INTRODUCTION

TO PART V

METEOROLOGY AND THERMAL RELATIONSHIPS OF WILD RUMINANTS

The earth and its atmosphere is a physical entity in the near-vacuum
of space. Meteorologists study the behavior of this earth—atmosphere sys—
tem, and some ecologists study the energy balance of organisms within the
biosphere, the part of this earth—-athmosphere system where life occurs.

Considerable attention has been given to the effects of weather on
wildlife, and a large number of field observations of animal behavior and
activity patterns have been related to measurements of weather conditions.
Although conclusions may be made from such analyses, there are some basic
problems in relating animal behavior directly to weather data. Animals ex-
perience weather, which is another term for atmospheric physics, in ways
that are different from that experienced by weather instruments. For ex-—
ample, the temperature-sensing capabilities of wild ruminants are different
from those of thermometers. Also, animals experience the effects of wind
and respond to it in ways that are different from cup anemometers or other
wind measuring devices. Thus it is dangerous to draw conclusions about an-
imal responses to weather directly from weather data, and the use of simple
correlations between the two is discouraged.

Animals experience both thermal and mechanical effects of weather
forces. The sensation of cold is a thermal effect of wind, and the dis-

tribution of scent a mechanical effect. Thermal and mechanical forces act
on both plants and animals, and each organism has ranges of sensitivities
and responses to these forces. Analyses of these responses are best com-

pleted by analyzing the basic physical and biological factors involved.

The first chapter in this part, CHAPTER 14, includes discussions of
meteorological characteristics. The second, CHAPTER 15, includes discus-
sions and data that describe thermal characteristics and basic heat transfer
between organism and environment. CHAPTER 16 includes descriptions of two
ways of evaluating basic heat transfer between animal and environment, and
thermoregulatory responses. CHAPTER 17 includes discussions of weather,
range, and animal profiles that are useful when evaluating energy balances
over time. Such considerations lead to evaluations of population responses
in PART VI.

The list of PERIODICALS on the next two pages will help introduce the
reader to the publications available in meteorology. Complete lists of
published papers on different aspects of meteorology are not given in each
CHAPTER since the number of such references is very large. Papers de-
scribing the responses of wild ruminants to meteorologcal characteristics
and thermal exchange are listed, however.
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PERIODICALS PERTAINING TO METEROLOGY

UNITED STATES

Bulletin of the American Meteorological Society. Monthly. AMS, 45
Beacon St., Boston, MA  02108.

Geophysical Monograph Series. Irregular. American Geophysical Union.
1145 19th St., N.W., Wash., D.C. 20036.

Journal of Applied Meteorology. Bimonthly. AMS, 45 Beacon St.,
Boston, MA 02108.

Journal of the Atmospheric Sciences. Bimonthly. AMS, 45 Beacon St.,
Boston, MA  02108.

Journal of Geophysical Research. Semimonthly. Amer. Geophys. Union,
1145 19th St., N.W., Wash., D.C.  20036.

Mariners Weather Log. A bimonthly climatic review of ocean and lake
areas. Weather Bureau, ESSA. Wash., D.C. 20402.

Meteorological and Geoastrophysical Abstracts. Monthly. AMS, 45
Beacon St., Boston, MA  02108.

Meteorological Monographs. Irregular. AMS.

Monthly Weather Review. Monthly. Weather Bureau, ESSA. Supt. of
Documents, Government Printing Office, Wash., D.C. 20402.

Mount Washington Observatory Bulletin. Quarterly. Amer. Geophys.
Union, Wash., D.C.

Reviews in Geophysics. Quarterly. Amer. Geophys. Union, Wash., D.C.

Transactions of the American Geophysical Union. Quarterly. Amer.
Geophys. Union, Wash., D.C.

Weatherwise. Bimonthly. AMS, 45 Beacon St., Boston, MA 02108.

CANADA
Atmosphere. Bulletin of Canadian Meteorology. Quarterly. Canadian
Branch, RMS, Dept. of Meteorology, McGill Univ., Montreal., P.Q.
Commenced March 1963.

CANADA continued on the next page
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Canadian Geophysical Bulletin. Annual. National Research Council of
Canada. Ottawa, Ont.

Canadian Weather Review. Monthly. Canadian Meteorological Service.
Queen's Printer, Ottawa, Ont. 8 pages climatological data.

GREAT BRITAIN

The Marine Observer. Quarterly. British Met. Office. British
Information Services, 845 Third Ave., New York, NY.

Meteorological Magazine. Monthly. British Met. Office. British
Information Services, N. Y.

Quarterly Journal of the Royal Meteorological Society. RMS, 49
Cromwell Road, London SW 7, England.

Weather. Monthly. RMS, 49 Cromwell Road, London SW 7, England.

OTHERS (mainly English text) :
Australian Meteorological Magazine. Quarterly. Canberra.

Bulletin of the World Meteorological Organization. Quarterly. WMO,
Geneva, Switzerland.

Geophysical Magazine. Irregular. Central Met. Observatory. Tokyo,
Japan.

Indian Journal of Meteorology and Geophysics. Quarterly. Indian Met.
Dept. Manager of Publications, Delhi, India.

Journal of Hydrology. Quarterly. North-Holland Publishing Co., Box
103, Amsterdam, Netherlands. Commenced March 1963.
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GLOSSARY OF ANIMAL CODE NAMES

Wild ruminants are referred to 1n this CHAPTER by a 4-character
abbreviation from the family, genus and genus—species. These are listed
below under Abbreviation.

Scientific names of North American wild ruminants are those used in
BIG GAME OF NORTH AMERICA, edited by J.C. Schmidt and D. L. Gilbert (1979:
Stackpole Books, Harrisburg, PA 17105, 494 p.), and may be different from
the scientific names given in the original literature.

The abbreviations used for North American wild ruminants are listed
below.

CLASS: MAMMALIA

ORDER: ARTIODACTYLA Abbreviation
FAMILY: CERVIDAE cerv
GENUS: Odocoileus (deer) od—-
SPECIES: 0. virginianus (white-tailed deer) odvi
O. hemionus (mule deer) odhe
GENUS: Cervus (Wapiti, elk) ce——
SPECIES: C. elaphus ceel

GENUS: Alces (moose)
SPECIES: A. alces alal

GENUS: Rangifer (caribou)
SPECIES: R. tarandus rata

FAMILY: ANTILOCAPRIDAE
GENUS: Antilocapra

SPECIES: A. americana (pronghorn) anam
FAMILY: BOVIDAE bovi
GENUS: Bison (bison) bi--
SPECIES: B. bison bibi
GENUS: Ovis (sheep) ov—=
SPECIES: 0. canadensis (bighorn sheep) ovca

0. dalli (Dall's sheep) ovda

GENUS: Ovibos
SPECIES: 0. moschatus (muskox) obmo

GENUS: Oreamnos
SPECIES: 0. americanus (mountain goat) oram
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in the reference lists.

The abbreviations used for European wild ruminants are listed below.

MAMMALTA

ORDER: ARTIODACTYLA

FAMILY: CERVIDAE

GENUS: Capreolus (roe deer)
SPECIES: C. capreolus

GENUS: Dama (fallow deer)
SPECIES: D. dama

GENUS: Cervug'(Wapiti, elk)
SPECIES: C. elaphus (red deer)

GENUS: Alces (moose)
SPECIES: A. alces

GENUS ; Rangffer (caribou)

SPECIES: R. tarandus

FAMILY: BOVIDAE
GENUS: Bison (bison)
SPECIES: B. bonasus
GENUS: Capra (ibex, wild goat)

SPECIES: C. aegagrus (Persian ibex)
C. siberica (Siberian ibex)

OTHERS

Abbreviation

cerv
ca——
caca
da~-—
dada
ce——
ceel

alal

rata

bibo
cp—-
cpae
cpsi

Abbreviations for a few other species and groups of species may appear

Axis axis (axis deer)

Elaphurus davidianus (Pere David's deer)
Cervus nippon (Sika deer)

Hydropotes inermis (Chinese water deer)
Muntiacus munt jac (Indian muntjac)
Moschus moschiferus (musk deer)

Ovis nivicola (snow sheep)

Ovis musimon (moufflon)

Ovis linnaeus (Iranian sheep)

Rupicapra rupicapra (chamois)

big game

domestic sheep
domestic cattle
domestic goat
domestic ruminant
herbivore

mammals

three or more species of wild ruminants
ruminants
ungulates
vertebrates
wildlife

wild ruminant
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axax
elda
ceni
hyin
mumu
mo mo
ovni
ovmu
ovli
ruru

biga
dosh
doca
dogo
doru
hrbv
mamm
many
rumi
ungu
vert
wldl
wiru



ORGANIZATION OF REFERENCE LISTS

Extensive reference lists, based on computer—assisted searches back to
1970 and manual searches of literature published prior to 1970, are included
in each of the PARTS. The lists are organized in a functional way for use
in the 1library rather than in the conventional alpabetized-by-author way,
with the Information necessary for locating the references in libraries
given in abbreviated, one-line form. The reference books listed after each
PART, CHAPTER, and TOPIC contain background information for the material
covered, and may contain specific information for several of the UNITS and
WORKSHEETS.

The headings for the lists of BOOKS are:

TYPE PUBL CITY PGES ANIM KEY WORDS-- - AUTHORS/EDITORS-- YEAR

The TYPE of book could have either an author (aubo) or an editor
(edbo). Publishers (PUBL) and CITY of publication are given with
four-letter mnemonic symbols defined in the GLOSSARY. The PAGE column gives
the number of pages in the book; ANIM refers to the species discussed in the
book (given as a four-letter abbreviation of genus and species), and KEY
WORDS 1lists key words from the title. The AUTHORS/EDITORS' names and YEAR
of publication are given in the last two columns. Thus all of the essential
information for finding each book in the library is given on just one line.

Serial publications that pertain to each division are listed with a
slightly different format. (Serials are identified by a five-character,
generally mnemonic code called CODEN, published in 1977 BIOSIS, LIST OF
SERIALS (BioSciences Information Service, 2100 Arch Street, Philadelphia, PA
19103).

The headings for the lists of SERIALS are:

CODEN VO-NU BEPA ENPA ANIM KEY WORDS - -—- AUTHORS—--—--———- YEAR

The volume and issue numbers (VO-NU) are given after the CODEN entry,
followed by beginning page (BEPA), ending page (ENPA), species discussed
(ANIM), key words from the title (KEY WORDS), AUTHORS, and YEAR.

Specific authors and dates of publication can be located quickly by
scanning the two right-hand columns. If the author's name fits in the 17
characters, some character spaces are left blank. If there are two authors
and all of the first author's name and part of the second author's name fits
in the 17 character spaces, the second author's name is truncated at the
right margin of the author column. If there are more authors that do not
appear in the author column due to lack of space, a slash (/) is added inthe
17th space of the column.

References cited in the text material and in the WORKSHEETS are given

under LITERATURE CITED in the traditional format (author, date, title of
article, journal, volume, issue number, and page numbers).
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A third category, OTHER PUBLICATIONS, may be included at the beginning
of PARTS or in the CHAPTERS. This category contains references to
publications that are not authored or edited books or serials listed by
BioSciences Information Service. Examples are "Transactions of the
Northeastern Deer Study Group Meetings”™ and "Blannual Pronghorn Antelope
Workshop, Proceedings.” Both of these contain many articles on deer and
pronghorns, respectively, but are not included in the one-line abbreviated
form. Such publications are listed by titles, which should make it possible
to locate the publications in libraries.

HOW TO USE THIS SYSTEM

The one-line format used to list references makes it possible to list
several thousand references in a minimum amount of space. The logic of the
one—-line entries in the reference lists is based on the order of decision-
making when finding literature. First, the references are grouped according
to biological functions and relationships discussed in this book. Second,
species of interest are selected. Third, journals containing references to
be read are located in the library. Fourth, the publications are located in
the journals. The use of this reference list format in the library will
confirm the logic of this arrangement. Call numbers and stack levels should
be added in the margins so references may be quickly located in a particular
library.

CODEN entries are identified by the full title of the serial publica-
tion and its country, territory, or commonwealth of origin in the APPENDIX.
CODEN entries in the serial lists are alphabetized. This results in some of
the full titles being out of alphabetical order. Since the user of this
book will usually work from CODEN to consult the list of full titles in the
APPENDIX, this disorder will result in nothing more than occasional
inconvenience. Most of the full titles will be near alphabetized, so the
CODEN for a specific serial can be quickly found by scanning the appropriate
part of the list.

Serials, including journals and report literature, constitute the
ma jor portion of the literature on wild ruminants. Scientists are urged to
publish their findings in recognized journals so the results of their work
are readily available.
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CHAPTER 14: METEOROLOGY AND THERMAL CHARACTERISTICS OF THE RANGE

Evaluation of the meteorological characteristics of the
earth-atmosphere Interface 1is really a study of atmospheric and soil
physics. Systematic recording of these characteristics results in the
recognition of «cycles, or rhythmic recurrences of certain physical
relationships over time. TFor example, the earth revolves around the sun,
and rotates on 1its axis 1in very precise periods. This results in very
precise cyclic patterns of solar radiation over the earth's surface. ULiquid
water on the earth's surface absorbs solar energy and evaporates, changing
from a liquid at the surface to a gas in the atmosphere, which eventually
condenses and falls as precipatation. Since this sequence of events, called
the hydrologic cycle, dis drivemn by solar radiation, which wvaries
rhythmically from season to season as the angle of the earth's axis in
relation to the sun varies, the amounts of evaporation and precipitation
vary rhythmically too; the hydrologic cycle is somewhat predictable. The
timing is not as precise as the timing of the daily and seasonal solar
radiation cycles, however, but wet and dry periods are recognized in many
areas of the earth's surface.

The rhythmic nature of solar energy flux also results in temperature
and wind rhythms, both dally and seasonally. Local patterns are influenced
by large-scale atmospheric movements, of course, but under stable, high pres-
sure conditions, 24-hour ©patterns are often quite predictable; the
atmosphere is calm at sunrise, wind velocities increase to maximum in the
afternoon, and decline to zero at sunset.

Patterns are recognized as a result of repeated measurements over time
and space. Several standard measurements of weather conditions are made
daily by professional weather observers and volunteers at hundreds of
locations all across the United States and Canada. Other countries have
similar measurement networks. The data are compiled into summaries that are
available from government agencies and in libraries.

What meteorological characteristics are measured at weather stations?
Temperature, which is an indicator of the energy balance of the atmosphere,
is often represented as the high and low for a 24-hour period. Stations
with recording equipment may report hourly temperature readings. Wind
velocities and directions are measured and reported from many stations at
specified times, often hourly when recording equipment is used. Atmospheric
pressure is recorded, and sky conditions, with cloud types and heights, are
observed and measured. Precipitation is reported for 24-hour periods from
most stations, and hourly from the more automated stations. The amount of
snow on the ground is also reported from many stations.
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Weather measurements are made with some standardization of equipment
and equipment location. Standard instrument shelters house temperature- and
humidity-measuring equipment. Instruments in these shelters are located
about 1 1/2 to 2 meters (5 to 6.5 feet) above the ground. The shelters are
painted white and have slatted, louvered walls that permit air to circulate
through the shelter while protecting the instruments from the sun's rays.
They should be oriented so the door opens on the side away from the sun.

Cup anemometers are usually used to measure wind velocities. They
should be located away from trees and other obstructions, but the distances
from the instruments to influencing objects varies greatly from station to
station since some stations are in heavily wooded areas and others are in
open fields. Rain gauges should also be located away from obstructions, but
again the distances vary at different stations. The weather recording
stations operated by professional meteorologists are wusually much more
standardized than the temperature and precipitation stations manned by
volunteers.

The term weather implies short—term atmospheric characteristics, and
the term climate long-term characteristics. The accumulation of weather data
over a period of several years results in general descriptions of the cli-
mate for a given area, and after a few years of measurement, norms are es—
tablished. The term microclimate is often used by ecologists to describe
the conditions surrounding a plant or an animal, but the term is very much a
misnomer. The first part of the term (micro) is inappropriate because the
thermal energy that influences an organism may well be coming firom a long
distance away. The sun, for example, is about 93,000,000 miles away (not
very micro-), yet solar energy definitely influences the organism-atmosphere
interface. The second part of the term (climate) is also inappropriate be-
cause organlsms, especlally short-lived plants and mobile animals, do not
stay in one location long enough for a "climate"” to develop around them.
While it is generally known what is meant by thé term microclimate, there is
a better term available to identify the thermal conditions surrounding an
organism. That term, thermal boundary region, is used throughout this book.

The thermal boundary region is defined as the layer of air around a
plant or animal with temperatures and densities that are influenced by the
surface characteristics of the plant or animal. Surface temperature, for
example, may be different from that of the surrounding atmosphere or fluid
of the animal. It is dependent on both biological and physical factors.
The absorption of a large amount of solar radiation by the animal's surface
results In a thermal boundary region of greater depth, while a wind over the
surface reduces its depth. The thermal boundary region is discussed in
detail in CHAPTER 15, UNIT 3.3.

Meteorological characteristics that affect thermal boundary region
characteristics are discussed in the next 5 TOPICS, in this CHAPTER,
followed by discussions of THERMAL CHARACTERISTICS AND BASIC HEAT TRANSFER
in CHAPTER 15.
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TOPIC 1. RADIANT ENERGY

The relationship between the sun and the earth provides the basic
framework for atmospheric physics and biological productivity. The sun's
energy generates thermal gradients in the atmosphere that result 1in tem-
perature differences, density and pressure differences, and liquid-vapor
changes in surface and atmospheric water. The sun's energy is also used by
plants to synthesize new compounds by the process of photosynthesis, re-
sulting in primary production.

There are two concurrent periodic rhythms--daily and yearly--in the
duration and amount of solar energy received at the earth's surface, with
the length of each related to the day of the year and the location on the
earth. The transitions from one phase to another in both of these rhythms
are gradual. Daylength reaches a maximum at the summer solstice and a
minimum at the winter solstice. Sunlight intensity reaches a maximum at
solar noon and goes to zero at night. Changes in the earth-atmosphere en-
ergy balance are gradual as a result of these changes in day length and sun-
light intensity.

The sun continuously emits radiation into space as a result of the
conversion of mass into energy. While the sun's mass is slowly being con-
verted to energy as it radiates into space, the actual mass of the sun is so
large that after a billion years of mass—to—energy conversions, 99.997 of
the sun's mass remains! (See Miller 1972; p. 152).

Radiant energy may be visualized as a collection of waves that can be
described by their wavelengths, or distances from peak to peak as illu-

| - one wavelength > |
strated above. The sun emits a wide range of wavelengths, including very
short ones called X-rays, with wavelengths of a few microuns, and very long
onesg, called radio waves, with wavelengths of many kilometers. The

wavelengths of maximum emission (WLME) from the sun falls within the range
of the visible spectrum, or those wavelengths which we humans are capable of

detecting as visible light. The micron and the Angstrom are two units of
measurement commonly applied to wavelengths in the visible and infrared
portion of the electromagnetic spectrum. The micron is one millionth of a

meter, one-ten thousandths of a centimeter (1 x 10_4cm), or one thousandth
of a millimeter. The Angstrom is 1/1000 of a micron.
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The electromagnetic spectrum includes wave lengths as long as hundreds
of kilometers and as short as 1 x 10710 cnm (0.0000000001 cm). The
categories of wavelengths between these two extremes are listed below.

Kind of Waves Approximate Wave Length Range
—-Metric Units

Long Electromagnetic Waves Hundreds of kilometers to 17 kilometers
Assigned Radio Range 17 kilometers to 75 centimeters
Ultra-short Radio Waves 75 cm to .025 cm

Infra-red or Heat Rays 2.5 x 1072 to 7.0 x 1072

Visible Light 7.0 x 107> x to 3.5 x 107

Ultra-violet Rays 3.5 x 1075 to 1.3 x 1070

X-rays 1.3 x 107% to0 1.0 x 1072

Gamma Rays 1.0 x 1002 to 1.0 x 1.0710

The part of the electromagnetic spectrum of importance to free-ranging
animals, especially in the maintenance of homeothermy, includes the wave
lengths in the visible to the far infrared portion of the electromagnetic
spectrum.

NEAR IR
XRAY ULTRAVIOLET VISIBLE INTERMEDIATE IR FAR INFRARED
10A 100A 1000A lum 10um 100um 1000um

Every surface which has a temperature higher than absolute zero emits
radiant energy. The wavelengths emitted are proportional to the fourth
power of the absolute temperature (K) of the radiating surface. High-
temperature surfaces, such as the sun (6000°K) emit mainly at shorter
wavelengths, and cooler surfaces, such as the earth's surface ( 300°K),
emit the longer, or infrared wavelengths.

The wavelength of maximum emission is related to the temperature of
the radiating surface according to Wien's Displacement Law, which may be ex-—
pressed as:

WLME = c/ERTK

where c = 0.2898 cm °K (Rosenberg 1974: 8), and
ERTK = effective radiant temperature in °K.

WLME for the sun is, then:

WLME = 0.2898/6000 = 4,83 x 1072
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This wavelength, 4.83 x 1075, is within the visible part of the elec-
tromagnetic spectrum. WIME for a plant or an animal with a radiant tem-
perature of 27 C, or 300 K, typical of a warm summer day, is:

WLME = 0.2898/300 = 9.66 x 10~% cm

This wavelength, which 1is within the far infrared portion of the elec-
tromagnetic spectrum, is detected only as heat energy by animals.

The temperature: wavelength relationship is experienced when watching
a campfire burn to a bed of hot, bright red coals. As the coals cool down,
they become a deeper and deeper red until they no longer glow. They have
passed from a light- and heat-emitting temperature range to a heat-emitting
temperature range only, and the wavelengths have become longer as the tem-
perature has decreased. The wavelengths have shifted from the visible to
the near infrared to the far infrared portion of the electromagnetic
spectrum.

The amount of radiation received by a surface 1is 1inversely
proportional to the square of the distance between the source and the re-
ceiving surface. This relationship is illustrated below. ;

[f the distance is doubled (2d:1d), the radiant energy covers 4 times the
area (4a:la). 1If d = 4, then a = 16. It is easy to see that the radiant
energy from one square cm of the sun's surface is very much spread out by
the time it reaches the earth 93,000,000 miles away.

The basic relationships discussed above apply to both the solar and
infrared radiation that are a part of the thermal environment of plants and
animals. Solar energy is discussed in UNIT 1.1, and infrared energy in UNIT
1.2
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UNIT 1.1: SOLAR ENERGY

Solar energy flux in the biosphere is a fundamental, driving force for
ecological processes. It 1is the source of power driving the physical
processes of the bilosphere—-wind, rain, weather systems, erosive actions--
and the source of power driving bilological processes—-photosynthesis
(directly) and respiration (indirectly)--in the ecological matrix within
this physical superstructure.

Differences in solar energy distribution over the surface of the earth
result in marked differences in plant communities. The curved surface of
the earth contributes to several physical gradients; the polar regions re-
ceive different amounts of solar energy than the equatorial regions, and the
light rays strike the earth at much different angles through the annual cy-
cle at the poles than at the equator. The timing and distribution of radi-
ant energy exchange follows some rather strict natural laws, and the ec-—
ological effects are predictable.

The amount of energy Ilntercepted by a one-square centimeter surface at
right angles to the solar beam on the outer limit of the earth's atmosphere
is called the solar constant. It 1s the upper limit to the amount of energy
reaching the earth, yet it is only 1.8999 x 1072 or 0.000018999 of the en-
ergy gilven off by a square cm of the sun's surface! This very small frac-
tion is due to the distance effects described by the inverse square law.
The numerical value of the solar constant was measured by Johnson in 1954 to
be 2.00 cal cm™2 min~! (139.5 mw ecm™2), and this was considered the
most authoritative until Thekaekara and Drummond (1971) proposed a standard
value of 1.94 cal cm~2min~l (135.3 + 2.0 mw cm2)(See Paltridge and
Platt 1976: 53). Not all of the sun'é—energy reaches the surface of the
earth. Some of it 1s reflected into space by dust particles and clouds in
the atmosphere. On a clear day, a high percentage of the solar radiation is
transmitted through the atmosphere. With a completely overcast sky, no
direct solar radiation penetrates the cloud cover, and ultraviolet radiation
penetrates more than the longer wave lengths. The actual amount received at
the earth's surface 1s less than the solar constant because of reflection
and absorption by the atmosphere.

A unit area of the earth's surface does not receive a constant amount
of radiant energy. Everyone 1is familiar with the daily and seasonal
patterns of sunrise and sunset times; longer days in the summer and shorter
days in the winter are characteristic of both hemispheres. The sun's
pathway is lower in the sky in the winter and the arc 1s shorter. At the
poles, the sun does not appear above the horizon in the winter, and it
does not go below the horizon in the summer. The patterns of the sun's
apparent movements are reversed between the northern and southern
hemispheres, of course; summer occurs in only one hemisphere at a time.
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The apparent movements of the sun are illustrated in the drawing be-
low. :

“summet <
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arc at the

\ 7
-poles -
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—

winter

sunrise sunset
, Wwinter
arc at theé
\ /
~poles

Solar energy flux on a clear day increases from sunrise to solar noon
and decreases from solar noon to sunset. The pattern is nearly symmetrical
about solar noon for a horizontal plane at the earth's surface, as il-
lustrated by the tracing of two daily pyranometer recordings below.

Measured amounts of solar energy reaching the earth's surface are de-
pendent on the sun's angle, atmospheric conditions, and altitude above sea
level. The average solar radiation reaching a horizontal surface in the
northern states in January 1is 125-150 cal cm™2 day_l, and in July,
500-650 cal cm~2 day"1 (See Moen 1973 or Sellers 1965). Measurements
can be expressed mathematically through the annual cycle; the WORKSHEETs
that follow provide opportunities for calculating solar energy.
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CHAPTER 14, WORKSHEET l.la
Calculations of daily solar energy over the annual cycle

Very simple first approximations of the daily solar energy reaching a
horizontal surface over the annual cycle may be made with a sine wave
calculation. Suppose that 150 calories per square centimeter per day (CSCD)
reached this surface at the time of the winter solstice (December 21 = JDAY
355) and 650 CSCD at the time of the summer solstice (June 21 = JDAY 172).
The midpoint radiation (MPRA) is then 400 CSCD. The daily solar radiation
(SORA) can be calculated with these facts and a primary phase correction ar-
ranged according to the following formula:

SORA = MPRA + sin[(JDAY)(0.9863) + (PRPC)] [AMPL]

where SORA = solar radiation
MPRA = midpoint radiation value
PRPC primary phase correction
AMPL = amplitude of the variation from MPRA

Determine the primary phase correction, PRPC, by:
sin[ (JDMA)(0.9863) + PRPC] = 1.0
where JDMA = JDAY at maximum.

