to heat transfer to the air by convection and
conduction and to the effects of moisture on the surface. In
order to reduce or eliminate these disturbing forces several
different arrangements are employed. The receiving surface
may be ventilated at a constant rate, or the sensitive ¢lements
may be made self-compensating to wind effects by being
shielded from the wind by means of a narrow aperture, or
shielded with a dome of material other than glass which may
be transparent to infrared as well as to visible wavelengths.
Essentially two types of instruments exist: effective pyranom-
eters, which measure the total incident flux of radiation, and
radiation balance meters, which measure the difference be-
tween two streams of radiation.

Ventilated net radiometers or balance meters

These instruments operate with the horizontal receiving
element mounted in a stream of air forced across the surface
by means of a blower. A typical instrument is shown in Figure
20 (see opposite p. 78). The blower motor should be mounted
as far from the sensitive element as possible. The air is di-
rected to the receiving surface from the blower through a
vent, nozzle, or wind tunnel. The forced ventilation should
be strong in order to prevent external wind disturbances. The
heat sensitive element is simply a thermopile which is wound
on a support of insulating material and then is coated over
with black paint or lacquer. The paint now recommended for
all radiation instruments is Parson’s Optical Black Lacquer
from Parson’s Ltd., London. This lacquer has an emissivity
of 98% or greater over the visible and infrared regions of the
spectrum to wavelengths well beyond 10 microns. The ther-
mopile is often made by winding a constantan wire about the
plastic holder until a sufficient number of turns is reached.
Then half the plate can be dipped into a copper sulphate so-
lution and copper plated onto the lower half of each turn.
This then forms a series of copper constantan junctions on
the two sides along the center line. The thermopile can then
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be coated with black and is ready to mount. Several versions
of this instrument have been designed and built in various
parts of the world. Some of these designs will now *be de-
scribed.

Franssila-Suomi net radiometer or balance meter

This instrument, shown in Figure 20, is described in de-
tail by Suomi, Franssila, and Islitzer (1954). The instrument
is well designed in that the blower housing is small and is lo-
cated as far as possible from the receiving surface. The venti-
lation velocity is high. Two additional features are unique
with this instrument. The vent contains a vane which can be
adjusted in order to equalize the flow of air over the upper
and lower surfaces. In addition there is an electric heater ele-
ment on either side of the sensitive element which can be used
to furnish a sensitive control over the ventilation or con-
vective transfer of energy. The instrument constant is 0.5 to
0.6 cal per cm?® per min per millivolt and a recorder with 4
to 5 millivolts full scale is required.

Gier and Dunkle net radiometer or balance meter

This instrument was first described by Gier and Dunkle
(1951). The thermopile consists of 300 silver-constantan junc-
tions wound on a bakelite plate of area 115 mm by 115 mm.
The thermopile has bakelite plates above and below it, each
of which is covered with aluminum foil. This heat flux unit
is then mounted on the end of a short vent and is much too
close to the blower housing unit for completely satisfactory
operation. When used as a total hemispherical radiometer,
one surface of the heat flux plate is blackened and the other
surface is left as shiny aluminum. For this use, an aluminum
shield is mounted outside of the shiny surface with sufficient
space in between for the forced ventilation to pass. When
used as a balance meter or net exchange radiometer, both
surfaces of the heat flux plate are blackened and no radiation
shield is used externally. When employed in this way, the
thermopile measures the difference between the heating of
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the two surfaces. The general sensitivity of the instrument is
about 5 mV per cal per cm? per min and the response time is
about 10 seconds. The Gier and Dunkle instruments are
manufactured by Beckman and Whitley, San Carlos, Cali-
fornia.

Kew Observatory net radiometer or balance meter

This instrument is very similar to the other models de-
scribed above. It has gone through a series of developmental
stages during the last few years. For several years Kew Ob-
servatory has constructed their own thermopiles, but more
recently they are purchasing the two-inch diameter heat flow
unit from Joyce, Loebl and Co., Ltd., Newcastle. The heat
flow unit is mounted on the end of a long slender ventilating
throat and the blower motor is capable of producing approxi-
mately 20 m per sec flow of air. This flow rate is necessary in
order to prevent external winds from disturbing the reading.
The sensitivity of the instrument is approximately 55 mV per
cal per cm? per min from a thermopile comprised of nearly
900 thermojunctions. ,
Courvoisier net radiometer or balance meter

The Courvoisier balance meter is a much more elegantly
constructed instrument than any of the other types, but it is
also more expensive. It is better designed from the standpoint
of the wind tunnel than the other instruments of this type.
This instrument is manufactured by the Physikalisch-Meteo-
rologischen Observatorium, Davos, Switzerland. It is briefly
described in a paper by Courvoisier (1950).

Nonventilated exposed surface instruments

These instruments have the receiving element exposed
directly to the stream of radiation without a protective cover
and without a constant stream of ventilation. They may or
may not be compensated for the influence of convection on
the receiving element. Compensation may be accomplished
by having dual receiving elements and differences in response
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are balanced out by heat input on onc or both of the ele-
ments. Certain of these instruments, such as the Monteith net
radiometer or balance meter, operate on the principle that
the two receiving elements are each subjected to the same de-
gree of convective cooling to a first approximation. The Stoll-
Hardy radiometer has a single receiving element which is dis-
turbed seriously by wind and so is usually used in still air.

Hofman heat-compensated net radiometers or balance meters

The instrument designed and described by Hofman (1952)
is shown in Figure 21 (sece opposite p. 79). Two instruments
are actually shown, each disc being a single instrument. A
very similar radiometer has been used by Wagner in Ham-
burg and also by the Dutch in de Bilt. A heating coil is im-
bedded just beneath the black surface on both the upper and
the lower sides, and thermopiles or thermistor elements make
thermal contact with the inner side of the two surfaces. The
heat input is adjusted until the temperature of the two sur-
faces is equal. The assumption is made that the convective
heat losses will be equal from the upper and lower surfaces
under this condition. This assumption is not correct and con-
siderable error can result, although proper calibration can
reduce this error. Another difficulty regarding the instrument
is the power requirement and the problem of regulating the
heat flow. However the Hofman radiometer or balance meter
has been successfully used by Baumgartner (1956a) for studies
of the radiation balance in and above forests in Bavaria. Some-
what greater accuracy and convenience can be achieved by
using the radiometer in pairs. When this is done, one need
not maintain the temperatures of the surfaces at equal tem-
peratures but need only to put in a fixed and measurable
quantity of heat, H, to the upper surface of one radiometer
and to the lower surface of the other. Let R be the net down-
ward or upward stream of radiation to be measured. The ther-
mopile will indicate a voltage difference between the surfaces
for the radiometer on the left of ¥; and for the radiometer
on the right of V, where Vy, Vg, and H are all measurable
quantities and hence R can be determined. In this form the
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Vi « (R + H)
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balance meter has been used for work in forest meteorology
by Baumgartner (1956b) and also has been used for a radia-
tion radiosonde in Germany by Pohl (1955). The instrument
measures all wavelengths, visible and infrared, of the incident
radiation.

Angstrom compensation pyrheliometer and pyrgeometer

This instrument was first designed and reported in the lit-
erature by Angstrom (1905). In the pyrgeometer the sensitive
element consists of four manganin strips. Two of these strips
are blackened and the other two are polished and thereby re-
flecting. The polished strips remain at ambient air tempera-
ture; the blackened strips are exposed to the night sky and
will cool by radiation exchange with the sky. Their tempera-
ture is maintained at ambient by passing a heating current
through the strips. Knowing the temperature of the strips and
their emissivity, one can calculate the strength of infrared
radiation reaching the instrument from the sky. The pyrge-
ometer can only be used at night and is subject to disturbances
from the wind.

The Angstrom compensation pyrheliometer can be used in
the daytime and employs two blackened manganin strips
which are exposed to the sun through an extended tube. One
strip is shielded from the sun with a shutter and carries an
electric current of sufficient strength to heat it to the same
temperature as the strip receiving the incident sunlight. Then
the situation is reversed by turning the shutter, covering the
other element, and a measurement made under this condi-
tion. These two instruments measure all wavelengths of en-
ergy since the sensitive elements are freely exposed to the
incident radiation.
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Silver disc pyrheliometer

This instrument was developed by Abbot of the Smith-
sonian Institution and has been used as a secondary %tand-
ard for solar radiation measurements for many years. A silver
disc is located at the lower extremity of an extended tube
containing a series of apertures or diaphrams. A very accu-
rate thermometer is inserted into the silver disc. The disc is
then alternately exposed to the direct solar rays and shielded
from the rays. By accurately timing this procedure the inten-
sity of the solar radiation can be determined. The instrument
has always been calibrated against the primary standard
pyrheliometer which is a water flow calorimetric type of in-
strument. The silver disc pyrheliometer is sensitive to all
wavelengths, but only can be used on solar radiation.

Monteith net radiometer or balance meter

This balance meter is of the utmost simplicity in design
and is being used for agricultural meteorological studies at
Rothamsted Experimental Station in England. It is comprised
of a glass ring with outside diameter roughly four inches and
inside diameter three inches. The glass is approximately one-
eighth inch thick. Many turns of constantan wire are wound
on the ring, and the outer half of each turn is covered with
paraffin wax by dipping the ring in melted wax and slowly.
turning it around its axis. Then the entire ring is immersed
in a copper-plating solution which plates copper onto the in-
side half of each turn of constantan wire. The paraffin is then
removed and one has a circle of thermojunctions on the top
side of the ring and another circle of junctions on the under
side. The entire ring is blackened and mounted on the end
of a long arm. The wires can be connected to an electronic
potentiometer recorder and the output calibrated in terms of
the net flux of tadiation on the two surfaces.

Stoll-Hardy radiometer

The basic idea involved in the design of this radiometer is
very old, but the present version of the instrument is new
and takes advantage of the availability of a fast, sensitive de-
tector, the flake thermistor. Hardy (1934) had originally used
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FiGure 22.—Stoll-Hardy radiometer for instantaneous observation of the
radiant flux within a 20° field of view.

the device with a thermopile detector for physiological stud-
ies, and subsequently Stoll (1954) redesigned the instrument
to make use of thermistor detectors. The design of the instru-
ment as now used is shown in Figure 22. It is manufactured
by the Williamson Development Corporation, West Concord,
Massachusetts.

The radiometer measures the amount of radiant flux com-
ing to it from within its field of view. It measures the tem-
perature of a surface by virtue of the fact that all black
objects radiate heat according to the law ¢7*. For low tem-
perature radiators most of the radiated energy will be at in-
frared wavelengths. If one is using the radiometer to measure
a surface temperature which is illuminated by sunlight, an
infrared filter of germanium must be placed across the en-
trance aperture to get a correct reading. It is usually best to
use this filter under most conditions and to calibrate the in-
strument with the filter in position. The sensitive element
consists of two thermistor flakes located at the apex of a pol-
ished aluminum cone having a 20° field of view. Two other
thermistor flakes, matching the receiver pair, are located
within the radiometer head unexposed to the incident radia-
tion and act as temperature compensators. A microammeter
is provided with three scales which permit readings departing
from ambient of 0-10, 0-30, and 0-100 degrees centigrade.
A cylindrical cavity drilled in an aluminum block housed
within the instrument case provides the black body cavity
against which all temperature readings are compared. The
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radiometer head is normally stored inserted into this cylin-
drical cavity and is only removed momentarily in order to take
a reading of the radiation emitted by some surface. Th® tem-
perature of the aluminum block must be carefully read by
means of a mercury thermometer. Calibration of the radiome-
ter may be achieved by means of a Leslie cube of unit emis-
sivity into which may be poured water at various tempera-
tures, water-ice mixtures, or other solutions. If the calibration
data are plotted on an energy (o7T*) versus deflection graph,
an excellent straight line should result. If temperature versus
deflection is plotted, then a curve results which is more diffi-
cult and less accurate for extrapolation purposes.

