Introduction

The discipline of environmental biophysics relates to the study of energy
and mass exchange between living organisms and their environment. The
study of environmental biophysics probably began earlier than that of
any other science, since knowledge of organism—environment interaction
provided a key to survival and progress. Systematic study of the science
and recording of experimental results, however, goes back only a few
hundred years. Recognition of environmental biophysics as a discipline
has occurred just within the past few decades.

Recent progress in environmental biophysics has been mainly in two
areas: use of mathematical models to quantify rates of energy and mass
transfer and use of conservation principles to analyze mass and energy
budgets of living organisms. In quantification of energy and mass trans-
fer rates, environmental biophysicists have followed the lead of classical
physics and engineering. There, theoretical and empirical models have
been derived that can be applied to many of the transport problems en-
countered by the design engineer. These same models can be applied to
transport processes between living organisms and their surroundings.

This book is written with two objectives in mind. The first is to describe
and model the physical microenvironment in which living organisms re-
side. The second is to present simple models of energy and mass exchange
between organisms and their microenvironment with models of organism
response to these fluxes of energy and matter. One might consider this
a combined science and engineering approach to environmental biology
because the intent is to teach the student to calculate actual transfer rates
and to understand the principles involved. Numerical examples are pre-
sented to illustrate many of the principles, and problems are given at the
end of each chapter to help the student develop skill inusing the equations.
Working the problems should be considered as essential to gaining an un-
derstanding of modern environmental biophysics as it is to any course in
physics or engineering.

A list of symbols with definitions is provided at the beginning of this
book, and tables of data and conversions are in appendices at the end of
the book. It would be a good idea to look at those now, and use them
frequently as you go through the book. References are given at the end of
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1.1 Microenvironments

Microenvironments are an intimate part of our everyday life, but we sel-
dom stop to think of them. Our homes, our beds, our cars, the sheltered
side of a building, the shade of a tree, an animal’s burrow are all examples
of microenvironments. The “weather” in these places cannot usually be
described by measured and reported weather data. The air temperature
may be 10° C and the wind 5 mv/s, but an insect, sitting in an animal
track sheltered from the wind and exposed to solar radiation may be at
a comfortable 25° C. It is the microenvironment that is important when
considering organism energy exchange, but descriptions of microclimate
are often complicated because the organism influences its microclimate
and because microclimates are extremely variable over short distances.
Specialized instruments are necessary to measure relevant environmental
variables. Variables of concern may be temperature, atmospheric mois-
ture, radiant energy flux density, wind, oxygen and CO; concentration,
temperature and thermal conductivity of the substrate (floor, ground, etc.),
and possibly spectral distribution of radiation. Other microenvironmental
variables may be measured for special studies.

We first concern ourselves with a study of the environmental
variables—namely, temperature, humidity, wind, and radiation. We then
discuss energy and mass exchange, the fundamental link between organ-
isms and their surroundings. Next we apply the principles of energy and
mass exchange to a few selected problems in plant, animal, and human
environmental biophysics. Finally, we consider some problems in radia-
tion, heat, and water vapor exchange for vegetated surfaces such as crops

or forests.

1.2 Energy Exchange

The fundamental interaction of biophysical ecology is energy exchange.
Fnergy may be exchanged as stored chemical energy, heat energy, radiant
energy, or mechanical energy. Our attention will be focused primarily on
the transport of heat and radiation.

Four modes of energy transfer are generally recognized in our common
language when we talk of the “hot” sun (radiative exchange) or the “cold”
floor tile (conduction), the “chilling” wind (convection), or the “stifling”
humidity (reduced latent heat loss). An understanding of the principles
behind each of these processes will provide the background needed to
determine the physical suitability of a given environment for a particular
organism.

The total heat content of a substance is proportional to the total ran-
dom kinetic energy of its molecules. Heat can flow from one substance
to another if the average kinetic energies of the molecules in the two
substances are different. Temperature is a measure of the average ran-
dom kinetic energy of the molecules in a substance. If two substances at
different temperatures are in contact with each other, heat is transferred




from the high-temperature substance to the low by conduction, a direct
molecular interaction. If you touch a hot stove, your hand is heated by
conduction.

