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INTRODUCTION TO CROP GROWTH MODELING
S. Elwynn Taylor, Agricultural Meteorologist
reb. 1990

--- A compilation of lecture material presented Feb. 17 - Mar.
1, 1990 at the Central Arid Zone Research Institute, Jodhpur,
India. The lecture series is designed for students who have a
variety of backgrounds in the areas of biology/ag—=iculture,
physics/meteorology, computer applications/programming. The class
was comprised of 20 students with the PL.D. degree in one of the
disciplines, but none were trained (nor experienced) in all three
areas, and few in even two areas. Accordingly, all subject matter
is presented in its most elementary form in the realization that
the math, biology and meteorology are each overly simplified.
Students trained in all three areas will not benefit from the
materials covered in this introductory treatment. --- E. Taylor



Chapter 1
Concepts of Modelir j

Theophrastus (about 400 BC), I have been told, "commented on
the importarce of weather with respect to crop yield" (Kramer,

1987). DeDuillier, in 1699, discussed the modification of
microclimate by the placement and orientation of inclined walls to
improve fruit production. The work of 1leDuillier presents

quantitative analysis of the primary elemeats of micro-climate
modification and energy exchange and crop response. I know of no
earlier physical model (this work is discussed in detail in Chapter

7). Stephen Hales, 1727 (reported by Kramer, 1987), '"made
important quantitative observations of rates of transpiration and
water absorption .... He also observed that the rate of
transpiration varied with time of day and temperature and that cold
soil reduced water absorption. Hales apparently believed that
water was pulled up by transpiring leaves...." I have not

identified a candidate for the earliest mathematical model of
weather and crop yield.

It was 1960 that I first became interested in modeling of
plant production and water use in relation to atmospheric
conditions. During the ensuing 30 years I have learned to
appreciate the complexity of the physical world and of the utility
for mathematical expression in comprehending the interaction of
plants and animals with the environment.

My initial interest in modeling, and indeed in bio-physical
relationships, began with doubts concerning the materials taught in
a freshman level botany class. The professor likely did not think
in terms of mathematical modeling when he stated: "Productivity of
any plant is directly proportional to the water use." This, of
course, I immediately questioned, both silently and in the form of
several questions (asked after class). "If the humidity increases
and the plant uses less water does, the plant produce less?" "If
the humidity decreases and the plant uses more water, does the
plant produce more?" "If the temperature increases and the plant
uses more water, and because it is so hot the respiration of the
plant is greater, will the productivity increase, if the plant is

about to die from the heat?" "“If it gets so cold that the plant
freeze-dries, did it have any production at all as it lost all of
the water?" The irritated professor explained that it was not

really the transpiration that influenced the productivity but the
aperture of the stomata, and that he had confused me by giving a
generzlization intended to avoid confusing students.

The statement that production is proportional to yield is in
effect a MODEL. It is a model based on some observations, but not
based on very much biology or physics. It is a holistic (based on
a general concept) model and 1is purely STATISTICAL (based on
correlation of a few observations or on only a sample of reality)
and was assuredly not based on the population of all cases of
reality in nature. Considering one special case and one extreme,
it may be concluded that if there is no water, the plant is both
dead and not transpiring and does not have any yield. Hence, we do
have a zero point. A student of physics will, by training, look at
the extremes or limits. Another extreme is that of infinite water



available, in which case the plant will transpire freely and use
water in amounts approximating the evaporation if the plant were
entirely wet on the surface. If the only factor that varied in
nature were the availability of water, the model may be a
reasonable approximation of plant production (the linearity of the
response must still, however, be questioned). The availability of
water to the plant is a factor and if the model includes only this
variable, it can be written: Yield = K * Water. Also a model
could be written: Yield = K * Stomata. Or even Yield = K * ET
where "ET" is the water loss by evaporation and transpiration.

The assumption that Yield = K * Stomata is the physically
based inodel. It may be expressed more explicitly as:

Yield = K * (CO2air - CO2leaf)/R (1)

vhere R is the resistance (primarily stomatal resistance) to the
exchange of carbon dioxide and CO2 is the concentration of carbon
dioxide in the "air" and also within the "leaf."

The statistically based model stating that yield is
proportional to transpiration may 1likewise be written more
explicitly:

Yield = K * ET (2a)
ET = (H20leaf - H2Oair)/Rw (2b)

Where H20leaf is the concentration (or pressure) of water vapor in
the leaf, H20air is the concentration of water vapor in the air and
Rw is the leaf resistance to the diffusion of water vapor.

This medel may be expanded by extending the correlation to
other biological and environmental parameters. If the ET is
reduced because of leaf resistance to the loss of water (which also
increases resistance to the exchange of carbon dioxide), the yield
is decreased. However, if the atmospheric humidity increases,
there will be less transpiration even though the leaf resistance is
not changed. The equation is then commonly written as:

Yield = K * ET/PET (3)

where PET is the potential evapotranspiration (or the greatest
amount possible for prevailing atmospheric conditions). Using
equation 3, the vyield can be very high even though the
transpiration is near zero, provided that the low transpiration is
because of atmospheric conditions and not because of resistance to
water loss at the leaf.

The majority of crop yield models are based on one of these
expressions. Some may be rather indirect, such as those that use
only monthly rain and temperature as correlated with yield, but
these are fundamentally water availability relationships and so can
be rationalized by extended development of equation 3 (where ET is
primarily controlled by the precipitation and PET by the
temperature) .

Biological and physical factors may be added to the
fundamental models, above. If, for example, it is observed that



yield increases as the atmospheric demand decreases, it may be that
stomatal aperture was somewhat restricted when atmospheric demand
was high; in this case, yield would be inversely proportional to

transpiration and the model becomes somewhat confusing. If the
basic model being used is developed from equation 2, the expected
result is described by the 1line a-b in figure 1-1. When

atmospheric conditions of water demand decrease and stomatal
aperture becomes less restrictive, the yield response may be
represented by a line b-d.
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Figure 1-1 Hypothetical relationship which assumes (a~b) that
crop yield 1is proportional to transpiration under constant
atmospheric conditions. If atmospheric conditions are not constant
(b-c), but crop parameters are constant, yield may be independent
of transpiration. When atmospheric moisture demand decreases and
stomatal resistance to diffusion of carbon dioxide and of water
vapor decreases (b-d), the yield may increase as transpiration
decreases.

In simple form, the line "a-b" in figure 1-1 may be described
by a slope-intercept linear equation:

Yield = a + b*Tsp (4)

where "a" represents some factor that may cause Yield to be
different from zero at zero Tsp (if respiration is a factor, "a"
may be some small negative number), and "b" represents the slope of
the response line. If the equation is expressed as:

Yield = X + Y*Z (5)

Where X represents respiration as a function of temperature, oxygen
and/or other factors, Y represents environmental effects as a
function of sun, temperature, wind, humidity, etc., and 2
represents biological factors such as stomata resistance,
photosynthetic capacity, and internal plant water status, etc. It
will be seen that rather comprehensive models may be based on such
basic concepts as these.

The second factor in my early interest in biological modeling
also came from introductory lectures. Students were told that

W



transpiration has no significant effect on leaf temperature. On
these two, deceptively general concepts, I developed my interest in
modeling, not because I was taught correct concepts, but because I
questioned those that were being taught. One very successful
scientist (E. A. Anderson) often stated that success in science is
not "so much dependent upon our ability to learn as upon our
ability to unlearn." If transpiration does not significantly
influence the temperature as it controls photosynthesis and
respiration, it can be demonstrated to serve as a valuable tool in
evaluating leaf response to the environment. Also, modeling
efforts will delineate the conditions under which transpiration
influence on leaf temperature is significant.

References for Chapter 1:

Kramer, P. J. 1987, Plant Relative Water Content and Related
Methods: Historical Perspectives and Current Concerns, 1in
Proceedings of International Conference on Measurement of Soil and
Plant Water Status, Vol 2-Plants, Utah State University, Logan, p.
311.



Chapter 2
THE LEAF AND MOVEMENT OF WATER VAPOR AND CARBON DIOXIDE

The supposition that growth or net photosynthesis is directly
proportional to transpiration assumes that stomata are the only
significant resistance to water loss from a leaf, and that there is
no significant portion of the carbon dioxide uptake path that is
not in common with the water vapor path. Naturally, the
supposition also assumes that atmospheric conditions are not
variable. If a yield model is to be used with confidence, the user
must fully understand the full range of principles, concepts and
assumptions associated with the expression of natural processes in
a model. I am reminded of the story told concerning the Worl.. War
II effort to produce the first atomic bomb: because of the secrecy

that was kept, some problems arose. One group of engineers
assigned to design and produce an important part, delivered a
nonworkable prototype. When the prototype was returned by a

project scientist, they again produced a nonworkable protctype.
Frustrated, the lead scientist went to the laboratory to see what
was wrong, and was told that the part had been redesigned because
the original design was faulty and if followed could cause the
device to explode! (Feynman, 1986). Scientists working with models
that they do not fully understand are no less subject to the
introduction of serious misinterpretations.