Several modifications of the instrument are required to
facilitate its use in the field. The detector head as provided
by the company is not sufficiently well insulated to shield the
thermistors from heat transferred from the hand through the
head. If the head is encapsulated in a block of styrofoam or
other insulating material, then its response and reproducibil-
ity are greatly improved. The aluminum reference block pro-
vided with the instrument has too small a heat capacity to
remain nearly constant when used in the field. It is therefore
desirable to provide a much more massive block of aluminum
for this purpose. A cylinder six inches in diameter and six
inches high, with a cylindrical cavity drilled in one end,
proved suitable for this purpose when used under severe win-
ter conditions. Wind can be quite disturbing to the detector,
either by cooling or warming the head or the filter, or, if the
aperture is not closed off by the filter, the wind enters the
cone and disturbs the thermistors directly. Rather elaborate
precautions can be taken by redesigning the entrance cone;
however, this becomes a bit involved.

The primary dlsadvantage to the instrument in its present
form is the fact that it is a d.c. device. This means that it is
subject to any and all temperature disturbances of the types
mentioned above. The instrument should be redesigned in
order to convert it to an a.c. device in which the incoming
stream of radiation to be detected is chopped. However, the
thermistors currently used in the radiometer are too slow in
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response to permit this to be done. Several a.c. radiometers
for radiant energy measurements in industry are currently
on the market, but are generally much too expensive and not
designed specifically for application to geophysical or bio-
logical problems. These are available from the Williamson
Development Company, the Servo Corporation of America,
and Barnes Engineering Corporation, to mention a few.
Despite the drawbacks to the Stoll-Hardy radiometer for
field use, it is the only instrument currently available which
can be adapted for field measurements where it is desired to
obtain the temperatures of surfaces which are small, but
greater than about 4 cm? The instrument may also be used
to measure the radiant flux from the sky within the 20° field
of view. However, by sampling the sky in several directions, it
is even possible to make a good estimate of the total flux from
the entire hemisphere incident upon a horizontal surface.
The performance of the instrument in the field has been re-
ported by Gates (1961) and by Stoll and Hardy (1955).

Frigorimeter .

This instrument cannot be truly called a radiation meas-
uring device since in fact it is designed to measure the com-
plete heat transfer from the blackened sphere to its surround-
ings and to give an indication of the “physiological” cooling
or heating power of the environment. The frigorimeter, a
nearly solid copper sphere 7.5 cm in diameter, blackened on
the outside and exposed to the atmosphere, is maintained at
approximately 37°C by means of an electrical heater element
in the center. All heat exchange factors, sunlight, thermal
infrared radiation, wind, and precipitation affect the response
of the instrument. The amount of current supplied is a meas-
ure of the cooling of the sphere. The instrument has under-
gone extensive testing and calibration at the Physikalisch-
Meteorologischen Observatorium, Davos, Switzerland, and
would appear to be satisfactory for the measurement of com-
bined meteorological effects on the heat exchange of a
blackened metal sphere. The extent to which measurements
of this type can be interpreted in terms relative to living or-
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ganisms, such as human comfort factors, may be subject to
considerable question. However, the publications by Dorno
(1926, 1928) discuss the matter in considerable detail®’ The
construction details are given in an article by Thilenius
(1931).

Nonventilated enclosed surface radiometers

These instruments are shielded from the free air by means
of a dome or layer of polyethylene or mylar. These plastic
materials when used in very thin pieces are transparent to
most wavelengths including the infrared. Their principal dis-
advantage is that they are fragile and can be easily punc-
tured; however they have been used successfully in the in-
struments described below.

Schulze radiometer

This radiometer is similar in appearance to the Moll-Gor-
czynski solarimeter, except here a polyethylene (Lupolen-H)
hemispherical shield is used instead of the glass dome. Fig-
ure 23 (see opposite p. 79) shows the polyethylene dome
removed and a small box containing two pairs of thermo-
piles. A single thermopile is made from constantan and silver
wire with a total resistance of about 500 ohms and then is
blackened with Parson’s Matt Black Lacquer. Two thermo-
piles (one pair) are connected in parallel to give a net resist-
ance of 250 ohms. In the earlier models first reported on by
Schulze (1953) a Moll thermopile was used, but for the later
models, such as the one shown in Figure 23, a thermopile of
their own design was employed. The later design has been
reported on by Fleischer (1958). The instrument has ample
sensitivity for measuring accurately the long-wave radiation
from the sky or the ground at night. The instrument is avail-
able commercially from B. Lange Company, Berlin, Ger-
many. As shown in Figure 23, there are two radiometers, an
upward facing and a downward facing, mounted back to
back in order that the downward and the upward streams of
radiation may be simultaneously measured. If the radiometers



RADIATION INSTRUMENTS 91

are connected in opposition, the net flux of radiation is meas-
ured. A thermocouple is located beneath each receiving sur-
face in order that the receiver temperature can be measured
so that back radiation by the receiver can be calculated. It is
recommended that the cold junction for this thermocouple
be buried in the ground at a depth of at least one meter.

The Schulze radiometer or balance meter is excellently de-
signed and constructed. Two tubes seen in Figure 23 allow
one to circulate dry air or nitrogen through the upper and
lower hemispherical enclosures thereby drying them of any
moisture which may otherwise condense within. The hemi-
spherical dome can be easily removed for replacement, which
should usually be done about once every two or three months.
Any standard electrical recording potentiometers may be
used with the instrument. Four channels are required for a
single radiometer including the recording of the instrument
temperature.

Suomi “economical”’ net radiometer or balance meter

In an attempt to produce an inexpensive, easily constructed
net radiometer, Suomi (1958) reported on the design of such
an instrument which subsequently has received a considera-
ble amount of attention and use in meteorology and agricul-
ture (see Suomi, Staley, and Kuhn, 1958).

The sensing element consists of a thermistor or thermom-
eter sandwiched between two horizontal blackened foils of
aluminum which are supported by a block of lightweight
rigid material of low heat capacity and thermal conductivity
such as fiber glass insulation. Two sheets of 0.50 mil thick
polyethylence film, an insulating guard, and a wooden box
framework form a wind screen. This whole laminated unit
faces upward and a similar unit faces downward. Polyethylene
is very transparent throughout infrared wavelengths and there-
fore is an excellent shield for instruments designed to detect
long-wave radiation.

The ‘“economical” radiometer has the following advan-
tages: (a) The radiometer has high “thermal gain” so that
easy temperature measurements result in reasonably accurate
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radiation estimates. (b) The instrument can be modified for
broad spectral selection so that the upward and downward
flux of total solar and thermal radiation can be measured in
the daytime to =5%. The instrument is also useful for meas-
uring the nocturnal thermal radiation streams. The instru-
ment can be fabricated very easily from materials which are
readily available and at very low cost. The instrument is now
being used from balloons as a radiation radiosonde to deter-
mine the radiation-divergence ficld of the atmosphere at vari-
ous elevations. In addition, it has been used as a frost fore-
casting device by the cranberry growers of Wisconsin, and
researchers in the United States Forest Service are experi-
menting with it for use within forested areas. Goodell (1962)
has made this instrument into an automatic recording in-
strument by means of a digitized totalizer.

Funk net radiometer or balance meter

Upward facing and downward facing thermopiles of 250
junctions each are shielded from the external environment
by hemispheres of very thin (0.002 inches) polyethylene which
is coated with a thin film of silicone oil. Unfortunately the
silicone oil reduces the transmission and introduces numer-
ous weak absorption bands. The very thin polyethylene is
employed, not so much to improve its transparency, but to
avoid departure from cosine law behavior by the instrument.
The very thin polyethylene cannot itself remain distended
in the hemispherical shape, and so dry nitrogen is bled to the
inside to maintain a slight pressure excess over atmospheric
pressure. The originator of this instrument, Funk (1959,
1960), designed it to avoid the bulkiness of the Schulze radi-
ometer and the inaccuracy of the Suomi ‘“economical” net
radiometer or balance meter, and at the same time to create
an unaspirated instrument. The instrument appears to be
very good for its intended use; however, it might not be suff-
ciently rugged for field use involving moderate to heavy wind,
heavy precipitation, and hail. A special feature of the radi-
ometer is a heating ring located equatorially which can radi-
ate to both hemispheres, thereby warming them slightly to
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prevent the deposit of dew on the polyethylene surface. The
radiometer has a time constant of about one minute and ac-
cording to Funk has a sensitivity almost an order of magni-
tude higher than any previously reported net radiometers.
The actual sensitivity is not given by Funk in his discussion
however. The instrument is manufactured for sale by the
C.S.I.R.O., Division of Meteorological Physics, Melbourne,
Australia.

Fritschen and van Wijk net radiometer or balance meter

In an attempt to obtain a small, inexpensive, all-weather
net radiometer, Fritschen and van Wijk (1959; Fritschen,
1960) designed an instrument similar in principle to the
Suomi “‘economical” radiometer but utilizing as the sensing
unit a small heat transducer, which was probably simply a
thermopile rather than a thermometer. The thermal trans-
ducer is sandwiched between two sheets of mica or saran
wrap. Two more surfaces of mica or saran wrap are stretched
horizontally one-sixteenth inch above and below the first two
surfaces. Both mica and saran wrap are less. transparent to
infrared radiation than is polyethylene; however, each of
these is more impervious to water and therefore more suit-
able for field use. As far as could be ascertained by Fritschen,
there was no noticeable bias in the response of the mica or
saran wrap protected units compared with those covered with
polyethylene.



Chapter 4

Heat Transfer by Convection

INTRODUCTION

It will be recalled that an organism immersed in a medium
—air, water, or soil—will undergo changes in energy by the
processes of radiation, convection, conduction, heat transfer,
and evaporation or condensation. For objects, such as roots or
organisms in the soil, the heat flow will be primarily by con-
duction. For objects in water or in air, the conduction and
convection processes will share in the transfer of energy. The
process of conduction transfers heat from a region of higher
temperature to a region of lower temperature by direct mo-
lecular activity through the medium, without mass motion of
the medium itself taking place. The process of convection
transfers energy by the combined effect of conduction and
mass transport through the fluid. In convection, heat is trans-
ferred from the surface of the organism to the fluid by con-
duction, but within the fluid itself it is carried along by the
movement of a stream of fluid which transports molecules of
higher energy content from points of higher to points of
lower temperature. The effectiveness of energy transfer by
convection depends largely upon the mixing action of the
fluid.

In the process of heat transfer by convection there are two
classes or modes of action: (a) free or natural convection in
which the flow is created solely because of density differences
caused by temperature differences within the fluid; (b) forced
convection in which the flow is caused bv an external force
field such as a blower or some sort of pressure difference within
the fluid creating a “wind.” In order to understand the process

94
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of convection, one must first understand the detailed physical
laws occurring within the fluid.

At the surface of the object or organism, across which the
fluid (air or water) may be flowing, the fluid must be station-
ary since clearly the surface cannot be flowing relative to it-
self. The full velocity of the fluid is achieved as one moves
away from the surface. The transition zone, within which the
velocity is increasing as one moves outward, is referred to as
the “‘boundary layer.” This is illustrated in Figure 24. The
boundary layer may be only a fraction of a millimeter thick.
All objects within a moving fluid possess this boundary layer
to some degree. It represents a transition zone for fluid mo-
tion and for temperature difference between the object and
the fluid. It is demonstrated most dramatically for the human
form when one is taking a hot bath such as the Finnish sauna.
The sauna, a small enclosed room in which the air is moist
but of low relative humidity, is often at temperatures as high

FIGURE 24~—Wind velocity and air temperature profiles near a plane sur-
face when the wind speed in the free air is v, the air temperature T,, and the
surface temperature Ts. The boundary layer thickness next to the surface, 3,
is defined in terms of the temperature profile. A change in wind speed, dv,
exists for a change in height, dy.
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as 230°F. This is truly a “black body” cavity filled with in-
frared radiation. The skin obviously cannot attain a tem-
perature of 230°F without burning, and indeed it does*ot
reach this temperature, but a much lower temperature, be-
cause of the boundary layer of stationary air next to the skin.
If, while in this situation in the sauna you blow on your skin,
you destroy this boundary layer, and immediately a burning
sensation is experienced; indeed a burn can result.