Heat transport by a moving fluid is called convection. The heat is first
transferred to the fluid by conduction; the bulk fluid motion carries away
the heat stored in the fluid. Most home heating systems rely on convection
to heat the air and walls of the house. .

Unlike convection and conduction, radiative exchange requires no in-
tervening molecules to transfer energy from one surface to another. A
surface radiates energy at a rate proportional to the fourth power of its
absolute temperature. Both the sun and the earth emit radiation, but be-
cause the sun is at a higher temperature the emitted radiant flux density
is much higher for the surface of the sun than for the surface of the earth.
Much of the heat you receive from a campfire or a stove may be by radi-
ation and your comfort in a room is often more dependent on the amount
of radiation you receive from the walls than on the air temperature.

To change from a liquid to a gaseous state at 20° C, water must absorb
qbout 2450 joules per gram (the latent heat of vaporization), almost 600
times the energy required to raise the temperature of one gram of water by
one degree. Evaporation of water from an organism, which involves the
laFent heat required to convert the liquid water to vapor and convection of

this vapor away from the organism, can therefore be a very effective mode
of energy transfer. Almost everyone has had the experience of stepping
out of a swimming pool on a hot day and feeling quite cold until the water
dries from their skin.

1.3 Mass and Momentum Transport

Organisms in natural environments are subject to forces of wind or water
and rely on mass transport to exchange oxygen and carbon dioxide. The
force of wind or water on an organism is a manifestation of the transport
of momentum from the fluid to the organism. Transport of momentum,
oxygen, and carbon dioxide in fluids follow principles similar to those
developed for convective heat transfer. Therefore, just one set of principles
can be learned and applied to all three areas.

1.4 Conservation of Energy and Mass

Qne of the most powerful laws used in analyzing organism—environment
interaction is the conservation law. It states that neither mass nor energy
can be created or destroyed by any ordinary means. The application of
this law is similar to the reconciliation of your checking account. You
compute the deposits and withdrawals, and the difference is the balance
or storage. As an example, consider the energy balance of a vegetated
surface. We can write an equation representing the inputs, losses, and

storage of energy as:
R,+M—-H-)E =G (1.2)

Here, R, represents the net flux density of radiation absorbed by the sur-
face, M represents the supply of energy to the surface by metabolism or
absorption of energy by photosynthesis, H is the rate of loss of sensible
heat (heat flow by convection or conduction due to a temperature differ-
ence), AE is the rate of latent heat loss from the surface (E is the rate of
evaporation of water and A is the latent heat of evaporation or the heat
absorbed when a gram of water evaporates), and G is the rate of heat stor-
age in the vegetation and soil. A similar equation could be written for the
water balance of a vegetated surface. Since conservation laws cannot be
violated, they provide valuable information about the fluxes or storage of
energy or mass. In a typical application of Eq. (1.2) we might measure or
estimate R,, M, H, and G, and use the equation to compute E. Another
typical application is based on the fact that R,, H, E, and G all depend on
the temperature of the surface. For some set of environmental conditions
(air temperature, solar radiation, vapor pressure) there exists only one
surface temperature that will balance Eq. (1.2). We use the energy budget
to find that temperature.

1.5 Continuity in the Biosphere

The biosphere, which is where plants and animals live within the soil and
atmosphenc environments, can be thought of as a continuum of spatial
scales and system components. A continuum of gas (air, water vapor,
carbon dioxide, oxygen, etc.) exists from the free atmosphere to the air
spaces within the soil and even the air spaces within leaves. A continuum
of liquid water exists from pores within a wet soil to cells within a plant
root or leaf. Throughout the system the interfaces between liquid and gas
phases are the regions where water molecules go from one state to another,
and these regions are where latent heat exchanges will occur. These latent
heat exchanges provide a coupling between mass exchanges of water
and energy exchanges. The soil is obviously linked to the atmosphere
by conduction and diffusion through pores, but it is also linked to the
atmosphere through the plant vascular system.

Energy and mass conservation principles can be applied to this entire
system or to specific components such as a single plant, leaf, xylem vessel,
or even a single cell. The transport equations can also be applied to the
entire system or to a single component. Clearly, one must define carefully
what portion of the system is of interest in a particular analysis.