SATURATION OF WATER VAPOR

There is atmosphere inside a leaf. The internal structure of
a leaf is one of loosely packed cells and some other biological
materials. The integrity of the 1leaf is maintained by the
epidermal covering. The epidermis is to some extent perforated
with stomata (small "pores") that influence the exchange of water
vapor and carbon dioxide (and any other gas) between the atmosphere
outside and that inside the leaf. It is often assumed that the
atmosphere inside the leaf is saturated with water vapor; this, of
course, 1is not true as there is some potential associated with
osmotic and matrix conditions of the leaf, and the stomata may not
be the only resistance in the system. The deviation from
saturation inside the 1leaf has been shown to significantly
influence the energy and gas exchange of plants in arid portions of
Australia (see comments on Jarvis and Slatyer, 1970, below).

If it 1is assumed that water vapor inside the 1leaf is
saturated, the loss of water from the leaf may be expressed as a
function of three factors: First, stomatal resistance to the
diffusion of water vapor (and of any resistance of the air near the
leaf surface to vapor diffusion): second, the vapor pressure of
water in the external atmosphere; third, the saturation vapor
pressure within the leaf as determined from leaf temperature.

Unless the atmosphere surrounding a leaf is very well stirred,
there will be a moisture gradient (and a temperature gradient)
between the leaf surface and the atmosphere at some distance from
the leaf. This boundary layer can be significant in the exchange



of heat and vapor at the leaf. Accordingly, the water loss may be
described by an equation based on equation (3) (if R is considered
to be the sum of all stomatal and external resistances to the
diffusion of water vapor).

The deviation of the internal atmosphere from satur=tion is
limited by the "leaf water potential" and by any resistance to the
flow of water that exists in the leaf between the irmediate water
source and the internal air space. The effect of leaf water
potential on the saturation condition within the leaf can be
described by the Raoult formula of 1887 relating vapor pressure of
a solution to the mole fraction of solvent (that is, to osmotic
potential). A reasonable derivative of the relationship was
expressed by Salisbury and Ross (1969, p37, p66) as:

Potential = 10.7 x T x 1log(100/RH) (6)

where Potential is the water potential (in bars), T is temperature
in degrees K, and RH is relative humidity.

Using equation (6), it can be seen that a 1leaf at air
temperature (293 K) with a leaf water potential of -20 bars would
have an internal RH of 98.54% and would take up moisture irom the
air when the atmosphere outside the leaf is saturated. Although
leaves may gain water from the air under some conditions, normally
it may be assumed that the water potential within the plant does
not directly effect transpiration. The effect on stomatal
resistance may, however, Le very significant.

The influence o¢f resistance is dependent upon both the
resistance of the plant system between the soil-root and the
intercellular air space. Because there may be some areas that have
a water supply or reservoir, there may be some effect similar to
"capacity" within the system. Resistances within the leaf may not
need to be considered unless they are greater than the resistances
from the evaporating surface to the free air. When the
transpiration rate is high, it may be that resistance at the
evaporating surface is great enough to limit the transpiration.
Under these conditions, the humidity within the leaf would fall
below saturation and the transpiration rate would be controlled by
internal resistance (that is, by the number and characteristics of
the internal evaporating surfaces). Well-watered plants subjected
to atmospheric conditions that cause rapid water loss have been
observed to exhibit apparent 1limitation to transpiration by
internal leaf resistance ( Jarvis and Slatyer, 1970). There were
some earlier observations of morphology that were thought to
influence internal resistance to transpiration (Turrell, 1944).

PATH OF WATER VAPOR AND CARBON DIOXIDE

WATER VAPOR Water transport throughout the plant is
facilitated by the vascular structure. The vascular bundles found
in most leaves provide a supply of water and to some extent
structural support. Within the leaf water moves from the vascular
system to individual epidermal, palisade, spongy parenchyma



mesophyll, and to other cells by apparent diffusion. Evaporation
from the surface of some cells may facilitate mass transport of
water and accompanying solutes (but this implication will not be
treated in thiz discussion).

Evaporation takes place near or within the cell wall and water
vapor then migrates, primarily by diffusion, through the
intercellular air spaces to the substomatal cavity, through the
stomatal pore, and across the leaf boundary layer where it mixes
with the "free" air of the environment external to the leaf. The
nature of each of these steps is distinct and may vary from species
to species and from leaf to 1leaf according to the physical
condition and morphology of the leaf. Generally, it may be assumed
that little water evaporates from the external surface of the
epidermal cells, or at least from the epidermis of the leaf as it
is, in most cases, covered with a waxy cuticle. Specialized cells
that form the stomatal pore apparatus may be sites of evaporation
that influence the mechanical function of the apparatus (Lange, et.
al (1971) concluded that the stomatal action is directly sensitive
to atmospheric moisture and may restrict the pore when the external
atmosphere is very dry.) Evaporation is assumed to be unrestricted
from palisade and mesophyll cell surfaces.

The path of the vapor has been expressed using an electrical
analogue by numerous modelers. If the distance that vapor travels
and the interaction with surfaces and viscosity, etc. are
considered as the drag or the "resistance" to the flow or diffusion
of vapor, then the law of diffusion expressed in 1855 as Fick's law
is exactly analogous to Ohm's 1827 law of electrical current which
in turn was derived from -he flow of water through a pipe (Darcy's
1856 law of water movement in soil, Fick's 1855 law of diffusion,
and Fourier's 1822 law of heat conduction expressed in a one-
dimensional system are each similar to Ohm's law).

Using the electrical analogue, we may define a series of
resistances to the flow of water vapor from the evaporation site to
the free air. The resistance elements of the system may be defined
as: the resistance at the site of evaporation identified as the
internal resistance (Ri), the resistance from the evaporation site
to the substomatal location as the mesophyll resistance (Rm), the
resistance of the stomatal pore as Rs and the resistance to
diffusion across the unstirred air layer adjacent to the leaf as
the boundary layer resistance (Ra). Then, assuming that an excess
of water is available at the site of evaporation and that any
deviation fror the energy status of pure water at the same
temperature is negligible, the rate of water vapor loss from a one-
dimensional model may be expressed as:

Tsp = (WV1 - WVa)/(Ri+Rn+Rs+Ra) (7)

where Tsp is the transpired water vapor, WVl is the saturated
density of water vapor in the leaf, and WVa is the density of water
vapor in the free air in the vicinity of the leaf. With the
exception of the cases described by Jarvis and Slatyer (1970)
above, the internal resistances to loss of water vapor may be
ignored (that is Ri=Rm=0).

A cross sectional diagram of a leaf, showing the principal



elements influencing the loss of water vapor and the exchange of

Figure 2-1. Cross sectional diagram of a leaf. Water vapor is
lost and carbon dioxide gained through stomata. Photosynthetically
active cells in the palisade and spongy mesophyll, and epidermis
are the sites of carbon dioxide absorption.
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Carbon dioxide is given in figure (2-1). Stomatal pores may be
found only on the bottom of the leaf in some species, predominantly
on the lower surface in numerous species and in approximately equal
density top and bottom in relatively few plants. The size and
proximity of cells within the leaf varies considerably from species
to species and even from leaf to leaf on an individual plant. The
epidermal layer is usually covered with a cuticle that essentially
prevents water loss, but a wide range of surface characteristics
does exist and may include tricomes (hairs) that may have marked
effects on water loss.

The stomatal pores are the primary control of water vapor
loss. The pores will, for most species, be open when water
supplies are suitable, atmospheric conditions are not highly
desiccating and insolation is above the photosynthetic compensation
level (compensation level is that point where photosynthesis is
sufficient to meet the instantaneous respiratory needs of the
leaf). When plant response to the environment is modeled, the
stomatal pores are assumed to restrict when plant water supplies
are low and thereby reduce water loss and possible damage to the
plant structure, this is an assumption and must be evaluated for
each plant species (or perhaps cultivar) studied.

CARBON DIOXIDE Water vapor diffuses out through the stomatal
pores of the leaf and carbon dioxide diffuses into the leaf through
the same openings. The water molecule has lighter molecular weight
(18) than does the carbon dioxide molecule (44). The diffusion
rate for various gas molecules for a range of temperatures is given
in the "International Critical Tables" found in most scientific and
engineering libraries. Usually it is sufficient to consider that
the diffusion of the water molecule is 1.57 to 1.6 times that of
carbon dioxide. A pore that will admit carbon dioxide will
accordingly admit water vapor. This concept has led some botanical
philosophers to suggest that water 1loss is an unavoidable
consequence of having a system that requires carbon dioxide. Some
would suggest that it is an undesirable consequence and others may
note that controlled water loss can have positive effects on leaf
temperature and may enhance the mass translocation of solutes in
the plant.