The process described as the “‘drag” of a fluid when flow-
ing across the surface of an object is a result of its viscosity.
The force required to move the fluid across the surface is pro-
portional to the area of contact between the surface and the
fluid; the greater the area of contact, the greater the force re-
quired. The force is also proportional to the velocity gradient
at the interface; the greater the force exerted, the greater the
velocity flow at some point near the surface. These relation-
ships can be represented in the following form:

dv

f=;u‘1a,y”_0

(4.1)
where f represents the force in dynes, 4 the area in cm?, dv/dy
the velocity gradient with v the velocity in cm per sec and y
the distance perpendicular to the surface in cm. The symbol
dv represents a small change in velocity associated with a small
change dy in distance from the surface as illustrated in Figure
24. The proportionality constant, , is called the viscosity co-
efficient and is given in units of grams per sec-cm or poises,
named after Poiseuille who was one of the first to study viscous
flow. Table VII gives the viscosity coefficient for water and
air as a function of the temperature in °C. The viscosity co-
efficient will enter into our discussion of energy transfer by
convection further on.

Heat is energy in'transition. It is transferred from the sur-
face of the object or organism by conduction in the boundary
layer near the surface and then is carried away by convection
through the fluid. Clearly the amount of energy transferred
to or from the surface by conduction must be equal to the
amount of energy transferred to or from the outer region of
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TABLE VII
TypricaL VALUES OF ViscosiTy FOR WATER AND AIR
(1N Porses)

Temperature (°C) Water Air
0 1.792 X 1072 1.71 X 10+

20 1.005 1.81

40 0.656 1.90

60 0.469 2.00

80 0.357 2.09

100 0.284 2.18

the boundary layer by convective motion in the fluid. If the
two were not equal, there would be a net heating or a net
cooling within the boundary layer, an event which does not
occur for the steady state situation. The amount of energy or
heat, dQ, in calories transferred in a unit of time, dt, in sec-
onds is proportional to the temperature difference, AT, in
°C between the surface and the air (AT = T, — T,), and is
proportional to the area, A, of the surface in cm? in contact
with the fluid flow. This proportionality can be written as an
equation by means of a proportionality constant, k., called
the convection coefficient.

Q _

i h AAT (4.2)
The units for &, will be cal per cm? per sec per °C. The

problem of determining %, is often a very difficult one, since

it involves a number of factors describing the geometry and

physics of the particular problem. The convection coefficient

depends upon:

1. Shape of surface—flat or curved.

2. Orientation of surface—horizontal or vertical.

3. Physical properties of the fluid—density, viscosity, spe-
cific heat, and thermal conductivity.

4. Whether evaporation or condensation takes place.

5. Whether the velocity of the fluid is small enough to give
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rise to laminar flow, or large enough to give rise to tur-
bulent flow.

e

In the boundary layer, if heat is transferred only by con-
duction, one can say that the rate of flow of heat is propor-
tional to the surface area, 4, in contact with the fluid and pro-
portional to the temperature gradient, dT /dy, at the surface.
An equality can be written using a proportionality constant,
k, in this case called the coefficient of thermal conductivity
given in cal per sec per cm per °C.

aQ dT
== —k D (4.3)

The minus sign is used in order that the positive direction
of the flow of heat should coincide with the positive direction
for y, which is positive upward. The thermal conductivity for
air is about 6.0 X 10~° cal per sec per cm per °C at 20°C and
for water is 1.43 X 10—2 cal per sec per tm per °C.

As stated earlier, the heat conducted through the boundary
layer must equal the heat to be carried away by convection.
The temperature gradient can be approximated by the tem-
perature difference across the boundary layer divided by the
thickness of the boundary layer, §; hence

dT _ T, =T,
dy )
Therefore, equating Equations 4.2 and 4.3

@Q _ (T — T

dt 5 = hcA(Tl - Ta) (44)

we get

(4.5)
Certain dimensionless variables may be formed relating the

basic parameters of the media and the dimension of the ob-

ject. Heat transfer engineers find these useful for there are
certain invariant relationships between the dimensionless
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variables, and once these relationships are established for a
given object, they then can be evaluated for any media. In the
case of natural or free convection, there are three dimension-
less variables. They are as follows:

h.L
k

Nusselt number, Nu = = % (4.6)
where L is a significant or characteristic dimension of the ob-
ject concerned. The characteristic dimension would be the
diameter of a sphere or cylinder, and the length of a plane.
Clearly the Nusselt number is a measure of the ratio of the
characteristic dimension to the boundary layer thickness.

3
Prandtl number, Pr = %‘ (4.7)
where ¢, is the specific heat of the gas at constant pressure, u
is the viscosity, and k the conductivity. The Prandtl number
measures the relative efficiency of the conducting system for
the molecular transport of momentum and energy.

"g8(T. — T)L’
p g8( 2 ) (4.8)
where p is the density of the fluid, g the acceleration due to
gravity, g the coefficient of expansion, T, and T, the tempera-
ture of the surface and the air, respectively, L the characteris-
tic dimension, and y the viscosity.

Grashof number, Gr =

FREE OR NATURAL CONVECTION

In the case of free or natural convection it can be shown
through dimensional analysis and other arguments that the
three dimensionless variables are related in the following man-
ner.

Nu = {(Gr, Pr) 4.9)

For natural or free convection in which the temperature
difference between the object and the surrounding medium
creates a flow of air, if the medium is air, the heat transfer en-
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gineers have arrived at values of the convection coefficient for
objects of various shapes, sizes, and orientations. Two cases are
of interest from the standpoint of relationships to biological
organisms: flat plates, representing an approximation to a leaf,
and pipes or cylinders representing all cylindrically shaped
objects in nature such as tree branches, twigs, needles, and the
bodies of most animals. The following illustrations will show
the method for proceeding to the Nusselt number and then
to the convection coefficient. Table VIII contains the Nusselt
numbers for various situations which are applicable to bio-
logical problems.

For air the value of the Prandtl number is 0.72 and the
Grashof number is 156 ATL? at 20°C. The Nusselt number
for a heated plate facing upward in air at 20°C, for the laminar
range, will be

Nu = 0.71 (156 ATL? 0.72)14 (4.10)

From this one gets for the convection coefficient, in the lami-
nar range from Equation 4.6,

1/4
h = 1.31 X 10~ (%) (4.11)

TABLE VIII
NusseLT NuMBers FOR FREE OR NATURAL CONVEGCTION

(1N TERMS OF THE GRASHOF NUMBER, Gr, AND THE PRANDTL
NUMBER, Pr)

1. Horizontal cylinders Nu!/? = 0.63 4+ 0.35(Gr X Pr)l/e
2. Vertical cylinders
Laminar range Nu = 0.726(Gr X Pr)i/4

Turbulent range Nu
3. Plane surfaces
Laminar range .

0.067(Gr X Pr! )1/

Horizontal facing upward Nu = 0.71(Gr X Pr)l/4

Horizontal facing downward Nu = 0.35(Gr X Pr)t/¢
Turbulent range

Horizontal facing upward Nu = 0.17(Gr X Pr)1/3

Horizontal facing downward Nu = 0.08(Gr X Pr)/2

Vertical Nu = 0.13(Gr X Pr)/3
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The Nusselt number for a heated plate facing upward in air
at 20°C, for the turbulent range, will be

Nu = 0.82 (ATL3)'2L (4.12)

From this one gets for the convection coefficient, in the tur-
bulent range from Equation 4.6,

h. = 0.465 X 10—4(AT)'3 ' (4.13)

The convection coefficients, h,, for laminar flow are sum-
marized in Table IX.

The surface of a cold horizontal plate facing downward has
the same convection coefficient as the surface of a warm hori-
zontal plate facing upward, and a cold upward facing surface
has the same coefficient as a warm downward facing plate. A
numerical example to illustrate the strength of heat transfer
by natural convection is as follows. Consider a warm hori-
zontal plate of dimension 1 c¢m, facing upward with a sur-
face temperature 10°C above the air temperature, which is a
reasonable approximation to conditions encountered by the
leaves of vegetation. To calculate the quantity of heat lost per
unit time per unit area by natural convection, one uses Equa-
tion 4.2 and the value given in Table IX.

he = 7.86 X 10-3(AT)Y* = 7.86 X 10-3(10°C)"*

= 14.04 X 103 cal per cm® per sec per °C
Then

%'fd‘_} = hAT = 14.04 X 107° X 10°C = 0.140 cal per cm® per min

TABLE IX
CoNVECTION COEFFICIENTS (IN CAL PER CM? PER SEC PER °C) FOR
FREE oR NATURAL CONVECTION IN LAMINAR Frow (AT 1s THE
TEMPERATURE DIFFERENCE IN °C BETWEEN THE SURFACE OF THE
OBJECT AND THE SURROUNDING AIR. L IS THE DIMENSION OF THE
PLATE IN THE DIRECTION OF FLOW.)

Warm horizontal plate, facing upward 7.860 X 1073(AT/L)¢
Warm horizontal plate, facing downward 3.866 X 1073(AT/L)\4
Vertical plate 6.042 X 1073(AT/L)v4

Horizontal or vertical pipe of diameter D 6.000 X 10-3(AT/D)V4
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It is seen that the amount of energy transferred by natural
convection from a horizontal leaf whose surface temperature
is 10°C above the surrounding air is rather small and may al-
most be neglected compared to the energy transferred by
radiation, transpiration, and wind. This does not imply, how-
ever, that one should neglect understanding the role of natu-
ral convection among the processes affecting the energy ex-
change of a leaf. Furthermore, as the heat transfer by natural
convection for small AT becomes small, there still remains a
residual rate of heat transfer by means of straight conduction
which depends upon the natural conductivity of the air. This
can be estimated from Equation 4.3 as follows:

;li- %%—' = —360 x 107 % cal per cm® per min

If the boundary layer was 4 mm thick across which the tem-
perature difference between the leaf surface and the air was
10°C, then

L 51-(% = 0.009 cal per cm® per min

4d
If the boundary layer was only 2 mm thick the amount of heat
transferred by conduction alone would be 0.018 cal per cm?
per min. It is doubtful if conditions exist which could make
this much greater.

FORCED CONVECTION

‘The heat transfer relationships for the case of forced con-
vection must clearly involve the wind effect or the velocity of
the medium relative to the object. The flow of air across a
surface can most conveniently be defined by means of a di-
mensionless variable called the Reynolds number which is de-
fined as follows:

Re = ‘l”;: = % (4.14)

where p is the density of the fluid, v the velocity of the flow, L
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the dimension of the object, u the coefficient of viscosity, and
5 the coefficient of kinematic viscosity which is simply the ratio
of u/p. Reynold’s formulation of the interaction of the fluid
flow with surfaces was originally applied to pipes in which L
was the diameter of the pipe. The formulation has now been
extended to describe the properties of flow over surfaces such
as the smooth earth where the following implications exist:

1. Laminar flow exists within a depth §, called the laminar
sublayer of the smooth surface when the following condition
holds:

vd
7

If v = 447 cm per sec (10 mph) and » = 0.14 cm? per sec for
air, § = 0.017 cm = 0.17 mm. Therefore laminar flow exists
only within a very thin boundary layer.

2. Turbulent flow exists above a height & given by:

’
% &~ 750 (4.16)

If v = 447 cm per sec (10 mph) and » = 0.14 cm? per sec for
air, 8 = 0.235 cm = 2.35 mm. At heights above the surface be-
tween § and & one is in the transition region. The roughness
characteristics of a surface and its influence on the flow of air
will be discussed in more detail later on.