Animals may be components of this system from microscopic organ-
isms in films of water in the soil to larger fauna such as worms, or animals
on leaves such as mites or grasshoppers, or yet larger animals in the canopy
space. The particular microenvironment that the animal is exposed to will
depend on interactions among components of this continuum. Animals,
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in turn, may alter components of the continuum,; for example, herbivores
that eat leaves, mites that alter stomatal function, or a disease that inhibits
photosynthesis.

Energy or mass from one part or scale of this system can flow contin-

>>>>>> studied in “environmental biophysics.” Water is pervasive
throughout the biosphere, existing in solid, liquid, or gas. states, and
able to move from one place or state to another. Living organisms de-
pend on water and have adapted in remarkable ways to its characteristics.
Consider, for a moment, the flow of water in the soil-plant-atmosphere
system. Rainfall impinges on the surface of the soil, after condensing
from the vapor in the air, and infiltrates through the pores in response
to water potential gradients to distribute water throughout the bulk soil,
Water then moves through the soil, into the root, through the vascular
system of a plant and into the leaf under the influence of a continuously
decreasing water potential. At the leaf, liquid water is changed to water
vapor, which requires a considerable amount of latent heat, and the wa-
ter vapor moves in response to vapor pressure differences between the
leaf and the atmosphere rather then water potential gradients. This wa-
ter vapor diffuses through the stomatal pore and still-air boundary layer
near the leaf surface and is carried by turbulent convection through the
canopy space, the planetary boundary layer, and ultimately to the free
atmosphere to be distributed around the globe and condensed again as
rain. The energy required to change the liquid water in leaves to water
vapor, which may be extracted from the air or provided by radiant energy
from the sun, couples energy exchange to water exchange. The transport
laws can be used in conjunction with conservation of mass and energy
to describe the movement of water throughout this system. Even though
the driving forces for movement of water may vary for different parts of
the system, appropriate conductances can be defined to describe transport
throughout the system. In some cases the form of the transport equation
may vary for different parts of the system, but the conservation of mass
principle is used to link transport equations for these various parts of the
system together.

Clearly, the biosphere is a complex continuum, not only in terms of the
reality of the interconnectedness of living things and their environments,
but also in terms of the mathematical and physical formulations that
biophysicists use to describe this remarkable system. Rational exploration
of the biosphere is just beginning and it is our hope that this new “head”
knowledge will be woven into your being in such a way that you will
have an increased awareness of your dependence on and implicit faith in
that which is not known, as well as having some simple quantitative tools
at your disposal to enhance a harmonious relationship between yourself
and your environment and serve others at the same time.

A schematic representation of the connectivity of energy and mass in
the biosphere is illustrated in F ig. 1.1.
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FiGURE 1.1. Schematic representation of the inter-connectedness of water (in
italics), carbon (underlined), radiation (normal font) and energy (bold) budgets
in a biosphere.

1.6 Models, Heterogeneity, and Scale

Throughout this book we refer to models. A model is a sin‘x‘ple re;lre.:—
sentation of a more complex form or phenomena. The term “model” is
general and no interpretation of data is possible without resort tg some
kind of model; whether implied or explicitly declared. Mal}y kinds of
models exist and we will emphasize deterministic,. math.ematlcal mode}s
of physical and biological systems with some considerations of probabil-
ity formulations. The description of natural phenf)mena can vary along
a continuum of complexity from the trivial to the incomprehensible, gnd
the appropriate level of complexity depends on the purpose. The apph.ca—
tion of fundamental principles to natural phenomeng frequently requires
adaptation of those principles or creative simplification of the natural sys-
tem so that it reasonably conforms to the requiremepts of the underlym.g
principles. Creative simplification of natural materials or phenome;ngki‘s’
the “art” of environmental biophysics, and its practice d.epends on one’s
Win]derstandmg of relevant fundamentals; a purpose of tlus book. Cleafly,
questions can be posed that require solutions of staggering complexity.
All of nature is exceedingly complex, perhaps infinitely cqmplf:x‘; how-
ever, insight can be gained into its complexity through the simplicity of a




model. As Albert Einstein is purported to have said: “Everything should
be made as simple as possible, but not simpler.”