The stomatal pore and the leaf boundary layer are common
elements in the path of carbon dioxide and water vapor. The
substomatal cavity may also be considered as a common element. The
mesophyll and cell wall elements may also be considered common, but
are of much greater importance to the uptake of carbon dioxide than

to the 1loss of water vapor. If water vapor is at or near
saturation in the substomatal cavity, the path elements beyond the
cavity do not contribute significantly to water 1loss. The

mesophyll and the cell walls that absorb carbon dioxide are of
primary importance in the assessment of the exchange of this
molecule. A common diffusion path does exist but elements of the
path have differential effect on the gas exchange of the leaf.
Although "normally" plants absorb carbon dioxide and it
travels to the site of photosynthesis to be utilized in
photosynthetic productivity, some plants have mechanisms that



apparently overcome some of the effects of high water loss
potential associated with carbon gain. Plants known as "C4" have
been identified (they have a four carbon initial assimilatory
product rather than a three carbon product found in the "normal" or
C3 plant) and appear to have a rapid carbon fixation method. The
rapid fixation of carbon would have the effect of reducing the
resistance to carbon dioxide uptake (or give a greater equilibrium
concentration difference between the free air and inside the leaf),
thereby improving the ratio of photosynthetic uptake to water loss
(the "Water Use Efficiency"). The C4 mechanism may allow the plant
to rapidly and efficiently absorb carbon dioxide when environmental
water demand is not too high and to restrict the pores at other
times without a production loss. A third type of higher plant is
known as Crassulacean Acid Metabolism (CAM) plant. CAM plants have
a mechanism by which pores are open at night when water vapor loss
will be small, nothing, or even allow the atmosphere to add water
to the leaf. Carbon dioxide is fixed by a non-photo process for
utilization in the day when the stomatal pores are closed and there
is light present.

IMPLICATIONS OF LEAF THICKNESS There is an observed tendency
for sun grown leaves to be thicker than leaves of the same plant
from shaded localities. Although the increased thickness could be
a consequence of environmental conditions rather than an
adaptation, there is considerable evidence indicating that the
tendency is adaptive. That portion of the diffusion path that
affects carbon dioxide more than it affects water vapor exchange is
directly impacted by leaf thickness. Thickened leaves may have
more cells within the leaf and the total absorbing surface area
within the leaf may be increased.

If the number of absorbing sites in a leaf increases, the
apparent resistance to the uptake of carbon dioxide will decrease.
There will be little effect on the loss of water vapor (so long as
the assumption that water vapor is at saturation in the substomatal
cavity is legitimate). The lowering of the resistance to carbon
uptake while not influencing the resistance to water vapor movement
increases the water use efficiency of a leaf. Although the
thickened leaf has a longer diffusion path than that of a thin
leaf, the increased path length resistance is small compared to the
decreased resistance effect of having more absorbing surface.

Doubling leaf thickness was found to decrease the resistance
to carbon dioxide uptake by about 40% for C3 plants (Charles-
Edwards et al, 1986). A lesser effect was reported for C4 plants.
Increased thickness resulted in an increased absorbing area inside
of the leaf and, thereby lowered the total resistance to carbon
dioxide diffusion according to Cooke and Rand (1980). The effect
of internal surface area was modeled by Yun and Taylor (1985) in a
study intended to delineate the ecological implications of
thickening in sun leaves.

The thickening of 1leaves not only increases the internal
surface area but the internal volume of a leaf. Increased volume
may be related to an increased amount of photosynthetic machinery
( Charles-Edwards, 1981) and hence have a significant effect on the



internal concentration of carbon dioxide because of an increased
"sink" capacity. The relative effect of the increased
phc ;osynthetic volume and the increased internal surface area was
considered in the study reported by Yun and Taylor (198XXX).

If thicker leaves have greater water use efficiency, what is
the limit to leaf thickness? The ultimate thickness for a leaf may
be 1limited by genetics; however, environmental and physical
conditions are more likely the factors in the general case. One
may postulate that a leaf should be thick enough so that the "last"
cell does not receive enough light to be profitable. This seems
like a reasonable theory, but it is not borne out by observation;
most leaves growing in full sun could be 4 to 6 times as thick
before light extension became a factor (in Yun..,—---—-- , 19XXX). A
more likely explanation of the limit on thickness is simply a
matter of the resistance ratio: As leaves thicken, the internal
resistance decreases; but the stomatal and boundary 1layer
resistances are not affected and become the predominant resistance
in the pathway.

A simple mathematical exercise may be used to demonstrate the

limitation of leaf thickness by resistance. Using some arbitrary
values for resistance, photosynthesis and for respiration by leaf
tissue, the nature of increasing thickness may be shown.
Assuming an Rs of 10 and a carbon dioxide concentration difference
between the air and the inside of the leaf of 100, and assuming
that the photosynthesis of a leaf is then 100/Rt, where Rt is the
total resistance of the diffusion path, the following relative
values may be calculated.

a. Rs=10 Ri=10 Rt=20 h=1 Ps=5 Rsp=2
b. Rs=10 Ri= 5 Rt=15 h=2 Ps=6.7 Rsp=4
c. Rs=10 Ri= 2.5 Rt=12.5 h=4 Ps=8 Rsp=8

where h is the thickness, Ps is the total calculated photosynthesis
and Rsp is the respiration to support the leaf tissue (respiration
doubles when leaf thickness doubles). This rough model shows that
a fixed stomata resistance can only sustain a leaf to a certain

finite thickness. There are several assumptions in this simple
example such as the change in Rs that is observed in thicker leaves
in nature, but the principle 1is not changed. The 1limit of

thickness in this example is "4", but a leaf following "good
economic theory" would stop thickening when the last increment of
thickness failed to profit the leaf. This would likely be near
step "b" above. Consider that at "a" the net photosynthesis is 3
(that is 5-2), and at "b" the net is 2.7, but the net increase for
the second thickness layer is only 1.7, less the increased Rsp (2),
hence the doubling of the thickness COST MORE THAN WAS GAINED!
Accordingly, if a leaf has parameters proportional to the example,
a "sun" leaf would be expected to be somewhat less than twice as
thick as a "shade" leaf having the same stomatal resistance.

The capability of thickening continues beyond the period of
leaf expansion in some, if not many, species. This capability is
considered adaptive (Memar, 1990) to the extent that it provides a
mechanism for leaves that become shaded to remain thin and for
leaves that are exposed to continued high insolation to efficiently



thicken. This adaptive characteristic may allow avoidance of
partitioning of plant resources into areas where productivity would
not be optimal. Modeling efforts to define optimal leaf thickness
for specific microclimate conditions could be of value in the
genetic engineering of more productive cultivars.

STOMATA Stomata are generally considered tc be open when
insolation is above compensation point and water stress is not a
factor. Crop production models also assume that stomata close or
"at least restrict when water stress develops. Models may or may
not account for stomatal response to atmospheric humidity. Taylor
(1971) reported that increased atmospheric water demand resulted in
lower stomatal resistance for leaves of a well-watered Redbud tree,
and resulted in increased resistance when soil moisture was
apparently limited.

The concentration of carbon dioxide within a leaf is partially
controlled by stomatal resistance. When respiration is greater
than photosynthesis the internal concentration of carbon dioxide
exceeds the atmospheric concentration. The concentration within
the leaf is thought to drop to a rather predictable if not almost
constant value when insolation exceeds the compensation intensity.
It 1is possible that some stomatal adjustment is made that
influences %2z gas exchange sufficiently to maintain appropriate
internal concentration of carbon dioxide while preventing the
excessive loss of water vapor that could accompany minimal stomatal
resistance. The observationr of resistance decrease with increased
atmospheric stress would suppurt this concept in that an adaptation
to prevent overheating may override the control of internal carbon
dioxide when conditions become extreme.

YIELD AND TRANSPIRATION The correlation between yield and
transpiration is logical because of the common path of water vapor
loss and carbon dioxide uptake. However, the assumption that the
correlation will yield a fixed or constant ratio of yield to water
use is based upon many assumptions and there are many exceptions.
Equations (2) and (3) are expressions of this correlation.
Equation (2) assumes that the atmospheric condition is constant and
that the only variable for the leaf is the stomatal resistance.
Equation (3) allows the atmospheric conditions to vary but still
the only piologic variable is the stomatal resistance. Although
either expression would be better expressed as Yield = K * Rs, it
is not always as practical to measure or estimate Rs as it is to
estimate Tsp (transpiration).

There are numerous physical and chemical biologic variables
that may enter into a productivity analysis. Plants may respond to
weather conditions by leaf folding, rolling, stomatal adjustument,
leaf orientation and even the shedding of 1leaves. Any of the
biological adjustments will potentially influence the net
photosynthesis and may influence the ratio of yield to
transpiration. Roots may respond to conditions as well: Maize
does not exhibit significant root growth after flowering but
Soybean does (at least non-determinant cultivars). Shallow root
systems may develop in very wet years and then be suscep’.ible to



dry periods later in the season. The reproductive stages of the
plant may vary considerably with environmental conditions and
adjust the partitioning of photosynthate considerably from normal.
Established plants seldom die from water shortage in nature; as the
water supply becomes limited the plant may conserve water by
stomatal and leaf orientation etc. mechanisms. As shortage becomes
more severe, leaves and other plant parts may be reduced in both
mass and area; however, the plant will normally produce viable seed
or complete some other survival mechanism before succumbing to
desiccating conditions.