Since sin 90 = 1.0,

[ (JDMA) (0.9863) + PRPC] = 90

90 - ( )(0.9863) = PRPC
MPRA in this example is 400 and AMPL = 250. The equation is:
SORA = 400 + sin[(JDAY)(0.9863) + (PRPC)]250

Calculate SORA at 20-day intervals and plot the curve.
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UNIT 1.2: INFRARED RADIATION

Radiation of wave lengths longer than those in the visible portion of
the spectrum is called infrared or thermal radiation.

The earth and its atmosphere are an infrared radiating surface in the
emptiness of space. The earth continuously radiates infrared energy and
emits as much radiant energy as it absorbs. If it emitted less, it would
become warmer, and i1f 1t emitted more, cooler.

Little attention has been given to thermal radiation by ecologists,
and this 1s probably due in part to the invisible characteristic of infrared
radiation. The wavelengths are not detected by the human eyes, so it has
often been overlooked as a part of the entire thermal regime. An object is
seen because of visible reflected light but its longer wavelengths are de-
tected only as heat energy.

The amount of thermal energy radiation from any surface 1is
proportional to the fourth power of the absolute temperature of the radiat-

ing surface, according to the Stefan-Boltzmann law. The formula is:

QREE = (SBCO)(ERTK)%

where QREE = quantity of radiation emitted,
SBCO = Stefan-Boltsmann constant, and
ERTK = effective radiant temperature in OK.

The radiation emitted from a surface with a radiant temperature of 27
C or 300 K can be calculated with the equation:

QREE = (8.127 x 10~11)(300%4) = 0.658 cal em 2min~!

Another factor, infrared emissivity (TIREM), may be added to the
formula above. The numerical value for IREM is equal to the infrared
absorption coefficient. The absorption coefficient is the ratio of absorp-
tion by a surface to that of a black body, or perfect absorber. Thus if a
surface absorbs 857 of the radiant energy that reaches 1t, the absorption
coefficient is 0.85. The formula for calculating radiant energy as a func-
tion of both emissivity and temperature is:

Qy = (IREM)(SBCO)(ERTK)%
It is useful to prepare a nomogram of infrared energy emitted for use
in thermal exchange estimations. Calculations with the above formula have

been made and the family of curves for emissivities ranging from 1.0 to 0.08
plotted in the nomogram on the next page.
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CHAPTER 14, WORKSHEET 1.2a
Infrared radiation in relation to radiant surface temperature

The formula for calculating the quantity of radiant energy emitted
(QREE) from a surface is:

QREE = (SBCO)(ERTK)%

effective radiant temperature in degrees Kelvin, and
Stefan-Boltzmann constant.

where ERTK
SBCO

nn

When QREE is in calories per square cm per minute (CPCM), then SBCO =
8.127 x 10‘11, and when QREE is in kilocalories per square meter per hour
(KMTH), then SBCO = 4.876 x 10™8 (See Moen 1973:429).

FEquivalent temperatures in Celsius and Kelvin degrees are:

-40 C = 233.16 K
-30 = 243.16
-20 = 253.16
-10 = 263.16

0 = 273.16
+10 = 283.16
+20 = 293.16
+30 = 303.16
+40 = 313.16

Substitute these temperatures in the formula above and plot the re-
sults below. Note that QREE is in CPCM on the left-hand scale, and KPMH on
the right-hand scale. Compare your values to the IREM = 1.0 line in the
nomogram.
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TOPIC 2. TEMPERATURE PATTERNS AND BAROMETRIC PRESSURE

General temperature patterns 1in the biosphere are rather closely as-
sociated with radiant energy patterns since solar energy is essentially the
only source of energy input into the atmosphere. As solar radiation
increases in the summer, more energy 1s absorbed by both soil and
atmosphere, and temperatures rise. As solar energy decreases in the winter,
less energy is absorbed and atmospheric and soil temperatures fall. This
temperature pattern is predictable from season to season, although the
magnitude of the temperature differences varies between seasons.

Local topographic, vegetation, and surface water characteristics
affect both spatial and temporal temperature distributions. Large bodies of
water ameliorate the climate because water has a high heat capacity; time is
required for warm-up in the spring and for cooling-off in the fall.

Temperature is an index to but not an expression of the amount of heat
energy in a substance. The latter must consider the specific heat of the
substance; two materials may be at the same temperature, but if one has a
specific heat of 1.0 and the other 0.5, the former will contain two times
the heat energy of the latter. This is an important distinction ecological-
ly, especially so because of the high specific heat (1.0) of water which is
found in such a wide variety of parts, from cells to oceans, of the
eco—system.

Temperature is measured on interval scales, and various scales,
including Fahrenheit, Celsius, and Kelvin, are in use. Whatever scale is
used, the numbers of degrees are not proportional to heat energy in relation
to animals. A temperature of 40 is not two times warmer than 20, nor is 20
four times warmer than 5. Interval scales are useful only in identifying a
position relative to a fixed point on the scale; the numbers themselves are
arbitrary.

Temperature patterns may be recognized in both time and space. Daily
and seasonal temperature patterns are discussed in UNIT 1.1, TEMPORAL
TEMPERATURE PATTERNS. Horizontal and vertical temperature patterns are
discussed in UNIT 1.2, SPATIAL TEMPERATURE PATTERNS.
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UNIT 2.1: TEMPORAL TEMPERATURE PATTERNS

Daily and seasonal temperature patterns are very definitely related to
daily and seasonal patterns of solar energy flux. There is a lag between
peak solar energy flux and peak temperatures, however, due to the thermal
and mechanical resistances of the soil and atmosphere. Heat flow through
the soil is not instantaneous; conduction takes time. The major portion of
heat transfer into the atmosphere is by convection or eddy diffusion. This
is a mechanical process, a mixing of air with different densities due to
differences in thermal energy distribution. There is friction between air
molecules so eddy diffusion is not an instantaneous process elther.

Convection

Soil Surfce

bbb

Conduction

Daily temperature patterns. Clear—-day solar energy flux is sym-
metrical around the peak at solar noon (See earlier illustration in UNIT
1.1), while peak temperatures occur two to four hours after solar noon.
Part of the lag can be attributed to the presence of dew, which absorbs
solar energy in the early hours after sunrise, dissipating some of the
energy in vaporization. ©Part of the lag can be attributed to the thermal
lag in the soil, plants, and the atmosphere.

SOEN AITE
PEAK PEAK

Noon

The generalized curves shown above are seldom realized in the natural
world because of large-scale movements of air masses and changes in
atmospheric conditions. They are useful for expressing overall patterns of
relationships, however. If general patterns can be analyzed, then the
effects of deviations can also be analyzed.

Chapter 14 - Page 21



Seasonal temperature patterns. Seasonal temperature patterns exhibit
lag characteristics just as daily patterns do. Maximum solar radiation is
received on about June 21 in the northern hemisphere, but maximum temp-
eratures usually occur in July or August. This i1s illustrated by the ob-
served mean monthly temperatures for 1942-1966 at Ithaca, NY that are plot-
ted (solid line) in the figure below. The maximum mean monthly temperature
occurs in July and the minimum 6 months later, in January. The August mean
is nearly as high as the July mean, and the February mean nearly as low as
the January mean. '
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The pattern of mean monthly temperatures in Celsius may be ap-
proximated by a sine wave and expressed as a continuous function in very
much the same way as weights were expressed in PART I. The equation is:

MMTC = 7.8 + {sin[(JDAY)(0.9863) - 103.31} [12.8]

General temperature patterns represented mathematically in such a way are
useful, not for predicting air temperature on a particular day, but for
evaluating the effects of changing temperatures through the year. If such
evaluations can be made for general patterns, they can also be made for
short-term transient conditions by substituting observed values for
calculated ones.
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Monthly temperatures are sometimes expressed as average lows and highs
rather than a single average. The table below, from a Canada travel

information 1981/82 brochure, provides monthly lows and highs for 40 points

across Canada.

Jan Feb Mar Apr May June July Aug Sept. Oct. Nov Dec

L H L H t H L H L H L H L H L H L H L H L H L H
British Columbia
Kamloops 10 -2 -5 4 -1 10 3 16 7 22 11 26 13 29 12 28 8 23 4 14 -1 6 -6 !
Penticton -6 o -3 4 -2 9 2 16 6 21 10 25 12 29 11 27 7 22 3 14 0 6 -3 2
Prince Rupert -1 4 0 5 1 7 3 10 6 14 8 15 10 17 11 17 g 15 6 11 3 8 1 5
Vantouver 0 6 2 9 3 N 6 14 9 18 12 21 14 24 13 23 11 23 7 15 4 10 2 7
Viclona 2 6 3 9 4 1 6 14 8 18 10 2t 11 24 1t 23 10 20 8 15 5 10 3 8
Alberta
Banf -16 .6 -13 -1 -10 3 4 '8 1 14 4 18 7 22 6 21 2 16 -1 10 -8 113 -4
Calgary 17 -6 13 -2 -10 1 3 10 3 16 7 19 10 24 8 22 4 17 1 12 -8 313 -2
Edmonton -19 10 -16 -6 -10 12 10 5 17 9 20 12 23 10 22 5 17 o 1 -8 0 -15 -6
Jasper 17 -7 13 0 -9 4 3 10 1 16 5 20 8 23 7 22 3 17 -1 -8 4 14 5
Lethbridge 15 -4 11 o -8 3 -1 12 4 18 9 21 11 26 10 25 6 20 i 14 -6 5 11 0
Yukon
Whitehorse -23 -15 .18 8 -13 -1 5 7 1 15 6 20 8 2t 7 19 3 14 3 5 -12 5 20 -12
Northwest Territories
Frobisher Bay -30 -22 30 -21 .27 18 19 9 7 0 0 7 4 12 4 10 .3 5 -8 -2 -16 -9 24 -16
inuvik -35 -24 35 .24 .30 -t8 -2¢ -8 -6 4 4 16 7 19 5 16 -1 7 -11 .4 25 -17 -32 22
Yellowkmte -33 25 30 -21 -24 12 14 -1 A1 9 7 17 11 21 10 19 4 11 4 2 -18  -13 -28 -20
Saskatchewan
Prince Athert -27 -5 24 -10 -17 4 4 8 2 17 7 21 11 25 9 23 4 17 .2 10 -12 322 -n
Regina 23 .12 20 -9 .14 -4 3 9 3 18 9 22 12 26 10 25 4 19 -2 12 -10 -t 18 -8
Saskatoon -23 -13 -19 -9 .13 -3 2 10 4 18 9 22 12 26 11 25 5 18 0 12 -9 -1 -18 -9
Manitoba
Churchilt 31 24 .29 -23 -25 .16 -16 -7 6 1 2 1 7 17 8 16 3 9 -3 2 -15 -8 -26 -18
Winnipeg 23 13 -21 -10 13 -3 2 9 4 17 10 23 14 26 12 25 7 18 112 -8 -1 18 -8
Omario
Hamiiton -8 0 -8 1 -4 5 2 13 8 19 14 25 17 28 16 27 11 22 6 16 1 8 -5 2
Kitchener <10 -3 10 -2 5 3 112 7 18 12 25 14 27 14 26 10 21 5 15 -1 6 -7 -
L.ondon -0 -2 10 -2 5 3 112 7 18 12 24 15 26 14 26 10 20 5 156 -1 7 7 ¢
Ottawa -15 6 -14 4 7 2 111 7 189 13 24 15 27 14 26 10 20 4 14 -t 6 -11 -3
Sault Ste. Marie 14 -5 14 4 9 1 1 8 4 14 9 21 12 24 12 23 9 18 4 13 -3 4 11 3
Sudbury 18 -7 16 -5 -i0 t .19 6 17 11 23 14 25 13 24 9 19 4 12 -3 4 12 -4
Thunder Bay 20 9 13 6 -1 0o 3 8 2 15 7 20 12 24 11 23 7 17 2 12 -5 2 .14 6
Toronlo 4 3 10 -2 3 3 2 12 7 18 13 26 17 27 16 26 t2 22 7 15 2 7 5 [}
Windsor -8 -1 -7 0 3 5 3 14 8 20 14 26 17 28 16 27 12 23 6 17 1 8 5 1
Québec
Gaspé -15 6 -15 -5 -10 -1 3 5 3 12 8 18 13 23 11 22 6 18 2 12 -3 4 -1 -3
Montréal t3 6 -t1 4 5 1 2 11 9 18 15 24 17 26 16 25 12 20 6 14 0 6 9 -3
Québec City 15 .72 13 6 -7 o] 0 8 6 17 12 22 16 25 14 24 9 19 4 12 -2 411 5
New Brunswick
fredencion 4 4 14 2 -7 3 i 10 4 17 9 23 13 26 12 24 8 20 2 13 -3 6 11 -2
Moncton 13 -3 -tz -2 -7 3 2 9 4 16 9 22 13 256 12 24 8 20 3 14 -2 7 -t0 1
Saint John -1 2 10 b5 3 0 9 5 15 9 19 12 23 13 23 10 19 5 14 ¢] 7 7 0
Nova Scotia
Halfax/Dartmouth -7 -2 7 2 4 2 1 7 5 14 10 20 14 23 14 23 1t 19 7 13 2 7 4 1
Yarmouth -6 1 -6 1 -3 4 1 8 65 13 9 t7 12 21 12 21 10 18 6 14 2 9 4 3
Prince Edward Island
Charlottetown o -3 -1t 3 6 1 1 7 4 14 10 20 14 24 14 23 10 19 5 13 ! 7 7 0
Newfoundiand/Labrador
Corner Brook 9 2 10 2 7 r 2 6 3 N 7 17 12 22 12 21 8 17 4 11 0 6 5 0
Goose Bay -2t <12 20 -10 14 -3 6 3 0 10 6 17 11 2v 10 19 5 14 ] 9 -7 0-16 8
St. John's -7 0 -7 0 -5 1 -2 5 2 1 6 16 11 21 12 20 8 17 4 12 1 7 4 3
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Very limited data are sometimes avallable or given, but general
patterns make first approximations possible. Meagher (1973) for example,
gives a mean temperature in Yellowstone National Park for January of 18.0°F
(-7.8°C) and for July, 62.8°F (17.1°C), the coldest and warmest months,
respectively. The mean annual temperature was 39.8°F (4.3°C). These
temperatures suggest a pattern. The midpoint between the low and high is
4.7°C, very close to the mean annual temperature. The amplitude of the
variation above and below this midpoint is 12.5 (coincidentally, nearly the
same as for Ithaca, NY; see p. 20). The equation for a first approximation
is:

MMTC = 4.7 + {sin[(JDAY)(0.9863) - 103.3]}[12.5]

The calculated temperatures will be very close to measured ones, a
good first approximation. Meagher points out that temperatures at this
station averaged 5°F (2.8°C) above those for most of the park. If you wish
to make a correction, subtract [4.7 - 2.8 = 1.9] and simply substitute 1.9
as the annual average for 4.7.

The WORKSHEETS that follow provide opportunities for calculating
expected average temperatures for any day of the year. The data for Ithaca,
N.Y., points in Canada, and Yellowstone National Park may be used to verify
the derivation procedures. You are encouraged to derive equations for your
local study areas also.

LITERATURE CITED

Meagher, M. M. 1973. The Bison of Yellowstone National Park. Scilentific
Monograph Series, Number one, National Park Service. 161 p.

REFERENCES, UNIT 2.1

TEMPORAL TEMPERATURE PATTERNS

SERIALS
CODEN VO-NU BEPA ENPA ANIM KEY WORDS - AUTHORS-=————==——= YEAR
JFUSA 63--7 523 529 odvi swamp coni yards, michigan verme,lj 1965
JWMAA 32--3 574 585 odvi microclim, conif deer yard ozoga,jj 1968

JWMAA 39--1 59 66 odvi apprais wintr habit, minne wetzel, jf; wamba/ 1975
XPNWA 277-—-1 6 ceel diurnl temp, conifer stand edgerton,pj; mcco 1976
MWREA® 61--— 251 259 ---- study long-time temp trend kincer,jb 1933

NPSMD 1---—- 1 161 bibi bison, yellowstone natl pk meagher,mm 1973
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CHAPTER 14, WORKSHEET 2.la
Temperature patterns over the annual cycle

Temperature patterns over the annual cycle may be approximated by fit-
ting mean monthly temperatures to a sine wave. The formula for the average
daily temperature in Celsius (ADTC), based on monthly averages, is:

ADTC = MPTE + {sin[(JDAY)(0.9863) + PRPC]} TERA/2

where ADTC = average daily temperature in Celsius,
MPTE = midpoint temperature,
TERA = temperature range over the year, and
PRPC primary phase correction.

Determine the primary phase correction, PRPC, by:
sin[(JDMA)(0.9863) + PRPC] = 1.0

where JDMA = JDAY at maximum.

N
v

Since sin 90 = 1.0, /7 1y ( w;u{m;

s
¢

[ (JDAY)(0.9863) + PRPC] = 90
90 - ( )(0.9863) =-10%3 = prec
MPTE in this example is 7.8, TERA is +20 to -5 and TERA/2 = 25/2 = 12.5.
Substitute the values of MPTE, TERA, and PRPC in the formula for ADTC
above for the Ithaca, N.Y. data below. Compare the calculated temperatures

with the observed ones by tabulating the results and ploting the curve on
the next page.

Month JDAY Observed Calculated
January 16 - 5.0 -9
February 45 - 4.4 —-3.0
March 75 + 0.6 1.5
April 105 + 7.2 7 6
May 136 +12.8 lﬂ 0
June 166 +18.3 12 6
July 197 +20.6 20,3
August 228 +19.4 13,1
September 258 +15.6 gq o
October 289 +10.6 3.6
Noveber 319 + 3.9 .S
December 350 - 2.8 N
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CHAPTER 14, WORKSHEET 2.1b

Average daily maximum and minimum temperatures
over the annual cycle

The format used in the previous WORKSHEET may also be used to express
average maximum and minimum temperatures for the Canada data on p. 21. Fill
in the following blanks, derive the equations for low and high temperatures,
and plot the calculated annual rhythms. The resulting corridor includes the
predicted daily temperature range.

Location: \/;*\4/ryf4’L,

Low High TERA MPTE AMPL PRPC
Maximum:
Minimum: o (K Iy 7. - pey
The equations:
AMXT =
AMNT =

Plot the calculated annual rhythms and the monthly values given on
p. 23 in the grids below and on the next page. Note the larger span of the
grid on the next page.
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CHAPTER 14, WORKSHEET 2.lc
Predicted annual temperature rhythms, Yellowstone National Park

Using the data given on page 24 and the procedures described in the
previous WORKSHEETS, derive the equation for annual temperature rhythm in
Yellowstone National Park. Substitute the numbers in the blanks below the
formula.

ADTC = MPTE + {sin[(JDAY)(0.9863) + PREC] [TERA/2]}
ADTC = & 7 + {sin[(JDAY)(0.9863) + ~/0¥q []3,57/2]}

Plot the sine curve in the grid below.
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Another grid is given on the back of this page for your local data.
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CHAPTER 14, WORKSHEET 2.1d

Temperature patterns over the daily cycle

Idealized temperature patterns, with a high in the afternoon and a low
in the early morning, occur when air masses are stable and neither cold nor

warm fronts are moving through. The daily temperature curve may be
approximated with a sine wave, stressing again the idea that patterns are
being emphasized at this point. If the patterns can be evaluated in

relation to animal response through time, then deviations can be evaluated
also.

Use the procedures described in previous WORKSHEETS for determining
sine wave equations and plot your selected temperature patterns below and in
the grid on the next page.
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UNIT 2.2: SPATIAL TEMPERATURE PATTERNS

There are spatial patterns to the temperature distribution over the
earth's surface because of changes in angles of the sun's rays over the
earth's spherical surface (horizontal patterns), and because of the de-
creasing density of the atmosphere at increasing elevations above the
earth's surface (vertical patterns).

HORIZONTAL TEMPERATURE PATTERNS

The highest temperatures should theoretically occur in the equatorial
regions and the lowest temperatures in the polar regions because of the
spherical shape of the earth. This general pattern occurs, and the pattern
would be quite uniform if the earth had a homogenous and smooth surface.
Topographic features, especially altitude and surface water distribution,
alter local atmospheric temperatures, however. Large bodies of water
ameliorate the climate, raising average temperatures and reducing the range
of temperature variations because of the high heat capacity of water. Such
maritime climates usually result in high levels of primary productivity.
Continental climates, beyond the influence of major bodies of water, have
wide temperature fluctuations. The lack of large bodies of water along with
clearer skies allow more intense direct solar radiation to reach the earth's
surface and more infrared radiation to be dissipated into space, resulting
in cooler temperatures at the earth's surface.

The 40 locations in Canada with monthly lows and highs given on page
23 provide good examples of different temperatures as a result of geographic
location. Notice the differences in the amplitudes of the temperature
variations through the year and in the midpoint temperatures at locations in
the interior with a cold continental climate, and on the coast, with a
maritime climate.

VERTICAL TEMPERATURE PATTERNS

The vertical dimension of the atmosphere is an important meteorologi-
cal consideration. Under stable atmospheric conditions, temperatures de-
crease 6.5°C per 1000 meters. This is known as the normal lapse rate
(Trewartha 1968: 46). Thus high mountain slopes are cooler than the val-
leys; snowfields persist throughout the summer months at higher elevations.
A major factor determining the vertical temperature distributlion is the re—
duction in atmospheric density at greater distances from the earth's sur-
face. A thinner atmosphere has less of a blanketing effect, so even though
more solar energy is received as the thinner atmosphere at higher elevations
filters less out than the thicker atmosphere at lower elevations, infrared
dissipation is greater and the net energy absorbed is less. The result is
cooler temperatures.

Vertical temperature gradients occur on a small scale too. A warmed
soil on a bright sunny day heats the air next to it, resulting in a vertical
temperature gradient. The warmer air rises, of course, but this is not
instantaneous. As a result, a thermal boundary region, which may be defined
as the layer of air with temperature differences due to the influences of
the warmer surface, develops.
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Temperature profiles over flat bare soil, rough bare soil, snow, and
short grass at night are discussed by Oke (1970). A smooth bare soil that
has a high absorption coefficient for solar energy is warmed as the sun's
energy is absorbed and the air near the soil warmed. The temperature
profile patterns are expected to develop on a sunny day as shown below.

HGHT

— —

Increasing AITE >

Morning Noon Afternoon

Note how the air temperature near the soil surface increases as the soil is
warmed. The profile reverses as the soil is cooled.

Air temperatures profiles above a snow surface may show a minimum tem—
perature at an elevated point on the profile. This is due to the absorption
of the sun's energy at the snow surface, increasing the temperature of the
air near the snow, resulting in a minimum temperature above the snow surface
as shown below.

HGHT

4+~ BElevated minimum air temperature

Yo% 0% %% gnow

Increasing AITE >

Elevated minimum temperatures may also be observed above grass. The
vegetation functions as insulation, protecting the soil from heat loss at
night, resulting in the profile pattern shown below.

HGHT

'« Elevated minimum air temperature

! Grass
Increasing AITE -
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The reverse occurs when the sun shines on the vegetation and it shades
the soil from the solar energy. Then, the profile looks like this.

HGHT

Elevated maximum air temperature

Grass
Increasing AITE >

The generalized air temperature profiles discussed above provide
insights into the distribution of energy in relation to energy inputs and
the configuration of the habitat. The basic profile patterns can be
predicted, but actual profiles at a point in space and time cannot, of
course. The generalized profiles are given here to call attention to the
behavior of temperature profiles in different habitats, and as background
information for further discussions of temperature profiles through deer
hair in CHAPTER 16. Similarities in profile patterns over vegetation and
over hair will call attention to common functions, but on different scales,
which results in greater understanding of the distribution of energy and
matter.

LITERATURE CITED

Oke, T. R. 1970. The temperature profile near the ground on clear nights.
Quart. J. Royal Meteorol. Society 56(407):14-23.

Trewartha, G. T. 1968. An Introduction to Climate. McGraw—-Hill Book
Company, New York. 408 p.
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CHAPTER 14, WORKSHEET 2.2a

Comparison of annual temperature rhythms in dry continental
climates and warm coastal climates

Select two locations in Canada from the data given on page 23 which
represent extremes due to geographic location in the interior and on the
coast. Complete the blanks below, derive the equations, and plot the
calculated results in the grid below. Another set of blanks and a grid is
given on the next page.

Location:

Monthly Low High TERA MPTE AMPL PRPC
Maximum

Minimum

The equations:

AMXT

AMNT

Plot the calculated annual rhythms and the monthly values given on p.
21 in the grids below and on the next page. Note the larger span of the
grid on the next page.
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Location:

Monthly
Maximum

Minimum

The equations:

AMXT =

AMNT
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UNIT 2.3: BAROMETRIC PRESSURE

Air, the mixture of gases in the atmosphere, has weight, so pressure
is exerted on the earth's surface by this fluid mass. There is decreasing
atmospheric pressure with increasing altitude above sea level becausde the
height of the column of air at increased altitudes is obviously less. The
decrease must occur on the basis of atmospheric volume alone. The air 1is
also thinner at higher altitudes since air is a gas which expands and con-
tracts in relation to the volume to be occupied.

Another factor contributing to the pressure exerted by the atmosphere
is the temperature effect on the density of a gas. Warmer air is less dense
than cool air, resulting in rising warm air and reduced atmospheric pres-
sure. This results in small scale "thermals"” which provide 1lift to glider
pilots and soaring birds. Changes in barometric pressure over large areas
result in large-scale wind systems. Thus temperature, barometric pressure,
and wind patterns all interact to cause land weather conditions.

Barometric pressure 1s measured with barometers. One type of
barometer has a column of mercury which balances with the weight of the
atmosphere. Another type of barometer has a sealed elastic chamber which
contracts and expands as atmospheric pressure increases and decreases. This
is commonly called the aneroid barometer. It needs to be calibrated at re-
gular 1intervals with the mercury barometer. A third type of barometer is
the hypsometer, which functions on the basis of the relationship between the
beiling point of a liquid as a function of atmospheric pressure.