For the situation of forced convection it is found that the
relationship between the dimensionless variables is as follows:

Nu = f(Gr, Pr, Re) 4.17)

However, the Grashof number only accounts for the heat
transferred by the natural convective “chimney” effect and is
in general negligible compared to the forced current of air.
Of course there will be an intermediate situation in which the
forced current is weak and the Grashof number must be in-
cluded. This situation may be one of common occurrence in
ecology. With the Grashof number ignored, the functional
relationship should be:

Nu = f(Pr, Re) (4.18)

11

55 (4.15)
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For the case of forced convection in laminar flow over plane
surfaces, the distinction between the upward facing and the
downward facing surface no longer is important, and thé®Nus-
selt number is given by:

Nu = 0.664 Re'’Pr'® = 0.595 Re!? (4.19)

The Reynolds number can be calculated from Equation
4.14 and the values are given in Table X for various wind
speeds and plate sizes (the characteristic length).

Using a Prandt]l number for air of 0.72, one can now calcu-
late for each Reynolds number a corresponding Nusselt num-
ber and an appropriate convection coefficient for each charac-
teristic length. These are given in Table X. If one were to
write out the equation for the convection coefficient it would
have the following form:

k

oL\'"? _ 5k k pl/2
h, = Nuz = 0.664 <—"7—) Pr = 0.664-1—772 Pri2 i

9.55 X 10~ ,‘/% cal per 1 cm’® per sec per °C  (4.20)

5.73 X 107 /‘/% cal per cm?® per min per °C

By means of Equation 4.4 and the convection coefficients
given in Table X, one can calculate the rate of heat transfer
per unit area for various conditions of temperature difference,
plate size, and wind speed. These are given in Table XI in cal
per cm? per min.

Several interesting features concerning the heat transfer
rates for plane surfaces, which in nature would be the leaves
of deciduous plants, may now be commented on. The smaller
the surface dimension along the direction of wind flow, the
greater will be the rate of energy transfer. A plant with many
small leaves will lose energy due to forced convection much
more rapidly than a plant with a few large leaves. This is be-
cause the air flowing across the leaf has its greatest cooling in-
fluence near the leading edge and progressively less effect as
it moves away from the leading edge of the leaf. The heat
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TABLE X

ReyNoLDs AND NusseLT NumBERs AND ConvecTiION COEFFI-
CIENTS (IN CAL PER CM? PER MIN PER °C) FOR FORCED CONVECTION
ACROSS A FLAT PLATE As A FuNcTION OF WIND SPEED AND PLATE

DIMENSsION
v
L 30 mph
5 mph 10 mph P!
(223 cn/sec) (447 cm/sec) ﬂ;‘/’;‘c)
Re 1596 3192 9576
1 cm Nu 23.8 33.6 58.3
he 0.085 0.120 0.208
Re 7980 15950 47880
5 cm Nu 53.2 75.1 130.3
he 0.038 0.054 0.093
Re 15960 31920 95760
10 cm Nu 75.3 106.5 184.6
he 0.027 0.038 0.066

transfer rate increases only with the square root of the wind
speed and not linearly with it. A 20 mph wind will produce
only twice the energy transfer rate as a 5 mph wind in laminar
flow. The heat transfer rate increases linearly with the tem-
perature difference between the leaf surface and the surround-
ing air, whereas for the case of natural convection the tem-
perature difference entered only to the fourth root, a much
weaker influence. The amount of energy lost or gained by a
leaf through forced convection may be substantial. If the heat
load on one surface of a leaf from sunlight and thermal radia-
tion was 2.0 cal per cm? per min and the leaf temperature
reached 5°C above the ambient air temperature with a wind
speed of 10 mph, the convective heat loss would carry away
0.600 cal per cm? per min for a leaf of 1 cm dimension, or ac-
count for nearly one-third of the total energy transferred. Leaf
temperatures as high as 10°C above ambient air temperature
frequently exist and for this, with a 10 mph wind speed and a
leaf size of 1 cm, the convective transfer rate would be 1.200
cal per cm? per min. These numbers, of course, assume that a
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TABLE XI

RATE oF HEAT TRANSFER (PER UNIT AREA IN CAL PER CM? PER

MIN) FOR FORCED CONVECTION ACROSs A FLAT PLATE as A Func-.

TION OF THE TEMPERATURE DIFFERENCE BETWEEN SURFACE

AND AIR, THE CHARACTERISTIC DIMENSION OF THE SURFACE,
AND THE WIND SPEED

L AT
1°C 5°C 10°C 20°C 40°C
v = 5 mph = 223 cm/sec
1 cm 0.085 0.425 0.850 1.600 3.200
5 cm 0.038 0.190 0.380 0.760 1.520
10 cm 0.027 0.135 0.270 0.540 1.080
v = 10 mph = 447 cm/sec
1 cm 0.120 0.600 1.200 2.400 4.800
5 cm 0.054 0.270 0.540 1.080 2.160
10 cm 0.038 0.190 0.380 0.760 1.520
v = 30 mph = 1341 cm/sec
1 cm 0.208 1.040 2.080 4.160 8.320
5 cm 0.093 0.465 0.930 1.860 3.720
10 cm 0.066 0.330 0.660 1.320 2.640

leaf, as far as the energy transfer by convection is concerned,
behaves very much the same as an inanimate flat object. Ap-
parently this is the case to a reasonable approximation accord-
ing to the excellent work of Raschke (1960) on this subject.
Raschke says that the heat transfer coefficient has the follow-
ing dependence upon leaf dimension and wind speed:

h = (constant) (L)=°3(v)?5 (4.21)

The constant depends upon the shape of the leaf, which we
know will influence the heat transfer rate. Few leaves are per-
fectly flat planes but are curled slightly. This will tend to re-
duce the efficiency of the heat transfer mechanism by convec-
tion. The formula given by Raschke is nearly the same as
Equation 4.20, which was used for computing Table X. They
differ slightly according to the exponent for the characteristic
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length, L, which is the dimension of the leaf in the direction
of wind flow. Despite this small difference, it does demonstrate
that good approximation to the natural situation for leaves
can be achieved using strictly physical arguments and the
standard deductions of heat transfer theory.

Many objects in nature, such as limbs, branches, needles,
the bodies of most animals, can be approximated by a cylin-
der. For this reason it is important to acquire an understand-
ing of the heat transfer from a cylinder. Theory shows that for
forced convection across a cylinder the following relationship
should hold in air:

k vD\13 k _g 3
h, = NuB = 0.89 (_17_> D= 6.17 X 10 T (4.22)
where %, will be in cal per cm? per min per °C.

Table XII gives some numerical values for the rate of heat
transfer from cylinders in a wind stream of air at 10 mph. It
is seen that very small objects may have fairly large heat trans-
fer rates, although for pine needles, as an example, it is doubt-
ful if their temperature gets very much above ambient air
temperature.

It is evident that the flow of air over the surface of the earth
has important ecological implications, and conversely the type
of growth on the surface manifestly affects the passage of the
air, creating a sheltered air layer close to the surface and dis-
turbing the flow to a considerable height above the vegeta-

TABLE XII

RATE oF HEAT TRANSFER (IN CAL PER CM? PER MIN) FOR FORCED
CONVECTION ACROSS A CYLINDER AS A FUNCTION OF TEMPERATURE

DirFrERENCGE AND CYLINDER DIAMETER (v = 10 MPH = 447 cm
PER SEC)
AT
D
1°C 5°C 10°C 20°C 40°C
0.1 cm 0.219 1.095 2.190 4.380 8.760
1.0 cm 0.047 0.235 0.472 0.944 1.888
5.0 cm 0.016 0.080 0.161 0.322 0.644

10.0 cm 0.010 0.051 0.102 0.204 0.408
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tion. The daytime circulation pattern is generally a com-
bination of forced eddy-convection and natural convection
produced by the overhead winds and the solar heating of the
surface. The nocturnal situation is generally one of stable
stratification through radiational cooling and the subsidence
of cooler air downhill into depressions. In each case the flow
of air is affected by the frictional drag force, r,, of the surface
layer. From the surface upward the type of flow may be de-
scribed as a laminar sublayer close to the surface, then the
surface layer extending to a height of 20 meters or so above
the surface, up to approximately 1000 meters, and finally the
free air above all of this. All the layers below the free air re-
gion are considered a part of the friction layer characterized
by the degree of surface roughness.

The wind profile in the surface layer above vegetation can
be described in the following form:

— / —_
TN Sl 1@)”171 (z ) (4.23)
k Zo k 2o

where # is the mean wind speed in the surface layer; u, is the
friction velocity and as a rule of thumb can be considered to
be a velocity of about one-tenth the velocity at 2 meters above
the surface; z is the height above the surface; z, is the rough-
ness parameter, which varies with the nature of the terrain
and the type of vegetation; d is a displacement of the equiva-
lent zero plane; k is a constant having the value of 0.40; and
7, is the drag force on the surface. The relationships expressed
by Equation 4.23 are shown in Figure 25. If the wind velocity
followed a linear relationship with height, then only z, would
be required to describe the intercept. However, because of
the influence of the vegetation or the roughness of the sur-
face the curve becomes concave upward as the equivalent zero
plane is approached; d is required to describe this property.
Values of the roughness parameter, z,, are as follows: sand,
0.01 to 0.1; snow surface, 0.1 to 0.6; short grass, 0.6 to 4.0; long
grass, 4.0 to 10.0; and taller vegetation will have values in the
range greater than 10.0. The drag force will vary between 1.0
and 10.0 dynes per cm? at the earth’s surface.
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Lnz

u

FiGuRre 25.--The wind velocity profile above a very rough surface. u is the
wind vclocity; z is the height above the surface; z,, the roughness parameter,
is the extrapolated zero height if the wind velocity followed a linear relation-
ship; and d is the displaccment of the equivalent zero plane.

Over a forested area there will be large-scale eddies which
will extend out into a clearing for a considerable distance
with strong downward eddies developing downwind from the
edge of the trees. These eddies will decay in intensity down-
wind, but will merge with small-scale eddies developing over
the grass of the open meadow. The true wind flow typical of a
broad expanse of meadow will only develop if the clearing in
a pine forest is at least one-half mile in diameter. Meteorologi-
cal instruments located at the center of such a clearing can be
considered to be in an open exposure.

Since the flow of air above any vegetated surface can be
characterized by means of eddies, a considerable amount of
attention has been centered on the problem of the eddy dif-
fusion of momentum, water vapor, and heat near the ground.
"The entire problem of the eddy transport of these quantities
from vegetauon into the surrounding air is important to ecol-
ogy; however, it is also a difficult and fairly complex subject.
The formulation of the problem will just be stated here with-
out going into a detailed discussion of the application to par-
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ticular situations. Rider (1954) and Rider and Robinson
(1951) have shown that in the first two meters above a short
grass surface, the profiles of temperature, momentum (wmd)
and humidity are nearly identical. The following equations
describe the eddy diffusion of heat, moisture, and momentum
or wind.

1. Eddy transfer of heat

C2) = — K@) pe, (%) (4.24)

where C(z) is the nonradiative flux of heat at height z in
cal per cm? per sec and K(z) is a proportionality factor
termed the eddy conductivity in cm? per sec.

2. Eddy transfer of moisture

E@) = — D() » (gg) (4.25)

where E(z) is the vertical flux of water vapor at height z
in gm per cm? per sec, e is the water vapor concentration
in grams per gram of air, and D(z) is a proportionality
factor termed the eddy diffusivity of water vapor in cm?
per sec.

3. Eddy transfer of momentum

M(z) = — N(2) p (‘;—Z) (4.26)

where M(z) is the vertical flux of momentum (mass multi-
plied by velocity in the vertical direction) at height z
in gm per cm per sec?, u is the wind speed in cm per sec,
and N (z) is a proportionality factor termed the eddy vis-
cosity in cm? per sec.