The relation between the spatial scale of some desired prediction or
understanding and the scale of heterogeneity inherent. in the system is
essential to the process of simplification. Materials in nature tend to be
heterogeneous, not pure. One of the distinguishing features of human
activity is the tendency to categorize nature into its elements, purify the
naturally occurring mixtures, and reassemble the pure elements into new
arrangements. In nature, homogeneous materials, which are materials
with uniform properties throughout their volumes, tend to be rare. Obvi-
ously, if we go to fine enough scale, nothing is homogeneous; therefore
homogeneity depends on spatial scale. In environmental biophysics we
consider natural materials such as soil, rock layers, vegetation mixtures,
and animal coats. The principles that are commonly used in environmen-
tal biophysics are most easily understood and used with pure materials,
Therefore a key aspect of environmental biophysics is knowing when
assumptions of homogeneity are adequate, and when a meaningful solu-
tion to a problem requires some level of treatment of hetero geneity. Most
often we treat natural media as homogeneous but assign properties that
preserve the major influence of known heterogeneity.

Consider a soil, which consists of a mineral matrix made up of particles
of various sizes and characteristics, with organic matter at various stages
of decomposition, air, water, plant roots, worms, insects, fungi, bacteria,
etc. Soil certainly is a heterogeneous medium. However, we can simulate
heat transport on the scale of meters quite well by assuming soil to be
homogeneous with a thermal conductivity that depends on water content,
particle type and size distribution, and density. In the case of soil, the
heterogeneity usually is small (millimeters) compared to the scale on
which we desire to predict heat flow (meters). However, if we wish to
predict the temperature and moisture environments beneath individual
rocks on the surface of the soil because that is where some organism
lives, then we have to deal with the apparent heterogeneity by using
more complex descriptions. In the case of this heterogeneous material
called “soil,” various bulk properties are defined such as bulk density,
heat capacity, air permeability, capillary conductivity, etc.

A second heterogeneous natural system of interest to us is a plant
canopy, which consists of leaves, branches, stems, fruits, and flowers all
displayed with elegance throughout some volume and able to move in re-
sponse to wind;'] heliotropism, growth, or water stress. Simple equations
have been used quite successfully to describe light penetration and canopy
photosynthesis by assuming the canopy to behave like a homogeneous
green slime. In spite of the seeming inappropriateness of describing pho-
tosynthesis of a 50 m tall forest canopy by radiation penetration through
a green slime, a convincing intuitive argument can be forged using geom-
etry and statistics of random distributions that is supported by direct field
measurements. In fact, statistics is one of the means used to appropri-

ately average over heterogeneity to define properties of a representative
homogeneous substitute.

1.7 Applications

1.8 Units

From the examples already given, it is quite obvious that envirpnmental
biophysics can be applied to a broad spectrum of problems. Fairly com-
plete evaluations already exist for some problems, though much work
remains to be done. Analysis of human comfort and survival in hot ar}d
cold climates requires a good understanding of the principles we w1.11
discuss. Preferred climates, survival, and food requirements of domestic
and wild animals can also be considered. Plant adaptations in natura} sys-
tems can be understood, and optimum plant types and growing conditions
in agriculture and forestry can be selected through proper applicat.ioxll of
these principles. Even the successful architectural design of a bulldlpg,
which makes maximum use of solar heat and takes into account wind
and other climatological variables, requires an understanding of th‘is sub-
ject. Finally, models that forecast the weather or predict changes in pgst
and future climates rely heavily on the principles of environmental bio-
physics to accommodate exchanges between the surface of the earth and
the atmosphere.