Recording barometers are called barographs. Aneroid barameters are
especially suited to recording as the contraction and expansion of the cham-
ber may be connected mechanically to a pen and chart system.

Errors associated with the use of barometers and descriptions of
different kinds of instruments and standardized readings taken are discussed
by Stringer (1972:66ff). The units bar and millibar are used in measuring
atmospheric pressure. The bar is defined as a force of 100 dynes per
square cm, and the millibar is 103 dynes per square cm. Atmospheric pres-
sure 1is about 1000 mb at sea level and drops vary rapidly with height
(Stringer 1972:65). At 10,000 feet it is about 700 mb, and at 1100 feet,
500 mb.

Changes in barometer pressure are indicators of changes in approaching
weather systems. A drop in barometric pressure, for example, indicates that
windy, stormy, and unsettled weither may be approaching. Relationships be-
tween barometric pressure and animal behavior are not well understood and
documented, although subjective evidence indicates that animals do respond
to atmospheric pressure changes and anticipate changes in weather. Perhaps
they have sensory capabilities that we humans either don't have or don't
use. The convenience of ready-made forecasts avallable at the flick of a
switch tends to relegate our more primitive instincts to disuse.
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TOPIC 3. WIND CHARACTERISTICS

Wind, or large-scale movements of the atmosphere, follows some de-
finite patterns due to solar energy and air temperature differences that af-
fect air densities and pressures. Warmer alr is less dense than cooler air,
so it rises and cooler air moves in to take its place, resulting in wind.
Thus, atmospheric motion, or wind, 1is large-scale convection generated by
differences 1in air densities. Wind has two attributes: direction and
magnitude. Wind, as atmospheric motion, is a form of momentum, and momentum
implies both direction and magnitude (Stringer 1972:20).

There are patterns to wind directions over the surface of the earth,
with the term prevailing winds applied to the most commonly observed general
direction each season. Wind velocities also vary with height; the
distribution of wind velocities in relation to height is called the vertical
wind profile.

Large—scale atmospheric movements are composed of small-scale
movements, or turbulence. This 1s due to friction between the air
molecules and the surface of the earth, retarding the flow near the surface.
When the earth's surface 1s covered with vegetation, friction is greater,
turbulence is greater, and the vertical changes in wind velocities may ex-
tend upward for many meters. These are important ecological considerations
as turbulence has both thermal and mechanical effects on plants and animals.

Turbulence is very difficult to measure because most instruments
designed to measure wind velocities respond most accurately when oriented in
one direction with the air movement. Since turbulent flow comes from all
directions, a single sensor does not respond accurately, nor 1is the readout
such that turbulent characteristics are displayed. Variations in wind
speeds that are so evident in reading hot-wire anemometers, which respond
very rapidly to fluctuations in air flow, result from turbulent flow, but
represent the effects in only one direction.

A fairly recent technique is now used to visualize and
photographically trace air flow patterns. The use of small (0.3 ecm
diameter), neutrally-boyant bubbles as flow tracers, a technique used in a
wind tunnel (Thermal Environment Simulation Tunnel) at the Wildlife Ecology
Laboratory at Cornell University (Moen 1974) and in the field by ventilation
engineers for determining air flow in livestock shelters (Carpenter et al.
1972), provides good visual impressions of air flow. Bubbles are much more
suitable for tracing air flow than smoke, used as an earlier technique,
because bubbles remain intact in turbulent flow, but smoke dissipates.

Air motion, or wind, obviously does not occur at random. Mathematical
representations of patterns, both large—-scale and small-scale, are discussed
in the UNITS that follow, with WORKSHEETS that provide practice when

evaluating the ecological effects of changes in time and space.

Chapter 14 - Page 33



il

LITERATURE CITED
Moen, A. A. 1974. Turbulence and the visualization of wind flow. Ecology
55(6):1420-1424.
Carpenter, G. A.; L. J. Moulsley, and J. M. Randall. 1972, Ventilation
investigations using a section of a livestock building and air flow

visualization by bubbles. J. Agric. Eng. Res. 17:323-331.

Stringer, E. T. 1972. Foundations of Climatology. W. H. Freeman and
Company, San Francisco. 586 p.

Chapter 14 - Page 34




UNIT 3.1: WIND DIRECTIONS

Wind direction seems like a rather simple idea because of our con-
ditioning to weather reports that include statements such as, "The wind is
blowing from the northwest at ..." Such statements are based on the average
in-line wind direction over a time span of several minutes or hours, the
simplest expression of wind direction. i

The wind experienced by an organism is composed of the overall average
direction of in-~line movement of the air mass, and of small scale multi-
directional flow, called turbulence. Turbulence is experienced on days when
the wind is gusty and erratic, with deviations from the average in-line
direction. The amount of turbulence is affected by land features, of
course; topographic variations and vegetation generate turbulence, increas-—
ing the amount of variability in both direction and velocity.

Turbulence is three~dimensional flow, with x, y, and z axes, as il-
lustrated below.

Three-dimensional flow

Three~dimensional flow may be visualized as irregular spheres of air
rotating as they move in one general in-line direction. Deviations from the
in-line direction is due to the rotation of the eddies. As the leading edge
of the eddy reaches point a, the direction as illustrated is mostly verti-
cal., As the eddy moves from left to right and is centered on the plane at
point b, directions are both right and left, with essentially no rotation at
the center of the eddy. When the vertical plane c is at the trailing edge of
the eddy, the air movement is in the downward direction., Overall, however,
the general in~line direction is from left to right.
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Turbulence may be described by its scale, which 1s a quantitative
measure of the size of the eddies that tend to move as a unit in relation to
the sizes of objects or organisms in the path of the flow. When the ed-
dies are very large or very small in relation to a part of or a whole plant
or animal, they have lesser thermal effects than if they are about the same
size as the part of or whole plant or animal. This is an 1mportant con-
sideration in calculating convection, although data on turbulence scale in
ecological analyses are practically non-existent, and applications of
turbulence scale to organisms are very complex due to the rough aerodynamic
geometry of organisms.

The turbulence scale here
is very large compared to
the animal.

The turbulence scale here
is very small compared to
the animal.

The concept of three-dimensional flow is easily understood because
each of us has experienced small-scale changes in direction on windy days,
but there are many challenging problems to solve by further research so
actual mechanisms are understood better.

Theoretical considerations of flow characteristics are more important
when studying very small organisms than large ruminants, but concepts should
still be recognized so overly-simplistic analyses of weather effects on

organisms are avoided. Introductions to velocity characteristics are given
next.

Chapter 14 - Page 36



REFERENCES, UNIT 3.1

WIND DIRECTIONS

SERIALS
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QJRMA 75-—- 335 350 application micrometo turb flow sutton,og 1949

TAAEA 10--3 376 377 cup anemometer, behav angl wind hetzler,re; willi 1967
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UNIT 3.2: WIND VELOCITIES

Wind velocities given in weather reports are generally measured at
some standard height above the ground. Such reported velocities represent
just one point on a vertical profile, and do not represent the conditions
animals are exposed to on the range. Average in-line velocities at dif-
ferent heights in different habitats should be considered, and deviations
from the averages indicate the effects of multi-directional flow, or turbul-
ence, at different heights.

VERTICAL PROFILES

The vertical profile develops because of friction, and the steepness
of the profile is dependent on the amount of friction due to the roughness
of the earth's surface. General profiles look like this:

Smooth surface Rough surface

HGHT

Little Much
drag drag

Increasing WIVE Increasing WIVE
Wind velocities (WIVE) over smooth surfaces or short vegetation can be
determined for any desired height with the following formula from Sellers
(1965):
WIVE = (u*/k)1n(z/zg)

where WIVE = wind velocity (cm per second) at height z (cm)

u* = friction velocity
k = von Karman constant = 0.4
z, = roughness length.

The symbol u* represents the friction velocity, which is a
characteristic velocity that is dependent on the shear stress of turbulent
air as 1t moves through and over the rough surface. It can be calculated
from measured physical characteristics of the air, or determined empirically
for a given situation with a known reference velocity and height. The lat-
ter approach is used here; the formula for calculating u* is, from Sellers
(1965):

u* = u kﬁfln(z/zo)]

where u = wind velocity at z = 200 cm, or 2 m
= von Karman constant = 0.4
natural log.

=
|

1n
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The roughness of the earth's surface at a particular point is de-
pendent on both the physical surface and the vegetative cover. Roughness is
represented in the general formula used for calculating wind profiles by the
symbol z, which represents the roughness length, defined as the height
above the surface at which wind speed falls to zero. It is equal to about
one-tenth of the height of the vegetation (Sellers 1965;140). Representa-
tive values (in cm) of z, given by three authors for different types of
surfaces are given below.

Type of surface Z, Reference
Very smooth (mud flats, ice) 0.001 Sutton 1953
Lawn grass to 1 cm tall 0.1
Downland, thin grass to 10 cm tall 0.7
Thick grass to 10 cm tall 2.3
Thin grass to 50 cm tall 5.0
Thick grass to 50 cm tall 9.0
Sand 0.01-0.1 Gates 1962
Snow surface 0.1-0.6
Short grass 0.6-4.0
Long grass 4.0-10.0
Grass 5-6 cm tall 0.75 Sellers 1965
Grass 4 cm tall 0.14
Grass 2-3 cm tall 0.32
Smooth desert 0.03
Dry lake bed 0.003
Smooth mud flats 0.001
Wheat 60 cm tall 22.0-23.3
Corn 220 cm tall 74.2-84.5
Fir forest 555 cm tall 283

The vertical distribution of wvelocities over tall vegetation may show
a double profile, with two sources of friction between air and substrate:
the vegetation and the ground surface. The shape of the profile is de-
pendent on the height and density characteristics of the vegetation. The
profile below shows general increases in relation to height both within and
above the vegetation.
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Increasing WIVE -

Animals are exposed to a range of velocities within the velocity
profile from the ground surface, where the velocity is 0, to the velocity at
the highest point of the its body. The profile may continue vertically
beyond the animal until a rather stable velocity is reached outside of the
influence of the topography and vegetation.

MULTIDIRECTIONAL FLOW; VELOCITY DISTRIBUTIONS

Air flow near the ground is wusually turbulent, with velocity
fluctuations 1n all directions due to local obstructions. This three-
dimensional flow is not represented by a general formula for mean velocity.
The fluctuating velocity can be decomposed into three components: 1n-line
with the mean velocity vector, a cross—component perpendicular to the
ground, and a cross—component parallel to the ground but normal to the in-
line vector. These fluctations are hidden in the time-average velocity ex-—
pressed with the general formula for wind profiles (Moen 1974; 1420).

Spherical movements of alr masses must result 1in differences 1in
velocities because of rotational physics. Turbulence intensity 1s an ex-
pression of the turbulent velocity component of the mean velocity over a
period of time. If the flow were completely random, the turbulence intens-
ity would be 100% and no directional flow could be detected. When all three
(x, y, and z) turbulence components are equal in intensity, the turbulence
is said to be isotropic. Turbulence intensity is dependent on the geometry
of the vegetation. Outdoors, turbulence may vary from 57 over a relatively
smooth open field to 50% in dense woods.
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Numerical descriptions of turbulence intensity remain abstractions un-
til related directly to some object. This is difficult in the field because
of the complexity of turbulent flow and the need for sensitive and delicate
instrumentation. The visualization of air flow is a useful intermediate
step that helps one gain a qualitative feeling for the dimensions involved.
The fact that dynamic three-dimensional characteristics of wind are not
often considered in ecological analyses can be attributed, in part, to the
difficulty in visualizing the flow of transparent air masses.

The drawing below is based on a black and white photograph of air flow
past a model bedded deer in the Thermal Environment Simulation Tunnel
(Stevens and Moen 1970). Note the turbulent flow that develops 1in the
leeward side of the model.

The visualization of air flow on a reduced scale in a wind tunnel is
useful for evaluating flow past barriers, plants, and animals. Free-ranging
animals are not exposed to a single wind velocity, but to a range of
velocities in all three directions that is a function of topographic and
vegetation characteristics. The movement of air on the lee side of the can-
opy has some interesting characteristics. One, it is highly turbulent. The
alr is moving in three dimensions, including reverse flow illustrated by the
trace of bubbles posterior to the deer. Two, there is a general downward
trend in the flow of air behind the trees. The deer is located at a point
where the wind direction is primarily vertical rather than horizontal.
Three, the velocity and direction changes abruptly as the air approaches the

surface, and the general profile begins to develop. The drawing below is
based on photography of air flow past a model windbreak in the Thermal
Enviromnent Simulation Tunnel. WNote the recirculation pattern behind the

windbreak in the vicinity of the deer.
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Visualization of air flow is also useful in designing windbreaks, both
artificial and natural, for field use. Observed circulation patterns
provide significant insight into the importance of barrier height, porosity,
and placement, allowing one to predict the most effective spacing of
windbreaks before installing them in the field (Moen 1974). If wind affects
the choice of bedding sites by wild ruminants, then knowledge of air flow
through wind breaks and plant barriers should help understand these choices.
The wind profile that develops over different surfaces plays an important
part 1n the formation of wind-packed snow. Wind flow over a snow surface
has a sharp profile with high velocities very near the snow surface. The
inertia of drifting snow results in a more densely packed snow layer.

Snow deposition patterns behind a windbreak often show a rounded over-
hang on the terminal portion of a snowdrift (Moen 1973:70-71) due to the re-
circulation tendency of the moving air behind the windbreak. This 1s caused
by pressure differences on the windward and leeward sides of the windbreak.
Decreased pressure on the lee side results in the tendency of the air to re-
circulate as indicated in the drawing below.

—
>

Another characteristic of snow deposited in a drift is 1ts density.
The snow does not "fall" behind the windbreak, but is driven into the drift,
resulting in denser snow (Swank and Booth 1970). This is shown behind model
windbreaks described in Moen (1973:70-71), and 1llustrated in the line draw-
ing above.

The validity of velocity data from cup anemometers located in the re-
gion of downward flow is questionable because cup anemometers generally do
not respond at angles greater than 70 (Hetzler et al. 1967). Since cup an-
emometers respond primarily to wind flow on a horizontal plane, a cup an-
emometer placed just posterior to the deer at about the height of its tail
would record zero velocity, but the deer would be experiencing the vertical
alr flow. Snowflakes would follow the flow, and the resulting drift forma-
tion would be quite unlike snow accumulation in zero wind. The importance
of using instruments that measure the functional relationships between an-
imal and environment must be recognized if meaningful interpretations are to
be made.

Staple and Lehane (1955), present velocities behind a shelter belt as
a percent of exposed velocity; anemometers located a distance equal to 2.5
times the height of the shelter belt recorded 40% of the exposed velocity,
and at distances of 5-15 times the height, velocities ranged from 35 to 73%
of the exposed velocity. All of these anemometers were located in regions
where one would expect a noticeable downward component of the wind to which
the instruments would not respond. This is of interest when determining en-
ergy balances of animals, however, because animals respond thermally to all
angles of attack by the wind, and forced convection-—a significant source of
heat loss in the winter (Moen 1968)--will occur on the animal's surface.
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Visualizations of turbulent air flow using bubble tracers provide
insight into the dynamic motion involved, and the effect of this motion must
ultimately be related to heat transfer, not only from the whole animal, but
also from its component parts, including appendages and the fine structure
of the pelage, if thermal exchange is to be fully understood. All of these
conceptual considerations are lmportant, but we are not yet ready to apply
them to real field situations. The calculations in CHAPTER 15 give one an
opportunity to make the simplest of calculations.
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REFERENCES, UNIT 3.2

WIND VELOCITIES

SERIALS
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GPNOA 11... 1 69 eddy condition air, smoo snow f sverdrup,hu 1936
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CHAPTER 14, WORKSHEET 3.2a
Vertical wind profiles

Vertical wind profiles of mean velocity may be calculated by cycling
through the formula for WIVE at succesive height intervals. The formula,
with the symbols defined in UNIT 3.2, is:

WIVE = (u*/k)ln(z/zo)

The friction velocity must be calculated before the formula can be
employed. Select a 2z, to represent the habitat you are calculating the
profile for, and determine u* with the formula u* = uk/[1n(z/z,)] as
explained in UNIT 3.2. Then, selecting reference velocities of 100, 200,
300, 400, and 500 cm/sec, calculate and plot the wind velocities at 20 cm
intervals from 1 to 200 cm height (HGTC). Two more grids are available on
the next page.
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CHAPTER 14, WORKSHEET 3.2b
Wind velocities past bedded and standing animals

Vertical wind profiles were calculated in WORKSHEET 3.2a. Using the
formula given in WORKSHEET 3.2a and selecting z, to represent the habitat
in which you are interested in evaluating wind velocities past bedded and
standing animals, calculate and plot wind velocity profiles for differrent
reference velocities. Then, go back to CHAPTER 1, UNIT 2.2 and calculate
vertical geometric profiles for the species of your choice. Sketch the
animal on the grid below and determine the wind velocities past different
parts of the animal. Wind velocities may be visually estimated (be sure to
draw the animal to scale) or calculated mathematically in relation to the

heights of different body parts. Two additional grids may be found on the
next page.
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UNIT 3.3: TEMPORAL PATTERNS OF WIND VELOCITY

A general pattern of 1little or no wind at sunrise, increasing
velocities in the morning and early afternoon, maximum velocities by mid to
late afternoon, and then decreasing velocities into the evening with little
or no wind shortly after sunset is typical of stable, high pressure weather
systems with clear or only partly cloudy skies. The pattern looks 1like
this.

WIVE

HOUR = O 0600 1200 1800 2400

Some weather systems result in rather constant velocities through the
day, with gusts ocurring at frequencies and with magnitudes characteristic
of atmospheric turbulence characteristics. The pattern is varible due to
the transient conditlons, but may look like this.

WIVE

HOUR = O 0600 1200 1800 2400

The use of such idealized patterns through the 24-hour daily cycle,
combined with other daily patterns of solar energy, temperature, activities,
and others, permits one to calculate changes in the energy balance through
time on an idealized day. If that can be done, then the effects of measured
transient changes on animals in different habitats can also be calculated.

Average wind velocities over weeks or months may result in an annual

patterns, depending on location, topography, water, and other factors. If
data are available they may be evaluated in WORKSHEET 3.3a.
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TEMPORAL PATTERNS OF WIND VELOCITY
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Chapter 14 - Page 48



CHAPTER 14, WORKSHEET 3.3a
Temporal patterns of wind velocity

The sketches 1in this UNIT are based on actual measurements with a
recording anemometer at Cornell's Arnot Forest Teaching and Research Center.
Evaluate the patterns and derive equations, where possible, for the
different kinds of patterns in relation to atmospheric conditions. How
might frequency distributions be used when evaluating maximum and minimum
wind velocities each day over an extended period of time?

Compile average wind velocities by month, if available. Is there a
pattern that may be expressed as an equation?

Daily average
wind velocity:

Daily average
wind velocity:

Daily average
wind velocity:
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TOPIC 4: ATMOSPHERIC HUMIDITY

Water vapor is a very important component of the atmosphere because it
is part of small scale daily rhythms in condensation and evaporation, and
large scale atmospheric events in the hydrologic cycle. Daily rhythms in
condensation and evaporation result in dew formation and dissipation. These
phase changes of water are significant when considering thermal
characteristics of the atmosphere since large quantities of heat energy--575
to 595 calories--are absorbed when a gram of water is vaporized at the
atmospheric temperatures observed at the earth's surface. This heat energy
is called the heat of vaporization, and is absorbed in vaporization and re-
leased upon condensation. Heat energy-—-about 80 calories per gram—-is re-
leased when water freezes too: this is called the heat of fusion. The melt-
ing of ice and snow requires the absorption of heat ené;éy equal to the heat
of fusion.

Radiant energy discussed in UNITS 1.1 and 1.2 has a marked effect on
the distribution of dew and frost. Patterns of frost accumulation at night
may be observed from the base of a tree outward as illustrated below,
indicating the role of 1nfrared energy from the tree in preventing
condensation and crystallization. Watch for this pattern the next time you
are out the morning after a frost. The distribution of frost is related to
the distribution of infrared energy, described in Moen (1968).

I3
s

{~ = - Increasing distance from tree - - ->

The energy-absorbing and energy-releasing processes of vaporization,
condensation, fuslon, and melting obviously have important roles in the
lives of plants and animals exposed to the atmosphere. Some plants have
life cycles that are directly dependent on moisture characteristics of the
atmosphere. Mosses and fungi, for example, depend on thin films of water
for parts of their reproductive strategies. Some depend on atmospheric
water vapor characteristics for their structural characteristics. Lichens,
for example, are dehydrated and stiff in a dry atmosphere, and rather soft
and pliable in a moist atmosphere. When dry, they are not readily eaten by
reindeer and caribou. When moist, they may be a major component of the
diet.

Terms expressing atmospheric moisture characteristics are discussed in
UNIT 4.1, followed by some humidity calculations in UNITS 4.2 and 4.3 that
may be useful in later analyses of energy balances.
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UNIT 4.1. TERMS EXPRESSING HUMIDITY

Some fairly standardized meteorological terms are used to express
humidity relationships, and are defined in general meteorology texts (see
Taylor 1954, for example). These are expressed as four—letter symbols and
defined below.

Specific humidity. Specific humidity (SPHU) is the ratio of the mass
of water vapor Iin a sample of air (MAWV) to the total mass of air (TMAI),
including both water vapor and air in the sample. In symbol form:

SPHU = MAWV/(MAWV + TMAI)

It is expressed in units of mass such as grams (actually a fraction of one
gram) of vapor per gram of moist air. Note that specific humidity is a
ratio of mass.

Mixing ratio. This term is used for the ratio of mass of water vapor
per unit mass of dry air. It is different from specific humidity only in
the denominator; specific humidity includes the total mass of air, including
the water vapor, and mixing ratio only the dry air. Numerically, the ratios
are almost always within 17 or so because the actual mass of water vapor
involved is a very small part of the total air mass; the denominators are
very close numerically.

Absolute humidity. Absolute humidity (ABHU) is the ratio of the mass
of water vapor to the total volume of moist air (TVMA) in which it is con-
tained. In symbol form:

ABHU = MAWV/TVMA

It is a ratio of mass to volume; units used are grams of water vapor per
cubic meter of moist air.

Relative humidity. Relative humidity (REHU) is a ratio expressing the
observed or actual vapor pressure of the air (AVPA) compared to the
saturation vapor pressure (SAVP) of the air at that temperature:

REHU = AVPA/SAVP
It is a dimensionless ratio, usually expressed as a percent, that can

be interpreted only when air temperature is given because saturation vapor
pressure is a function of air temperature.

LITERATURE CITED
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364 p.
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UNIT 4.2: THE CONCEPT OF SATURATION

Saturation suggests a fullness, a state in which something can hold no
more; 1ts space 1s occupiled. Applying this concept to the atmosphere,
saturation occurs when a gaseous component of the atmosphere is in equilibr-
ium with a source of the gas, and molecules are exchanged equally between
the source and the atmosphere. When the atmosphere is not in equilibrium
with the source, molecules enter the atmosphere faster than they leave it.
There must be a deficit for that to occur. These two ideas—-saturation and
deficit-—-are discussed below.

Water molecules continually escape from liquid water surfaces and en-
ter the atmosphere, and water molecules from the atmosphere are continually
absorbed by 1iquid water surfaces. The water vapor component of the
atmosphere has weight and therefore exerts pressure on the earth's surface,
just as the other gases in the atmosphere do. The water component of
atmospheric pressure is called vapor pressure. When the molecular movement
of water vapor 1s equal in both directions between the atmosphere-liquid
interface, the atmosphere is saturated. Saturation vapor pressure is an ex-
pression of the vapor pressure component of such air. The vapor pressure
may be expressed in mm of Hg, as in Moen (1973:102) or in mb, as in
Rosenberg (1974:131).

Gates (1962) has an abbreviated table of vapor pressure values, shown
below.

Vapor Pressure Values (mb)

T
0°C 10°C 20°C 30°C 40°C 50°C
R.H.
100% 6.1 12.3 23.4 42.4 73.8 123.4
502 3.1 6.2 11.7 21.2 36.9 61.7

Note that the vapor pressure at 507 relative humidity 1s one~half that
at 100%, except for rounding errors. The vapor pressure increases as tem-
perature increases but the per cent relative humidity remains constant. The
amount of evaporation that will occur depends on, among other things, the
amount of additional vapor that the atmosphere can hold. This is often ex-
pressed as a vapor pressure deficit, and is simply the difference between
the saturated vapor pressure and the actual vapor pressure at a given tem-—
perature.

Saturation vapor pressures (SAVP) increase with increasing air tem-
peratures, and the relationship 1s exponential. In simple terms, warm air
can hold more moisture than cool air. The logarithmic equation for de-
termining saturation vapor pressure from air temperature calculated by Moen
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(1973:102) based on data 1in the Handbook of Chemistry and Physics (Weast
1967) is, in mm Hg:

loge SAVP = (1.580 + 0.062 AITC)
which can be rewritten as:

SAVP = e(1.580 + 0.062 AITC)

where SAVP = saturation vapor pressure, and
AITC air temperature in Celsius.

Il

This equation predicts the values tabulated in the Handbook of Chemistry and
Physics with acceptable accuracy for ecological purposes; deviations range
from 0.8% to 6.0%.

The vapor pressure deficit is the difference between the saturation
vapor pressure SAVP, and the water vapor pressure of the air at a particular
temperature. Since the ratio of actual vapor pressure to saturation pres—
sure 1s the familiar term relative humidity, the saturation vapor pressure
(SAVP) equation can be combined with the relative humidity ratio and the
vapor pressure deficit, VPDE, determined. The formula is:

VPDE = SAVP [(100 - PTRH)/100]

where PTRH = percent relative humidity. The equation, from Moen (1973: 102)
is:

VPDE = e(1.580 + 0.062 AITC)[(loo - PTRH)/100]
Note that the first part of this equation is the saturation vapor pressure,
and the second part, within the square brackets, the difference between 100
and observed percent relative humidity, which is converted to a decimal
fraction by dividing by 100.