Equations 4.24, 4.25, and 4.26 can be evaluated if one meas-
ures the temperature, moisture, and wind velocity at two or
more heights above the vegetation, thereby determining the
gradients of these quantities, namely, 97T /dz, de/dz, and
ou/dz, and if one makes certain assumptions. The assump-
tions are that the three coefficients, N, D, and K, are equal.
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Furthermore, from Equation 4.23, if one identifies =, with
M(z) in the steady state, one gets from Equation 4.26
du

z

Rider and Robinson (1951) and Rider (1954) have evaluated
these quantities in detail and for further information the
reader must refer to the original articles.

The assumption that the turbulent transfer for heat, water
vapor, and momentum is the same has been challenged from
time to time, but Raschke (1955) has more recently recon-
firmed the assumption. His first experiment was done in the
laboratory by measuring the gradients of moisture and tem-
perature near the surface of wet filter paper. His second ex-
periment was done with a leaf in its natural environment out-
doors and again confirmed the equality for the coefficients of
heat and water vapor transfer. In addition he attempted to
measure the difference between the heat transfer by convec-
tion from the upper surface of a leaf and from the lower sur-
face of a leaf for nearly still air and came to thé¢ conclusion
that they were equal. This contradicts the theory that has been
so well confirmed by heat transfer engineers, which states that
for natural convection the energy lost from the upward facing
surface of a horizontal heated plate is nearly double that lost
from the downward facing surface. More measurement should
be made in order to give accurate values for leaf surfaces. How-
ever, for the small temperature differences existing between
the leaf surface and the surrounding air, the energy loss
through natural convection is small compared to the loss by
radiation and transpiration.

Since space is limited, this discussion of the eddy diffusion
has been introduced mainly to point out that in making eco-
logical studies more quantitative, one must deal with the true
situation. It is not correct to measure the wind speed within
a certain ecosystem and then expect to relate its influence on
the vegetation directly to some property of the vegetation.
Rather, one must couple the effects of the wind with the vege-
tation through such relationships as those given for the eddy

NR) =#FZ (4.27)
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diffusion and the theory of heat transfer by convection. Simi-
larly one should not just measure the moisture content of the
air, but rather one should measure moisture gradients and by
means of relationships, such as Equation 4.25 for the eddy
transfer of moisture, determine the actual exchange rate of
moisture. Measurements of the moisture profile near the sur-
face of a leaf were made by Ramsay, Butler, and Sang (1938)
and by Raschke (1954). The ecologist has far too long meas-
ured certain climatological factors which are interesting fea-
tures of the environment, but has not related these parameters
to physical events affecting the organism, such physical events
being the transfer of moisture, heat, and gases such as carbon
dioxide. Studies such as those discussed above must now be
applied in detail to every sort of ecosystem in order to truly
and correctly understand the interaction of the plants and
animals with the environment.



Chapter 5

New Methods in Ecology

INTRODUCTION

In order to better determine the interaction of plants and
animals with their environment, many new instrumentation
techniques developed in other disciplines can now be applied
to the field of ecology. It has been made clear in the earlier
chapters that the ecologist must have a thorough knowledge
of micrometeorology, heat transfer physics, some aspects of
atmospheric physics, and certain mathematical techniques.
A proper understanding of these subjects by the ecologist will
give him a fertile background of knowledge and skills which
will lead to many new ideas, techniques, and methods of use
in ecology. A few possible suggestions of such techniques are
given here.

MEASUREMENT OF CO, AND H,0 CONTENT
OF THE ATMOSPHERE

A considerable need exists to determine on a continuous
basis the carbon dioxide and water vapor content of the air
within and above a stand of vegetation. Measurements of these
quantities which are made at a single position or even at sev-
eral specific positions are likely to be unsatisfactory in that
they represent measurements only at these sites and may not
be representative of the average conditions existing within or
above a stand of vegetation. The absorption produced along
a beam of light by specific gases distributed along a given line
of sight will give spatial averages of the gas concentration along
the path length. Use may be made of the infrared absorption
bands due to carbon dioxide, water vapor, and ozone (shown

113
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in Figures 3 and 6) for measuring the quantities of these con-
stituents along a given light path. Since the various absorp-
tion bands of water vapor or carbon dioxide have different
strengths, it is feasible to determine the amounts of these gases
present over a considerable range in concentration and path
length.

The strengths of the near infrared absorption bands. of
water vapor and carbon dioxide have been carefully deter-
mined from laboratory measurements made at Ohio State
University by Howard, Birch, and Williams (1956). The gas
to be studied was placed in an absorption tube 22 meters long
with mirrors mounted at either end. By adjustment of the
mirrors, path lengths up to 100 times the tube length could
be achieved. The gases were placed in the tube at different
concentrations and pressures in order that the effect on the
absorption of both of these parameters could be studied. The
pressure effect is particularly important for consideration of
the absorption along slant paths in the atmosphere where ab-
sorption along the path is taking place at different pressure
levels. One end of the multipath absorption tube contained
an intense source of infrared radiation such as a Nernst fila-
ment, globar, or 1000-watt projection lamp, and the other end
of the tube focused the energy into an infrared prism spec-
trometer. The spectrometer could be set to scan across the
particular band to be measured. Although the spectral resolu-
tion achieved by the spectrometer was very low and many
spectral details are lost from the spectra, nevertheless the in-
formation obtained is very valuable from the standpoint of
the behavior of the total band absorption as a function of the
pressure, concentration, and path length. The fractional ab-
sorption at a given wavelength or frequency position is de-
scribed by 4, . A given band will extend between two fre-
quency limits », and », . The total absorption in the band will
be given by the sum or integral of all the individual fractional
absorptions across the band. This will be written as

2
f A,dy
"
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The mean fractional absorption across the band will be given
by:

4]
< ‘/;1 A,dv (5.1)
V1

The investigators have fitted empirical formulas to the
functional behavior of the mean fractional absorption with
pressure and quantity of absorbing gas in the path. For each
of the CO, and H,O bands, these formulas are listed below
and the frequency spread of the band is also given. It turns
out that two formulas rather than one are required to fit most
of the bands to a wide range of absorption values. One for-
mula, the so-called “strong fit,” will apply when the absorp-
tion is greater than a given amount; the other formula, the
“weak fit,” will apply when the absorption is less than the
stated amount.

The frequency of the band limits will be given in wave
numbers, written cm—!. A wave number in cm—1! is the direct
reciprocal of the wavelength expressed in cm. As an example,
a wavelength of 10 microns = 10-3 c¢m, and the reciprocal is
103 cm—! = 1000 cm—*. The reason for the reciprocal rela-
tionship is that the wavelength and the frequency of a wave
can be expressed as A = c¢/v where A is the wavelength in units
of length such as cm, ¢ the speed of the wave in cm per sec, and
v the frequency in vibrations per second. However, for light
waves, ¢ is a constant, the speed of light, and since A and v are
then inversely proportional to each other, it is convenient to
simply express the frequency in wave numbers as the direct
inverse of the wavelength.

The formulas for the total band absorption in some of
the more important CO, and H,O infrared absorption bands
are given below. In these, w is the amount of absorbing gas
expressed in atmosphere-cm for CO, and in cm of precipita-
ble water vapor for H,O, P is the total pressure, and p the
partial pressure of the absorbing gas, both expressed in mm

of Hg.
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15 micron CO; band », = 800 cm, », = 550 cm™!
f4,dv > 50 cm™

JAdv = —68 + 55logw + 471log (P + p) (5.2
JA4,dv < 50 cm™!
[fA,dv = 3.16 w'2 (P + p)o-4 (5.3)
5.2 micron CO; band », = 1870 cm™!, », = 1980 cm™!
[Ady = 0.024 wil2 (P + p)0-40 (5.4)
4.8 micron CO; band » = 1980 cm™, », = 2160 cm™
fAdy = 0.12 wi2 (P + p)047 (5.5)
4.3 micron CO,; band », = 2160 cm™, », = 2500 cm™!
JAdv = 27.5 + 34 log w + 31.5 log (P + p) (5.6)
2.7 micron CO; band » = 3480 cm™, », = 3800 cm™!
fAdv > 50 cm™
JAdv = — 137 4+ 77 logw + 68 log (P + p) (5.7)
JAdv < 50 cm™  [A,dv = 3.15 w2 (P + p)°-43 (5.8)

6.3 micron H,O band », = 1150 cm™, », = 2050 cm™
JA,dv > 160 cm™
JA,dv = 304 + 218 log w + 157 log (P + p) (5.9)

fAdv < 160 cm™  [A,dv = 356 w!’2 (P + p)°30  (5.10)

3.2 micron H,O band » = 2800 cm™!, v, = 3340 cm™!
JAdy = 40.2 wi2 (P + p)0-30 (5.11)
2.7 micron H,O band » = 3340 cm™!, », = 4400 cm™!
JA,dv > 200 cm™!
JAdv = 337 + 246 log w + 150 log (P + p) (5.12)
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JAdy < 200 cm™  [A,dv = 316 w!? (P + p)°% (5.13)

1.87 micron H,;O band » = 4800 cm™!, »; = 5900 cm™!
fA.dv > 275 cm™!
JAdv = 127 4 232 log w + 144 log (P + p) (5.14)

fAdv < 275 cm™! JAdv = 152 w'2 (P + p)030 (5.15)

1.38 micron H;O band », = 6500 cm™!, », = 8000 cm™!
fA,dy > 350 cm™!

JAdv = 202 + 460 log w + 198 log (P + p) (5.16)
JAdv < 350 em™  [A,dv = 163 w2 (P + p)03° (5.17)

1.1 micron H,O band », = 8300 cm™!, », = 9300 cm™!
A, dv = 31 w2 (P + p)o-26 (5.18)

From these formulas it is a simple matter to determine the
approximate amount of absorption in a given path length and
to estimate the path lengths required for a significant amount
of absorption to occur within a given band. In most cases the
partial pressure term, p, due to the absorbing gas can be neg-
lected compared to the total atmospheric pressure, P. For the
carbon dioxide bands the calculation is simplified by the fact
that the carbon dioxide content of the atmosphere is reason-
ably homogencous and constant. Based on a carbon dioxide
content of the atmosphere of 0.033% by volume, the curves
given in Figure 26 were calculated. The amount of CO, , w,
along the path in atmosphere-cm is calculated as 33 X 10—% X
P (atmospheres) X ! (cm) where is the path length. These
curves give the amount of absorption in each CO, band as a
function of the path length for a horizontal, constant pressure
path in the atmosphere. From the curves one can determine
the useful range for each CO, absorption band in the atmos-
phere. For the case of water vapor the situation is considera-
bly more complicated since the water vapor content of the
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atmosphere is so highly variable in time and space. The quan-
tity w in the formulas for water vapor is the amount of pre-
cipitable water vapor along the path in cm if condensed ifito
liquid water. If one knows the water vapor density, p, , along
the path in gm per cm?, then the precipitable water vapor is
this quantity divided by the density of liquid water, which is
1.0 gm per cm?, and multiplied by the path length in cm. Ex-
plicitly as an equation, one has

3
po(gm per cm) oy (5.19)

w(em) = 1 (gm per cm?®)

Usually one does not know p,, directly but is more likely to
know the relative humidity and the air temperature, or the
wet-bulb and dry-bulb temperature readings. From the rela-
tive humidity, which by definition is the ratio of the actual
vapor pressure to the vapor pressure at saturation, one can
get the actual vapor pressure.

rh. = p/pa. (5.20)

The value of p,,. for any given air temperature can be looked
up in tables. The gas equation

o = 1{% M, (5.21)
permits one to calculate p,, . The molecular weight of water,
M, , is 18.00; the universal gas constant, R, is 8.31 X 107 ergs
per °K per mole; and T is the absolute temperature in °K.
The vapor pressure, p, must be in millibars or dynes per cm?.