As we study environmental biophysics, we will find that people from
“primitive” cultures, and even animals, often have a far better undf:r-
standing of the application of its principles than we do. Understaqdmg
the environment and how best to interact with it often makes the differ-
ence between life and death for them, whereas for us it may just mean a
minor annoyance or an increased fuel bill.
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Units consistent with the Systeme International (SI) will be usec;} in this
book. The SI base units and their accepted symbols are the meter;gg‘) fqr
length, the kilogram (kg) for mass, the second (s) for time, thd}(g/l;vm
(K) for thermodynamic temperature, and the mole (mol). for 'the amount
of substance. Units derived from these, which we use in tms book are
given in Table 1.1. Additional derived units can be found in Page and
Vigoureux (1974). o~ st . .
The Celsius temperature scale is mgre convenient for some biophysical
problems than the thermodynamicg@;elvin) scale. We Wﬂl use both. By
deﬁnitigﬁ C = K — 273.15. Sincethe Celsius degree is the same size

: ‘as”t*h“é(f(éjlv‘in degree, derived units with temperature in the denominator

can be Written as-either C~" or K™'. For example, units for specific heat
are either J kg~! C=" or J kg~! K~1. To distinguish between the two
temperature scales; we will use T in standard font for Celsius temperature,
and in bold font (T) for Kfelvin temperature. Some useful fa.ctors for
converting to SI units can be found in Table A.4 in the Appendix.
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TaBLE 1.1.  Examples of derived SI units and their symbols.

Quantity Name  Symbol SI base units Derived Units
area — — m? —
volume — — m? =
velocity — — ms~! —
density — — kgm-3 —
force Newton N m kg s™2 —
pressure-force/area Pascal  Pa kgm=ls2 Nm—
energy joule J m? kg s~2 Nm
chemical potential — — m? g2 “Jkg™!
power watt w m? kg s~? Js7!
concentration — — mol —
mol flux density — — molm~2s~1 __
heat flux density — — kgs3 W m—?

specific heat — m?s2 K-! Jkg—! K~!

To make the numbers used with these units convenient, prefixes are
attached indicating decimal multiples of the units. Accepted prefixes,
symbols, and multiples are shown in Table 1.2. The use of prefix steps
smaller than 107 is discouraged. We will make an exception in the use
of the cm, since mm is too small to conveniently describe the sizes of
things like leaves, and m is too large. Prefixes can be used with base units
or derived units, but may not be used on units in the denominator of a
derived unit (e.g., g/m® or mg/m? but not mg/cm?). The one exception to
this rule that we make is the use of kg, which may occur in the denominator
because it is the fundamental mass unit. Note in Table 1.2 that powers of
ten are often used to write very large or very small numbers. For example,
the number 0.0074 can be written as 7.4 x 1073 or 86400 can be written
as 8.64 x 10°.

Most of the numbers we use have associated units. Before doing any
computations with these numbers, it is important to convert the units to
base ST units, and to convert the numbers using the appropriate multiplier
from Table 1.2. It is also extremely important to write the units with the
associated numbers. The units can be manipulated just as the numbers
are, using the rules of multiplication and division. The quantities, as well
as the units, on two sides of an equation must balance. One of the most
useful checks on the accuracy of an equation in physics or engineering
is the check to see that units balance. A couple of examples may help to
make this clear.

Example 1.1. The eénergy content of a popular breakfast cereal is 3.9
kcal/g. Convert this value to SI units (J/kg).

TaBLe 1.2.  Accepted SI prefixed and symbols for multiples
and submultiples of units.

Multiplication Factor Prefix Symbol
1 600 000 000 000 000 000=10'2 exa E
1 000 000 000 000 000=10%3 peta P
1 000 000 000 000=10"2 tera T
1 000 000 000=10° giga G
1 000 000=10° mega M
1 000=103 kilo k
100=10? hecto h
10=10' deka da
0.1=10"" deci d
0.01=10"2 centi c
0.001=10"3 milli m
0.000 001=10—° micro “w
0.000 000 001=10~° nano n
0.000 000 000 001=10""2 pico P
0.000 000 000 000 001=10""% femto f
0.000 000 000 000 000 001=10""8 atto a

Solution. Table A.4 gives the conversion, 1 J =0.2388 cal so

J
39keal 10%cal 10°g 1 oo e =
g Tkeal kg 0.2388 cal g

16.3 MJ /kg.

1l

Example 1.2. Chapter 2 gives a formula for computing the damping

i i i = ] is the
depth of temperature fluctuations in soilas D = = where «

thermal diffusivity of the soil and @ is the anglllllar frtfl:lqltlentc;(pi(::fa IZ[;-
i i 8.4 shows that a -

ture fluctuations at the surface. Flgure . '
?lf;i?/ity for soil is around 0.4 mm?s. Find the diurnal damping depth.