VPDE is expressed in mm of Hg, just as SAVP is. Complete the
calculations for the two variables in this equation, AITC and PTRH, on the
WORKSHEETS that follow.
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CHAPTER 14, WORKSHEET 4.2a
Saturation vapor pressure
A formula was given in UNIT 4.2 for saturation vapor pressure (SAVP).
Air temperature in Celsius (AITC) is the independent variable. Use the

formula below to calculate the saturation vapor pressure in mm of mercury
(MMHG) for temperatures from O to 40°C and plot the curve.

e(1.580 + 0.062 AITC)

SAVP =
60
T 1 T
I 1
- F i
r —1r -+
50 T1 1
1l 1 1
40 + + +
T1 I
SAVP 1 i
T -
in 1 4 1
MMHG 30 11 T
4+ + +
i 1; I
20 T 7 T
T %r T
TT T
10 i T
+ 4 4
0 1 1
AITC = 0 5 010 ~ 015 025 ~ 030 035 040
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CHAPTER 14, WORKSHEET 4.2b

Vapor pressure deficits

Saturation vapor pressures, SAVP, were calculated in WORKSHEET 4.2a.
Vapor pressure deficits are calculated by multiplying SAVP by relative
humidity expressed as a decimal fraction and subtracting the product from
SAVP. The equation 1s:

VPDE = e(1.580 + 0.062 AITC)[(]_OO - PTRH)/100]

Complete the calculations of VPDE for a family of curves for REHU =
10-90% and plot them below.
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UNIT 4.3: TEMPORAL PATTERNS OF ATMOSPHERIC HUMIDITY

There are daily and seasonal patterns to the amounts of water vapor in
the atmosphere. The warmer alr characteristic of mid-afternoon has the
potential for holding more water vapor than the cooler morning, evening, and
night-time air. Warmer summer atmospheres have the potential for holding
more water vapor than cooler winter atmospheres.

An interesting and sometimes overlooked relationship exists between
the temporal patterns of relative humidity, vapor pressures, and vapor pres-—
sure deficits through daily and seasonal cycles. The atmosphere at the
earth's surface is at or near saturation at night when skies are clear.
Then, there 1is a large amount of radiational cooling, and dew forms as
atmospheric water vapor condenses on cool vegetation surfaces. The relative
humidity is at or near 100%. After the sun rises the atmospheric tem-
perature tends to rise, dew evaporates, and relative humidity goes down.
However, the vapor pressure may actually increase because the warmer air can
hold more water vapor than the cooler air. Further, the vapor pressure de-
ficit will actually increase, too, if there 1s not enough moisture available
for atmospheric absorption. Thus the pattern of relative humidity, being it
is so temperature dependent, is not a good indicator of atmospheric mois-
ture, and expressions of relative humidity without air temperatures are of
little use for ecological purposes.

Results of air temperature and relative humidity measurements are
shown below for two combinations of air temperature and relative humidity.
Note that relative humidity dropped to minimum when air temperature reached
maximum on a warm sunny afternoon (solid line), and that relative humidity
remained at 100% on a day when air temperature changed very little (dashed
line).

30 7 100

AITE REHU

0000 0400 0800 1200 1600 2000 2400
TIME
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CHAPTER 14, WORKSHEET 4.3a

Temporal patterns of air temperature, relative humidity,
and vapor pressure deficit

The tracings of air temperatures and relative humidities given in UNIT
4.3 may be used to determine hourly vapor pressure deficits for these days.
Read the grids, calculate VPDE using the formula below from UNIT 4.2, and
plot the results.

VPDE = e(1.580 + 0.062 AITC)[(100 -~ PTRH)/100]
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TOPIC 5. PRECIPITATION

Rain and snow are the two forms of precipitation that contribute most
to the total precipitation received in the northern regions. While the
total amount of precipitation is important, the timing of rainfall and
snowfall also has a very direct bearing on primary productivity; late-winter
snowfalls that provide soil moisture for germination and adequate rainfall
during the first half of the growing season result in higher 1levels of
primary productivity than in areas where soil moisture i1s inadequate during
the first half but plentiful during the second half of the growing season.

The amount of precipitation measured meteorologically is not the same
as the effective precipitation ecologically. There are pathways for the
dissipation of precipitation that are dependent on the characteristics of
the precipitation itself, such as raindrop size, inertia, and the duration
of the rainfall period, and on the precipitation history, such as previous
rainfall and soill mosture conditions. Heavy rainfall over a short period of
time, for example, results in a larger amount of run—-off than when the same
amount of rain falls over a long period of time. TIf the soil is saturated,
run-off results from even small amounts of precipitation, and floods may
occur. Anyone who has lived near a stream is aware of these precipitation
intensity and duration effects. Many of these factors are included in a
flow sheet in Moen (1973:64).

Solar radiation plays an important role in snowpack characteristics.
The rate of snow melt is of primary importance. Snow often melts sooner
from areas with favorable solar exposures, such as south-facing slopes and
non-forested areas. Solar radiation also conditions the surface of the
snowpack for the formation of a nocturnal crust when the snow is exposed to
the clear night sky and cools below the freezing point.

The forest canopy with its load of intercepted snow causes changes in
the amounts of infrared energy emitted by the canopy. The geometry of a
canopy may be very complex, but extensive field measurements in both
Minnesota and New York indicate that the amount of radiant energy flux in
different habitats under clear skies at night can be predicted with
considerable precision, if the atmospheric temperature is known, using
equations given in CHAPTER 15. This method was used by Swinbank (1963) also
(See Moen and Evans).

Two of the important precipitation characteristics for ecological
purposes are considered in this wunit: precipitation intensity and the
duration of precipitation, both fall and retention, in the soil. It is
useful to convert rates to absolute quantities, providing information on the
amounts of precipitation physically present to be dissipated, allowing one
to develop an accounting procedure while tracing the pathways of
precipitation through the hydrologic cycle from the atmosphere to the earth
and back to the atmosphere.
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UNIT 5.1: PHYSICAL CHARACTERISTICS

Precipitation elements can be conveniently divided into three basic
classes: liquid, freezing, and frozen (Taylor 1954: 159). Rain and snow are
the most commonly occurring forms, and these may be further divided into
several different types.

Rain and drizzle are liquid forms of precipitation that drop to the
ground. Drizzle drops are 0.05 to 0.5 millimeters in diameter and raindrops
0.20 to 7.0 millimeters in diameter (Taylor 1954: 159). Drizzle and rain
drops may be supercooled and freeze when striking cold objects and the
ground. This 1is called freezing rain or freezing drizzle, and results in
the accumulation of 1ce on objects such as trees and wires. Hard pellets of
1ce about the size of raindrops are called sleet. The pellets form when
water droplets freeze as they strlke 1ce particles in the atmosphere, and

then fall, possibly enlarging as they do.

Ice particles which strike supercooled water particles and enlarge as
the freezing water accumulates become hailstones. Hailstones may also
alternately fall and rise due to a high level of turbulence in the
atmosphere, becoming larger as more ice accumulates, sometimes reaching dia-
meters of 10 cm or more.

Atmospheric moisture which crystallizes results in snowflakes. Flakes
are composed of a wide variety of hexagonal crystals. If the crystals com-
bine with additional accumulation of ice crystals, snow pellets, spheres up
to 2 mm in diameter, form.

Snow is a dynamic mass that undergoes distinct changes with time. The
size distribution of the flakes is a function of atmospheric conditions at
the time of flake formation, and affects the density and water content of
the new~fallen snow. Accumulated snow ages due to its own mass which re-
sults in settling, and to the combining of crystals which results in larger
granules.

Some physical properties of snow of importance in wildlife habitat
discussed by Moen and Evans (1971) are evaluated further here.

Structure of the Snowpack. New-fallen snow generally has a low de-
nsity (0.05-0.10 g cm™>) due to the dendritic structure of the crystals.
Atmospheric temperature and wind are the two primary factors that alter the
density of new-fallen snow. Snow density increases an average of 0.0065 g
cm™3 for each 1°C increase in surface air temperature at the time of de-
position. Reported density of new-fallen snow varies from 0.06 for calm
conditions to 0.34 for snow deposited during gale winds. The developed
snowpack shows distinct layers characteristic of 1individual snowstorm de-
posits and weathering effects (U.S. Army 1956 and Nakaya 1954).
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Snow density increases to 0.2-0.4 g em™3 as the age of the snow-
pack increases. As each new layer of snow is deposited, its upper surface
is subjected to weathering effects of radiation, rain, and wind, and inter-
ior action of percolating water and diffusing water vapor. The original de-
licate crystals become coarse grains. These changes affect the thermal
properties of the snowpack; the table below gives the values of some of
these properties,

Thermal properties of the snowpack in relation to snow density

Density Specific heat Conductivity
cal em~2c~1
g cm™3 cal em3c! em~lsec!
1.000(water) 1.0000 0.00130
0.900(ice) 0.4500 0.00535
0.500 0.2500 0.00205
0.350 0.1755 0.00087
0.250 0.1250 0.00042
0.050 0.0250 0.00002

Nocturnal Snow Crust. The snowpack surface layer cools below 0°C dur-
ing clear cold nights due to outgoing longwave radiation. Crust formation
occurs and is especially pronounced when melting has occurred during the
day. The combined effect of air and heat diffusion causes cooling to a depth
of approximately 25 cm each clear cold night. There is also a change in the
crystalline structure of the surface layer due to this alternate freezing
and thawing efect (U.S. Army 1956).

Emissivity and Reflectivity of Snow. The snow surface is composed of
small grains of ice, making it extremely rough. The rough snow surface is
almost a perfect black body for the absorption and emission of longwave
radiation. Since the temperature of snow is limited to a maximum of 0°C,
the maximum amount of radiation that may be emitted from the snow surface is
27.45 langleys per hour (a langley is one calorie per square cm per hour) or
274.48 kcal per square meter per hour, calculated from the equation below.

QREE =( IREM) (SBCO) (ABTE%)

where QREE Infrared radiation flux in kcal per square meter per hour,
IREM = Infrared emissivity (Maximum of 1.0),
SBCO = 4.93 x 1078 kcal per square meter per hour, and

ABTE = 273.16 + Celsius temperature

]

Snow is a good reflector of radiant energy in the visible portion of
the electromagnetic spectrum. The reflectivity (albedo) is dependent upon
the age of the snow surface. During the accumulation season, the albedo may
decrease from 80% to 60% in 15 days, and during the melt season the albedo
may decrease from 80% to 45% in the same time period (U.S. Army 1956).

Chapter 14 - Page 62



Conductivity. Factors affecting the thermal conductivity of snow are:
(1) the structural and crystalline character of the snmowpack, (2) the degree
of compaction, (3) the extent of ice planes, (4) the wetness, and (5) the
temperature of the snow. Experimental work shows that the thermal
properties of snow (specific heat, conductivity, and diffusivity) can be
predicted from snow density measurements (see the Table on page 58).

Heat transfer in a natural snowpack 1s complicated by the simultaneous
occurrence of many different heat exchange processes. The water vapor con-
denses and ylelds 1ts heat of vaporization (0.600 kcal g'l) upon re-—
aching a cold surface. Rain or melt water freezes within the sub-freezing
layers and adds the heat of fusion (0.08 kcal per gram). These two proces—
ses tend to change and influence the conductivity and diffusivity of the
snow throughout the pack and influence the heat transfer rates (U.S. Army
1956).

Temperature gradients in the snowpack are more pronounced in the
winter than in the spring. When the snowpack reaches an isothermal
condition at 0°C, the heat energy is dissipated in melting the snow. The
cooling effect of nocturnal radiation is an effective factor in determining
the temperature gradients that develop within the top 5 to 40 cm of the
snowpack.
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UNIT 5.2: RAINFALL AND SNOWFALL INTENSITIES AND ACCUMULATION

Precipitation intensity is the amount of precipitation over a stated
time period. Suppose one wishes to express the amount of rainfall, in cm,
over one—hour time periods. The precipitation in cm per hour (PCMH) may be
used to calculate the total amount of precipitation in cubic meter per
hectare in one hour formula:

TPMH = PCMH/(1 x 106)

where TPMH = total precipitation in cubic meters per hectare, and
PCMH precipitation in cm pev hour and
1 x 106 the number of square meters in a hectare.

Total precipitation on a given land area over a specified time may be
determined by multiplying PCMH from the previous UNIT by the duration of
precipitation 1in hours (DUPH). The formula for calculating the total
precipitation, in cubic meters per hectare, that reaches the soil surface
during a given rainfall event is:

TPMH = [(PCMH)(DUPH)]/1 x 106

The mass of precipitation may be calculated by multiplying the volume
by the density per unit volume. In metric units, one cubic centimeter of
water weighs one gram, so 1000 cc weighs 1 kg, and a cubic meter weighs 1000
kg. WORKSHEET calculations illustrate that the mass of water that falls on
a hectare even in an hour of light rain is very large indeed!

Rainfall through the year often results in patterns; some months are
usually drier than others. The precipitation pattern over the annual cycle
may be somewhat symmetrical, suitable for expression as a numerical as a
function of time, or it may be variable. Since local precipitation patterns
are much less predictable than other weather patterns, such as solar
radiation and air temperature, a general formula cannot be given here.

The interception of falling rain and snow is an important factor when
predicting accumulation on the ground. The amount of interception varies
greatly depending on the type and density of the vegetation cover, and the
magnitude, intensity, and frequency of storms. High winds reduce the amount
intercepted, and intense solar radiation reduces the amount of snow trapped
in the canopy. A moderately dense coniferous forest in an area with annual
precipitation of 30-50 inches (76-127 cm) may intercept 15-30% of the total
winter precipitation. A formula was developed for estimating the amount of
interception in a northwestern (United States) coniferous tree stand as
follows (U.S. Army 1956):

Percent interception = 0.36 x canopy cover (Z%).
LITERATURE CITED
United States Army. 1956. Snow Hydrology. N. Pacific Div., Corps of

Engr., U.S. Army, Portland, OR. 437 p.
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CHAPTER 14, WORKSHEET 5.2a
The mass of water falling as precipitation
Rainfall is so often measured in inches or centimeters that we seldom
think of the mass of water falling during a rainy period. Using the metric
system, calculate the mass of rain falling over 1 hectare given different

rates of fall in cm per hour.

Rate (cm/hr) Mass (kg/ha)

Convert these to inches per hour and 1bs per acre. One inch = 2.54
cm, one pound = 0.4536 kg, and one acre = 2.47 hectares.

Rate (inches/hr) Mass (pounds/acre)
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CHAPTER 14, WORKSHEET 5.2b
Cumulative precipitation

Precipitation records are often given as "cumulative amount for the
year." Check local weather records and record the cumulative precipitation
for the 12 months in the blanks below. Then, list the monthly totals. If
there is a pattern, derive an equation. If not, divide the months into 52
7-day periods of JDAY's. Either the equation or the 7-day periods will be
used in compiling weather profiles in CHAPTER 17. Another table is found on
the next page.

Cumulative
totals:

Monthly totals:

Equation?

7-Day expected totals:

1 92 183 276 365
8 99 190 281
15 106 197 o 288
22 113 204 295
29 120 211 302
36 127 218 309
43 134 225 316
50 141 232 __‘ 323
57 148 239 330
64 155 246 337
AN 162 253 344
78 169 260 351
85 176 267 358
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Cumulative
totals:

Monthly totals:

Equation?

7-Day expected

1

8

15

22

29

36

43

50

57

64

71

78

85

totals:

92 183 274 365

99 190 281
106 197 288
113 206 295
120 211 302
127 218 309
134 225 316
141 232 323
148 239 330
155 246 337
162 253 346
169 260 350
176 267 358
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CHAPTER 14 — WORKSHEET 5.2c
Snow depths in different cover types
Snow interception, wind effects, and radiant energy distribution

affect snow depths in different cover types. Measure depths at 10 or more

locations in different cover types and evaluate the results. Statistical
tests of differences between means are appropriate for such data.
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CHAPTER 14, WORKSHEET 5.2d
Snow drift characteristics

Snow drift geometries depend on wind and habitat characteristics.
Measure the depths and densities of snow drifts in a systematic way as
illustrated below. DPTC = depth in cm and DGCC = density in grams per cubic
centimeter.

4 5 6 7 8 9 10
Distance
- —
DPIC | B
- —
- -
. —
__1 -
1 2 3 T 5 6 7 8 9 10
Distance
0.9 0.9
0.8] [ 0.8
0.7 0.7
0.6 | [ 0.6
0.5 | [ 0.5
DGCC | | 0.4
0.3 0.3
0.2 ] (0.2
0.1 (0.1
0 0
1 2 3 55 6 7 8 9 10
Distance
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UNIT 5.3: RAINFALL DISPERSION

The rates at which rainfall runs off the soil surface, is absorbed by
the soil, and percolates away are used to determine the amounts present in
the soil at the ends of specified time periods.

The amount of water that enters the soil is equal to the amount of
rainfall minus the runoff. Runoff may be determined by subtracting the
amount absorbed by the soil from the amount of rainfall. The maximum amount
that can be absorbed by the soil may be expressed by an absorption
coefficient (ABCO). Its numerical value is dependent on soil
characteristics that determine water-holding cpacity. A simple formula for
determining runoff i1s:

ROMH = (TPMH)(l - ABCO)

where ROMH = runoff in cubic meters per hectare,
TPMH = total precipitation in cubic meters per hectare, and
ABCO absorption coefficient of the soil.

The amount of water in cubic meters per hectare (WAMH) that enters the
soil may be expressed as:

WAMH = TPMH - [(TPMH)(1 - ABCO)] = [(PICH)(DUPH)]/(l x 106) -

(PICH) (DUPH) (1-ABCO)

where PICH = precipitation in c¢m, and
DUPH = duration of precipitation in hours.

The formula for WAMH may be s1mp11f1ed by multiplying the total
precipitation by ABCO:

(WAMH) (TPMH) (ABCO) = [(PICH)(DUPH)]/1 x 10 (ABCO)

Calculations with the formulas above are easy to complete on a hand
calculator. The amounts of precipitation reaching the earth's surface,
run-off and water absorbed may also be estimated with nomograms. The grid
in WORKSHEET 5.3a may be used to construct nomograms for the calculated
values.

Chapter 14 - Page 69



TYPE

aubo
aubo
aubo
aubo
aubo
edbo
edbo
aubo
aubo
aubo
edbo
aubo
aubo
aubo
edbo
edbo
edbo
edbo
edbo
edbo

CODEN

AGJOA

BTBCA

BUGMA

CIEGA
CIEGA

CJSSA

CWBSA
CWBSA

ECMOA

ENREA

PUBL

copr
jwed
jwis
mhbc
mhbe
dove
jwis
ropr
cnha
prha
amsa
mhbc
jwis
mhbc
pepr
pepr
pepr
pepr
pepr
pepr

VO-NU
54--5
82--3
56-—-

10--3
12-10

41--1

CITY

‘nyny

aami.
nyny
nyny
nyny
nyny
nyny
nyny
loen
ecnj
mawi
nyny
nyny
nyny
oxen
oxen
oxen
oxen
oxen
oxen

BEPA
385
155
275

165
571

115

243

501

PAGE

137
763
498
394
689
712
376
412
492
356
620
340
408
813
813
813
813
813
813

ENPA

390

162

370

166
572

124

91
124

277

502

REFERENCES, UNIT 5.3

RAINFALL DISPERSION

BOOKS

KEY WORDS--- -

landslide and related phenomen
flow homog fluid porous materi
soil physics

forest influences

applied hydrology

p. 561-571, in: hydrology

ch. 5, flow of groundwater
vegeta and watershed management
vol. 1, irr, hydraul desig
engineering hydrology

part I, drain agriculturl lands

hydrology for engineers

hydrology

handbook of applied hydrology chow,vt

p. 137-161, sym for hydrology sopper,w;

p. 261-274, sym for hydrology sopper,w;

p. 275-290, sym for hydrology sopper,w;

p. 335-343, sym for hydrology sopper,w;

p. 599-611, sym for hydrology sopper,w;

p. 701-702, sym for hydrology sopper,w;
SERIALS

KEY WORDS—~————- - ~ AUTHORS

AUTHORS/EDITORS--

sharpe,cfs

muskat,m
baver,1ld

kittredge, j

linsley,rk;
meinzer,oe,

ed

rouse,h,ed

colman,ea

leliavsky,s

butler,ss

luthin, jn,
linsley,rk; kohl/
wisler,co; brater

ed

lull,h,
lull,h,
lull,h,
lull,h,
lull,h,
1ull,h,

kohl/

availabili soil water to plant denmead,ot; shaw,r

moss cover, rainfall intercept

erosional developm of streams

hydraulic of surface runoff
flood hydrographs
depth freezing spring runoff

relativ between water and soil
vegetation and hydrology

intercept rainfa by prarie gra
streamflow from rain,

unit-gr

Chapter 14 - Page 70

moul,et; buell,mf

horton,re

sherman, 1k
commons, g j

willis,wo;

marshall,tj

penman,hl
clark, or

sherman,lk

carlso/

YEAR

1938
1946
1948
1948
1949
1949
1949
1953
1955
1957
1957
1958
1959
1964
1967
1967
1967
1967
1967
1967

YEAR

1962

1955

1945

1940
1942

1961

1959
1963

1940

1932




CODEN

FOSCA
FOSCA
FOSCA

HILGA

HYSBA
HYSBA

JAGRA

JFUSA
JFUSA
JFUSA

JGREA
JGREA
JGREA
JGREA
JGREA

JRCEA

JSWCA

MWREA
MWREA
MWREA

NASRA

PAEBA

PHDSA

SCIEA

SOSCA
S0SCA
SOSCA
S0SCA
S0SCA
S0SCA
SO0SCA

SSSAA
S5SSAA
SSSAA
SSSAA
SS5SAA
- SSSAA
SSSAA

VO-NU

6-—-1
9-——4
9-—=4

12--6

6-—-3
11--2

34--9

42-12
60—-7
63-10

65--2
65—-8
65-11
66—-6
68—-4

84IR1

BEPA ENPA KEY WORDS——-——==—===—====—=—=== AUTHOR S—~—~—-—=~~—~

2 10 distribut of rainfal under for
413 422 evaluatio eff top, soil wat ba
423 429 net precipita under doug-fir f

383 426 water condition fr shallow tab

5 17 increased water yield, for cut
14 19 water repel so0il wildlfire

797 823 runoff from agricultural areas

890 898 components rainfall intercept
485 486 range soil moisture, so appal
756 760 summar water use asp, Spr, gra

655 661 translocation moist unsat soil
2389 2394 intercept loss from grass

3850 3851 interception loss equation
1994 1994 discuss of r. a. merriam pape
1081 1087 moisture, energy, slope, drain

1507 1-26 compre consumptive use water
231 234 precipitati intercep by plants

603 623 rainfall interception
101 106 modulated soil moisture budge
165 166 theory of "equival slope”

20 | 47 landslidé.type, précesses

1 152 bibliégr method det soll mois
184 196 estiméte soill mois, evapo data
522 523 1mped water movement, soil, pl

215 232 movement of soil moisture

29 40 diffi theory, laws captur flow
403 409 soil character, eval permeabil
359 370 press pot of water moving

345 357 1infil equation and solution
185 189 per measure soil crust, rain
307 311 measure hydro cond unsat porou

340 349 runoff plat experiment, erosio
399 417 physical inter of infil capaci
95 104 infil frost pemetrat, mic-clim
116 122 condition, entry water, s

21 26 suggested lab stand subsoil pe
33 38 hydraulic gradient, infiltrati
62 65 root channel, root, forest

Chapter 14 - Page 71

voigt,gk
nash,aj
rothacher, j

moore,re

hewlett, jd; hibber
debano,1f; krammes

ramser,ce

grah,rf; wilson,cc
helvey, jd; hewlett
brown,he; thompson

nixon,pr; lawless,
mcmillan,wd; burgy
merriam, ra

kohler ,ma
hewlett, jd; hibber

criddle,wd
goodell,be

horton,re
holmes,rm; roberts
lee,r '

varnes,d j
shaw,md; arbele,wc
holmes,rm
gardner,wr; ehlig,

gardner,w; widstoe
kirkham,d; feng,cl
oneal,am
marshall,tj; stirk
philip, jr
mcintyre,ds
youngs, eg

horton,re
horton,re
post,fa; dreibelbi
bodman,gb; colman,
smith,rm; browning
miller,rd; richard
gaiser,rn

1960
1963
1963

1939

1961
1966

1927

1944
1962
1965

1960
1960
1960
1961
1963

1958

1963

1919
1959
1962

1958

1959

1961

1962

1921
1949
1949
1949
1957
1958
1964

1938
1940
1942
1943
1946
1952
1952




CODEN

SSSAA
SSSAA
SSSAA
SSSAA
SSSAA
SSSAA
SSSAA
SSSAA
SSSAA
SSSAA

SSSCA

TACEA
TACEA

TAGUA
TAGUA
TAGUA
TAGUA
TAGUA
TAGUA
TAGUA
TFSOA
UUARA
WRERA
WRERA
WRERA
WRERA
WRERA
WRERA
XAARA
XAFNA
XAGCA
XAMPA
XANEA
XAPWA
XASEA

XFNNA

VO-NU
17--3
17--3
20--2
20--3
20--4
22--2
26...
26. ..
27--5
29—-4
y S
79~--
101--
14—
18--2
20--4
21-—-
23--2
27--6
39--2
17--2
15-—-
1---2
1-—-2
3---3
6oens
6'...
6....
41-51
159--
910--
768--
1-——-
43——-
132--
b ]mmmr

BEPA ENPA KEY WORDS———-—-

195
206
284
310
458
106
107
530
590
472

665

1056
140

446
361
721
558
578
863
285

228

1

193
283
891
465
478
1327

201
209
288
314
462
110
111
534
592
475

670

1155
206

460
368
725
570
593
870
291

243
28
206
286
895
477
490
1334
25
16
64
33
79

12

AUTHORS—=~——=———-

water entry, movemen soil core
capillary conductive values

soil moisture availa, power re
physical proc dete water loss
measureme soil moist diffusivi
sim root distribution water re
different analy, unsat flow pr
number soluti, moist flow equa
soll-erodability evaluation

tree space, under vegetati wat

infiltrati meltwater, frozen s

compositi runoff, rainf, other
rainfall, runoff, urban areas

infiltrati in the hydrol cycle
rate infiltration water, irri
structural disch-reces curves
graphical, sprink-pl hydrology
pt II, analyses hydro contol-p
effect freezin on mois, evapor
rainfall energy and soil loss
system soil-soil moisture

evaporati drying of porous med
canopy, litter intercepti, rai
soil wettability, management
linear analyses of hydrograph
runoff from watershed model
investigat runoff prod, perme
theoret estima vs for water yi
infiltrati est in watersh engi
intercept precipit by nor hard
plant-soil-water relation, man
soil compaction, forest, ran
effect streamflow, 4 for pra
soil wettability, wetting agen

soil moisture, base flow, stee

sustained winter streamflow

Chapter 14 - Page 72

taylor,sa; heuser,
richards,sj; weeks
taylor,sa; haddock
richards,la; gard/
bruce,rr; klute,a

vaquez, r; taylor,
neilson,dr; bigga/
hanks,rj; bowers,s
olson,tc; wischmei
barrett, jw; youngb

kuznik,ia; bezmeno

meyer,af
horner,ww; flynt,f

horton,re

lewis,mr

barnes,bs
sharp,al; holtan,h
sharp,al; holtan,h
anderson,hw
wischmeier,wh; smi
keen,ba
wiegand,cl; taylor
helvey, jd; patric,
krammes, js; debano
mitchell,wd
black,pe

dunne,t; black,rd
lee,r

holtan,hn
leonard,re
lassen,l; lull,hw/
lull,hw
reinhart,kg; esch/
debano,1f; osborn/

hewlett, jd

federer,ca

1953
1953
1956
1956
1956
1958
1962
1962
1963
1965

1963

1915
1936

1933
1937
1939
1940
1942
1946
1958
1922
1961
1965
1965
1967
1970
1970
1970
1961
1961
1952
1959
1963
1967
1961

1966



CODEN VO-NU BEPA ENPA KEY WORDS- = AUTHORS=——mmmmmmmeme YEAR

XIPPA 252.. 1 57 hydraul geometry of stream cha leopold,lb; maddoc 1953
XIPPA 269.. ———= —-—- water-loss investigations us geological surv 1954

XIWSA 968C. 125 155 topograp chara drainage basins langbein,wb et al. 1947

YAXAA 1955B 346 358 water budget, use in irrigatio thornthwaite,cw; m 1955

OTHER PUBLICATIONS

Broadfoot, W. H. and H. D. Burke. 1958. Soil moisture constants and their
variation. U. S. Forest Service Southern Forest Experiment Station,
Occasional Paper No. 166,

Cooper, C. F. 1960. Ecological classification in watershed management.
Proceedings of the Fifth World Forestry Congress. Seattle,
Washington. Vol. 3: 1731-1734.