My house plants (especially weeping fig) tend to lose leaves
when moved from window to window. The plants appear to develop new
leaves that are more optimum to the "new" micro-climate. Flowers
may be adjusted for optimal design and any change in climate (air
temperature, relative humidity, etc.) may effect a response in the
plant because the plant is not adapted to the new climate. Fruit
may abort or develop at a modified rate or be of different size in
response to climate variation.

In 1964 I was endeavoring to select a graduate school for my
further training. I inquired of the best informed scientist I knew
as to which schools would serve my needs, wants, and goals most
appropriately. Six schools were suggested; one was Iowa State ...
"Dr. Shaw has developed a crop-weather model that is the only one
likely to be suitable for field application and will dominate the
world's methods soon." Shaw's method, which indeed is the basis
for many of the yield models since that time, is founded on the
"AET/PET" (actual evapotranspiration divided by potential
evapotranspiration) assumption that when the actual evaporation
does not equal the potential, the plant will, to some extent,
suffer from stress and will sustain some yield reduction. Some of
the prominent weather and yield models that are based on the
constant WUE assumption include: Montieth, Hanks, Shaw, and Ramano
Rao.

When the transpiration ratio was first presented to me, I
questioned it strongly, but data seemed to verify that within a
localized area the assumption was suitably accurate. When the
ratio given in equation (3) is correct, it may be concluded that
the water use efficiency (WUE) of the crop at that location is
constant. Realizing that many factors influence leaf temperature
and photosynthetic rates, it is almost surprising to find that the
WUE is essentially constant, at least for well adapted crops. Mid-
way in graduate s*%udies, I found that a physical formulation of
water use (Energy sudget) and photosynthesis (Gas Exchange) model
that accommodated all of the principal environmental and biological
factors would explain the apparent constant nature of WUE for
principal crops. The answer to the consistency of the WUE has at
least two parts: First the lowest WUE efficiency at which the
plant performs is likely to be near the average WUE even if in
actuality the efficiency varies considerably. Consider a plant at
WUE = 0.5 for 2 hcurs and at WUE = 1.3 for an additional two hours.
It may be erroneously concluded that the average WUE = (0.5 +
1.3)/2 = 0.9. However, if we consider that during the first two
hours the net photosynthesis was 6 units, the transpiration must
have been 12 (as WUE = 0.5) and in the second two hours if the



stomatal restriction decreased the net photosynthesis to 1 unit,
the transpiration must be 0.77. The total photosynthesis for the
two periods is 6 + 1 = 7 and the transpiration is 12 + 0.77 = 12.77
for an average WUE of 0.55 [it must be remembered that the average
WUE cannot be obtained from averaging the hourly WUE values, but is
obtained from the total production and total water use]. The
ecological aspect of the constant WUE problem may be analyzed by
energy budget and physiological methods.
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Chapter 3
ENERGY BUDGET and CONSERVATION

Energy budget modeling can be useful in the evaluation of
water balance and statistical models. Energy budget analysis is of
value in its own right and can be used as the basis for either a
water balance model or for physiological models of crop growth and
development. An energy budget model is based on the “continuity
equation" (or the law of conservation of energy) and must always
consider the primary environmental conditions of the locality.
Temperature (plar and air), wind, humidity, insolation and soil
temperature are generally included in the parameters evaluated.

[Note: Carnot introduced the cyclic heat engine concept in
1824 (English translation by R. H. Thurston, 1890). The Carnot
cycle has persisted as a fundamental introduction to thermal
physics and as a persistent gremlin to physics students. The cycle
was not fully understood by Carnot, who believed that heat is not
lost or gained from boiler to cooler. The engine concept appears
to have been the catalyst that, over the next 30 years, prompted
the dramatic development of the concepts of thermodynamics. In
1842, Robert Mayer published "On the Forces of Inorganic Nature,"
where he stated that the energy of the world is constant. Mayer's
papers apparently were not well accepted and cne or possibly
several were published at the physician's personal expense.
Mayer's conclusions were sharply criticized by Jolly who stated
that if Mayer was correct a "container of water could be warmed by
shaking." It is reported that Mayer quietly left the room without
reply but returned some weeks later loudly proclaiming, "it is so."
Mayer measured the rise in temperature of paper pulp in a large
cauldron stirred by a horse walking around a circle and published
the results in 1849 but accomplished little more as he was soon
thereafter committed to an insane asylum and was there treated
harshly. James Prescott Joule was publishing (with some resistance
by publishers) a series of papers concerning the mechanical
equivalent of heat between 1845 and 1878 (the present equivalent
relationship was published in 1879 by Henry A. Rowland). Fick's
1855 first law of diffusion was combined with law of conservation
of matter (continuity equation) to give Fick's second law which has
been 1little recognized as contributing to the development of
physics but had great impact on the development of biophysical
process understanding. Lord Kelvin, W. J. M. Rankine and R.
Clausius, somewhat independently, began the definitive expressions
of the laws of thermodynamics in the period 1850-1852 (Rankine was
apparently the first to use the expression "conservation of energy"
according to F. Cajori in "A History of Physics by Dover, 1962).

ENERGY BUDGET The concept of energy budget in describing
soil, plant, atmospheric relationships is basically an expression
of the laws of conservation of energy. However, there was at least
one very insightful expression of the principles well before the
concepts of conservation of matter and energy were well developed:
deDuillier in 1699, gave mathematical description of the energy
factors influencing the temperature of a garden. This reference is
discussed below in "Aspect and Slope, chapter 7XXX. In 1814



William Charles Wells published "Essay on Dew;" where in Cajori (p
214) reports he said, "In a clear, quiet night, the grass radiates

heat into free space, whence no heat returns. Being a poor
conductor, the lower parts of the grass receive little heat from
the earth. The grass cools and vapor condenses upon it. Good
conductors, like metals, receive heat from surrounding bodies, and,
therefore, are not covered with dew. A cloudy sky hinders the
formation of dew by returning the radiated heat. Winds are

unfavorable, because they carry heat to the cooling objects...."

Wells' concept of the energy budget cannot be faulted,
although his concept of the source of the moisture condensing as
dew did not withstand later investigations. The contemporary crop
yield modeling, although not universally oriented to energy budget
analysis, must be to some extent rationalized by the principles of
energy budge or face severe peer reviesws.

The concepts of radiation developed rapidly between 1860 and
1912. During this fifty year period, the fundamental laws of
radiation were formulated, instrumentaiion for measurement of
radiation was developed and the quantum theorem postulated. The
solar constant was defined by Abott and Angstrom who developed
instrumentation that was not replaced until 1975 as the
pyrheleometric standard.

Balfour Steward, in 1858, published the law of absorption and
emission of heat. Little attention was paid except by Kirchhoff,
who considered himself '"not one to initiate, but one to complete."
In December 1859, Kirchhoff published what became know as
Kirchhoff's Law of radiation: "for radiation of the same wave
length at the same temperature, the ratio of the emission and the
absorption powers is the same for all bodies" (in Cajori, 1962. pp
169, 186-7).

Quantitative radiation measurements followed the description

of the "bolometer", an instrument suitably delicate for the
measurement of solar radiation, published by Samuel Pierpont
Langley in 1881. The bolometer used a fine iron wire (later

platinum) sensor and a Wheatstone bridge to detect resistance
change with temperature. Using this instrument, it was determined
that the maximum solar energy was in the orange, not in the
infrared as Herschel claimed (either conclusion is legitimate as
can be seen from wave length and wave number plots of the solar
curve). Langley in 1890, found the radiation of the moon to have
two peaks (short and long wave), this gave ccnclusive data that the
noon did not itself generate light. He also measured the light
from a firefly (Lampyridae family) and found there was no thermal
peak, showing that 1light could be produced without heat. His
instrument was used to dispel the concept that the atmosphere of
the Earth acted exactly the part of glass in a hot-bed, keeping the
planet warm by absorbing the infrared rays radiated by the earth.
His experiments on Mt. Whitney, showed that the atmosphere is
selective, but infrared radiation passes with comparative ease
(news reporters and the general public today, may need to have this
re-explained as the term "green house effect" 1is commonly
misunderstood). (Cajori, p 188-9).

Measurements and theory developed rapidly following the
invention of the bolometer. Kirchhoff made extensive studies of



the spectrum emitted by the sun. A story is told that his banker,
scoffed at Kirchhoff's efforts to evaluate the contribution of gold
in the sun because "why study gold that you can't fetch." He was
somewhat chagrined when Kirchhoff one day deposited the prize for
his studies awarded by the Queen in gold, with the comment "Look
here, I have succeeded at last in fetching some gold from the sun."
(Cajori, p. 169). Wilhelm Wien in 1893 published Wien's
displacement law which was verified experimental by Pringsheim and
by Kurlbanm. The law states that the product of temperature and
the optimal wave length is a constant. It is often expressed as:

Max = 2897/T (8)

or

frequency = 5099/T (9)

or

Midpoint = 4100/T (10)

where Max is the wavelength in micrometers of the maximum emission,
Midpoint is the midpoint of energy emitted and T is degrees Kelvin.
Wein's law was the primary basis of the quanta theory of Max Planck
in 1900 and the 1916 derivation (by Einstein, for which he received
the Nobel Prize), now known as Planck's Law.