Solution. The angular frequency is 27/ P,. where P is' the. penodd;)f
temperature fluctuations. For diurnal variations, the penod' is one y y
(see Chs. 2 & 8 for more details) so @ = 27/1 day. Converting w and

to SI base units gives:

2n 1 day y Lhr » 1 min 73 % 10-5 "]
“=Tday * 24tr = 60mm  60s

0.4 mm? 5 Im y 1 m = 4% 10T mYs
FETT 1000mm . 1000 mm
7 m2e—1
_ 2 x4 x 107" m*s —olm
- 73 x 105!




Example 1.3. Units for water potential are J/kg (see Ch. 4). The gravita-
tional component of water potential is calculated from ¥, = —gz where
g is the gravitational constant (9.8 ms™2) and z is height (m) above a
reference plane. Reconcile the units on the two sides of the equation.

Solution. Note from Table 1.1 that base units for the joule are kg m? 52
so i

J _ kgm?s? m?

k&= kg <~ 5

The units for the product, gz are therefore the same as the units for .

Confusion with units is minimized if the numbers which appear within
mathematical operators ( /> €XD; In, sin, cos, tan, etc.) are dimensionless.
Inmost cases we eliminate units within operators, but with some empirical
equations it is most convenient to retain units within the operator. In these
cases, particular care must be given to specifying the units of the equation
parameters and the result. For example, in Ch. 7 we compute the thermal
boundary layer resistance of a flat surface from

THa = 7.4\@ (1.3)

where d is the length of the surface in m, u is the wind speed across the
surface inm/s, and ry, is the boundary layer resistance in m? s/mol. The
constant 7.4 is the numerical result of evaluating numerous coefficients
that can reasonably be represented by constant values. The constant has
units of m* s'/2/mol, but this is not readily apparent from the equation, If
one were to rigorously cancel units in Eq. (1.3) without realizing that the
7.4 constant has units, the result would appear to be an incorrect set of
units for resistance. It would be a more serious matter if d were entered,
for example, in mm, or « in cm/s, since then the result would be wrong.

# Whenever empirical equations like Eq. (1.3) are used in this book, we

assume that parameters (x and d in the equation) are in SI base units, and
we will specify the units of the result. This should avoid any ambiguity.
One other source of confusion can arise when units appear to cancel,
leaving a number apparently dimensionless, but the units remain im-
portant to interpretation and use of the number. For example, the water
content of a material might be reported as 0.29, or 29%. However, a wa-
ter content of 0.29 m*/m? can be quite different from a water content of
0.29 kg/kg. This type of confusion can always be eliminated by stating the
units, even when they appear to cancel. In this book we use mole fraction,
or mol/mol to express gas concentration. These units, though 'appearing
to cancel, really represent moles of the particular gas, say water vapor, per
mole of air. We therefore retain the mol/mol units with the numbers. It is
often helpful to write out mol H,0 or mol air so that one is not tempted to
cancel units which should not be canceled. This notation, however, tends
to become cumbersome, and therefore is generally not used in the book.
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Problems

1.1. Explain why a concrete floor feels colder to you than a carpeted
floor, even though both are at the same temperature. Would a snake
or cockroach (both poikilotherms) arrive at the same conclusion you
do about which floor feels colder?

1.2. In what ways (there are four) is energy transferred between liv'ing
organisms and their surroundings? Give a description of the physical
process responsible for each, and an example of each.

1.3. Convert the following to SI base units: 300 km, 5 hours, 0.4 mm?/s,
25 kPa, 30 cm/s, and 2 mm/min.

1.4. Inthe previous edition of this book, and in much of'the older literatur‘e,
boundary layer resistances were expressed in units of s/m. The units
we will use are m? s/mol. To convert the old units to the new ones,
divide them by the molar density of air (41.65 mol m—3 at 20° C and
101 kPa). If boundary layer resistance is reported to be 250 s/m, yvhat
is it in m? s/mol? What is the value of the constant in Eq. (1.3) if the
result is to be in s/m?