Crawford, N. G. and R. K. Linsley. 1965. A conceptual model of the
hydrologic cycle. Symposium of Surface Waters International
Association of Scientific Hydrology. Publication No. 63: 573-587.

Koshi, P. T. 1959, Soil moisture trends under varying densities of oak
overstory. Occasonal Paper No. 167. U. S. Forest Service, Southern
Forest Experiment Station, New Orleans, La.

Megahan, W. F, and D. R, Satterlund. 196l. Winter infiltration studies on

abandoned and reforested fields in central New York. Proceedings of
the Eastern Snow Conference, p. 121-132.

Chapter 14 ~ Page 73



Chapter 14 - Page 74



CHAPTER 14, Worksheet 5.3a
Nomograms for estimating rainfall dispersion parameters
The formulas given in this UNIT 5.3 may be used to construct lines

representing rainfall dispersion in the grid below. The resulting nomograms
may be used for quick estimates of quantities dispersed.
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UNIT 5.4: SNOWFALL DISPERSTON

The duration of snowfall and snow accumulation results in both volume
and mass considerations. Falling snow has a low density, so new-fallen snow
has a greater volume per unit mass than snow that has settled for a period
of time. New-fallen snow is also a good insulator. Older snow continues to
increase in density at rates depenedent on snow depths and temperatures, and
it also becomes a poorer insulator (see UNIT 5.1).

Snow ages due to the pressure exerted by its own mass and to changes
in snow temperatures and crystal structure. The weight of its own mass
increases pressure at greater depths in the snow cover, so more dense snow
is found at the bottom of the snow pack. Warmer temperatures cause more
rapid increases in snow densities as crystals become larger, hastening the
increase in overall densities. Changes in snow characteristics result in
important mechanical considerations when evaluating the relationships
between wild ruminants and their winter range; snow is often a factor over
much of North America in the winter as it covers forage resources and
mechanically impedes movement (see CHAPTER 17).

Rapid warming trends result in rapid changes at the snow surface while
the wunderlying snow pack changes more slowly. When such rapid warming
trends occur on a daily basis, accompanied by cold nights with clear skies,
the upper layer of the snow cover becomes crusty due to its higher water
content and its freezing each night. Such conditions can result in a snow
cover dense enough to support animals, which may, with deep snow, expose the
animals to new supplies'of forage at heights above their normal above-ground
reach. The effects of changes in snow cover are many, and they are related
to other behavioral responses which have definite effects on the ecology of
wild ruminants in the winter.
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aubo
edbo
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BAMIA
~ FOSCA
HILGA
JFUSA
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JOGLA
SCMOA
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WRERA
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CITY PAGE
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CLOSING COMMENTS

Meteorology and thermal characteristics of different habitats have
been introduced in CHAPTER 14. These characteristics are used in analyses
of thermal exchange, an  Important consideration when evaluating
physiological and behavioral responses, especially when animals are in
critical thermal environments, which are discussed in CHAPTER 16, TOPIC 3.

The next chapter (CHAPTER 15) includes discussions of basic thermal

exchange. The discussions refer back to this CHAPTER 14, and are the basis
for further discussions in CHAPTER 16.

Aaron N. Moen
March 27, 1981
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GLOSSARY OF SYMBOLS USED -~ CHAPTER FOURTEEN

ABCO = Absorption coefficient of the soil
ABHU = Absolute humidity

ABTE = Absolute temperature

ADTC = Average daily temperature in Celsius
ADTE = Average daily temperature

AITC = Air temperature in Celsius

AITE = Air temperature

AMPL = Amplitude of the variation from MPRA
AVPA = Actual vapor pressure of the air

CMMT = Calculated mean monthly temperature
CPCM = Calories per square centimeter per minute
CSCD = Calories per square centimeter per day

DUPH = Duration of precipitation in hours
ERTK = Effective radiant temperature in °K

HGTC = Height in centimeters
HGHT = Height
HOUR = Hour of the day

IREM = Infrared emissivity

JDAY = Julian day
JDMA = Julian day at the maximum

KMTH = Kilocalories per square meter per hour

MAWV = Mass of water vapor

MMHG = Millimeters of mercury

MMTC = Mean monthly temperature in Celsius
MPRA = Midpoint radiation value

MPTE = Midpoint temperature

PCMH = Precipitation in centimeters per hour

PICH = Precipitation intensity in centimeters per hour
PRPC = Primary phase correction

PTRH = Percent relative humidity

QREE = Quantity of radiation emitted

REHU = Relative humidity
ROMH = Runoff in cubic meters per hectare

SAVP = Saturation vapor pressure
SBCO = Stefan-Boltzmann constant
SORA = Solar radiation

SPHU = Specific humidity
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TERA

TMAIL =
TPMH =
TVMA =

VPDE

WAMH
WIVE
WLME

Temperature range over the year

Total mass of air

Total precipitation in cubic meters per hectare
Total volume of moist air

Vapor pressure deficit

Water in the soil per cubic meters per hectare

= Wind velocity
= Wavelengths of maximum emission
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GLOSSARY OF CODENS - CHAPTER FOURTEEN

SERTALS are identified by five-character, generally mnemonic codes
called CODEN, listed in 1980 BIOSIS, LIST OF SERIALS (BioSciences Informa-
tion Service, 2100 Arch Street, Philadelphia, PA 19103).

The headings for the lists of SERIALS are:

CODEN VO-NU BEPA ENPA ANIM KEY WORDS - AUTHORS—————————= YEAR

The volume and issue numbers (VO-NU) are given after the CODEN entry,
followed by beginning page (BEPA), ending page (ENPA), species discussed
(ANIM), KEY WORDS from the title, AUTHORS [truncated if necessary, slash (/)
indicates additional authors], and year.

AFJZA Allgemeine Forst und Jagdzeitung

AGJOA Agronomy Journal

AGMYA Agricultural Meteorology

AJBOA American Journal of Botany

AMGBA Archiv fuer Meteorologie Geophysik und Bioklimatologie, Serie B
ANBOA Annals of Botany (London)

ANSFA Annales des Sciences Forestieres (Paris)

APOPA Applied Optics

AUFOA Australian Forestry

BAMIA Bulletin of the American Meteorological Society
BEGOA Gerlands Beitraege zur Geophysik

BOZHA Botanichnyi Zhurnal (Kiev)

BPYAA Beitraege zur Physik der Atmosphaere

BTBCA Bulletin of the Torrey Botanical Club

BUGMA Bulletin of the Geological Society of America

CIEGA Civil Engineering

CJASA Canadian Journal of Agricultural Science

CJBOA Canadian Journal of Botany (Canada)

CJFRA Canadian Journal of Forest Research

CJSSA Canadian Journal of Soil Science

CJTEA Canadian Journal of Technology

CSTNA Castanea

CWBSA Commonwealth Bureau of Soils Technical Communication

EAFJA East African Agriculture Forestry Journal
ECMOA Ecological Monographs

ECOLA Ecology

EMFRA Empire Forestry Review

ENREA Engineering News-Record

FIRAD Fiziologiya Rastenii (Moscow)

FOSCA Forest Science
FRSTA Forestry (England)

Chapter 15 - Page 83




GFRPA
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HFOPA
HILGA
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TAXNA
IJBMA
IRFOA

JAGRA
JAMOA
JAPEA
JECOA
JFUSA
JGREA
JOGLA
JRCEA
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JWMAA
JYCEA

LESOA

MMONA
MWREA

NASRA

0JSCA
PAEBA

PHDSA
PRSLA
PSAFA
PTRMA
PVDEA

QJFOA
QJRMA

Georgia Forest Research Paper
Geofysike Publikasjoner (also listed as Geophysica Norvegica)

Harvard Forest Papers

Hilgardia

Hydrological Sciences Bulletin (formerly Bulletin of the
International Association of Scientific Hydrology)

Forestry Note
International Journal of Biometeorology
Irish Forestry

Journal of Agricultural Research

Journal of Applied Meteorology

Journal of Applied Ecology (England)

Journal of Ecology

Journal of Forestry

Journal of Geophysical Research

Journal of Glaciology

Journal of the Irrigation and Drainage Division, American
Society of Civil Engineers

Journal of Range Management

Journal of Soil and Water Conservation

Journal of Veterinary and Animal Husbandry Research

Journal of Wildlife Management

Journal of the Hydraulics Division, American Society of Civil
Engineer

Lesovedenie (USSR)

Meteorological Monographs (American Meteorological Society)
Monthly Weather Review

National Academy of Sciences--National Research Council,
Publication

Ohio Journal of Science (US)

Engineering Research Bulletin (Pennsylvania State University,
College of Engineering)

Proceedings of the Hydrology Symposium

Proceedings of the Royal Society of London

Proceedings of the Society of American Foresters

Philosophical Transactions of the Royal Society of London

Pochvovedenie

Quarterly Journal of Forestry
Quarterly Journal of the Royal Meteqrological Society
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SCIEA
SCMOA
SIFEA
S0SCA
SSSAA
SSSCA

TAARA

TACEA
TAGUA
TFSOA

UUARA

WRERA
WTHWA
WUAEA

XAARA

XAFNA
XAFNB
XAGCA
XAMPA
XANEA
XAPWA
XASEA
XATBA
XCTAA
XFGTA
XFNNA
XFRMA
XFTBA
XIPPA
XIWSA
XPNWA

YAXAA

Science

Scientific Monthly

Silva Fennica

Soil Science

Soil Science Society of America, Proceedings
Soviet Soil Science

Transactions of the ASAE (American Society of Agricultural
Engineers)

Transactions of the American Society of Civil Engineers

Transactions of the American Geophysical Union

Transactions of the Faraday Society

Utah Agricultural Experiment Station Special Report

Water Resoures Research
Weatherwise
Washington State University, Extension Service, Extension Bulletin

U S Department of Agriculture, Agricultural Research Service
(ARS Series or Report)
Northeastern Forest Experiment Station, Station Paper

U S Forest Service Research Note NC

U S D A Circular

U S D A Miscellaneous Publication

U S Forest Service Research Paper NE

U S Forest Service Research Paper PSW

U S Forest Service Research Paper SE

U S D A Technical Bulletin

U S Department of Commerce, Office of Technical Services, AD
U S Forest Service General Technical Report NC
U S Forest Service Research Note NE

U S Forest Service Research Paper RM

U S Forest Service Technical Bulletin

Geologic Survey Professional Paper
Geological Survey Water-Supply Paper
U S Forest Service Research Note PNW

U S D A Yearbook of Agriculture
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LIST OF PUBLISHERS - CHAPTER FOURTEEN

The headings for the lists of BQOKS are:

TYPE PUBL CITY PAGE ANIM KEY WORDS—-- - AUTHORS/EDITORS--~ YEAR

All essential information for finding each book in the library is
given on just one line. The TYPE of book could have either AUTHORS (aubo)
or EDITORS (edbo). Publishers (PUBL) and CITY of publication are given with
four-letter mnemonic symbols defined below. The PAGE column gives the
number of pages in the book; ANIM refers to the species discussed in the
book (given as a four~letter abbreviation of genus and species), and KEY
WORDS 1listed are from the title. The AUTHORS/EDITORS and YEAR of
publication are given in the last two columns.

acpr Academic Press New York nyny
adwe Addison-Wesley Reading,MA rema
amsa Amer. Soc. of Agronomy Madison, WI mawi
cnha Chapman & Hall London loen
copr Columbia Univ. New York nyny
crep CRC (Chem. Rubber Co.)

Press Cleveland, OH cloh
cupr Cambridge Univ. Press Cambridge, England caen
dove Dover Publishing Company New York nyny
else Elsevier New York nyny
gidr Girdrometeoizdat Leningrad, Russia leru
haro Harper and Row New York nyny
haup Harvard Univ. Press Canbridge, MA cama
hrwi Holt, Rhinehart, &

Winston, Inc. New York nyny
jdco John Day New York nyny
jwed J. W. Edwards, Inc Ann Arbor, Michigan aami
jwis John Wiley & Sons, Inc. New York nyny
mhbe McGraw-Hill Book Co.,

Inc. New York nyny
pepr PergamonPress Oxford,England oxen
prha Prentice-~Hall, Inc. Englewood Cliffs, NJ ecnj
ropr Ronald Press New York nyny
repu Reinhold Publishing New York nyny
rrcl R. R, Clarke Ltd. Edinburgh, Scotland edsc
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uchp
unca

ugap
weni

whfr

Univ. of Chicago Press

Univ. of California,
Davis

Univ. of Georgia Press

Weidenfeld & Nicholson

W. H. Freeman Co.

Chicago, IL

Davis, CA
Atlanta, GA

London

San Francisco, CA
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GLOSSARY OF ANIMAL CODE NAMES

Wild ruminants are referred to in this CHAPTER by a 4-character
abbreviation from the family, genus and genus-species. These are listed
below under Abbreviation.

Scientific names of North American wild ruminants are those used 1in
BIG GAME OF NORTH AMERICA, edited by J.C. Schmidt and D. L. Gilbert (1979:
Stackpole Books, Harrisburg, PA 17105, 494 p.), and may be different from
the scientific names given in the original literature.

The abbreviations used for North American wild ruminants are listed
below.

CLASS: MAMMALIA

ORDER: ARTIODACTYLA Abbreviation
FAMILY: CERVIDAE cerv
GENUS: Odocoileus (deer) od—-
SPECIES: O. virginianus (white-tailed deer) odvi
0. hemionus (mule deer) odhe
GENUS: Cervus (Wapiti, elk) ce--—
SPECIES: C. elaphus ceel

GENUS: Alces (moose)
SPECIES: A. alces alal

GENUS: Rangifer (caribou)
SPECIES: R. tarandus rata

FAMILY: ANTILOCAPRIDAE
GENUS: Antilocapra

SPECIES: A. americana (pronghorn) anam
FAMILY: BOVIDAE bovi
GENUS: Bison (bison) bi--
SPECIES: B. bison bibi
GENUS: Ovis (sheep) ov——
SPECIES: 0. canadensis (bighorn sheep) ovca

0. dalli (Dall's sheep) ovda

GENUS: Ovibos
SPECIES: 0. moschatus (muskox) obmo

GENUS: Oreamnos
SPECIES: 0. americanus (mountain goat) oram
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in the reference lists.

The abbreviations used for European wild ruminants are listed below.

MAMMALTA

ORDER: ARTIODACTYLA

FAMILY: CERVIDAE

GENUS: Capreolus (roe deer)
SPECIES: C. capreolus

GENUS: Dama (fallow deer)
SPECIES: D. dama

'GENUS: Cervus (Wapiti, elk)
SPECIES: C. elaphus (red deer)

GENUS: Alces (moose)
SPECIES: A. alces

GENUS: Rangifer (caribou)
SPECIES: R. tarandus

FAMILY: BOVIDAE
GENUS: Bison (bison)
SPECIES: B. bonasus
GENUS: Capra (ibex, wild goat)

SPECIES: C. aegagrus (Persian ibex)

OTHERS

Abbreviation

C. siberica (Siberian ibex)

cerv
ca—--
caca
da—-
dada
ce——
ceel

alal

rata

bibo
cp——
cpae
cpsi

Abbreviations for a few other species and groups of species may appear

Axis axis (axis deer)

Elaphurus davidianus (Pere David's deer)
Cervus nippon (Sika deer)

Hydropotes inermis (Chinese water deer)
Muntiacus muntjac (Indian muntjac)
Moschus moschiferus (musk deer)

Ovis nivicola (snow sheep)

Ovis musimon (moufflon)

Ovis linnaeus (Iranian sheep)

Rupicapra rupicapra (chamois)

big game

domestic sheep
domestic cattle
domestic goat
domestic ruminant
herbivore

mammals

three or more species of wild ruminants
ruminants
ungulates
vertebrates
wildlife

wild ruminant
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axax
elda
ceni
hyin
mumu
momo
ovni
ovmu
ovli
ruru

biga
dosh
doca
dogo
doru
hrbv
mamm
many
rumi
ungu
vert
wldl
wiru



JULIAN DAY: MONTH AND DAY EQUIVALENTS#*

Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Day

1 001 032 060 091 121 152 182 213 244 274 305 335 1

2 002 033 061 092 122 153 183 214 245 275 306 336 2
3 003 034 062 093 123 154 184 215 246 276 307 337 3

4 004 035 063 094 124 155 185 216 247 277 308 338 4
5 005 036 064 095 125 156 186 217 248 278 309 339 5
6 006 037 065 096 126 157 187 218 249 279 310 340 6
7 007 038 066 097 127 158 188 219 250 280 311 341 7

8 008 039 067 098 128 159 189 220 251 281 312 342 8
9 009 040 068 099 129 160 190 221 252 282 313 343 9
10 010 041 069 100 130 161 191 222 253 283 314 344 10
11 011 042 070 101 131 162 192 223 254 284 315 345 11
12 012 043 071 102 132 163 193 224 255 285 316 346 12
13 013 044 072 103 133 164 194 225 256 286 317 347 13
14 014 045 073 104 134 165 195 226 257 287 318 348 14
15 015 046 074 105 135 166 196 227 258 288 319 349 15
16 0l6 047 075 106 136 167 197 228 259 289 320 350 16
17 017 048 076 107 137 168 198 229 260 290 321 351 17
18 018 049 077 108 138 169 199 230 261 291 322 352 18
19 019 050 078 109 139 170 200 231 262 292 323 353 19
20 020 051 079 110 140 171 201 232 263 293 324 354 20
21 021 052 080 111 141 172 202 233 264 294 325 355 21
22 022 053 08l 112 142 173 203 234 265 295 326 356 22
23 023 054 082 113 143 174 204 235 266 296 327 357 23
24 024 055 083 114 144 175 205 236 267 297 328 358 24
25 025 056 084 115 145 176 206 237 268 298 329 359 25
26 026 057 085 116 146 177 207 238 269 299 330 360 26
27 027 058 086 117 147 178 208 239 270 300 331 361 27
28 028 059 087 118 148 179 209 240 271 301 332 362 28
29 029 [060] 088 119 149 180 210 241 272 302 333 363 29
30 030 089 120 150 181 211 242 273 303 334 364 30
31 031 090 151 212 243 304 365 31

* For leap year, February 29 = JDAY 60. Add 1 to all subsequent JDAYs.
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CHAPTER 15. THERMAL CHARACTERISTICS AND BASIC HEAT TRANSFER

Thermal energy is transferred by radiation, conduction, convection,
and evaporation. The physical processes are beyond the control of the an-
imal, although the animal can change the amount of its surface participating
in energy exchange by these different modes.

The sun's energy, especially the visible portion, is often thought of
as energy 1lnput at the earth's surface. There must be a means to dissipate
this energy from the earth's surface, however, or the energy content and the
temperature of the earth would continue to rise. Overall, the radiation ex-
changed between the earth and space must be approximately equal in both
directions, or else the earth would be heating up or cooling off. When the
energy balance of the earth's surface was slightly negative, glaciation was
extensive.

There have been many evaluations by field biologists and ecologists of
the responses of different speciles to weather conditions, with the usual ap-
proach being a correlation analysis between weather data, such as tem-
perature and wind velocity, and observed animal responses. This approach
has resulted in some useful conclusions, but it does not provide an under-
standing of the four thermal exchange processes--radiation, convection,
conduction, and evaporation—--that every organism is involved in when sub-
jected to atmospheric conditions.

Direct solar radiation Infrared radiation from the atmosphere

VY Y Y YV Y Y Y Y Y YV Y

Infrared and diffuse solar
radiation from clouds

from vegeta}f‘io% Reflected sunlight
“\'\ ,p
-4 %
4.\{ 1; Heat loss A\\
3y : by radiation Infrared radiation

2 S
Hﬂ{!\’ﬂv % ° 7 from the ground

.

7

Heat loss v -/ Heat productioni . $ -
by convection 6661ﬂ1660 by metabolism . %

L A E L LR Z

Food as
energy source

Heat loss by conduction
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It is possible to conceptualize the complex nature of homeothermy,
but it 1s impossible to describe mathematically all of the dynamic thermal
relationships between an animal and its environment. Recent research on the
thermal balance of both plants and animals has provided an insight into the
functional mechanisms used to mailntain a thermal balance within certain
physiological limits.

Thermal transfers between organism and environment always involve the-
se thermal exchange processes, so an understanding of each is essential for
an understanding of the effects of weather on an organism. Heat transfer
1s, in reality, incredibly complex and beyond analyses on a real-time basis.
The basic principles are fairly simple, however, and may be understood by
the use of selected situations that illustrate each of the four modes of
heat transfer and interactions between them.

It 1s important to quantify basic heat transfer before attempting to
interpret thermoregulatory behavior. Objective calculations are best made
before subjective interpretations because they provide a framework within
which alternatives may be chosen by animals in particular situations.
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TOPIC 1: RADTATION EXCHANGE

Radiant energy follows three pathways as it travels straight-line
paths from radiating sources to receiving surfaces. It may be reflected from
the receiving surface, absorbed by the recelving mass, or transmitted
through it. These three possibilities must be quantified when radiant en-

ergy 1s related to biological organisms.

\\\\\////( Reflected

sorbed

Transmitted ‘\\\

Every surface with a temperature
This energy 1s continually being
Two trees in a fore-
Two animals near

Where does radiant energy come from?
above absolute zero emits radiant energy.
exchanged between surfaces with mutual fields of view.
st exchange radiant energy on even the coldest winter day.
each other exchange energy, and exchanges also occur between the ground and
animals, clouds and animals, and all other surfaces within view.

Infrared radiation from the atmosphere

Direct solar radiation
: VYY Y Y YYDV Y P YV YOY

Infrared and diffuse solar
radiation from clouds

&

Infrared radidtnan

from vegetagﬁ"io%
i 3

Reflected sunlight

Infrared radiation
from the ground

Heat production
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Radiant energy may be positive, negative, or equal in both directions.
Tt 1s equal between two adjacent trees in the forest at night; the net ex-
change 1s zero. If one surface emits more than it receives, then the emit-
ting surface has a negative radiation balance. If one surface receives more
energy than 1t emits, then 1t has a positive radiation balance. The part of
the earth illuminated by the sun has a positive radiation balance, and the
dark portion usually has a negative radiation balance.

Radiation exchange would be very easy to calculate if the earth had no
atmosphere, but was simply a physical surface in the vacuum of space. The
moon's surface is like that, and the surfaces of the astronauts' suilts were
also like that. The lack of an atmosphere on the moon results in very
distinct and rapld changes in its surface temperatures. Radiation exchange
is the only form of heat transfer possible between the sun and the moon and
the emptiness of space. The atmosphere over the earth's surface, while it
may seem cold at times, ameliorates the energy balance at the earth's sur-
face, by impeding the loss of radiant energy from the earth to space.

The atmosphere complicates the calculation of heat transfer, especlal-
ly at the hairy surface of an animal. Such a hairy surface 1s not a single
plane, so the radiant surface is difficult to define, and the hairs add to
the potential for convective effects. Rather than complicate the
calculations too quickly, however, radiation exchange is quantified by first
discussing geometric considerations in UNIT 1.1, and then descrihing the
absorption, reflection, and emission of radiation in the visible wavelengths
in UNIT 1.2 and in the infrared wavelengths in UNIT 1.3.
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UNIT 1.1. RADIATION PROFILES

The surface area of an animal that is participating in radiant energy
exchange with the external environment is not necessarily the same as the
physical surface of the animal. For example, if the animal is standing, the
inner surfaces of the legs exchange some infrared radiant energy with each
other, and 1f both leg surfaces are at the same temperature, the net ex-
change is zero.

When an animal 1s bedded, some of the physical surface is tucked
against itself. The legs, for example, may be curled up under the body and
the neck and part of the head tucked alongside the trunk, reducing the total
surface area exposed to radiant energy.

The radiation profile for infrared radiation is dependent not only on
the animal's posture, but also on the canopy type. A deer under a clear sky
exposes part of its body to the sky and part to the ground. A "half above:
half below"” profile may be used as a first approximation. The top half of
the surface is exposed to the sky (for calculation purposes) and the bottom
half to the ground. This is illustrated below, and used in a WORKSHEET in
CHAPTER 16, UNIT 1.1.

clear sky
half above

half below

ground
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Radiation profiles in the visible wavelengths are dependent on both
the animal's posture and on the relative amounts of direct and diffuse solar
radiation. Calculations of the solar constant and of the solar radiation at
the earth's surface were made for plane surfaces oriented differently in re-
lation to the sun's path from sunrise to sunset in CHAPTER 14. Organsims
are three dimensional rather than single planes, however, so they are ex-
posed to an infinite number of angles with respect to direct-beam solar
radiation. These angles change as the sun's position in relation to the
organism changes, and as organisms change their postures. There are con-
comitant changes in absorption coefficients as the angles of incidence
change, and absorption coefficlents also vary due to hair roughness and hair
color. Thus every organism has a constantly-changing dynamic solar radia-
tion profile of absorbed radiation over the entire body surface.