Because water vapor may exist in the atmosphere under con-
ditions ranging from very dry to very moist, one cannot use
a single curve to represent the relationship between absorp-
tion and path length, but must give a family of curves for vari-
ous vapor pressures for each absorption band. If the investi-
gator does not know the vapor pressure but knows the relative
humidity and the air temperature, then the vapor pressure
can be calculated by means of the procedure suggested above.
Figures 27, 28, 29, 30, and 31 show the total absorption in the
water vapor bands for various path lengths at constant vapor
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pressure amounts. It should be noted how very different are
the strengths of some of the water vapor bands and by this
property one can select the band most useful for absorption
measurements along a given path. If, either by means of fil-
ters or with the use of monochromators, spectral intervals nar-
rower than the entire band width are selected, considerably
shorter path lengths will be required to produce a substantial
amount of absorption.

A light source, such as a headlight beam or spotlight, emits
sufficient infrared radiation so that it can be readily detected
at distances from a few meters to several hundred meters. A
hygrometer of this type has been designed by Wood (1958,
1959) in which interference filters are used to select a narrow
band of radiation at 2.35 microns which is unabsorbed and a
narrow band at 2.70 microns which is absorbed by water vapor.
An uncooled lead sulphide cell serves as detector. The light
beam is chopped at a frequency of 120 cycles per second in
order to provide a modulated signal for amplification. The
ratio between the signal received in the 2.60 micron band and
that received in the 2.35 micron band is a direct measure of
the amount of water vapor in the path between the detector
and the light source. According to Wood, the use of a fixed
path length system appears capable of achieving an accuracy
of about 5% over a density range of water vapor concentra-
tion amounting to two orders of magnitude. An earlier ver-
sion of this type of instrument for water vapor measurements
was developed by Foskett and Foster (1943) of the United
States Weather Bureau, who used a small diffraction-grating
spectrometer, rather than a filter technique, for obtaining thc
proper wavelength separation.

Two towers could be set up within a stand of vegetation,
separated by 50 or 100 meters, and the light source could be
mounted on one tower and received by the filter hygrometer
mounted on the second tower. This setup would give a single
path of light through the vegetation. Multiple paths of light
could be achieved either by mounting several light sources
on one tower and several receivers on the second tower, or
by the use of mirrors which would reflect the light from a
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single source across different heights to a single receiver on
the other tower. Multiple horizontal beams at different heights
are desirable since this will give one a vertical profile of*the
water vapor content within or above a stand of vegetation. It
is important to know the vertical profile of water vapor or
carbon dioxide content of the air and the wind profile, in
order to be able to compute the mass transfer of these quanti-
ties to or from a stand of vegetation.

It would be important to make measurements of this type,
where the total water vapor or carbon dioxide content along
a horizontal path is measured within or above stands of vege-
tation varying from a coniferous or deciduous forest, to a
grass cover, to a desert situation or above a lake surface, a bog
surface, or over sand dunes or lake shore.

Infrared gas analyzers are commercially available and are
commonly employed in industry for the control and analysis
of plant processes. These same analyzers can be applied to the
analysis of the carbon dioxide content of a crop or stand of veg-
etation. The gas to be analyzed must be drawn into a tube from
some particular position within the crop and transported to the
analyzer, and thus in this way it will only determine the CO,
content of the air at this particular position within the crop.
This technique has been employed by Monteith and Szeicz
(1960) for the determination of the carbon dioxide content
within a crop of sugar beets. Similar techniques have been ap-
plied by Decker (1954, 1959a,b) and by Decker and Wien
(1960) for determining the CO, or H,O exchange in the photo-
synthetic process. Decker employed a Liston-Becker model
15A infrared gas analyzer which was sensitized to either CO,
or H,0.

RATE OF HEAT TRANSFER WITHIN A SUBSTANCE

It takes time for heat to be transferred to the interior of an
object. The velocity with which a heat wave may be propagated
into an object depends upon the conductivity, the specific
heat, the density, and the frequency or the wavelength of the
heat wave. If heat is applied to the plane surface of a body in
a periodic fashion, the rate at which heat penetrates from the
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surface into the interior and aftects the temperature, T, at any
depth, x, is given by the differential equation:

T _ p(S.H) oT _ 1 9T

axt K a n ot

(5.22)

where p is the density of the material, S.H. the specific heat, «
the thermal conductivity, and n the diffusivity. A particular
solution to this equation can be obtained when the average
temperature at the surface is given by 7T and periodic heating
and cooling causes the surface temperature to vary by AT sin
ol. Here AT is the amplitude of the periodic surface tempera-
ture variation. o = 2xf where f is the frequency in cycles per
sec of the periodic heating and ¢ is the time. The solution to
Equation 5.22 is:

T =Ty — QI x + ATe*Voizn gin (wt - x/‘/§> (5.23)
at 2n

Atany depth, x, the temperature will have a maximum value

when:
sin (wt — x‘/%) =1 (5.24)

The temperature wave will have successive maxima and
minima with depth, each decreasing in amplitude. The dis-
tance between two successive maxima or minima is called the
wavelength of the wave, A. At any instant one has

[wl - x1/2§n:| - [wr — (4N 1/%]: o = M/;&’; (5.25)

from which one gets
n=-—="— = — = — (5'26)
.H.)p
Thus a measurement of the wavelength, A, and the period of

the wave gives the value of the diffusivity, n, from which one
can also get the conductivity of the media, «.
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The velocity of propagation of a wave, v, is the wavelength
divided by the period, hence:
e

5.27)

A K 47  4mn -’Ez

P (SH) A P
The time, ¢, for the temperature maxima or minima to move
a distance, x, in the media is given by:

1= x4/ L (5.28)
v 4xn

For the surface of the earth one can calculate the velocity
of penetration of the diurnal heating due to sunlight incident
on the surface. An approximate value for the diffusivity, n, of
soil is 0.005 cm? per sec. The velocity of propagation for the
diurnal wave into the soil is:

. /&2(0005) _ »
v = 86400 8.53 X 107" cm per sec (5.29)

From this one can calculate that it would take 32.5 hours for
the wave to penetrate the soil to a depth of 1 meter.

The heat load on the surface of a tree trunk or branch pene-
trates into the interior at the rate of approximately 1.7 cm
per hr. It would take 3 hours to penetrate 5 centimeters and
24 hours to go 40 centimeters. A small twig of 1 mm radius
will respond to the exterior heat load in 3.5 minutes. A trunk
or branch of radius 20 centimeters would have its warmest
temperatures at the center 12 hours out of phase with the tem-
perature maximum at the surface, i.e., in the middle of the
night. The heat wave entering wood will be damped in ampli-
tude as it travels in depth until at a depth of about 10 centi-
meters it is less than one-fifth of its value at the surface. Hence,
if there was a 5°C change in temperature at the surface, there
will be only a 1°C change at 10 centimeters depth. It is clear
that even the sudden short-period changes in heat load pro-
duced by sun and clouds in the daytime will influence the en-
tire volume of a twig or small branch, but the larger branches
and trunks of trees will respond primarily to the diurnal and
annual changes in heat load and will be relatively unaffected
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by short-term pulsations of the order of minutes to an hour.
A small twig also will be quickly influenced by convective cool-
ing and heating, an effect that may be stronger than the solar
heating, particularly if there is a wind. Pine needles should
seldom depart very much from the ambient air temperature
due to convective cooling or heating even in still air. Refer-
ence to Equation 4.22 (p. 107) will show the strong effect of
convection on cylinders when the diameter of the cylinder
becomes very small as it does for pine needles. The broader
surface of deciduous leaves acts as an efficient collector of sun-
light and in turn reduces the strong effect of convection; there-
fore such leaves may become considerably warmer than the
ambient air. In addition, strong transpiration of such leaves
may cool them below ambient air temperature when the heat
load is weak. It is interesting to note that the trunk of birch
trees is white and reflective in the visible, but the smaller
twigs on the tree are brown, where the surface characteristics
are relatively meaningless by virtue of the small diameter and
convective influence. Perhaps this is not the reason for the
lack of white bark on the twigs, but in any case it is important
to note that coloration would not have any significant effect
here.

THE MEASUREMENT OF LEAF TEMPERATURES

Although it is possible to determine the interior tempera-
ture of leaves by means of thermocouples inserted into the
leaf, this method is slow, time consuming, and subject to dis-
turbance of the leaf. A new method will be described here,
which is fast and permits one to determine the surface tem-
perature of the leaf without making contact with the leaf it-
self. This method makes use of the fact that a leaf radiates
energy very closely to that radiated by a black body. The emis-
sivity of deciduous leaves in the infrared at 10 microns wave-
length is approximately 0.95, and the leaves radiate infrared
energy according to the law ¢7*. By measuring the quantity
of energy radiated one can then solve for the temperature of
the radiating surface.
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For this type of measurement, an infrared radiometer is
required. One such instrument is the Stoll-Hardy radiometer
described in Chapter 3. This instrument has a field of view of
20° and an aperture of about 15 mm. If it is held very close to
the leaf surface, it can determine the temperature of a circular
area 15 mm or more in diameter. This permits easy measure-
ment of most deciduous leaf temperatures. A measurement of
the upper and lower surfaces of the leaf can be taken in quick
succession. The accuracy of these measurements should be
about 0.3°C. The instrument can also be used to measure the
temperature of leaves or needles which do not fill the field of
view if a mass of vegetation is available so that one leaf backs
up another. Similarly for small plants forming a ground cover,
it is possible to obtain a temperature characteristic of the en-
tire mass. When pointed at a single tree, a forest, or a thicket
of vegetation, the radiometer will give the mean temperature
of the leaves providing it does not see through to sky or ground
on the other side.

Measurements made with this type of instrument only de-
termine the surface temperature of the leaf since the infrared
radiation originates from near the surface. It might be argued
that the temperature within the leaf is more important from
the standpoint of cellular activity. However, the interior tem-
perature of the leaf will be between the temperatures of the
two surfaces. For very thin leaves the temperatures of the two
surfaces may be very nearly the same, and this will also repre-
sent the interior temperature. For thick leaves the upper and
lower surfaces of the leaf may differ by several degrees in tem-
perature, and in this instance the interior temperatures will
fall on a gradient between the two. Even in this situation it is
better to know the surface temperatures since they will bracket
the interior temperature. The instrument actually measures
for a leaf the quantity which one needs to know for energy
considerations. This quantity is the energy radiated as infra-
red radiation by the surface. If the energy incident on the
leaf can be determined and the energy exchange by convec-
tion estimated from the difference between leaf temperature
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and air temperature, then the energy lost by transpiration can
be calculated. An example is given below.

The temperatures and radiation emitted by the leaves of
many different plants during summer months have been de-
termined by the author using the radiometer. Leaves which
are strongly sunlit are always considerably warmer than the
air, and during the daytime the shade leaves are always cooler
than the air. At night, leaves generally are cooler than the air
by one or two degress centigrade. Measurements made on
Quercus macrocarpa gave sunlit leaf temperatures commonly
from 10°C to 12°C above the ambient air temperature with
extremes as high as 17°C in still air. Other species, such as
Ulmus glabra, Ulmus pumila, Acer plantanoides, and Populus
acuminata, exhibited similar temperatures when exposed to
the full sunlight in still air between 1000 and 1400 hours dur-
ing July. Populus tremuloides consistently showed tempera-
tures slightly lower, running normally 8°C above ambient air
temperature and with a maximum difference of 11°C.

The direct sunlight and skylight, visible and near infrared,
received on a horizontal surface as measured with a' Robitzsch
type of pyrheliometer was 1.60 cal per cm? per min. In addi-
tion the radiation from the sky added approximately 0.40 cal
per cm? per min as estimated from observations with the radi-
ometer pointed at the sky. The total heat load on the upper
surface of the leaf was approximately 1.60 cal per cm? per
min. The grass-covered ground reflected a small amount of
sunlight and skylight upward, estimated to be 0.10 cal per
cm? per min. The warm grass-covered ground itself (40°C)
radiated upward 0.80 cal per cm® per min. The total heat
load on the lower surface of the leaf was approximately 0.90
cal per cm? per min. Each element of leaf comprised of 1 cm?
of upward facing area and 1 cm? of downward facing area re-
ceived a total of approximately 2.50 cal per cm? per min.
These 2 cm? of leaf surface area at a temperature of 46°C
when the air temperature was 34°C radiated 1.68 cal per min.
From our discussion in Chapter 4 concerning convection, one
can make an estimate of the maximum amount of energy
transferred by natural convection. From Equation 4.4 (p.
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98), one finds for a leaf which is 12°C warmer than the air,
treated as a horizontal plate, that the upper surface will lgse
approximately 0.012 cal per cm? per min by convection and
the lower surface will lose 0.006 cal per cm? per min, giving
a total loss of 0.018 cal per cm? per min from the two surfaces.
It is difficult to see how these numbers can be very much
greater. The energy balance equation may then be written as
follows in terms of the notation of Chapter 1.