The first generally usable energy budget equation describing
plant-atmosphere interactions was pukhlished by Dr. Brown and Mr.
Escombe in 1905 and by Dr. Brown and Mr. Wilson in the same issue
of the Proceedings of the Royal Society, Series B Vol. 76, 29-111,
122-137. These articles followed the 1900 article on diffusion of
gas in the Philosophical Transactions of the Royal Society B. Vol.
193, 223-291. The development of fully functional physical models
required considerable development of theory and measurement
technology in all aspects of heat exchange. This includes the
principal areas of radiation, temperature, convection, conduction
and evaporation. Additionally, considerable biological information
concerning the exchange of gas and energy by plants was needed to
produce meaningful biophysical models.

TEMPERATURE MEASUREMENT

The earliest temperature scale appears to be that of Gabriel
Fahrenheit (1724) where body temperature was set at 100 (he may
have had & fever?) and zero as the water ice mixture that seemed to
be the coldest temperature obtainable in the 1laboratory (this
explains why salt on frozen roads is not effective when
temperatures in nature fall below zero). By 1740 there were 13
temperature scales mentioned in the literature. 1In 1742, Anders
Celsius proposed zero as the boiling point of water and 100 degrees
as the melting point of ice. Christin of Lyon, apparently
independently, proposed in 1743 a scale with the melting point of
ice as zero and the boiling of water as 100, this scale is now



known as the centigrade scale and has, for some reason been termed
the "Celsius Scale" by some international agreements. By 1779
there were 19 temperature scales in use. The concept of an
absolute temperature scale was proposed by Lord Kelvin in 1848,
based on the analysis of the Carnot heat engine, however, Amontons
had suggested absolute zero as =-239.5C in 1702 and Lambert (1779)
as -270.3C (the accepted value is =-273.135C).

Galileo's thermometer (1592) was likely the first instrument
for directly measuring the temperature of the air. A modern type
mercury in glass thermometer was introduced at the Academia Lincei
in Italy in 1640. A rain gauge (Castelli) was invented in 1639,
and meteorological records were kept at Florence beginning at this
time; however, the record was not continuous after 1681. The
earliest modern rain gauge and measurement network appeared to in
the 1400s in Korea and some instruments may be seen on display in
the lobby of the Korea National Weather Service Office headquarters
in Seoul.

The first major step toward measurement of absolute
temperature is credited to Guillaume Amontons in 1702, a mercury
column in a U-shaped tube, sealed at one end with an air space.
The height of a mercury column required to maintain constant air
volume gave indaication of temperature, the effects of atmospheric
pressure were apparently not recognized.

The liquid in glass thermometer has remained the standard
instrument for measurement of the temperature of a fluid (liquid or
gas) in which it is immersed. The types of instruments used to
measure temperature has expanded to almost anything that is
predictably temperature dependent: the electrical conductivity of
metals, the thermal expansion of metals and of other substances,
melting points, and radiated heat may each be utilized in the
modern measurement of temperature. Thermocouples and thermistors
have found some application in the measurement of temperature where
automatic electronic logging of data is desirable. The measurement
of crop temperature is usually accomplished with a bolometer based
thermal emission sensor.

RADIATION MEASUREMENT

Radiation is often the primary component of the energy budget
of terrestrial objects. Direct radiation from the sun (insolation)
may or may not be a significant factor, but thermal (or infrared
radiation) is always a factor unless the object is immersed in a
fluid that is thermally opaque, such as water. Often the
insolation (or short wave) contribution to radiation exchange is
measured separately from the 1long wave (thermal or Infrared)
radiation.

SOLAR RADIATION

Solar radiation may be measured in terms of minuets of
sunshine, or as percent of possible minuets, or in terms of actual



energy received. Often the solar radiation (insolation) is
measured on a horizontal, flat plate with uniform absocbing
characteristics regardless of the angle of incidence of the energy
(such a surface, known as a Lambert Surface, does not exist, but
may be approximated by measuring instruments).

The standard instrument for the measurement of solar energy is
a bolometer constructed so that one of the two thermally sensitive
elements is shielded and the other exposed to insolation. The
difference in temperature that results from insolation is matched
by heating the shielded element. The energy required for the
heating is equal to the energy absorbed by the instrument. Such an
instrument is known as an active cavity radiometer.

Passive bolometers are commonly used for the observation of
solar radiation. A typical radiometer uses multiple thermal
junctions located in either a blackened or a whitened medium. The
output of the instrument is proportional to the temperature
differences observed. Black and white sensors are often configured
as flat plate radiometers, often called global radiometers. These
insturments ideally hzve cosine response to ratiation incitent upon
its surface.

A global radiometer may, with certain precautions, be inverted
to measure solar radiation reflected from a field or other surface.
The difference between the up-looking and the down-looking
instruments is known as the energy absorbed or the "net radiation."
The down-looking instrument should be positioned at a height
sufficient to overcome errors introduced by irregularities in the
measured surface. However, the height should not be so high as to
have a significant view of surfaces beyond the limits of the field
being studied.

The view factor is important in the placement of instruments
to measure both solar and thermal radiation. An flat plate
radiometer will be influenced by radiation from any location in the
hemisphere associated with the sensor. If the sensor is a diffuse
surface, the detected radiation will obey the cosine law in that
the amount of radiation received, from a constant source, will be
proportional to the the cos of the angle of illumination.
Accordingly a radiating object directly below a down-looking
instrument will have a greater effect than one some distance to the
side of the sensor. If a sensor is placed 10 m above the ground,
50% of the detected effect will be seen from a area of 20 m
diameter. Should the sensor be intended to detect the reflected
solar radiation of an expirmental plot, up to half of the effect
measured may be comming from beyond the 20 m diameter. It is
important to place a sensor far enough from a surface to insure
that a irrigqularities on the surface are "averaged out" and close
enouth to the surface to limit the view factor to the intended
sample area. For the sensor 10 m above a surface, 90% of the view
is within a diameter of 60 m, and 95% within a diameter of 90 m.
A detailed development of the view factor concept is given by
Reifnyder and Lull (1965), an extract of which may be found in
appendix B.

THERMAL RADIATION All objects at a temperature exceeding
absolute zero, emitt thermal radiation. The German physicist Sosef



Stefan (1835-1893) discovered that the total amount of energy
emitted by a hot body is proportional to the fourth power of its
absolute temperature. This discovery was derived theoretically by
Ludwig Boltzmann and is now known as the Stefan-Boltzmann law of
radiation. The law, integrated across all wavelengths may be
expressed as the fourth power of the absolute surface temperature
of an object times the emissivity (0-1) of the object times the
Stefan-Boltzmann constant.

The thermal emissivity of an obiject is a number that expresses
the ratiation from an object as compared to a perfect (black body)
radiator. Water and most biological substances are very nearly
black body radiators. Metals that are not oxidized may have very
low emissivity and accordingly are not good radiators. Information
concerning thermal radiation and emissivity as it influences energy
exchange in the soil, plant, atmospher system is given in the
materials presented in appenticies C, D and especially E.

HUMIDITY MEASUREMENT Topic ommitted in workshop.

CONVECTION MEASUREMENT See appendix C and D for an
introduction to the convection term of the energy budget equation.
Also, information concerning the nature of the plant boundary layer
and the characteristic dimension of leaves is presented.

EVAPORATION The formulation of evaporative loss of mass and
energy from a plant is described in appendix C.

COMPLETE ENERGY BUDGET The accounting of all sources and
sinks of energy in a biological system is termed "Energy Budget"
and accounts for all significant interactions of a plant with
physical environment. Because photosynthesis is normally less than
3% of the total energy exchange, but is of primary importance, it
is usually formulated seperately from the evaporative, convective
and radiative elements of the energy budget. The energy budget
formulation given in Appendix C is normally considered sufficiently
detailed to describe all elements required in models of weather
affects on crop development and yield.
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Chapter 4
YIELD MODELS

I STATISTICAL All models are statistical in that they
involve only a sample of all existing conditions and individuals.
Yield models developed from data correlating yield with weather
conditions are commonly termed "statistical models." Crop yields
over a period of years may show a trend and extrapolation of the
trend may be considered as a model; however, if there is no
physical or logical reason why a trend may be expected to continue,
it is not desirable to extrapolate. 1Imagine a home on a south
California hill; observations indicate that the home has settled 2
inches each year over the past 24 years. Since the hill is 100
feet high, and has settled only 4 feet, it may be assumed that it
will continue to "slide" at a rate of 2 inches per year. This
assumption has proved reasonable in many cases but, as pointed out
by news headlines, there are significant exceptions where the
remaining 96 feet are traversed in a matter of seconds.

An excellent example of statistical yield models is given by
Thompson. Models by Thompson (1986) are based on growing season
monthly average temperature, preseason precipitation and monthly
total precipitation during the growing season. The temperature and
precipitation parameters are modified by a coefficient peculiar to
the locality, crop and month (Appendix E).