80% in convectilo

1007 of internal respiratory surface,
surface 1n evaporative
heat loss

40% in direct and indirect
solar radiation and
infrared radiation

40% in indirect solar
radiation and infrared
radiation

20% in conduction

Some parts of the animal's surface are exposed to both direct and dif-
fuse solar radiation, while other parts are exposed to diffuse radiation
only. Atmospheric conditions also affect the relative amounts of direct and
diffuse solar radiation. A completely overcast sky results in diffuse solar
radiation only in the visible wavelengths. Radiation profiles are too
dynamic and complex to portray in their entirety, but opportunities for es-~
timating simplified radiation profiles are given in the WORKSHEETS that fol-
low. .
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CHAPTER 15 WORKSHEET 1.1la

Radiation profiles

The reflection and absorption of radiant energy of different
wavelengths have been illustrated in UNIT 1.1. An animal bedded in the sun,
for example, might have 40%Z of 1its surface exposed to direct solar
radiation, 80% exposed to indirect solar radiation, and 807 exposed to
infrared radiation. Other percents of surface area are exposed to con-—
vection, conduction, and evaporation.

Sketch various postures and make estimates of the surface areas
involved in infrared and visible radiation exchange. Relate these estimates
to surface area calculations in CHAPTER 1. Standing, bedded with head up,
and bedded with head curled back are three postures considered necessary for
thermal exchange calculations.
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UNIT 1.2: RADIATION EXCHANGE IN THE VISIBLE WAVELENGTHS

Measured solar radiation i1includes both the direct beam and the
indirect radiation diffused by the atmosphere, especially by clouds. What
happens to this radiation when it reaches the earth's surface?

Reflected to space

Direct beam Diffused radiation
radiation

Photosynthesis - Evaporation requires energy
y > P q g

Reflection

V4

*Soil absorbs energy,*
Soll temperature rises

Some of the energy is reflected from the earth back to space. The
percentage of the solar radiation reflected from a surface is called the
albedo of the surface.: It varies both daily and seasonally due to
variations in physical and biological characteristics. The elevation of the
sun is very important; albedos of horizontal surfaces increase as the ele-
vation of the sun decreases. This 1is illustrated by the high re-
flectivity of a lake's surface as sunset approaches.

The albedo of the ground surface varles seasonally with changes in
snow cover; new—fallen snow has a higher albedo than old snow. There are
differences due to vegetation; a dense conifer canopy has a lower albedo
than a mixed hardwood canopy.

The energy that is reflected back into space 1s not absorbed by the
earth's surface, so it cannot become part of the earth's energy balance.
The energy absorbed at the earth's surface may take several pathways. Some
of the energy 1s absorbed by the soil, resulting in an increase in soil tem-

perature. Some of the energy drives the water cycle--evaporation requires
energy. Some of the energy, usually less than 17 annually, is absorbed and
used by plants for photosynthesis. These pathways represent short-term

changes in energy storage. Over long periods of time, the amount of radiant
energy reaching the earth's surface must equal the amount dissipated, or
else the earth's surface would become increasingly warm.
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Radiant energy 1in the visible portlon of the electromagnetic spectrum
is reflected from, absorbed by, and transmitted through blological tissue at
rates dependent on the characteristics of the tissue and the dis-
tribution of the wavelengths. The visible wavelengths that are reflected
permit animals to see each other and other components of their environment.
Little 1s known about visual perception capabilities of wild ruminants.
They apparently do not see color as humans do, which means that they do not
have the neurological capabilities to discern differences between
wavelengths in the visible portion of the spectrum.

Visible wavelengths absorbed by bilological tissues are converted to
heat. This 1s of interest ecologically as absorbed energy reduces thermal
gradients and heat loss between organism and environment. Animals sometimes
select bedding sites and other activity areas that are thermally favor-
able. I observed a white-talled deer, for example bedded on the south side
of a steep-sided snowbank on a bright and sunny sub-zero day in western Min-
nesota. That spot was like a reflector oven, and was surely warmer than a
more exposed slte just meters away.

It is important, however, to remain objective when making observations
such as the one above, not jumping to the conclusion that such a site was
" needed by the deer under those conditions. It may be that this particular
site was favorable but not necessary. Careful calculations of heat exchange
help one make such distinctions.

Reflection coefficients (RECO) or albedos of various surfaces are
given for the visible wavelengths in the table below, modified from Sat-
terlund (1972:97).

Surface cover Albedo

Water 0.05-0.10
Bare soill (light colored, dry) 0.20-0.35
(dark colored, moist) 0.08-0.15

Grass (short, green,dry) 0.25-0.35
(short ,green, wet) 0.15-0.20
(tall, cured) 0.25-0.30
(tall, green) 0.15-0.20

Marsh and Bogs ' 0.15-0.20
Forests (Spruce, dense, no snow) 0.05-0.10
(Spruce, dense, snow) 0.20-0.25

(Mixed conifer-hardwood, in leaf) 0.10-0.15
(Hardwoods, 1in leaf) 0.15-0.20

. (Hardwoods, winter, snow) 0.35-0.45

Snow (fresh) 0.80-0.95
(o01d) 0.40-0.70
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Reflective properties of snow are given in Gray (1970:2.27) in re-
lation to the height of the sun. The 1llustration below shows the pattern
of reflection coefficients 1in relation to solar elevation; reflectivity
decreases with increasing solar elevation.

1.0
T T 71T T 1T T T TTTITTI JdJTTTITITITIITIT
oo T TTTT1TTTTTTTTT TTTTTTT
TT1TT1TTT Compact, dry, clean snow T 1T T1TTT1TT
o.8 1T T T T 1 . T 1 TTTI1TT
T I1TI1TITI1TTTTITITTITTITITTITTITITTTT
o7 T TTTTTITTITITTITTITITITTI1IITTITITTT
—rTTTTTTTTTTTTTTTTTTTTT
R 0.6 ] T T 1 T T T Fine grain, wet, clean snow .ﬁ'i¥ TTT
E T TTTTTT v & 1 v 0 1 1 1 1 11 T 71T
cos] T TTTTTTI1TT 11T T1TT1TT1TTITTI1TT
0 _FTTTTTTTTTTTTTTTTTQLTTT
0.4TTT—[TTTTTTTﬂ|T'|TTT TT
T T TTTT Porous, very wet, greyish color snow T T 7
o 3T T TTTT 0 1+ 1 1 0 11 1 o1 1TT
T T T T TTT1TTITTITITTITTITTTTITTTT
o2 T TTTTTTTTITTITTITI1TTITTITTITTT
T T1TI1TT1TT 71T 1T T1TTTI1TTT1TTTTTITITTTT
oA T TTT ! TTTTI1IT1ITT1TITTITITTTTIT
T T T1TTITTTITTITTTITTTTITTITTITTTITTITT
oIl TTTITTTTTITTITTITITIITITITITTITTIT
0 2 4 6 8 010 014 018 022 026 030 034 038 042

Solar elevation

While there are data on reflection coefficients for snow, soil, and
vegetation surfaces, there 1s a dearth of information on the reflection
coefficlents of the pelage of different animal species. Since mammals do
not transmit radiation through their hair coats, reflection and absorption
are the two ways 1n which radiant energy interacts with the hair surface.
The absorption coefficient, ABCO, is:

1.00 - RECO = ABCO

Absorption of visible wavelengths by a smooth surface is related to
the color of the surface. A white surface appears white because it reflects
all of the wavelengths in the visible portion of the spectrum, and a black
surface appears black because 1t absorbs them. The amounts reflected and
absorbed determine the changes in the heat content of the tissue, of course.

The absorption coefficient of a plane surface is dependent not only on
color but also on the angle of incidence. The absorption coefficient must
must go to zero when the beam of radiant energy is parallel to the surface,
and it 1s maximum when the angle of incidence is 90°. There is a gradient
between these two extremes. What 1s the shape of the curve expressing that
gradient?
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Absorption coefficlents of black, brown, and white cattle have been
evaluated by Riemerschmid and Elder (1945; See also Moen 1973:79). The
general pattern shows a rapid drop in absorption at angles greater than 45
for white cattle, and at angles greater than 70 for brown and black cattle.
The sketch below shows the general pattern of the absorption coefficient
(ABCO) over a range of shades from black to white.

100 L;igi01UtEIy black 100% absorption

ABCO

. Increasingly
. white =

0+— Absolutely white, 100%Z reflection

Increasing angle of incidence (©) >

There is one very important consideration to make when evaluating the
patterns above in relation to the smoothness of the hair coat. The coats of
the African cattle measured by Reimerschmid and Elder were very smooth, and
they responded to incident radiation as plane surfaces. The coats of most
wild ruminants are very rough, especially in the winter. The roughness of
the hair affects the overall absorption coefficient as each hair acts as a
reflecting and absorbing surface.

Consider two hairy surfaces, one composed of white hairs and the other
of black hairs, both exposed to a beam of radiation. Recall that white sur-
faces reflect more and absorb less of the energy in the visible wavelengths
than black surfaces do. The white hairs reflect the radiant energy, and be-
cause they project outward from skin surfaces, much of the energy reaching
the white hairy surface is reflected back into the hair coat towards the
skin. Such reflections by individual hairs results in more absorption by
the hair coat as a whole than if the hairs were black. Black hairs absorb
more and reflect less radiant energy in the outer portion of the hair coat,
but since this outer portion is also more exposed to the atmosphere than the
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inner portion, the effects of convection, both natural and forced, on the
hairy surface results in the dissipation of the absorbed energy rather than
absorption deeper into the hair coat where the wind penetrates less. Thus,
it may be thermally more desirable to have a rough white coat than a rough
black one in a cold climate.

I

White hairs, reflecting Black hairs, absorbing
into hair layer at tips

The effects of roughness, densities, and depths of hair coats make it
clear that absorption and reflection coefficients cannot be considered on
the basis of coat color alone. There are no data on these relationships for
wild ruminants, however. Oritsland (1974) discusses these relationships for
polar bear halr, but that 1s the only reference currently available on this
effect.
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UNIT 1.3: RADIATION EXCHANGE IN THE INFRARED WAVELENGTHS

Radiation exchange in the infrared wavelengths, a function of the
radiant temperatures of the surface, is calculated with the Stephan-
Boltzmann law described previously, with the addition of the coefficlient of
infrared emissivity, IREM:

QREE = (IREM) (SBCO)(RATK)%

where QREE = quantity of radiant energy emitted,

IREM = coefficient of infrared emissivity (discussed below),

SBCO = Stephan-Boltzmann constant = 8.127 x 10711 cal em2 min~l
= 4.876 x 1078 kcal m~2 h~l, and

RATK = radiant temperature in K.

The coefficient of infrared emissivity of a surface is equal to the
coefficient of absorption of that surface. 1In other words a surface emits
infrared energy as efficiently as it absorbs it. A perfect black body not
only absorbs all of the infrared energy reaching it, but also emits all that
it can as a direct function of the fourth power of its absolute temperature.

A surface may be "black"™ at some wavelengths and grey at other
wavelengths. Snow, for example, is a very poor absorber of wavelengths in
the visible part of the electromagnetic spectrum, but a very good absorber
and emitter of infrared energy. In fact, new-fallen snow has an absorption
and emission coefficient of about 0.9 in the infrared, while its albedo, or
reflection coefficient, is 0.7 or more, absorption is 0.3 or less, in the
visible part of the solar spectrum. Aged snow has a lower infrared absorp-
tion coefficient, and a lower solar albedo as well.

Infrared absorption and emission coefficients of hairy surfaces are
not highly variable. They are usually 0.8 or more, and often approach 1.0.
In fact, 1.0 is a satisfactory approximation for hair, regardless of its
color.

All surfaces in the biosphere are constantly exchanging infrared en-
ergy with neighboring surfaces within their field of view. Suppose two

parallel surfaces are oriented horizontally. The downward flux 1is de-
termined by using the formula:

QRED = (IREM)(SBCO)(RATK)%
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Downward _ QRED ; RATT =
radiant temperature

of the top surface

Upward QREU T RATB =
radiant temperature
of the bottom surface

The upward flux is determined by using the formula:
QREU = (IREM) (SBCO)(RATB)*
The total flux is the sum of the two:

QRET = QRED + QREU = [(IREM)(SBCO)(RATT)#] + [(IREM)(SBCO)(RATB)%]
The net flux is the difference between the two:

QREN = QRED - QREU = [(IREM)(SBCO)(RATT)#] - [(IREM)(SBCO)(RATB)%]

Suppose that an object or organism was situated in the flux between
the top and bottom surfaces illustrated above. This could be a leaf on a
tree exposed to the sky (top) and the ground (bottom). The leaf absorbs en-
ergy from both directions as ilustrated below, and its temperature will rise
in relation to the net energy absorbed. The leaf, however, also emits en-

ergy.

Downward i i i l l i i‘l l Downward
Upward pretbtetd Upward

How much radiant energy must the leaf emit to remain in radiation
equilibrium? TIf the heat energy is equally distributed throughout the leaf,
equal amounts could be emitted from both the upper and lower surfaces.
Divide the total radiant energy flux by 2: TREF/2. Then, rearrange the
equation to determine the effective radiant temperature of the leaf (ERTL)
with the formula:

ERTL = Y/(TREF/2)/SBCO
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The energy emitted from the leaf, considering both surfaces, may be
calculated with the effective radiant temperature of the leaf. It is
numerically equal to the total amount absorbed if the leaf temperature does
not change. Some radiant "surfaces” are infinite heat sinks, and others are
not. The clear sky, for example, 1s an infinite heat sink; its radiant tem—
perature does not change as a result of dissipation from the earth's sur-
face. Leaf temperatures, however, do change as radiation is absorbed or em-
itted and there is a finite limit to the quantity of heat energy that can be
present in a leaf.

A similar approach may be used for calculating the exchange between two
animal surfaces or between an animal's surface and its radiant thermal en-
vironment. Radiant surface temperatures of an animal are dependent on
several external factors, including the varigble amounts of solar radiation
absorbed over the hair surface, the air temperature, and the wind velocities
over the animal's surface. In general, surface temperatures increase as
more solar radiation is received and decrease as air temperature decreases
and wind velocity increases. Wind has non-linear effects as changes at low
wind velocities cause greater changes in surface temperature than changes at
high velocities. The effects of greater changes at low wind velocities are
ecologically important because animals are generally exposed to low
velocities when in vegetative cover. Further, turbulent air movement re-
sults 1n fluctuating velocities, with concomitant changes in radiant sur-
face temperatures. Changes in radiant surface temperatures are due to con—
vection, discussed in the next TOPIC.

The radiant surface temperatures of white—-tailed deer pelage exposed
to wind velocities from 0 to 14 miles per hour (0 -~ 5 km per hour) were de-
termined in the Thermal Environment Simulation Tunnel at Cornell's Wildlife
Ecology Laboratory by Stevens (1972). Linear regression equations, where
RATC = radiant temperature in °C and AITE = air temperature in °C are given
below.

Mi Hr~l Combined Regressions n

r
0 RATC = 9.49 + 0.75 AITE 51 0.98
1 RATC = 9.18 + 0.76 AITE 68 0.98
2 RATC = 8.60 + 0.78 AITE 71 0.98
3 RATC = 7.88 + 0.79 AITE 45 0.98
4 RATC = 7.53 + 0.80 AITE 74 0.97
6 RATC = 6.45 + 0.83 AITE 75 0.98
8 RATC = 5.63 + 0.85 AITE 45 0.98
10 RATC = 4.88 + 0.87 AITE 74 0.99
14 RATC = 4.05 + 0.89 AITE 52 0.98
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Note how the intercepts (a values) decrease as wind velocities
increase. A single equation has been derived for all of these equations by
expressing a and b as functions of wind velocity. The equation is:

RATC = (9.483 - 0.477 WIVE) + [(0.752 + 0.012 WIVE)(AITE)]
This equation 1s evaluated in WORKSHEET 1l.3e that follows.

Radiant temperatures have not been measured for many species of wild
ruminants. Mule deer radiant temperatures were similar to those for white-
tailed deer (Moen 1974). Parker (1972) measured radiant temperatures of
mule deer to be -7°C at night when the air temperature was -18°C. The slope
of the regression line was such that the effective radiant temperature and
air temperature intersected at about +6°C. This 1s not expected; the the-
oretical intersection should be at body temperature, or about 37°C. Marble
(1967) has puzzling results also; radiant temperatures were less than air
temperatures at times in her studies of bison, mule deer, and pronghorn.
The only physics explanation for such results is that the sky was acting as
a radiant heat sink, and the body surface cooled below ailr temperature.
This has not proven likely in my detailed measurements on live and simulated
deer, and on bear. The atmosphere surrounds the animal and its fur surface,
thus adding heat energy to the surface. Indeed, radiometers are designed to
prevent the warming of the sensors by the use of polyethylene shields. Leaf
temperatures have been observed to go below air temperature, but leaves do
not have internal temperatures of 37-39°C. Calculations of radiant
temperature and the effects of wind result in interactions between radiation
and convection. Additional complexities arise from the animals' surface
area configuration and the distribution of infrared flux from the
environment. These are discussed in CHAPTER 16.
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CHAPTER 15, WORKSHEET 1.3a

Infrared radiation in relation to the radiant temperature of the surface

The formula for calculating the quantity of radiant energy emitted,

QREE, is:

QREE = (SBCO)(RATK*)

where RATK = radiant temperature in Kelvin degrees.

If QREE is in cal cm? min~!, then SBCO
If QREE is 1n kecal m2 hr'l, then SBCO

1.170 x 107
4.876 x 1078.

Equivalent temperatures In Celsius and Kelvin degrees are:

-40 C = 233.2 K
-30 = 243.2
-20 = 253.2
-10 = 263.2
0 =273.2
10 = 283.2
20 = 293.2
30 = 303.2
40 = 313.2

Substitute these temperatures In the formula above and complete the
nomogram. Note that the left-hand scale 1s 1in cal cm™2 day '1, and the

right-hand one
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CHAPTER 15 — WORKSHEET 1.3b

Infrared radiation measurements, Suomi Radiometer

Infrared radiation measurements may be made with home-made radiometers
designed by Suomi and Kuhn (1958) and discussed further in Moen (1973). The
instruments I made (see Moen 1973:91) were of wood, fiberglass insulation,
polyethylene, and aluminum foil, with a highly absorbent black print on the
aluminum foil sensing surface and thermometers as temperature sensors.

The formulas for calculating radiation are:

QRED = [(IREM)(SBCO)(ABTT#) + (ABTT - ABTB) KCOI + (ABTT - ABTB) KCOA]

[(IREM)(SBCO)(ABTB4) + (ABTB - ABTT) KCOI + (ABTB - ABTT) KCOA]

QREU

where QRED = Quantity of radiant energy downward in kcal m2 gl
QREU = Quantity of radiant energy upward in kcal m~2 m1
IREM = Infrared emissivity = 1.0
SBCO = Stefan-Boltsmann constant = 49.3 x 1079 _
ABTT = Absolute temperature of the top sensor (add 273.2 to measured C
temperature)
ABTB = Absolute temperature of the bottom sensor

KCOI = Conductivity coefficient of the insulation = 0.3 for my

instrument
KCOA = Conductivity coefficient of the air = a + b (IART), where
a=1.62877,
b = 0.00516, for my instrument, and
IART = instrument air temperature which may be estimated as

the temperature midpoint between air temperature and
sensor temperature.

The KCOI value is dependent on the insulation used, and the equation
for KCOA is dependent on the depth of the air spaces.

Instruments may be built with locally-available materials and the
appropriate numerical values used in the formulas for radiation flux.
Equations for given instruments may be programmed on calculators and the
infrared radiation flux quickly determined from thermometer readings. These
instruments are economical, portable, and very simple to use when properly
designed.
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Moen, A. N. 1973. Wildlife Ecology. W. H. Freeman Co. San Francisco.
458 p.

Suomi, V. E. and P. M. Kuhn. 1958. An economical net radiometer. Tellus
10(1):160-163.

Chapter 15 - Page 22b



CHAPTER 15, WORKSHEET 1.3c
Infrared radiation in open snow fields

Measurements of downward and upward infrared radiation in open snow-
fields have been made in Minnesota and New York (Moen and Evans, 1971) and
equations given for the radiant temperatures of the sky and earth's sur-
faces. These temperatures are plotted in Moen (1973:82). The differences
between sites are not great, and the data from the different sites can be
combined into a single equations for the radiant temperature of the clear
sky (RTSK) and the earth's surface (RTEK). The equations are:

RTSK
RTEK

(1.103 AITE - 8.915) + 273.2
(1.030 AITE - 0.049) + 273.2

Substituting these equations into the formula for calculating the
quantity of infrared radiation emitted (in kcal per square meter per hour):

QREE = 4.876 x 10~8 RATK*
The equation for the quantity of radiant energy from the sky (QRSK) is:
QRSK = [4.876 x 1078][(1.103 AITE - 8.915) + 273.2]%
The equation for the quantity of radiant energy from the earth is:
AREA = [4.876 x 1078][1.030 AITE - 0.049) + 273.2]4

Complete the calculations and plot the results below.
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CHAPTER 15, WORKSHEET 1.3d
Infrared radiation in different cover types

The amounts of infrared radiation flux in different cover types are
dependent on the density of the vegetation, the temperature of the
vegetation surfaces, and the emissivity of the surface. Densities vary from
open fields, with no canopy, to dense coniferous canopies. Temperatures on
the vegetative surfaces at night are close to air temperature. Emissivities
are essentially 1.0. Thus the most important factor determining the radia-
tion flux in different cover types is canopy density, with the flux in each
of the different cover types a function of air temperature.

Equations for downward radiation flux in an open field, 1leafless
hardwoods (winter), and cedar canopy are given in Moen (1968:340). The
published equation is lacking o. Substituting AITE = air temperature for X
in the published equations, the new equations for quantity of radiant energy
emitted (QREE) are:

QREE = SBCO[(-10.9 + 1.000 AITE) + 273.0]% (open field)
QREE = SBCO[( -5.6 + 0.964 AITE) + 273.0]% (hardwood)
QREE = SBCO[( +0.2 + 0.962 AITE) + 273.0]% (cedar)

Complete the calculations and plot the results below.
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CHAPTER 15, WORKSHEET 1.3e
Radiant temperatures of white—-talled deer
An equation for predicting the radiant temperature of white-tailed
deer exposed to different wind velocities was discussed on pages 17-20. The
equation from page 19 is:

RATC = (9.483 - 0.477 WIVE) + [(0.752 + 0.012 WIVE)(AITE)]

Determine the radiant temperature for different combinations of AITE
and WIVE and tabulate below. Correct RATC to RATK.

AITE WIVE RATC RATK
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AITE WIVE RATC RATK
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CHAPTER 15, WORKSHEET 1.3f
Infrared energy emitted by white-tailed deer

Using the radiant temperature results from the previous WORKSHEET,
calculate infrared energy using the formula for QREE in WORKSHEET 1.3c.

QREE = 4.876 x 10~8 RATK4

Plot the results 1n the grids below and on the next page. Label each
line you plot with the appropriate WIVE.
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TOPIC 2. CONVECTION

Convection 1s the transfer of heat by the movement of a fluid across
the surface of an object, or convector. Sometimes the fluid movement 1is
generated by temperature, and hence density differences, in the fluid 1t~
self. This is called natural, or free convection. If the sun is shining on
a bedded deer, for example, the deer's hair absorbs some of the solar energy
and is warmed. The warmer air near the surface of the hair becomes 1less
dense and rises and cooler air replaces it. Free convection currents are oc-

curring over the deer's surface. Fluid (air 1n this case) movement
generated by pressure differences external to the fluid-convector interface
1s called forced convection. Wind, or general atmospheric motion, 1is

natural convection over the earth's surface, and it causes forced convection
over the surface of plants, animals, and physical objects on the earth's
surface.

Every plant and animal exposed to the atmosphere or liquid water is
participating in natural or in forced convection. Their vertical dimensions
place their surfaces in different parts of the wind profiles discussed ear-
lier, and the movement of air is very complex because of turbulence. As a
result, convection can also be expected to be a complex process. It can,
however, be considered conceptually with some expressions of basic patterns.

What do you think the pattern of convective heat loss looks like for
convectors of different sizes? Convectors with very small diameters are
very efficient convectors, and those with larger diameters are less ef-
ficient. Convection coefficients are used to express the rate of heat
transfer from the convector to the atmosphere. They have been calculated
for smooth surfaces by thermal engineers, and vary with the size and shape
of the convector. Smooth cylinders certainly do not approach the geometric
complexities of plants and animals, however, nor do they account for the ef-
fects of rough halr insulation. The use of these coefficients does help us
understand the effects of wind on plants and animals, and may be used to il-
lustrate the process of convection. Note in the drawing below that small
increases In convector diameter result in rapid declines in the heat loss
per unit area.

Convective
heat 1loss
per unit
area

Increasing diameter——->
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The quantity of convective heat loss (QCVE) can be expressed con-
ceptually with the formula:

QCVE = (COCO)(SUTE - AITE)(SACV)

where QCVE = convective heat loss,

COCO = convection coefficient,
SUTE = surface temperature,
AITE = air temperature, and Y

SACV = surface area of the convector.

The efficlency of the convector, a function of its geometry, is ex-
pressed by the convection coefficient. The actual amount of convection is a
function of the temperature difference between the convector and the air
moving past it and the surface area of the convector.

It is interesting to consider the idea that every animal, every moment
of its 1ife, participates in convective heat exchange, yet there are no
measurements of this process. The wind blows, and we tend not to know where
it comes from or where it goes, and often pay little attention to what it

does.

fleat loss TWOUUNOOHY)

by convection

000090050840 5T800064007
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UNIT 2.1: NATURAL CONVECTION

Natural, or free convection is a form of heat loss due to fluid
movements resulting from temperature and density differences in the thermal
boundary region. Warmer air near the animal rises, taking the heat absorbed
from the animal's surface with it. Thus, a warm animal in cool, still air
has a "plume” that rises into the atmosphere above the animal.