Sl =t =1+ S+R+R+LE+C.+C =0
1.60 (1 — 0.20) 4+ 0.10 + 0.40 — 0.84 +
0.80 — 0.84 4 LE — 0.012 — 0.006 = 0
2.58 — 1.70 +'LE =0
LE = 0.88 cal per 2 cm? per min

Each surface of the leaf must on the average transpire away
energy through moisture at the rate of 0.44 cal per cm? per
min. Taking the heat of evaporation to be 600 cal per gram,
this would require the loss of 0.0015 grams per 2 cm? per min
or 0.090 grams per cm? per hr. If this transpiration rate ap-
pears to be high it must be remembered that the leaves under
discussion are the warmest leaves on the tree. The average
transpiration rate for the tree as a whole will be very much
less since the average heat load on all the leaves will be much
lower than the situation represented here. Nevertheless, it is
difficult to see where the amount of energy transfer for those
leaves exposed to the full sunlight in still air will be much
different from the values used here. It would be unreasonable
to change any one of the numbers by as much as 30% of its
value at the very most, and this would scarcely invalidate the
estimate of the transpiration rate given here.

The measurements of leaf temperature by means of the
infrared radiometer show that the leaf exposed to full sun-
light undergoes an immediate and precipitous drop in tem-
perature when the very slightest breeze, less than 2 mph, oc-
curs. For a strong breeze the sunlit leaf temperature drops
nearly to air temperature. A typical example is the case of
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sunlit Populus acuminata leaves when the temperature of the
leaf was 10°C above the air temperature with no breeze and,
with a breeze of about 3 mph, the temperature dropped to
about 4°C above air temperature. The air temperature in this
instance was 33.5°C. A similar behavior is observed when the
sun is obscured by a dense cloud. As an example, during an
observation of Quercus macrocarpa, the temperature of the
sunlit leaves in still air was 49°C and the air temperature was
28°C. A dense cumulus cloud came across the sun and the
leaf temperature dropped to 30.5°C in about 30 seconds.
Comparisons were also made between the temperature of the
upper and the lower surfaces of leaves. In many instances for
most species, the temperature was the same within +0.2°GC
for the upper and the lower surfaces. However, for Quercus
macrocarpa many measurements under strong solar insola-
tion showed the temperature of the upper sunlit surface to be
as much as 2°C higher than the temperature of the lower sur-
face. This difference can be accounted for by the stomatal
transpiration taking place primarily from the lower surface
of the leaf. For Elmus americana the upper sunlit surface
was occasionally 1°C warmer than the lower. These observa-
tions are given here primarily to illustrate the use of the
infrared radiometer for obtaining leaf temperatures as well
as the radiant temperature of the environment.

Many more measurements of this type need to be made.
Interesting observations of dew and frost formation on leaves
could be made with this technique.

ARTIFICIAL GROWTH CHAMBERS

The use of artificial growth chambers for the study of plant
response is very important, but it requires that the problem
under study be carefully defined. There are essentially two
choices with respect to the use of growth chambers. On the
one hand they may be employed to study the behavior of
plants growing in a very artificial environment which only
bares certain general relationships with respect to natural
environment, and on the other hand one may attempt to du-
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plicate in the growth chamber the precise conditions occur-
ring in nature. The first situation is relatively easy to attain,
and the latter is extremely difficult to attain. Unfortunately
the difference between these two extremes has not always
been recognized. Sometimes the research worker has expected
to achieve a fairly close simulation of nature while actually
in fact he has been wide of the mark. Perhaps the most com-
mon error is to believe that by achieving an air temperature
identical with the air temperature of the natural environ-
ment one is approximating the natural situation. Even if the
investigator were able to produce illumination similar to sun-
light, the walls of the chamber affecting the thermal infrared
radiation fluxes would by themselves strongly alter the en-
vironmental conditions. The plants would not be exchanging
heat to the same sources and sinks of radiation as occur in the
natural surroundings—the sky, the clouds, the ground, and
nearby vegetation. My objection to investigators not simulat-
ing the natural environment is not so much that they should
do so, but rather they should clearly recognize the departure
from the natural situation and thoroughly understand with
what it is they are truly dealing. The instrumentation of
growth chambers seldom permits a continual monitoring of
the total heat load on some reference surface in addition to
certain standard photometric measurements which are usu-
ally made. Seldom is the growth chamber instrumented for
determining the flow pattern of the air inside or the strength
of the circulation. Often one or two variables will be meas-
ured, the response of the plant correlated with these, and the
other variables ignored.

To correctly and thoroughly simulate the natural environ-
ment is an extremely difficult task indeed. A quasi approach
to the problem is made by Went (1957), wherein the growth
chamber, in this case the climatron, permits sunlight to come
through the plastic roof and is designed to allow strong venti-
lation through the louvred sides. The sunlight received at
the earth’s surface is the most difficult quantity to simulate
of all the environmental factors because of its nonlinear and
distorted spectral distribution and its diurnal, monthly, and
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seasonal changes. It is not sufficient to duplicate the total
lumens received on a surface, but it is necessary to obtain the
correct wavelength distribution for the lumens received. A
great deal of effort will be required before good solar sources
for laboratory use are designed; however, two recent attempts
have been made by Hirt, Schmitt, Searle, and Sullivan (1960)
and by Elliott, Hysell, and Meikleham (1960). The latter
paper deals with the full spectrum from 300 A to 13,000 A and
shows how the water vapor absorption bands in the near in-
frared can be simulated with a laboratory sun and the proper
type of filters. The paper by Hirt et al. deals with the ultra-
violet and visible region from 2700 A to 4000 A. The xenon
arc combined with a Corning 7740 filter was found to be the
best approximation to sunlight in the ultraviolet and blue
end of the spectrum. The work of Elliott et al. essentially
confirms the earlier work by Davis and Gibson (1931) in
which filters were used for converting tungsten light sources
at various temperatures from 2300°K to 4000°K to several
different solar spectra, summer noon, winter noon, mean sun,
sun outside of earth’s atmosphere, etc. Elliott et al. con-
structed a laboratory sun using a General Electric 750 T
12/34 projector lamp at 2840°K placed near the focal point
of an 8-inch parabolic mirror with water-cooled liquid filters
of the Davis and Gibson type No. 32 in combination with a
Jena BG17 glass hlter.

From these papers it is evident that scientists testing solar
cells and making photochemical decomposition studies are
particularly concerned with the spectral distribution in arti-
ficial sunlight and feel that they must have an accurate spec-
tral match between artificial and natural sunlight for the
spectral regions of importance to the materials used. Simi-
larly the biologist must have great concern with the spectral
absorption characteristics of the plant and animal materials
with which he experiments, and in particular he must be
careful to match his source to the natural sunlight within
these spectral regions. As an example, chlorophyll “a” has
sharp absorption peaks at 4300 A and at 6700 A and compar-
atively low absorption elsewhere throughout the visible. The
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other varieties of chlorophyll have similar characteristics but
with the absorptions shifted in wavelength. Bacteriochloro-
phyll has absorption peaks at 3750 A in the ultraviole? and
at 7550 A in the infrared. All organic materials have numer-
ous absorption bands throughout the infrared spectrum from
the visible to 15 microns. The infrared absorption bands of
chlorophyll, carotin, and xanthophyll were first reported on
by Coblentz and Stair (1933) and more recently for chloro-
phyll by Weigl and Livingston (1953). All vegetation will
show absorption bands due to the strong liquid water within
the cells. The water bands are well known and are essentially
at the wavelength positions shown earlier for the water vapor
in the earth’s atmosphere.

Concerning the importance of the infrared absorption
bands which lie at wavelengths beyond about 1.5 microns,
for organic materials it is doubtful if the energy they absorb
is directly responsible for any chemical reactions. As far as
is known the energy absorbed by the infrared absorption
bands of the material is primarily converted to heat and
thereby increases the temperature of the substance. However,
this does not mean that one should neglect the importance of
these absorptions, for the very fact that energy is effectively
absorbed in this way and converted to heat means that the
chemical rate processes which are temperature dependent
will be influenced by the energy absorbed. Furthermore, the
infrared absorption bands at wavelengths greater than 4.0
microns fall in the spectral region where the thermal radia-
tion from the sky, clouds, ground, and vegetation has its main
energy distribution. The depth to which long wavelength
radiation from 4.0 to 30.0 microns penetrates an organic sub-
stance depends upon the strength and location of the absorp-
tion bands. For most organic materials the infrared wave-
lengths will be absorbed and reradiated from very near the
surface of the material. Much more research is required for
the infrared spectral region with regard to the interaction of
radiation and chemical processes within living cells.

The next most difficult feature to simulate within artificial
growth chambers are the streams of infrared thermal radia-
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tion emitted by the atmosphere. It is doubtful that one needs
to duplicate this energy in terms of its exact spectral charac-
teristics, but at least one should produce equal amounts of
total energy flux at infrared wavelengths. The nighttime sky,
if clear and dry, will represent a strong sink of radiation to
all organisms exposed to it. The environmental chamber
should be capable of simulating this cold sink for radiation.
This can be done by having a hemispherical dome with cool-
ing coils imbedded in it so that the coldest temperature can
be produced at the zenith with a warming trend toward the
horizon. Sky temperatures as low as —50°C will need to be
simulated. At the same time the air within the chamber must
be maintained at the mean air temperature of the simulated
environment. In the final analysis, if a plant is being investi-
gated within the chamber and true environmental condi-
tions are to be duplicated, then it is important with regard
to the infrared radiation to obtain the correct total infrared
flux on the plant. It will also be necessary to assure essentially
the same convective exchange of energy as will be occurring
in nature. This will require care with respect to the air tem-
perature and the circulation of air within the chamber. The
same type of instrumentation is required within artificial
growth chambers for monitoring the energy fluxes as has been
described in the earlier chapters for measuring these fluxes
within the natural environment.

THE SPECTRAL PROPERTIES OF VEGETATION

The spectral properties of vegetation with regard to re-
flectivity, transmissivity, and absorptivity are widely variable,
both with respect to wavelength and to species. The spectral
characteristics of a leaf determine the net energy absorbed and
therefore play an important role in the heat balance of the
leaf. The spectral characteristics of the energy incident upon
a leaf, whether it be sunlight, atmospheric infrared radiation,
or infrared radiation from the ground, will determine the
relative importance of the various spectral regions, e.g., ultra-
violet, visible, or infrared.
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Ficure 32.—The spectral characteristics, absorptivity, reflectivity, and
transmissivity of Ficus leaves as a function of the frequency and wavelength.

A typical example of the spectral characteristics of leaves
is shown for Ficus in Figure 32. It is preferred to use as an
example a specific plant rather than attempting to give the
average situation for many different plants in widely varying
situations. The reflectivity and absorptivity values for the vis-
ible portion of the spectrum were taken from Moss and
Loomis (1952). The transmissivity in the visible was taken as
the difference of these from 100%. In the near infrared from
0.8x to 2.5u the work of Dinger (1941) was used, and for
longer wavelengths the work of Gates and Tantraporn (1952).
The Dinger work gave all three values—reflectivity, trans-
missivity, and absorptivity. The characteristic brightness of
vegetation in the photographic and near infrared from 7150 A
to about 1.54 is readily seen in the reflectivity curve of Figure
32. However, it should also be noted, as reported by Gates
and Tantraporn (1952), that the brightness does not continue
into the longer wavelength infrared and, indeed, at wave-
lengths greater than about 2.0x, plants are almost “black.”
The transmissivity and reflectivity have very similar spectral
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functions while the absorptivity values are the conjugate of
these. The absorptivity curve is a complex one as a function
of the frequency or the wavelength, having a distinct min-
imum in the near infrared where vegetation reflects strongly.