II WATER BALANCE Water balance models assume that
photosynthesis is directly related to transpiration. When water
stress is noted, it is assumed that the leaf or plant is not
operating under optimal photosynthetic conditions. In arid and
semi-arid localities, water may be the most 1limiting factor
influencing productivity. In more humid localities, the resource
that limits may be light. If mineral resource (soil fertility,
etc.), genetic components, and agronomic practice remain relatively
constant from year to year (or is changing slowly and predictably),
variability of crop yield from season to season may be attributed
to light or to moisture.

Crop dry matter production was related to water use by Briggs
and Shantz (1912). The concept of "water use efficiency" appears
in the 1960s (perhaps Viets (1962) was the first to mention the
term). Water use efficiency is influenced by biological properties
of the plant and by environmental conditions. The environmental
conditions involve both the supply of water to the crop (soil
moisture, soil aeration, etc.) and the supply of energy to
evaporate the water (humidity, insolation, wind, temperature). It
is assumed that when light and temperature are near normal for a
locality, that any reduction in the potential yield is related to
a limited supply of water for a given plant with normal nutrient

availability. It 1is important, however, to evaluate the
evaporative potential of the locality before the water availability
impact may be assessed. The evaporative potential may be

considered as a constant or may be computed from energy budget, as
discuss~d later.

WATER IN SOIL The soil environment consists of solids, water
with various solutes and air. The relative mass of these



constituents depends, in large measure, upon the nature of the
solids. The specific gravity (numerically equal to the density) of
soil solids is apout 2.7 times that of water. Organic matter
lowers the density. The ratio of the mass of solid to total soil
volume (solids and pores) is termed the BULK DENSITY. The bulk
density may approach, but never reach the soil density as there is
always some space between particles. A loose so0il of a loamy
nature may have a bulk density of 1.1 (grams per cubic centimeter)
and sandy soil may be as high as 1.6. When soil is moist, there
will be a certain swelling and the wet bulk density may vary from
the dry bulk density by more than the quantity indicated by the
mass of water in the systemn.

The physical characteristics of the soil particles together
with the bulk density (and some other soil properties) determine
the water retention characteristics of a soil. Because the water
molecule exhibits considerable hydrogen bondin,g a significant
amount of water will bond to the soil particles and to other water
molecules. Capillary action will influence the amount and
distribution of water in the soil. Water distributes in the soil
according to capillary action, diffusion, bulk flow, vapor movement
and some other mechanisms. There are numerous lengthy studies of
the physics of water and water movement in the soil. The student
should review any text of soil water for detailed explanations of
the nature of the status of moisture in soils. For introductory
purposes, it is sufficient to assume that there is a significant
amount of moisture that is not available to plants, and that
moisture movement in the soil is very little influenced by gravity
until the soils are at or near the water holding capacity. As a
general rule, it may be assumed that soil moisture in excess of
water-holding capacity will drain unless the water table is within
the limits of the profile, that evaporation from the soil surface
has only a small influence on subsoil moisture and finally that
only vegetation can reduce the moisture in the subsoil after
excessive water has drained away.

SOIL MOISTURE MODELING A soil moisture model would normally
be better termed a plant available water model. When the yield as
related to the water use is the desired outcome of the model, the
important elements may be clearly identified as:

ET = Water In - Run off - Drainage + Storage (11)

where ET is the total water withdrawn from the soil by plants or by
direct evaporation, Water In is the precipitation or other source
of water, Run off is the amount that does not enter the soil
profile, Drainage is the amount that exits the bottom of the
profile by drainage or percolation and Storage is the amount of
moisture added to or subtracted from the soil reservoir of plant
available moisture. This expression assumes that the soil does not
ever dry beyond the amount of moisture that is available for
withdrawal by root systems (surface drying by the sun, etc. is
ignored for now).

Drainage is assumed to remove all moisture in excess of the



water-holding capacity of the soil after a period of time. When
excess moisture has been removed, the drainage becomes zero. It is
not technically proper to assume that any water entering the soil
in excess of the water-holding capacity is immediately discharged
by drainage; however, this treatment is normally satisfactory for
water balance models. Models dealing with aeration or drainage
characteristics must model the time course of the movement of
excessive water. As a rule of thumb: whenever drainage tiles are
flowing, there is excessive water in at least that portion of the
subsoil where the drain tiles are located.

In like manner to the drainage assumption, it is often assumed
that water entering the top foot of the profile in excess of the
capacity of that foot immediately enters the second foot. The
profile need not be broken into one foot increments, the increments
may be of any thickness desired. It seems appropriate to have the
increment within the range of 15 to 30 cm. Whatever the increment,
the assumption that water beyond the capacity of the increment will
immediately enter the next lower increment is generally made.

Precipitation and Run Off are not normally considered to be
time dependent. The daily precipitation and daily Run Off are
assumed to be instant during the day the precipitation is recorded.
This is an area that is often the subject of considerable debate as
a gentle rain over a 24-hour period will enter the soil more
effectively than the same amount of rain falling over a brief span
of time, especially if soils are sloping.

In an operational soil moisture model only the precipitation
is measured. The storage term may be occasionally measured to
initialize or to verify predictions by the model. Run Off is
considered to be a percent of the daily precipitation. This
percent may vary with season and crop or soil condition. In
operation, the ET is calculated and the Storage term is computed as
the unknown of the expression. If no plants are established in the
soil, the ET is considered to be only the water that evaporates
from the soil surface. When the surface is w2t, the amount will be
substantial; but as the surface moisture 1is reduced, the
evaporation will diminish. Because the surface evaporation is
difficult to evaluate in field conditions, a model may be selected
which neglects the evaporation or sets it at a fix d low value from
the subsoil. The top few cm are considered top soil and the
condition of the upper 1layer is not evaluated in models of
"subsoil" moisture.

The transpiration portion of the ET term depends upon the
density of vegetation and the rooting depth and activity (density)
at the various levels of the profile and upon the amount of plant
available water in the soil. When the plants are full sized,
having full population count, and roots are at maximum density
throughout the profile, the transpiration will reach the potential
ET for the day if the profile was initially at or near the field
capacity. If the profile was void of plant available water, the ET
for the day is zero. If the soil moisture level is at 50% of the
plant available water-holding capacity, the ET will be near the
potential on a cool, cloudy, humid day. However, on a sunny, warm,
dry and windy day, the ET may be only 75% of the potential. Curves
of ET under various atmospheric conditions for some soil types,



according to percent available subsoil moisture, were given by

Denmead and Shaw (1962). Shaw chose to express the atmospheric
condition in terms of the amount of water evaporated from a U. S.
Weather Service, Class A Pan. Less than 0.20 inch of daily

evaporation was considered as low, from 0.20-0.30 inch as medium,
and more than 0.30 inch as high.

Most soil water budget models include a potential ET term.
The potential depends upon the conditions of the atmosphere and of
the vegetation. An evaporation pan is a good measure of the
evaporative power of the atmosphere. If pan evaporation data are
not available, a mathematical model of the evaporating power of the

atmosphere may be applied. The more complex terms of some soil
moisture models are those intended to compute the evaporative power
of the atmosphere. Because the temperature of the evaporating

surface is often the most significant parameter contributing to the
potential ET, many models include elaborate methods for estimation
of the surface temperature (these were important before surface
temperature measurement instruments were readily available). The
potential ET is the product of the evaporative power of the
atmosphere and the ability of a crop to withdraw and evaporate
water. Shaw found that Maize will potentially evaporate 82% of the
measured open pan evaporation during the several weeks around the
time of pollination (fig. 4-1). When the crop has not yet reached
full leaf area, the potential water use by the crop is reduced as
it is when leaves are becoming senescent.

When the potential evaporation has been evaluated, the actual
ET is estimated according to the water retention relationship
discussed above (fig 4-2). If there is no plant available water in
the root zone, the actual ET will be zero. The percent of the
potential transpiration from each soil layer depends upon the
atmospheric demand, the root development in the layer and upon the
leaf area development of the crop.
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Figure 4-1 Ratio of ET to open-pan according to date ....The
total potential water use depends upon the leaf area and the root
zone exploitation according to calendar date.
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Figure 4-2 The amount of water that may be removed according to
atmospheric demand and soil water content in the root zone.
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III PHYSIOLOGICAL Models based on physical or chemical
processes. Often the models require some serious assumptions such
as concentration of carbon dioxide in the leaf internal air spaces
holding constant over a wide range of photosynthetic conditions.
The constant internal concentration assumption makes it valid to
assume that the leaf resistance to carbon dioxide uptake is a
function of resistance to the transfer of water vapor.

GAS EXCHANGE MODELS The modern gas exchange model is, 1in
almost all cases, a refinement of the model of Brown and Escombe
(1900). There was debate concerning the function of stomata and
the exchange of carbon dioxide. Experimental demonstration had not
been conclusive, and many experiments had ke interpreted as
indicating that the cuticle and epidermis play an important role in
the gaseous exchange. In 1895, Blackman (cited in Brown and
Escombe, 1900) conducted an experiment measuring the carbon dioxide
evolved on each side of a 1leaf that had unequal stomata
distribution. Brown and Escombe applied the principles of
diffusion known from physics to mathematically demonstrate that the
stomata could fully account for the observed exchange of gas. They
calculated a resistance for the stomatal pore and, using a
diffusion expression, equated the range of possible gas exchange
rates. Fick's 1855 results for diffusion of soluble substances in
liquid were used in the analysis.