The transfer of heat energy by free convection may be estimated from
three variables, including the geometric characteristics of the convector,
the convection coefficient, and temperature differences between the surface
and the atmosphere. The general formula for natural convection from
horizontal or vertical cylinders in laminar flow, modified from Rosenberg
(1974:81) is:

QNCYV = 3.516 (DLTA/DCYC)1/# sanc

quantity of natural convection in kcal m2 hrl °C'l,

Delta T = temperature difference in °C between the convective
surface temperature and the surrounding air,

DCYC = diameter of the cylinder in cm, and

SANC surface area involved in natural convection (in square meters;
see UNITS for QNCV).

where QNCV
DLTA

Cylinder diameter effects. The illustration below shows the effects
of cylinder diameter on the pattern of natural convection. Note that the
greatest amount of change in the amount of natural convection occurs at the
smallest diameters. Small cylinders are more closely coupled to the effects
of natural convection than are larger ones; that is mathematically expressed
with the 1/4 power function in the formula.

QNCV

0 Increasing DCYC —---
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Temperature differences. "The illustration below shows that for each
cylinder diameter, the effects of temperature differences are linear; each
of the lines 1is straight. The spacings between the lines for different DCYC
are unequal due to the effect shown of cylinder diameter discussed in the
previous paragraph.

QNCV
Increasing
DCYC

0 Increasing DLTA-——- 10

Surface area. As the surface area of a convector increases, the heat
lost by natural convection increases if the diameter of the convector re-
mains constant. Changes in surface area are then due to changes in length
alone. The differences themselves are directly proportional to changes in
length and resulting surface area since SACV is the final component of the
formula and functions as a simple multiplier. If changes in area are due to
changes in diameter but not length, then SACV is on the X-axis and QNCV is
on the Y-axis. If changes in both diameters and surface areas occur, an
infinite number of combinations of these two parameters could occur; the
X:Y:Z axis are SACV:QNCV:DCYC.

QNCV

0 Increasing SACV —-—-~ 10

Opportunities for calculations of various combinations of inputs for
variables are provided on the WORKSHEETS that follow.
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CHAPTER 15, WORKSHEET 2.la

Natural convection as a function of the diameter
of the convective cylinder

The formula from Rosenberg (1974:81) for the quantity of natural con-
vection (QNCV) may be used to calculate the effects of the diameter of the
convecting cylinder by using the value 1.0 for DLTA and SANC (see UNIT 2.1).
The formula:

QNCV = 3.516 (DLTA/DCYC)9:25 sANc
then becomes
QNCV = 3.516 (1/pcyc)0-25 1.0
which, in simplest form is:

QNCV = 3.516 (1/DCcYc)9-25

Substituting 1, 5, 10.....45 em for DCYC, calculate QNCV and plot the
results below.

11
T
T+t
+ +
; Il
- A
QNCV 1 :'
2 I
4 4L
T T
s I
+ +
Jr_ .Jr.
0 L1
DCYC = 0 015 030 045
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UNIT 2.2: FORCED CONVECTION

Forced convection 1s a form of heat loss due to movements of the air
(wind) and to the movement of the animal itself. Three variables, including
the wind velocity (WIVE), the diameter of the convector (DCYC), and the dif-
ference between the surface temperature of the convector and air temperature
(DLTA), are used when calculating forced convection. The general formula,
modified from Gates (1962), is:

QFCV = 3.702 [(WIVEL/3)/(DpCYc2/3)1(DLTA) (SAFC)

where QFCV = quantity of forced convection,

WIVE = wind velocity in cm per second,

DCYC = diameter of the cylinder in cm,

DLTA = temperature difference in °C, and

SAFC = surface area involved in forced convection, in square meters.

Formulas are also available for calculating forced convection from
flat plates, where the length of the plate replaces diameter of the cylinder
as the characteristic dimension.

Convector geometry effects. The effects of changes in the diameter of
cylinders (DCYC) and the lengths of flat plats (LFPC) are 1llustrated below.

QFCV QFCV

Increasing DCYC ——- Increasing LFPC ——->

The smaller the diameter of the cylindrical convector or the length of a
flat plate convector, the greater the sensitivity to changes in WIVE. Ef-
ficiency of heat loss is associated with small-diameter convectors and short
plates. The non-linear characteristic of this relationship is clear.

Wind velocity effects. The results used to plot the illustrations
above were based on a single wind velocity. The effects of a range of wind
velocities may be plotted with a family of curves for different diameters
and flat plats in relation to WIVE on the X-axis. Greater relative effects
are observed at the lower wind velocities, although the absolute quantities
of heat loss Increase as wind velocities increase. The pattern of this
relationship is illustrated at the top of the next page.
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Increasing
DCYC

QFCV \/

Increasing WIVE —-—-

Temperature differences. When wind velocities and the characteristic
dimensions of the convectors remain constant, the amount of heat loss per
unit surface area is directly proportional to the temperature differences.
This 1is obvious from the formula; DLTA functions as a simple multiplier
after the non-linear effects of WIVE and DCYC or LFPC have been considered.
The effects of temperature differences are illustrated below.

QFCY

1 DLTA 10

Calculations of these relationships.are made in the WORKSHEETS that follow.
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Surface areas. Heat lost by forced convection 1is directly
proportional to wind velocities, the characteristic dimensions of the con-
vector, and the temperature differences when these three parameters remain
constant in a given set of conditions. Like DLTA discussed above, SAFC is a
multiplier at the end of the formula. It is Important to remember that the
geometry Is a very important consideration, however, since a surface area of
two square meters of a very long, thin cylinder has a higher convective loss
than two square meters of surface area of a short, thick cylinder.

QFCV

SAFC

Opportunities for calculations are given in the WORKSHEETS that
follow.

LITERATURE CITED

Gates, D. M. 1962. Energy Exchange in the Biosphere. Harper and Row,
Publishers, N. Y. 151 p.
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CHAPTER 15, WORKSHEET 2.2a

Forced convection In relation to wind velocity
and cylinder diameter

The quantity of forced convection (QFCV) may be calculated with var-
ious combinations of wind veloctiy (WIVE) and cylinder diameter (DCYC), us-
ing the formula, given in UNIT 2.2:

QFCY = 3.202 [(WIVEL/3)/(DCYC)2/3)] (DLTA)(SAFC)

Complete a serles of calculations using combinations of WIVE and DCYC and
the value 1.00 for DLTA and SAFC, and plot the results below.

2.0
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WIVE = 0 050 100 150 200 250 300 350 400 450 500

The results, expressed as the quantity of forced convection (QFCV) per
square meter (SQME) is really a convection coefficient, an expression of the
efficiency of heat transfer with various combinations of wind velocity and
cylinder diameter This coefficient may be multiplied by DLTA and SAFC to
determine the absolute amount of heat lost by forced convection from a de-
fined surface.
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TOPIC 3. CONDUCTION

Conduction is the transfer of heat energy in which kinetic energy is
passed from one molecule to another by collisions. Thermal conductivity de-
pends on the avallability of free electrons drifting through intramolecular
space, so metals, with an abundance of free electrons, are good conductors,
and organic materials are generally poor conductors. Air has a low the-
rmal conductivity, and air trapped between hairs in an animal's coat con-
tributes significantly to the insulating properties of the hair coat.

Conduction is assoclated with temperature gradients as faster vibrat-
ing molecules, characteristic of higher heat energy, strike slower vibrating
molecules and give up energy. Energy is dissipated from regions of higher
temperature to regions of lower temperature regions. When the energy is
equally distributed, molecular vibrations are on the average, uniform and
energy exchange by conduction is equal in all directions.

Ecologically, conduction is an important mode of heat transfer through
the hair coats of animals to the soil and snow. An animal bedded in the
snow, for example, has a subskin temperature that is higher than the snow.
Heat energy passes through the skin and hair coat to the snow. The rate at
which heat energy is conducted through the insulating hair is dependent on
the depth of the insulating materjial, the temperature gradient between the
skin and the snow, and the efficiency with which the hair conducts heat.
The efficiency is expressed as a thermal conductivity coefficient, and is
often represented by the symbol k. It is analagous to the convection coef-
ficlents discussed in the previous TOPIC.

The thermal conductivity coefficient may be defined as the rate at
which heat passes through a given distance (one cm for example) of a sub-
stance when there 1s a temperature gradient of one degree. A good conductor
has a higher thermal conductivity than a poor conductor. Hairy winter coats
are expected to be poor conductors, of course.

The depth of the conducting material is an 1important variable in
calculating conduction; the greater the depth of the conducting material,
the less heat transfer by conduction. In other words, heat 1loss 1is
inversely proportional to the depth of the hair coat.

The temperature difference across the hair coat is also important, of
course; the greater the temperature difference, the more heat energy 1is
transferred by conduction. Heat loss is directly proportional to the tem-
perature difference across the hair coat. The actual depths and temperature
differences act together, along with the thermal conductivity coefficient,
in determining the actual amount of heat loss per unit area. Surface area
and time are multipliers after the rates per unit time and area are de-
termined.
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Heat transfer by conduction is an important consideration for bedded
animals since the loss of heat by conduction to the substrate is an
important component of the total heat loss. This kind of conduction, with
the conducting material (hair) enclosed between two barriers (skin and snow
or soil) with no exposure to variable atmospheric conductions, is considered

to be static conduction (UNIT 3.1). Hair exposed to the atmosphere has
variable thermal conductivity coefficients as wind, moisture, and air tem-
perature alter the thermal properties of the hair. No single thermal con-

ductivity value is representative of the insulating qualities of porous
materials such as hair under changing atmospheric conditions; this kind of
conduction is called dynamic conduction (UNIT 3.2). Some important con-
siderations pertaining to the use of static and dynamic conductivity coef-
ficients are discussed in the next two UNITS.

Heat loss by counduction .
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UNIT 3.1: STATIC CONDUCTION

Static conduction occurs when the conducting material is enclosed be-
tween two solid barriers. The insulation between the walls of a home 1is en-
closed between two solid barriers, the inside wall and outside wall, and
hair in contact with the snow on the trunk of a bedded animal is enclosed
between two solid barriers, the skin and the snow.

The quantity of heat conducted (QHCO) can be expressed with the
) )

formula: / o

L 0
1

QHCO = (TCCO)(SACD)(TIME)[(DLTA)/DPTH)]

where QHCO = quantity of heat conducted,
TCCO = the thermal conductivity coefficlent per cm of hair depth,
which must be expressed in the units for QHCO (kcal per
square meter per hour, for example),

SACD = gurface area involved in conduction,
TIME = time,

DLTA = delta T = temperature difference, and
DPTH = depth of conducting material.

Thermal conductivity coefficients are determined by enclosing the
insulating material to be tested between two surfaces with different tem-—
peratures at a known distance apart. This is the procedure used in de-
termining thermal conductivity coefficients with the Thermal Conduction Ap-
paratus at Cornell's Wildlife Ecology Laboratory (See Evans and Moen 1975).
The design the the Thermal Conduction Apparatus is i1llustrated below.

-« Known temperature

-« Heat flow transducer

» <« Known temperature

The heat energy conducted through the material being tested 1is
measured directly and the formula above rearranged to solve for TCCO. If
SACD = 1 unit and TIME = 1 unit, these may be dropped from the formula, and
the rearrangement completed as shown below.

QHCO TCCO [(DLTA)/(DPTH)]
which can be rearranged to:

TCCO

[QHCO] [ (DPTH)/ (DLTA) ]
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The published literature on conductivity coefficients is based on the-
se kinds of measurements. Values of k determined in this way are applicable
to the surfaces of the animal in contact with the substrate; the insulating
hair is enclosed between two barriers: skin and snow. The results of such
measurements of static conduction should not be used when calculating heat
loss from the skin surface to the free atmosphere. Atmospheric effects on
conduction are discussed in the next UNIT (3.2) on DYNAMIC CONDUCTION.

Measured conductivity coefficients of the coats of different species
of wild ruminants tabulated below provide some indication of the amount of
variation between species and between season. Since the depth of the
insulating layer is part of the calculation, depth of the hair in cm (DHIC)
must be known before TCCO can be applied. QHCO = quantity of heat (kcal
m=2 hr'l) conducted through the hair layer given, and 1s determined from
TCCO/DHIC.

SPECIES PELT CONDITION DHIC - TCCO QHCO REFERENCE
odvi Early fall, fresh 1.70 3.32 1.95 Hamme 1 1953
3.30 1.94
3.29 1.94
(3.30) 1.94
odvi winter 2.39 3.06 1.28 Moote 1955
rata Fresh winter pelt 2.50 2.88 1.15 Hamme 1 1953
rata parka 1.50 3.26 2.17 Hamme 1 1953
rata winter 3.28 3.81 1.18 Moote 1955
rata summer 1.19 3.13 2.66 - Moote 1955
rata thin summer 0.74 3.06 4.14 Moote 1955
3.21 + 0.30

Division of these thermal conductivities for different kinds of hair
coats by their depths results in expressions of conductivity coefficients on
a per-unit—depth basis, and the different hair coats can be compared. Then,
conductivity coefficients of different species are not greatly different;
the mean + SD is 3.21 + 0.30. Maximum TCCO is 3.81 kcal w2 hr~
°C"1, which is 1.32 times minimum k of 2.98, both observed in caribou.
Hair depths, however, varied from 0.74 cm to 3.28 cm, a ratio of 4.43. Thus
it appears that differences in hair depths contribute more to differences in
overall insulation of wild ruminants than differences in the characteristics
of the hair coats of different speciles.

Chapter 15 - Page 38



Stagnant air is a poor conductor of heat and thus is good insulation.
In fact, the major role of fibrous insulation such as hair is 1ts stagnation
effect on the ailr between the fibers, and the insulating values of hair
coats 1s most related to their ability to trap and stagnate air. If the
hair 1s very dense, there 1s less air space and conductivity will actually
increase if the hair shafts are better conductors than air. This was dis-
cussed by Hammel (1953) and demonstrated for cattle.

Interesting considerations can be raised concerning the function of
the hair coat as a layer of insulation in relation to the role of individual
hairs as cooling fins. Scattered individual hairs, projections from the
skin, function as effective cooling fins as their small diameter keeps them
closely coupled to the atmosphere. When their density increases and they
tend to slow down and stagnate the air, then the hairs begin to function as
a layer of insulation. The transition from the two functions-—convection
and conduction--is dependent on the density of the hairs. Optimum hair de-
nsity as a layer of insulation occurs when the contribution of the stagnant
air to the overall insulation of the hair-air interface is at maximum. Hair
that 1is too dense results in an increase in conductivity.

stagnated too dense;’
air; optimum conduction
cooling fins density increases
Increasing density—---—-—-=—————-—- >

Conductivity of air 1s temperature dependent, being greater at higher
temperatures. It 1s 2.07 kcal per square meter per hour per cm depth at 0
C, so 2.07 1s the intercept a in the equation below, and the change in con-

"ductivity for each degree (Celsius) change in air temperature is 0.00648.
The linear regresion equation is (from Moen 1973; 98):

CCAI = 2.07 + 0.00648 AITE

where CCAI = conductivity coefficient of air, per cm depth, in kcal per
square meter per hour per °C, and
AITE = air temperature in °C.

This equation rather than a single value will be used 1n later calculations
of the conductivity of air. Note that the conductivity of air at 0°C is
only 64%Z of the average conductivity of deer and caribou hair (2.07/3.21 =
0.64). Air 1s better insulation than hair, which doesn't seem right until
it is remembered that the air must be stagnant. The moving air in the
atmosphere around an animal does not meet that condition. The properties of
the hair coat which stagnate the air are most important in determining the
overall insulation of the hair coat.
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Compression effects. The compression of fibrous insulation such as
hair maybe an Important consideration in the rate of conductive heat 1loss.
A bedded deer, for example, compresses the hair on its legs and trunk, and
it is generally known that compression of insulation, reducing both its
thickness and the amount of air space in it, reduces its effectiveness as
insulation.

Effects of hair inclination. The inclination of the hair shafts can
theoretically affect the rate of conduction through the hair, with the low-
est rate of conduction when the fibers are parallel to the plane of the
insulation and perpendicular to the plane of the insulation and parallel to
the direction of heat flow (See Moen 1973). Hair in normal 1lie falls be-
tween these extremes. Piloerection decreases the insulation value of the
fur per unit depth, but the increase in depth compensates for the change in
hair inclination (Hammel 1953); the total 1insulation of erect fur was
slightly greater than the total insulation of fur in normal position. While
this consideration is of definite interest, data on different speciles are
lacking because of the difficulty, if not impossibility of measuring heat
flow in vivo on piloerected and normal-lie hair. Further, metabolic con-
siderations which result from muscular contractions necessary to erect the
hair also affect the thermal exchange through the hair surface. This is
discussed by Moen (1973:282-283).

Effects of moisture. The amount of moisture in the coat has a marked
effect on the rate of heat flow through the hair layer. This was indicated
by the large increase in the metabolism of infant caribou when their coats
were wet (see CHAPTER 16, UNIT 1.6), and by observations at the Wildlife
Ecology Laboratory of deer bedded during sleet-like snow when the heart rate
was 100%Z higher and breathing rate 23% higher than on another day two weeks
earlier when snow was not falling (Moen and Jacobsen 1973:521). Moisture
not only changes the conductivity per se, but adds the further consideration
of heat loss by evaporation which, due to the large heat of vaporization, is
potentially great. There are no data on conductivity coefficients of hair
coats with different amounts of moisture, however.

The discussions in this UNIT have centered on the role of hair in
static conduction, applicable only to an insulation enclosed between two
barriers and not to hair coats exposed to the atmosphere. Considerations
necessary when analyzing thermal conductivity characteristics of hair coats
exposed to the atmosphere are discussed next, in UNIT 3.2: DYNAMIC CON-
DUCTIVITY.
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CHAPTER 15, WORKSHEET 3.la
Conduction through the hair layer

Conduction through the hair layer with different conductivities per
unit depth may be calculated with the following formula (See p. 37):

QHCO = TCCO [(DLTA)/(DPTH)]

Using data given on page 38 and other data available, plot conduction
losses for different thermal conductivity coefficients and hair depths.
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CHAPTER 15, WORKSHEET 3.1b
Conductivity of stagnant air in relation to air temperature
The conductivity coefficient of air, CCAI, in kcal per sq meter per
hour per °C per cm depth may be calculated with the following equationm,
modified from Moen (1973):
CCAI = 2.07 + 0.00648 AITE

where AITE = air temperature in °C. Plot the results below.
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UNIT 3.2: DYNAMIC CONDUCTION

The insulating value of fibrous hair coats when they are exposed to
the atmosphere may be quite different from their insulating value when in
direct contact with the soil or snow. Air penetrates the halr coat as a re-
sult of natural convection currents and wind, disturbing some of the air in
the spaces between the hairs. The penetration of such fibrous insulation
(hair) by wind alters its insulating value. The depth to which the wind
penetrates 1s dependent on wind velocity and turbulence, with the velocity
affecting the inertia of the wind as it strikes the coat and direction af-
fecting the angle of attack by the wind.

The depth of the hair (insulation) is a major factor determining the
overall insulation of a hair coat. Disturbance of the air in the hair layer
due to wind reduces the insulating value of the hair coat. If the dis-
turbance were complete and there was no stagnant alr present, conduction
would no longer occur and heat transfer would be by convection and radiation
only. This is not the case for wild ruminants, however, as their thick and
rather long hair coats stagnate the air 1In the hair-air interface. Con-
ductlion is the dominant mode of heat transfer deep within the hair, and con-
vection and radiation in the outer parts of the hair coat. This is 11-
lustrated below. '

A A4

air Radiation

Thermal ‘ * + *
boundary | hair-air A A A Convection
region Thermal surface
hair //7i/7i/7i/Zi//i/ji//i//i/zi/7l ( Conduction across
thermal depth

The heat loss by convection and radiation from the outer surfaces must
equal the heat lost by conduction to the outer surfaces from the skin sur-
face. As wind velocities and radiation flux change, conductivity changes
due to changes in the temperature gradients and in the depth of the thermal
boundary region. The conductivity of the entire physical depth of the hair
coat must change as the alr within the coat 1is disturbed; a single thermal
conductivity coefficient cannot apply to a hair coat when atmospheric ef-
fects are considered. Several factors affecting these changes are discussed
next.
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THERMAL DEPTH

The dynamic, functional hair depth that is due to thermal
characteristics of the pelage is called thermal depth (Moen 1973:261-262).
It is determined by measuring the temperature profile from the skin out to
the ambient atmosphere and the radiant temperature of the hair surface.
Then, the point on the temperature profile where the radiant temperature
equals profile temperature is determined, and the distance from that point
to the skin is the thermal depth. The thermal depth can be measured on the
plotted curves or determined mathematically after curve fitting the tem-—
perature profile. Thermal depth in relation to physical depth and the tem-
eprature profile is illustrated below.

Temperature profile

«Outer limit of thermal boundary region

Point on temperature profile where
profile temperature equals radiant temperature

/Y77

THERMAL SURFACE

* Thermal surface
J/Z/é/ ? 4 Physical depth
Thermal depth

The plane parallel with the skin at the outer limit of the thermal
depth is the thermal surface. It is the location of the radiant tem-
perature, integrated over the horizontal and vertical depth of the target
viewed by the radiometer, on the temperature profile. Thermal depth and
thermal surface are theoretical parameters which, after measuring tem-
perature profiles and radiant surface temperatures over a wide range of tem-
peratures and wind velocities, illustrate the effects of wind and radiation
on the effective depth of the insulating hair. The thermal depth approach
and the concept of dynamic conductivity should divert attention away from
the use of measured static conductivities for hair exposed to the
atmosphere. An alternate and fundamental concept of insulation around an-
imals is introduced in the next UNIT.

REFERENCES, UNIT 3.2

DYNAMIC CONDUCTION

SERIALS

CODEN VO-NU BEPA ENPA ANIM KEY WORDS-———-————=—-=——e——-— AUTHORS—-—---~~—~ YEAR

[No references on the concept of dynamic conduction have been found in
the 1literature. Measurements of temperature profiles and heat transfer
through pelts of animals have not been made.]
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UNIT 3.3: THE THERMAL BOUNDARY REGION

The halr of an animal is usually thought of as 1its insulation, but
that 18 a convenient rather than a correct conclusion. The hair coat of an
animal is only part of the insulating medium surrounding the animal. The
entire insulating medium is the thermal boundary region, and this is com-
posed of the hair and the air surrounding the animal that is influenced by
the animal and its coat of hair. Visualize an animal as being surrounded by
a reglion of warmer air that can be delineated by a temperature profile
through the hair-air interface as pictured below.

Temperature
profile
e Point where 99% of the temperature

variation has occurred.

Thermal
boundary
region

Thern [ 7, /- / / /

The outer limit of the thermal boundary region i1s defined as the point
on the profile where 997 (a value commonly used in thermal engineering) of
the variation in temperature from the skin to the free atmosphere has
occurred. Since the outer part of the thermal boundary region is nothing
but air with varylng temperatures and densities, it is obviously very
labile. The thermal boundary region has a greater depth in still air than
in the wind, of course, since wind forcefully removes the warmed air next to
the hair. A strong gust of wind just about completely destroys the thermal
boundary region.

Point where radiant temperature =
profile temperature

{Thermal surface

Thermal depth

Identification of the thermal boundary region requires a series of
temperature measurements from skin to ambient air. Such measurements must
be made under controlled conditions, and have not been made for any of the
wild ruminants except white-tailed deer. This species has been analyzed in
the Thermal Environment Simulation Tunnel (See Moen 1973: Chapters 5,6, and
13) at the Wildlife Ecology Laboratory, Cornell University, where the-
rmocouples were used at various distance intervals to measure temperatures
through the entire thermal boundary region of different hair coats. The
thermal boundary region may be divided into 3 layers: the hair layer,
hair-air interface, and the air layer. Heat transfer occurs through each of
these layers, at rates dependent on the thermal reslstance of each layer.
The overall resistance is equal to the sum of the resistances of each layer.
Since the thermal boundary region 1s composed of both hair and ailr,
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convection and radiation exchange occur in addition to conduction. Thus an
overall heat transfer coefficient is appropriate, describing the efficiency
of heat transfer under different combinations of hair depths in relation to
radiant energy, wind velocities, and air temperatures. Needless to say, no
single overall heat transfer coefficient applies to a species, but there is
rather a pattern of relationships between these thermal forces and the an-
imal's hairy surface. Results of thermal boundary region measurements on
white-tailed deer, analyses of data, and applications of this approach to
thermal analyses are discussed in CHAPTER 16, TOPIC 2. Before going on to
that, however, one more mode of heat transfer, evaporation, is considered
here in CHAPTER 15.

LITERATURE CITED

Moen, A. N. 1973. Wildlife Ecology. W. H. Freeman Publishing, San
~ Francisco. 458 p.

REFERENCES, UNIT 3.3
THE THERMAL BOUNDARY REGION

SERIALS

CODEN VO-NU BEPA ENPA ANIM KEY WORDS AUTHORS———=——==—- YEAR
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TOPIC 4. EVAPORATION

Evaporative heat loss occurs when the latent heat of vaporization re-
sulting from a phase change from liquid water to gaseous water vapor 1is dis-
sipated. This occurs 1n animals through respiration, evaporation of
perspiration, and evaporation of surface water after the hair coat has be-
come wet. Evaporative heat loss can be estimated with several methods. The
mass transport method predicts evaporation as a function of vapor pressures.
If the atmosphere has a lower vapor pressure than the surface of a plant or
animal, water evaporates from the plant or animal until vapor pressure de-
ficits at the surface and in the atmosphere are equal. It 1s relatively
simple to calculate evaporation by this method, but it is not calculated
very accurately, especially from aerodynamically rough surfaces in windy
conditions when there is a lot of turbulence and hence atmospheric mixing.
Then, the atmosphere never comes into equilibrium with the source of water
even 1f the deficit is 1low. Several other approaches to calculating
evaporative heat loss are described by Rosenberg (1974).