In order to determine the heat balance for leaves in sun-
light the average absorptivity of the leaf to incident solar
radiation must be determined. This can be done by multiply-
ing the incident solar energy curve as a function of the fre-
quency or the wavelength by the spectral absorptivity values.
Figures 33 and 34 show the incident solar radiation for two
extreme conditions at the earth’s surface and the absorbed
solar energy which results when the upper curve is multiplied
by the absorptivity of the leaf. Here the energy is plotted
against the frequency of the radiation in wave numbers
(cm~1), and therefore any area under the curve represents
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FIGURE 33.—Solar intensity at the earth’s surface at 14,000 feet altitude

normal to the sun’s rays for the sun in the zenith (air mass 1.0). The atmos-

phere is very clear and very dry (I mm of precipitable water vapor). The total

energy under this curve is 1.74 cal per cm? per min. The solar energy absorbed

by a Ficus leaf normal to the direct rays from the sun is shown in the lower
curve. The average absorptivity to the solar energy is 63.3%.
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FiGURe 34.—Solar intensity at the earth’s surface at sea level normal to the
sun’s rays for the sun in the zenith (air mass 1.0). The atmosphere is hazy and
very moist (25 mm of precipitable water vapor). The total energy under this
curve is 1.03 cal per cm? per min. The solar energy absorbed by a Ficus leaf
normal to the direct rays from the sun is shown in the lower curve. The aver-
age absorptivity to the solar energy is 71.2%.

energy according to the well-known quantum law that E =
fiv, where E is the energy, # is Planck’s constant, and v is the
frequency of the radiation. The upper curve of Figure 33 rep-
resents the incident energy normal to the solar beam when
the sun is in the zenith (air mass is unity) and the atmosphere
is very clear and dry (1 mm of precipitable water vapor), a
condition which occurs for high mountain regions. The lower
curve represents the solar energy absorbed by a Ficus leaf. By
taking the ratio of the total area under the absorbed energy
curve to the total area under the solar energy curve the aver-
age absorptivity can be determined. For the situation shown
in Figure 33 the average absorptivity for the Ficus leaf nor-
mal to the sun’s rays is 63.3%. The upper curve in Figure 34
represents the incident energy normal to the solar beam
when the sun is in the zenith (air mass is unity) and the at-
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mosphere is hazy and very moist (25 mm precipitable water
vapor), a condition which often occurs near sea level. The
lower curve represents the solar energy absorbed by a Ficus
leaf. Computing the average absorptivity in the same manner
as before one gets 71.2%. Hence it is seen that the average
absorptivity to sunlight differs considerably with the spectral
characteristics of the sunlight, a property which will vary with
the time of day, condition of the sky, season, and altitude.
One definitely cannot speak of a unique absorptivity for a
leaf.

The absorptivity of the Ficus leaf used in this illustration
is approximately 97% at wavelengths shorter than 5000 A, is
approximately 20% from 7400 A to 12,500 A (1.25y), and is
93% at wavelengths greater than 25,000 A (2.54). It will be no-
ticed by comparing Figure 32 with Figures 33 and 34 that the
strong minimum in the absorptivity curve, between 7400 A
and 12,500 A, which corresponds to maximum reflectivity and
transmissivity, is uniquely located in the region of maximum
incident solar energy. The absorptivity is high in precisely
those regions of the visible spectrum where chlotophyll has
strong absorption, namely the region from 4000 A to 5000 A
and the region 6200 A to 7000 A (see Hollaender, 1956).

The absorptivity drops abruptly to the long wavelength
side of the red absorption band in chlorophyll. Despite the
fact that the absorptivity of a leaf is high in the regions of the
spectrum where photochemical stimulation for photosynthe-
sis is required, from the standpoint of the heat load and the
resulting temperature, it is the average absorptivity to the
total incident solar energy which is important. This average
absorptivity for Ficus varies between 63% and 71% depend-
ing upon the sun and sky conditions. It is also a fact that
laboratory experiments involving artificial sources of light
will result in different total absorption than for the same plant
in natural sunlight. This is true even if the total incident
energy may be matched to that in natural sunlight. If the
spectral distribution is not the same, the average absorptivity
for the leaf will be different.

The absorptivity of leaves is also high in the infrared at
wavelengths greater than 2.5.. However, the energy from the
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sun is relatively weak at these longer wavelengths and does
not of itself add substantially to the heat load. The high_ab-
sorptivity at the longer wavelengths does mean that the leaves
absorb efficiently the thermal infrared radiation coming from
the sky, from the ground, and from other leaves, plants, and
objects nearby. The absorption of this energy plays a substan-
tial role in the heat balance of the plant, particularly at night
but also to some extent during the day.

The excellent work of Billings and Morris (1951) on the
reflectivity of leaves from different ecological groups to visible
and near infrared radiation should be referred to. For the
visible region of the spectrum they found the greatest re-
flectivity for desert species, with subalpine species next, fol-
lowed by species from the more mesic sites. The reflectivities
of leaves given by Shull (1929) and Clark (1949) show for the
visible and photographic infrared that the lower surface of
the leaf reflects considerably more than the upper surface,
presumably because of the lack of palisade cells on the lower
side. Gates and Tantraporn (1952) showed that the reverse
was true for the long-wave infrared with the upper surfaces
having higher reflectivity than the lower surfaces. These au-
thors discussed the mechanism by which visible light is re-
flected from a leaf by internal reflection and scattering within
the cells of the spongy parenchyma and how the longer wave-
length infrared radiation is reflected primarily at the outer
epidermal surface.

Other references concerning the spectral and optical prop-
erties of plant leaves are as follows: Kleshnin and Shulgin
(1959), Shulgin, Khasanov, and Kleshnin (1960), and Tageeva,
Brandt, and Derevyanko (1960).
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Absorption bands
mean fractional absorption in, 115
of chlorophyll, 135-36
total absorption in, 114
Absorptivity
of atmosphere, 51
of leaves, 138
Albedo, 60
Angstrom compensation pyrgeometer
and pyrheliometer, 75, 85
Artificial growth chambers, 133-37
Atmospheric absorption bands, 14, 15,
16, 65, 66
Atumospheric composition, 14
Atmospheric dust
concentration of, 53
scattering by, 52
Atmospheric radiation
computed from analytical expres-
sions, 67, 68
computed from charts, 67

Bellani pyranometer, 75, 79-80
Black body, defined, 16-17
Boundary layer, 95, 98, 102
laminar flow, 103
turbulent flow, 103

Carbon dioxide
absorption bands of, 15, 16, 65, 66
atmospheric absorption of, 51
climatic change, 19, 20
climatic change due to, 19, 20
concentration, 14, 117
measurement of, 113-26
radiation from, 18, 65
total band absorption formulae, 116,
119
Conduction, 3, 4, 98
in soil, 12
Convection, 3, 4, 6, 94-112
coefficient defined, 97
coefficient values
forced convection, 105, 107
free or natural convection, 101
forced, 94, 102-12

dex

from a branch or cylinder, 100, 101,
107
from a leaf, 102, 104-6, 13T, 132
in world climates, 21-27
natural, 94, 99-102
Courvoisier net radiometer, 75, 83

Eddy transfer
of heat, 110, 111
of moisture, 110, 111
of momentum, 110
Emissivity, 4, 64
Energy flow
animal responses to, 41-46
at earth’s surface, 5, 10, 11
in localized climates, 28—41
in world climates, 21-27
to and from man, 4445
Energy flow equation, 3, 4
Energy regimes of the world, 21
Eppley pyrheliometer, 75-76
Evaporation, 3, 4, 6 .
in world climates, 21-27

Filters, to simulate sunlight, 135

Franssila-Suomi net radiometer, 75, 82

Frigorimeter, 75, 89-90

Fritschen and van Wijk net radiom-
eter, 75, 93

Funk net radiometer, 75, 92-93

Gas equation, 118
Gier and Dunkle net radiometer, 75,
82-83
Grashof number
defined, 99
in forced convection, 103
in free or natural convection, 99, 100

Heat load

on an animal, 13, 14

on a human, 33, 34, 35, 37

on a leaf, 28, 31, 82, 131, 132
Heat transfer rate

in forced convection, 106, 107

in free or natural convection, 102

in solids, 126-29
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Hofman heat-compensated net radi-
ometer, 75, 84-85

Infrared gas analyzer, 126
Infrared hygrometer, 120

Kew Observatory net radiometer, 75,
83

Latent heat, 3, 4

Metabolism, 4
Moll-Gorczynski solarimeter, 75, 76-77
Monteith net radiometer, 75, 86

Net radiation
in forests, 38-41
in localized energy regimes, 28-41
in world climates, 21-27
Nusselt number
defined, 99
in forced convection, 103, 104, 105
in free or natural convection, 99-102

Ozone
absorption bands of, 15, 16, 65, 66
atmospheric absorption of, 51
concentration, 14
radiation from, 18, 66

Photosynthesis, 4
Prandtl number
defined, 99
in forced convection, 103, 104
in free or natural convection, 99, 100

Radiation charts, 67
Radiation fluxes from environments,
69-73
Radiation instruments, 74-93
Radiation laws, 16, 17, 62-64
Reflectivity, 5, 64
albedo, 60
of leaves, 138
Relative humidity, 118
Reradiation from a leaf, 72, 181
Reynolds number
defined, 102
in forced convection, 103, 104, 105
Robitzsch bimetallic actinograph, 75,
77-78
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Scattering, 51

Rayleigh, 52

Mie, 52
Schulze radiometer, 75, 90-91
Silver disc pyrheliometer, 75, 86
Soil

heat wave in, 10, 127, 128

temperature, 10, 11, 12
Solar radiation, 3, 4, 5, 7, 47-60

artificial source of, 134-35

at earth’s surface, 5, 28, 29, 49, 50,

52, 54-60

geographical distribution of, 7, 8

on slopes, 58, 59

related to cloud cover, 55, 56, 57

solar constant, 7, 47

spectral distribution of, 9, 47-49
Spectral properties

of atmospheric radiation, 15-18

of black body radiation, 62

of leaves, 135-42

of sunlight, 9, 4749, 139, 140
Stern pyranometer, 75, 77
Stoll-Hardy radiometer, 75, 86-89
Suomi “economical” net radiometer,

75, 91-92

Temperature
animal responses to, 41-46
change of within leaf, 71, 72, 129-33
in air, 10, 11, 12, 29, 33, 34, 35, 36,
37,70
in soil, 10, 11, 12, 128
of surface, 10, 11, 12, 29, 30, 65, 70
in trunk or branch, 128, 129
radiant temperature of sky, 34, 35,
36, 87
stratospheric, 15, 66
tropospheric, 15, 66
Temperature profile ncar a surface, 95
Thermal radiation, 3, 4, 5, 6, 7, 60-69
detection of, 61
from atmosphere, 5, 6, 15, 17, 18, 19,
28, 65, 66, 67
from ground surface, 5, 6, 15, 17, 28,
29, 30
on animals, 13
spectral distribution of, 62
Transmission, of atmosphere, 15, 50,
51
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Transmissivity, 4 Water vapor
of leaves, 138 absorption bands of, 15, 16, 65-66
Transpiration, 32, 132-33 atmospheric absorption of, 51
climatic change due to, 20-21
Ultraviolet radiation, 51 concentration, 14, 53, 118

measurement of, 113-26

radiation from, 18, 65-66

Vapor pressure, 68, 118 total band absorption formulae, 116-
table of, 69 17, 121-25

Viscosity, 96 Wave number definition, 115
of air, 97 Wind velocity profile near a surface,
of water, 97 95, 108, 109
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