A basic physiological model of photosynthesis may begin with
the well-known Michaelis-Menten expression of the kinetics of
enzyme catalyzed reactions. A description of the fundamental
assumptions may be found in most plant physiology texts. The
equation is often expressed:

P = Pmax/(1+(Km/Ci)) (12)

where P is the rate of photosynthesis (in this case), Ci is the
concentration of carbon dioxide within the leaf (or more properly
at the site of photosynthesis), Km is the kinetic constant (that is
not likely to be a constant in the general case), and Km is the
maximum possible photosynthetic rate at a given temperature,
pressure, and light level, etc.

An operational photosynthesis model requires that the Pm term
be evaluated (or modeled) according to temperature, light, etc.
conditions that may be encountered by the plant. Also, the Ci term
which cannot (at this time) be measured must be evaluated. During
the 1980s, there was considerable discussion among physiological
model developers concerning the use of an assumption that Ci is
constant throughout the bulk of the photosynthetic period. Several
well-known crop development and yield models incorporate the
constant internal concentration assumption. If the constant
concentration assumption is rejected, the modeler must compute the
value from inferred or physically known relationships.

The fundamental diffusion equation states that the rate of gas
exchange is proportional to the concentration difference across a
resistance. The equation may be expressed as:

P= (Co - Ci)/r (13)
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where P is the rate of photosynthesis, Co is the concentration of
carbon dioxide outside of the leaf (beyond the boundary layer), Ci
is the concentration within the leaf, and r is the resistance of
the system to the diffusion of carbon dioxide. The concentration
of carbon dioxide may be expressed as density for simplification of
mathematical treatment. The concentration (normaliy near 0.0003,
but rising with time in most locations of the Earth) is multiplied
by the density of pure carbon dioxide at a given temperature. When
the air temperature is 30C and the carbon dioxide concentration is
0.0003, the carbon dioxide density is 5.322 E-7 (the pure carbon
dioxide density used was 1.774 E-3 (g/cc)). Tab.c 4-1 gives some
density values taken from a Handbook of Physics and Chemistry.

Table 4-1
Carbon dioxide density at 760 mm Hg for various temperatures:

Temp C E-3 g/cc

0 1.967
10 1.897
20 1.835
30 1.774
40 1.721
50 1.664
100 1.439

Because plants are observed to respond to increased carbon
dioxide in the environment, it is apparent that the constant
internal concentration assumption is not valid under conditions of
changing external concentrations, and the assumption may not be
valid under any field conditions. The Michaelis-Menten expression
may be combined with the diffusion equation to yield:

P = Pm/(1+K/ (Co-Pxr)) (14)

where the diffusion equation, solved for Ci is substituted for that
term in the Michaelis-Menten expression. Because it is possible to
evaluate the resistance to the diffusion of water vapor for a leaf
system, the assumption of constant internal concentration need not
be made so long as the assumptions relating the resistance to the
movement of water vapor to the resistance to the uptake of carbon
dioxide are reasonably correct.

The leaf resi-tance to the diffusion of water vapor may be
determined in any of several ways. If the actual water expended is
known and the elements of energy exchange are measured, the
resistance may be computed from the Ohm's 1law analog. The
resistance to the diffusion of carbon dioxide is assumed to be 1.54
of the resistance to the diffusion of water vapor (this value is
slightly temperature dependent). Detailed development of the
resistance to the loss of water vapor is given in numerous text
books (e.g., D. M. Gates, 1980). There are two papers by Taylor
included in the appendix (C and D) that also provide further
information. The mesophyll resistance to the diffusion of carbon



dioxide is not included in the path of the water vapor for the
purpose of analysis. Several authors have reported values ranging
from 2 to 12 s/cm for the mesophyll resistance to carbon dioxide
diffusion. '

The photosynthesis expression (14) has "P" appearing twice.
The expression may be evaluated by the quadratic formula. The form
of the equation is given in appendix C.

The value of the Michaelis-Menten rate constant is difficult
to determine for plants in a natural condition. The value used by
Taylor and Sexton (1972) is 1.3 E-7 g CO2 per cc. The actual value
of K may not be a constant over the full range of natural
conditions. The value for K must normally be determined by
experiment for the specific cultivars being studied. The value
used above was consistent with data for several species calculated
by Hesketh (1963).

Temperature and 1light factors 1limit the maximum rate of
photosynthesis. Additionally there may be biological factors that
set the maximum possible rate of photosynthesis for any particular
plant. If, however, the photosynthesis rate is measured for a
plant at different carbon dioxide levels for a range of light and
temperature conditions, the maximum photosynthetic rate (Pm) is
approached as carbon dioxide concentration approaches system
saturation. This assumes, of course, that the optimum temperature
is included in the study and the light is sufficient to reach
saturation at the upper limit. This method was used by Taylor
(appendix C) to estimate the effect of 1light on Pn. The
temperature function was an empirical approximation of reported
tempeyature effects on photosynthetic rates for an exhaustive
assemblage of reported data. A generalized expression was
developed that may be adapted to a wide range of plants by
adjusting the compensation (or zero net photosynthesis) temperature
and the optimal temperature. When the temperature function is
evaluated (giving a relative reduction in photosynthate according
to variance from optimum temperature) and the light function is
determined (giving an maximum potential amount of photosynthate
produced) the Pm is found as the product of the functions:

Pm = T function for Pm X Light function for Pm (15)
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Chapter 5
CURVE FITTING
Polynomial
Logistic Curve
Hurrell function -

Most statistical analysis programs include capabilities for
fitting polynomial expressions to data and include reliability of
fit analysis. The polynomial fit has become very popular, perhaps
because of the ease of application. However, the polynomial is not
without pitfalls. By using a polynomial of an order approaching
the number of data points in a sample, a polynomial expression can
be forced to fit every point; but the behavior of the expression
between points is unreliable. As a rule-of-thumb: the number of
points must exceed the order of the polynomial by at least a factor
of 5 to avoid alias effects in curve fitting.

If the nature of a biological or physical relationship clearly
fits a specific type of curve as determined by theory or by
observations, it is desirable to use the specific curve. For
example, many growth patterns may be described by a logistic curve,
and fitting a logistic expression to a data set may be considerably
more accurate than a polynomial expression, as points that deviate
because of measurement error will not impact the final curve form
radically.

The remainder of the section on curve fitting was not
presented at the workshop because of time limitations.



Chapter 6
LEAF ORIENTATION
(Omitted from the workshop because of lack of time.)



Chapter 7
LEAF DIMENSION AND ENVIRONMENT

CLIMATE ZONES Raunkier (1934) studied a wide assortment
of herbarium specimens and showed that leaves of an elliptic shape
tended to have leaf area governed by climate. He defined a leaf
classification based on leaf area that was functional for leaves of
the basic elliptic shape but was not effective for lobed or
irregular leaf shapes. He defined 3 size classes in each of 6
groups: Leptophyll, Nanophyll, Microphyll, Mesophyll, Macrophyll
and Megaphyll. Some authors have added an additional class, but it
is only satisfactory to do so if the major classes given by
Raunkier are not divided into 3 parts each as Raunkier defined
them.

Using energy exchange modeling, Taylor (1974) (appendix D) was
successful in defining a Dimension Class for leaves based on
Raunkier's concept. The Dimension Class was created by calculating
the dimension of a rectangular flat plate that would have the
identical convective heat transfer characteristics as a leaf. The
equivalent rectangular plate dimension is known as the
characteristic dimension of a leaf. The characteristic dimension
of a leaf of any shape may be determined and like characteristic
dimensions are found to correlate with the climate where the leaf
developed. This method allows leaves of any configuration to be
compared and is an important method in the determination of plant
adaption to microclimate.

ASPECT AND SLOPE Micolas Satio deDuillier published in
1699 an insightful and quantitative analysis of the effect of
aspect and slope at various latitudes. His work, intended to
modify the climate of an orchard or vineyard, showed good
understanding of energy exchange factors in an area that apparently
became smoggy, hazy or cloudy in the afternoons. He commented on

solar enerqgy, dew, air temperature and wind. I noticed no
recognition of thermal radiation. He did seem to appreciate the
cyclic nature of plant (possibly stomatal) activity. The

following, rather 1long passage is included for its colorful
presentation as well as the historical contribution to agricultural
climatology:

"FRUIT-WALLS IMPROVED, By Inclining them TO THE HORIZON: OR, A WAY
TO BUILD WALLS FOR FRUIT-TREES; Whereby they may receive more Sun
Shine, and Heat, than ordinary. By a Member of the Royal Society.
LONDON: Printed by R. Everingham; and are to be Sold by John
Taylor, at the Sign of the Ship, in St. Paul's Church-Yard.
MDCXCIX.

AUGUST 31. 1698.