Evaporative heat loss is generally a minor fraction of total heat loss
from animals at cold temperatures if their coats are dry. Respiratory ex-
change 1s low at least in some species, because the anatomy of the
respiratory passages results in pre-warming and pre-cooling of the air that
reaches the respiratory surface in the lungs, minimizing changes 1in vapor
pressures of respired air. At high temperatures, evaporative heat loss is
very important as a means of dissipating excess body heat by wild ruminants,
and responses such as panting and sweating may be essential for survival.
That i1is a good reason for evaluating them in considerable detail. Some
animals use lakes and ponds as a means for keeping cool in the heat of
summer. Moose, for example, spend considerable time in the water feeding
while benefitting from the cooling effects of the water. Limited
discussions of surface and respiratory evaporation follow in the next two
UNITS.

LITERATURE CITED

Rosenberg, N. J. 1974. Microclimate: The Biological Environment. John
Wiley & Sons, N. Y. 315 p.
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UNIT 4.1: SURFACE EVAPORATION

Water vapor has mass, it occupies space, and therefore must have some
place to be. The atmosphere has a capacity for holding water vapor that is
dependent on atmospheric temperature. "Warm air can hold more moisture than
cool air” 1is the usual phrase describing this relationship. The amounts
held by the atmosphere at different temperatures were discussed in TOPIC 4
of CHAPTER 14. Heat transfer due to surface evaporation using a very
simplified vapor pressure gradient approach is discussed here, with the full
realization that it is not a good way to estimate something as dynamic as
evaporative heat loss. It does serve to illustrate the basic idea, however,
and indicates the similarities in the loss of heat energy by vapor pressure
gradients to the the effects of temperature gradients on radiation, con-
vection, and conduction losses.

The resistance approach to the transport of vapor may be considered
an onlag of conduction from a surface to the air next to it. The transport
of sensible heat proceeds at a rate directly proportional to the temperature
gradient and inversely proportional to the resistance of the air to thermal
conduction. Similarly, the transport of vapor is directly proportional to
the vapor pressure gradient from the evaporating surface to the air and
inversely proportional to resistance of the air to the diffusion of water
molecules (Rosenberg 1974:167).

This 1s not unlike the mass transport method discussed by Rosenberg
(1974:161) where the vapor pressure gradient is considered along with a
"windiness" factor. The windiness of the atmosphere affects the thermal re-
sistance; the two parameters are related. It is Interesting that the mass
transport method discussed by Rosenberg is attributed to research complete-
ed by Dalton about 1800. The "Daltonian equation” is:

E =C (ey - e3)

where E 1s evaporation, C is an empirically determined constant involving
some function of windiness, e, 1s the vapor pressure at the surface, and
eg 1s the actual vapor pressure in the air at some point above the sur-
face.

Modifications of this equation that have been proposed are described
by Rosenberg (1974:162). The equation proposed by Penman (1948) requires
measurement of vapor pressures at the surface and in the atmosphere and wind
velocity 2 meters above the ground. The equation is:

E = 0.40 (e, = eg)(1 + 0.17 uy)

where E = evaporation,
eq vapor pressure at the surface,
e, = vapor pressure in the atmosphere, and
u wind velocity at two meters.
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The use of this equation illustrates the contributions of vapor pres-
sures (which are partial functions of temperature) and wind velocities to
evaporation.

The next step in determining the amount of heat energy involved in
evaporation. The amount of heat required to vaporize water—--the heat of
vaporization——is temperature—dependent. This is often overlooked in general
science and elementary physics books where the heat of vaporization 1s given
as a single value, 540 cal per gram, which applies only to 100 ©cC.
Evaporation of water from an animal requires from 596 cal per gram of water
evaporated at 0 °C to 574 cal per gram at 40 °C (Fairbridge 1967). The
larger energy requirement for the heat of vaporization at lower temperatures
is necessary because more energy 1s needed to break the chemical forces be-
tween cooler liquid water molecules that are vibrating more slowly than
warmer ones that are vibrating faster. The heat required for evaporation
can come from the organism or the environment.

The relationship between the heat of vaporization and air temperature
may be expressed with a linear regression equation (Moen 1973: 99):

HEVA = 595.59 - 0.5376 ATTE

where HEVA = heat of vaporization (calories), and
ATTE = atmospheric temperature (C).

1]

The use of such an equation is certainly preferable to the use of a
single value, or to the use of some other value for "average" temperatures.
Completion of the graph in the WORKSHEET that follows provides a nomogram
for quick estimates, and the equation 1s easily programmed into a series of
calculations.

LITERATURE CITED

Fairbridge, R. W. (Ed.) 1967, The Encyclopedia of Atmospheric
Sciences and Astrogeology. Reinhold Publ. Corp. N.Y. 1200 p.

Moen, A. N. 1973. Wildlife Ecology. W. H. Freeman and Sons. San
Francisco. 458 p.

Penman, H. L. 1948. Natural evaporation from open water, bare soil, and
grass. Proc. Roy. Soc. Lond. A. 193: 120-145.

Rosenberg, N. J. 1974. Microclimate: The Biological Environment. John
Wiley & Sons, N.Y. 315 p.
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CHAPTER 15, WORKSHEET 4.la

Heat of vaporization

The relationship between the heat of vaporization and air temperature

may be expressed with a linear regression equation from Moen (1973:99).

equation is:

The

HEVA = 595.59 - 0.5376 ATTE

where HEVA = heat of vaporization (calories), and
ATTE = atmospheric temperature (°C).

Calculate HEVA for the maximum and minimum temperatures given on the

graph and convert the values of HEVA with straight line.
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UNIT 4.2: RESPIRATORY EVAPORATION

Evaporation from the respiratory tract must follow the basic physical
principles with regard to vapor pressure gradients discussed earlier, but
the dynamics of external resplration make the exchange of heat by re-
spiratory means much more complex. Air movement 1s forced as a result of
movements of the diaphragm. Turbulence is expected as air moves through the
resplratory tract since there are folds or convolutions in the respiratory
tract that extend the distance tranversed by the air before entering or
leaving the nasal cavity and lungs. This results in warming of the inhaled
air and cooling of the exhaled air, which 1s an energy convection mechanism
of particular significance to northern species such as caribou.

The calculation of respiratory evaporation on theoretical bases 1is
impossible due to the complexities associated with this process in vivo.
Estimates of respiratory evaporative heat loss are given in CHAPTER-TB, UNIT
1.6, recognizing at least the potential contribution of evaporation to the
total heat loss and, at most, the magnitude of the loss under certain
conditions.

Note that the references on the next page deal primarily with domestic
ruminants. Evaporation 1s most important to the animal at high tem-
peratures, so research on respiratory evaporation has been directed
primarily toward the hotter climates.
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CLOSING COMMENTS

Thermal characteristics and basic heat transfer processes have been
discussed in CHAPTER 15. The discussions and calculations have been an
extension of those 1in CHAPTER 14, and these two chapters provide the
background for evaluations of thermal energy balances and animal responses
in the next two chapters.

The next chapter (CHAPTER 16) includes evaluations of thermal energy
balances of animals 1in specific situations. These evaluations help one
understand the roles of physiological and behavioral adjustments by
free-ranging animals in their natural habitats.

Aaron N. Moen
November 18, 1981
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GLOSSARY OF SYMBOLS USED - CHAPTER FIFTEEN

ABCO = Absorption coefficient

ABTB = Absolute temperature of the bottom sensor
ABTT = Absolute temperature of the top sensor
AITE = Air temperature

AREA = Area

ATTE = Atmospheric temperature

CCAI = Conductivity coefficient of air
CCMB = Calories per square centimeter per day
COCO = Convective coefficient

DCYC = Diameter of the cylinder in centimeters
DLTA = Delta T = temperature difference
DPTH = Depth of conducting material

ERTL = Effective radiant temperature of the leaf
EVAP = Evaporation

HEVA = Heat of vaporization

IART = Instrument alr temperature
IREM = Coefficient of infrared emissivity

KCMH = Kilocalories per centimeters per hour

KCOA = Conductivity coefficient of the air

KCOI = Conductivity coefficient of the insulation
KMTH = Kilocalories per square centimers per day

LFPC = Lengths of flat plats

QCVE = Quantity of convective heat loss

QFCV = Quantity of forced convection

QHCO = Quantity of heat conducted

QNCV = Quantity of natural convection

QRED = Quantity of radiant energy downward

QREE = Quantity of radiant energy emitted

QREN = Quantity of radiant energy of net flux
QRET = Quantity of radiant energy of total flux
QREU = Quantity of radiant energy upward

QRSK = Quantity of radiant energy from the sky

RATB = Radiant energy of the bottom surface

RATK = Radiant temperature in k

RATT = Radiant energy of the top surface

RECO = Reflection coefficient

RTEK = Radiant temperature of the earth's surface
RTSK = Radiant temperature of the clear sky in k
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SACD =

SACV
SAFC
SANC

SQME
SUTE

TCCO
TIME
TREF

WIVE

Surface
Surface
Surface

= Surface
SBCO =
= Square meters

Stephan-

Surface

Thermal
Time

area involved in conductivity

area of the convector

area involved in forced convection
area invovlved in natural convection
Boltsmann constant

temeperature

conductivity coefficient

Total radiant energy flux

Wind velocity in centimeters per second
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GLOSSARY OF CODENS - CHAPTER FIFTEEN

SERIALS are identified by five-character, generally mnemonic codes
called CODEN, listed in 1980 BIOSIS, LIST OF SERIALS (BioSciences Informa-
tion Service, 2100 Arch Street, Philadelphia, PA 19103).

The headings for the lists of SERIALS are:

CODEN VO-NU BEPA ENPA ANIM KEY WORDS - AUTHORS---———=——- YEAR

The volume and issue numbers (VO-NU) are given after the CODEN entry,
followed by beginning page (BEPA), ending page (ENPA), species discussed
(ANIM), KEY WORDS from the title, AUTHORS [truncated if necessary, slash (/)
indicates additional authors], and year.

AGMYA Agricultural Meteorology

AJZOA Australian Journal of Zoology

AMSCA American Scientist

ANYAA Annals of the New York Academy of Sciences

BIOJA Biophysical Journal
BISNA Bioscience
BVJOA British Veterinary Journal

CBCPA Comparative Biochemistry and Physiology
CBPAB Comparative Biochemistry and Physiology A Comparative Physiology
CJZ0A Canadian Journal of Zoology

ECOLA Ecology

IJBMA International Journal of Biometeorology
IJLAA Indian Journal of Animal Sciences
IREZA International Review of General and Experimental Zoology

JANSA Journal of Animal Science

JAPYA Journal of Applied Physiology
JASIA Journal of Agricultural Science
JDSCA Journal of Dairy Science

JOMAA Journal of Mammalogy

JPHYA Journal of Physiology

JRMGA Journal of Range Management
JTBIA Journal of Theoretical Biology
JWMAA Journal of Wildlife Management

NAWTA North American Wildlife and Natural Resources Conference,
Transactions of the,

NJZOA Norwegian Journal of Zoology

OJVRA Onderstepoort Journal of Veterinary Science and Animal Industry
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PHMBA
PHZOA
PRLBA
RSPYA
SCAMA
SCIEA
SZSLA
TRJIOA

ZOLZA

Physics in Medicine and Biology
Physiological Zoology
Proceedings of the Royal Society of London B Biological Sciences

Respiration Physiology

Scientific American
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GLOSSARY OF ANIMAL CODE NAMES

Wild ruminants are referred to in this CHAPTER by a 4-character
abbreviation from the family, genus and genus—species. These are listed
below under Abbreviation.

Scientific names of North American wild ruminants are those used in
BIG GAME OF NORTH AMERICA, edited by J.C. Schmidt and D. L. Gilbert (1979:
Stackpole Books, Harrisburg, PA 17105, 494 p.), and may be different from
the scientific names given in the original literature.

The abbreviations used for North American wild ruminants are listed
below.

CLASS: MAMMALIA

ORDER: ARTIODACTYLA Abbreviation
FAMILY: CERVIDAE cerv
GENUS: Odocoileus (deer) . od--
SPECIES: 0. virginianus (white-tailed deer) odvi
0. hemionus (mule deer) odhe
GENUS: Cervus (Wapiti, elk) ce——
SPECIES: C. elaphus ceel

GENUS: Alces (moose)
SPECIES: A. alces alal

GENUS: Rangifer (caribou)
SPECIES: R. tarandus rata

FAMILY: ANTILOCAPRIDAE
GENUS: Antilocapra

SPECIES: A. americana (pronghorn) anam
FAMILY: BOVIDAE ‘ bovi
GENUS: Bison (bison) bi~--
SPECIES: B. bison bibi
GENUS: Ovis (sheep) ov—-
SPECIES: 0. canadensis (bighorn sheep) ovca

0. dalli (Dall's sheep) ovda

GENUS: Ovibos
SPECIES: 0. moschatus (muskox) obmo

GENUS: Oreamnos
SPECIES: 0. americanus (mountain goat) oram
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in the reference lists.

The abbreviations used for European wild ruminants are listed below.

MAMMALTIA

ORDER: ARTIODACTYLA

FAMILY: CERVIDAE

GENUS: Capreolus (roe deer)
SPECIES: C. capreolus

GENUS: Dama (fallow deer)
SPECIES: D. dama

GENUS: Cervus (Wapiti, elk)
SPECIES: C. elaphus (red deer)

GENUS: Alces (moose)
SPECIES: A. alces

GENUS: Rangifer (caribou)
SPECIES: R. tarandus

FAMILY: BOVIDAE
GENUS: Bison (bison)

SPECIES: B. bonasus
GENUS: Capra (ibex, wild goat)

SPECIES: C. aegagrus (Persian ibex)
C. siberica (Siberian ibex)

OTHERS

Abbreviation

cerv
ca--
caca
da—-
dada
ce——
ceel

alal

rata

bibo
cp——
cpae
cpsi

Abbreviations for a few other specles and groups of species may appear

Axis axis (axis deer)

Elaphurus davidianus (Pere David's deer)
Cervus nippon (Sika deer)

Hydropotes inermis (Chinese water deer)
Muntiacus muntjac (Indian muntjac)
Moschus moschiferus (musk deer)

Ovis nivicola (snow sheep)

Ovis musimon (moufflon)

Ovis linnaeus (Iranian sheep)

Rupicapra rupicapra (chamois)

big game

domestic sheep
domestic cattle
domestic goat
domestic ruminant
herbivore

mamma 1s

three or more species of wild ruminants
ruminants
ungulates
vertebrates
wildlife

wild ruminant

Chapter 15 - Page 66

These are listed below.

axax
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mumu
momo
ovni
ovmu
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ruru

biga
dosh
doca
dogo
doru
hrbv
mamm
many
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vert
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JULIAN DAY: MONTH AND DAY EQUIVALENTS*

Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Day
1 001 032 060 091 121 152 182 213 244 274 305 335 1
2 002 033 061 092 122 153 183 214 245 275 306 336 2
3 003 034 062 093 123 154 184 215 246 276 307 337 3
4 004 035 063 094 124 155 185 216 247 277 308 338 4
5 005 036 064 095 125 156 186 217 248 278 309 339 5
6 006 037 065 096 126 157 187 218 249 279 310 340 6
7 007 038 066 097 127 158 188 219 250 280 311 341 7
8 008 039 067 098 128 159 189 220 251 281 312 342 8
9 009 040 068 099 129 160 190 221 252 282 313 343 9

10 010 041 069 100 130 161 191 222 253 283 314 344 10
11 011 042 070 101 131 162 192 223 254 284 315 345 11
12 012 043 071 102 132 163 193 224 255 285 316 346 12
13 013 044 072 103 133 164 194 225 256 286 317 347 13
14 014 045 073 104 134 165 195 226 257 287 318 348 14
15 015 046 074 105 135 166 196 227 258 288 319 349 15
16 016 047 075 106 136 167 197 228 259 289 320 350 16
17 017 048 076 107 137 168 198 229 260 290 321 351 17
18 018 049 077 108 138 169 199 230 261 291 322 352 18
19 019 050 078 109 139 170 200 231 262 292 323 353 19
20 020 051 079 110 140 171 201 232 263 293 324 354 20
21 021 052 080 111 141 172 202 233 264 294 325 355 21
22 022 053 081 112 142 173 203 234 265 295 326 356 22
23 023 054 082 113 143 174 204 235 266 296 327 357 23
24 024 055 083 114 144 175 205 236 267 297 328 358 24
25 025 056 084 115 145 176 206 237 268 298 329 359 25
26 026 057 085 116 146 177 207 238 269 299 330 360 26
27 027 058 086 117 147 178 208 239 270 300 331 361 27
28 028 059 087 118 148 179 209 240 271 301 332 362 28
29 029 [060] 088 119 149 180 210 241 272 302 333 363 29
30 030 089 120 150 181 211 242 273 303 334 364 30
31 031 090 151 212 243 304 365 31

* For leap year, February 29 = JDAY 60. Add 1 to all subsequent JDAYs.
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CHAPTER 16: THERMAL ENERGY BALANCE CALCULATIONS

The illustrations of heat transfer given in CHAPTER 15 provided intro-
ductions to the four modes of thermal energy exchange. The roles of these
four modes will now be considered for the organism as an ecological unit
within the basic concept of homeothermy.

Homeothermic animals are usually described as "animals which maintain

a constant hody temperature.” This very simple idea is often presented to
students in elementary grades, and it is commonly said that the body tem-
perature of humans 1is 98.6°F. All humans do not have the same body tem-

perature though, and all parts of the human body are not at the same tem-
perature.

Careful consideration of the basic concept of homeothermy leads one to
a conclusion that is much more basic than the simple statement that the body
temperature remains "constant.” Metabolic processes are exothermic, so heat
energy is released when food is oxidized, and heat energy is dissipated to
the environment when the environment 1s colder than the animal. Homeotherms
malntain a balance between the amount of heat energy released from food and
the heat energy dissipated to the environment, and the effect of this bal-
ance is a constant body temperature.

Animals that maintain a balance between the heat produced and the heat
lost are constantly solving a very complex heat transfer equation.

The effects of weather are manifested in the animal-range relationship
through the medium of thermal or heat exchange. Meteorological parameters
alone may be quite meaningless when used in interpreting animal responses
because weather instruments do not respond to the thermal regime of the
atmosphere in the same way that a living organism does. Further, weather
instruments are often placed in standard weather shelters at standard
heights so as many variables as possible are eliminated. A living organism,
however, is exposed to the changing weather conditions and it also has its
own physiological and behavioral variables. Knowledge of the four basic mod-
es of heat exchange enables the biologist to understand the functional re-
lationships between weather and the living organism.

The four modes of heat transfer interact. Radiation and convection
are mutually dependent, for example, as convection losses reduce surface
temperature and radiant heat loss. The rapidity of these changes—--80% of

the radiant temperature change occurred in a few seconds when wind
velocities increased from 45 to 447 cm per second (1-10 mph)--are described
in Moen and Jacobsen (1974). Arithmetic summations of net radiation and
convection losses, as if radiation occurred in a vacuum and convection acted
alone, are unrealistic because wind generally reduces the surface tem-
peratures, and surface temperatures are a part of DLTA T in calculations of
both convection and radiation exchange.

Absorbed radiant energy increases surface temperatures, again af-
fecting the DLTA T in convection and radiation exchange. A logarithmic
increase was described by Moen and Jacobsen (1974) for data published in
Parker and Harlan (1972). Radiation and convection are clearly not indepen-
dent processes.
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An organism is coupled to the energy exchange processes by certain
specific properties of its own (Gates 1968; 2). The amount of heat ex-—
changed by radiation, convection, conduction, and evaporation depends on the
thermal characteristics of the atmosphere and substrate, such as soill, rock,
or snow, and the thermal characteristics of the object or organism. If a
surface is highly reflective to radiant energy, then there can be 1little
thermal effect from radiation. A cylinder with a very small diameter is a
very efficient convector and slight air movement can result in a. large
amount of heat loss. Conversely, a large cylinder is a poor convector. An
object covered with a layer of good insulation loses 1little heat by con-
duction, and an object with no water or other fluid that can be vaporized
can have no heat loss by evaporation.

The exchange of heat between an organism and its environment 1is a
dynamic process that includes the simultaneous exchange by each of the four
modes of heat transfer.

The complexities of radiation and convection exchange at the surface
of an animal are increased by the fibrous characteristics of the hair coat
and the rough aerodynamic features of the animal's geometry. These com—
plexities increase further as animals may change their posture and ori-
entation as part of thermoregulatory behavior. Homeothermic animals, while
they do mnot precisely maintain a set body temperature, do maintain an over-
all energy balance by regulating both behavior and metabolism in relation to
the thermal environment. The total calculated heat loss can then be com-
pared with estimates of ecological energy metabolism (ELMD) that were de-
scribed in CHAPTER 7, with the annual patterns of ecological metabolism per
day expressed as multiples of base-line metabolism. Comparisons of ec-
ological metabolism with predicted heat loss provides opportunities for ec-
ological accounting; the total calculated heat lost should be approximately
equal to ELMD, and if they are not, the estimates of total daily heat loss
are likely to be wrong.

Two ways of calculating energy balances are given in this CHAPTER 16.
The summation approach in TOPIC 1 illustrates the 1ndividual heat transfer
processes 1in energy balance calculations. The multilayered systems ap-
proach in TOPIC 2 emphasizes thermal boundary region conditions. The latter
is a more useful and applicable approach for evaluating the combined effects
of variations in thermal and geometric parameters in wild ruminants.

LITERATURE CITED

Moen, A. N. and F. L. Jacobsen. 1974. Changes in radiant temperatures of
animal surfaces with wind and radiation. J. Wildl. Manage.
38(2):366-368.

Parker, H. D. and J. C. Harlan. 1972. Solar radiation affects radiant

temperature of a deer surface. U. S. For. Serv. Res. Note RM-215.
Rocky Mt. For. and Range Exp. Sta., Fort Collins, CO. 4 p.

Chapter 16 - Page 2



TYPE
aubo
aubo
edbo
aubo
aubo

edbo
aubo

CODEN

ECOLA

JWMAA

NAWTA

CODEN

XARRA

CODEN

CODEN

CODEN

PUBL
lefe
pepr
usup
whfr
whfr
spve
Jwis

VO-NU
49--4
38--2

33—--

VO-NU

215--

VO-NU

VO-NU

VO-NU

REFERENCES, CHAPTER 16

THERMAL ENERGY BALANCE CALCULATIONS

CITY PAGE
phpa 308
oxen 1144
lout 155
sfca 458
sfca 488
nyny 609
nyny 273

BEPA ENPA
676 682
366 368

224 236
BEPA ENPA
1 4
BEPA ENPA

BEPA ENPA

BEPA ENPA

BOOKS
ANIM KEY WORDS———-—-—-——~————- AUTHORS/EDITORS--—— YEAR
-——- introd to environ physiol folk,ge, jr 1966
—~—- biometeorology, volume 2 tromp,sw; weike,wh 1967
-——— ecolog energetics, homeot gessaman,ga 1973
—-——— wildlife ecology moen,an 1973
———=- intro to biophys plant ec nobel,ps 1974
odvi biopysicl ecol, perspe of gates,dm; schmerl,r 1975
-~—— intro physiol plant ecolo bannister,p 1976
SERIALS

ANIM KEY WORDS————~——————=—=——- AUTHORS—=-——————~~ YEAR
odvi enrgy exchng, western minn moen,an 1968
odvi odhe, eff wnd, rad, rd tmp moen,an; jacobsen 1974
odvi energy balance in winter moen,an 1968
ANIM KEY WORDS - AUTHORS—-—————--- YEAR
odhe sol rad affct rad surf tmp parker,hd; harla, 1972
ANIM KEY WORDS-- - - AUTHORS-—-———————- YEAR
ceel

ANIM KEY WORDS---————————-——-——— AUTHORS--———————~— YEAR
alal

ANIM KEY WORDS - = AUTHORS--—-——-———— YEAR
rata

Chapter 16 - Page 3




CODEN

CODEN

CODEN

CODEN

CODEN

CODEN

CODEN

BIOJA

ECMOA

VO-NU

VO-NU

VO-NU

VO-NU

VO-NU

VO-NU

VO-NU

16—6

39--3

BEPA

BEPA

BEPA

BEPA

BEPA

BEPA

BEPA

561

227

ENPA

ENPA

ENPA

ENPA

ENPA

ENPA

ENPA

569

244

ANTM

anam

ANTM

bibi

ANTM

ovca

ANIM

ovda

ANIM

obmo

ANIM

oram

ANIM

KEY WORDS

KEY WORDS————————————

KEY WORDS~——=————=—~———mmm

KEY WORDS

KEY WORDS—--

KEY WORDS

KEY WORDS

heat transfer,animal forms mitchell, jw

AUTHORS--~-———--—— YEAR
AUTHORS—-—-—---=—— YEAR
AUTHORS-—-——--=~~ YEAR
AUTHORS——~=—=~=—= YEAR
AUTHORS--—~—=——-~ YEAR
AUTHORS—-—-~-—===—~ YEAR
AUTHORS——~———~—-~ YEAR

1976

thermodynmc equilbria,anim porter,wp; gates, 1969

Chapter 16 - Page 4



TOPIC 1: SUMMATIONS

Summations of energy flux 1nvolve the algebraic addition of net
radiation, convection, conduction, and evaporation to determine total heat
loss when an animal 1s exposed to a given set of circumstances. The sum-
mation approach is useful for illustrating the roles of each of the four mod-
es of heat transfer, but its use is limited to calculations describing st-
able conditions only.

The amount of heat lost is affected by changes in habitat, posture,
and other factors contributing to the overall thermal enviromment. New sum-
mations must be made each time a new situation is evaluated, such as an an-
imal in more protective cover, in more heat-conserving postures, or in dif-
ferent activities. Comparisons of animals in different thermal conditions
provide insights into benefits derived from different responses to weather
factors, and into the relative benefits of physiological and behavioral re-
sponses.

Homeothermy involves more than the maintenance of a fairly stable body
temperature; 1t involves the maintenance of a thermal energy balance within
the framework allowed by nutritive conditions. Food 1s the source of the
metabollic energy dissipated. Evaluations of energy balances resulting from
different responses in relation to nutritive conditions provides another op—
portunity for ecological accounting discussed in the introduction to PART
IV. The energy in must equal the energy out; all of it must be accounted
for if we are to understand the role of energy in natural systems.

Calculations of thermal exchange have been described in relatively
simple terms up to now. As the number of interactions increases, the need
for clear, deliberate, and logical thinking increases. The WORKSHEETS in
the UNITS that follow should help keep things in order.
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UNIT 1.1: NIGHT-TIME RADTATION CALCULATIONS; INFRARED WAVELENGTHS ONLY

Summations of heat loss from animals that are exposed to night-time
conditions