PAGE 1- After all the Application of so many Men in all Times and
Countries to Agriculture, one would scarce have thought there was
yet left so notable and so very obvious an Improvement of it as
that I am a going to propose. It consists in building Walls for
Fruits, Grapes &c, not in a perpendicular Situation, as is commonly
done, but so sloping, tho otherwise straight and plane, as to
receive the Beams of the Sun, not only for a longer time, but also
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with a much fuller and better Exposition. ...

South-Walls are commonly reckoned to be the best for Fruits.
But in these Climates, and much more in hotter Countries, when the
Days are something long, and the Heat of the Summer is in its
greatest strength, it is late before the Sun shines upon them, and
the Sun leaves them as early in the Afternoon. When it is about
Mid-day the Sun is so high, that it shines but faintly and very
sloping upon them; which makes the Heat to be much the less; both
because a small quantity of Rays falls then upon these Walls; and
because that very quantity acts with a kind of glancing; and not
with full force...

In the North part of France East Walls are looked upon as almost
of the same goodness for Fruit as South-walls: which proceeds more
from the Defect I have noted in South-walls, than from any
particular Excellency in those facing the East. And accordingly
South~walls are here, and in all other cold Climates, much the best

of the two. West-walls in France, as well as here, are but
indifferent, tho they have the like Exposition to the Sun as
East-walls. I take the reason of this difference between

East-walls and West-walls to be partly because in the Morning the
Air is purer, and that the Sun shines oftener and stronger than in
the Afternoon; and meets with the Dew while it is yet fresh upon
Plants, whose motion it revives after a long rest, and as it were
a refreshing Sleep. But the chief cause of it must be attributed
to the coldness of the Air in the Morning, that checks the
Vegetation, till the presence of the Sun revives it; which it dos
much sooner and much more effectually on the East-wall than on the
Westerly. In the Afternoon the Heat of the Air is great every
where; and Heat alone, without any Sun-shine, is able to make
Plants vegetate, tho not so perfectly.... I said that the Sun
shines stronger in the Morning than in the Afternoon, tho it be
hotter in the Afternoon than in the Morning. But this is not
because the Sun in the Afternoon shines with more force; but
because it continues to act upon a Air already warmed with the
impression of the Morning Sun."

A number of models of the insolation on a sloping surface have
been published. All are based on the geometry of the solar path
and all are precision models. Models of the effect of the slope
and aspect on vegetation are not governed by such well known laws
of physics. However, an energy exchange model configured to
identify the effect of leaf dimension on leaf suitability to a
specific environment may be used to delineate the leaf dimension
most ideally suited to a specific slope. A study of oak leaves
around a hill in California showed dimensional segregation from
large Nanophylls to medium Microphylls (Benson et al., 1967). The
results are presented in Appendix D, along with a description of
the method for determining leaf dimension.

In a study in Panama, Taylor (appendix D) found good clustering
of leaf dimension about the "ideal". Taylor defined ideal as a
leaf dimension small enough that the leaf would not suffer thermal
damage when transpiration was reduced by limited water availability
and large enough to have close to optimal net photosynthesis during

L‘
q) .



favorable water conditions. 1In several cases, it was found that
this dimension resulted in a "constant" water use efficiency for
the climate zone where the plants were growing. This, for the
first time, as far as I can determine, provided a theoretical basis
for the observation that water use efficiency is a constant and
therefore production may be computed as water use times a constant
(equations 2 and 3).

Exercise- The student should use appendix D and compute the
characteristic dimension of the leaf outlines given in figure 5.2
of the appendix using equations 1 and 2 of the appendix.
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Chapter 8
PRACTICAL MODELS

These models are presented on computer disk and will be
operated in the laboratory session following the completion of
computer basics provided in Appendix A.

CERES
RESCAP
RISK
SHAW

SPAW
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APPENDIX A: USING THE MS-DOS PERSONAL COMPUTER

This information has been used with first-time users of
microcomputers. This material is presented by an instructor in a
series of 5 or 6 sessions of 2 hours each. Students should be
using a computer and should master each command presented. When
there are two, or at most three, users per computer, each user will
both perform the exercise(s) and guide other users. The concepts
are elementary but when mastered are an effective introduction
which enables the student to communicate effectively with the
professional programmer (an important skill for a laboratory or
research director). Additionally, the new user will develop the
confidence to personally operate programs and be prepared to
develop additional skills by self-study as needs arise.

The user is introduced to the concept of computer logical
operations and to three important computer "languages": DOSs,
BASIC, and LOTUS 1-2-3.

THE ELECTRONIC DIGITAL COMPUTER

The history of digital computational aids is at least as old
as the tying of knots in a string, carrying of sticks of various
lengths and colors, or of making marks on a wall. Some
computational aids, such as the "Abacus" in any of many forms,
prove to be very useful; and contemporary applications indicate
that they will continue to have a place in human culture. The line
between calculation aids, calculators, and computers is by no means
clear. When a device can carry out a computation without human
interaction, it may be classified as a computer. However, as
complex as it is for a person to compute the square root of a
number without aids, an electronic aid with a square root key to
press (which instantly yields the square root of any number which
happened to be on the screen) would not in itself be considered a
computer.

By 1940, the electronic digital computer was an idea whose
time had come. Accounting machines, weaving machines, enciphering
devices, and calculation aids (mechanical and electronic) provided
the concepts needed for the emergence of the electronic digital
computer. If the pattern generated by a loom could be controlled
by a sequence of cards with holes coded into them, advancing after
each weaving cycle as completed, a card could also contain a number
or an instruction of what to do with a number. Holes in cards to
specify the status of an electronic switch and the automatic
comparison of electronic switch configurations was a natural step.
This step was accomplished by a graduate student and his professor
at Iowa State University in the late 1930s. The resulting computer
was meager by today's standards, but it provided the basis for the
development of the first large commercial electronic computers.
John Vincent Atanasoff and student Clifford Berry constructed the
"ABC" computer in the basement of the Iowa State University Physics
Building (a 32-bit S54-word, and later 108-word device). It was
operational in 1942, but for only a short time as the war took the



inventor to other efforts. However, the concept had taken root
with John Mauchly wiio had visited and reviewed the project, and
together with J. P. Echert constructed ENIAC, the first commercial
computer memory.

The concept of using switch positions to represent numbers is
not at all difficult to visualize. If a switch is closed, it may
represent a value. Normally "Yes/No" or binary numbering systems
are comprised of an array of switches with each representing a
specific value. The first of a series may represent the number 1,
the second the number 2, the third the number 4, etc. To represent
the number 7, all three switches would be closed; the number 5
would be represented by the closing of switches 1 and 3. Although
the concept is simple, not all people are quick to recognize such
a system and a simple parlor amusement may be constructed using
this binary principle to aid understanding: A person is asked to
secretly choose a number between 1 and 63. The person is then
shown a page with 6 blocks of numbers (Table A-1). The person is
asked whether the chosen number is in the first block, the second,
etc. and then is amazed when the selected number is announced from
the six "Yes/No" responses. Of course, the blocks represent binary
divisions and the knowledgeable host is simply adding the values in
the upper left position of each block that contains the selected
number.



Table A-1. Binary Component Blocks

1 3 5 7 911 13 15 8 9 10 11 12 13 14 15
17 19 21 23 25 27 29 31 24 25 26 27 28 29 30 31
33 35 37 39 41 43 45 47 40 41 42 43 44 45 46 47
49 51 53 55 57 59 61 63 56 57 58 59 60 61 62 63

2 3 6 7 10 11 14 15 16 17 18 19 20 21 22 23
18 19 22 23 26 27 30 31 24 25 26 27 28 29 30 31
34 35 38 39 42 43 46 47 48 49 50 51 52 53 54 55
50 51 54 55 58 59 62 63 56 57 58 59 60 61 62 63

4 5 6 7 12 13 14 15 32 33 34 35 36 37 38 39
20 21 22 23 28 29 30 31 40 41 42 43 44 45 46 47
36 37 38 39 44 45 46 47 48 49 50 51 52 53 54 55
52 53 54 55 60 61 62 63 56 57 58 59 60 61 62 63

The blocks in Table A-1 are constructed such that all numbers
that require the "first switch" to be closed are contained in the
block having the number "1" in the upper left corner. Likewise,
all numbers that require the third switch to be closed are
contained in the block beginning with the number "4". Hence, the
number "S5" appears in the first and third blocks only, as switch
one and switch three are the components. Table A-2 provides a
binary representition of switch values. Any binary code of 1's and
0's can be interpreted by adding the values given at the top of the
table for each column that contains a 1. For example, the binary
expression "0 0 1 0 0 1" is seen to be the sum of "8" and "1" or
llgll "
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Table A-2

Value

10

11

12

13

14

15

A Binary Coding Table

4 2 1
0 0 0
0 0 1
0 1 0
0] 1 1
1 0 0]
1 0 1
1 1 0
1 1 1
0] 0 0
0] 0 1
0] 1 0
0 1 1
1 0 0]
1 0 1
1 1 0]
1 1 1

J

|



As numbers may be represented by this simple method, they may
also be manipulated. Addition and subtraction may be conducted as
with any other numbering system. For example, "1001" + "0010" is

"1011" (or 9+2= 11) and "1001" + "0101" = "1110" [note that adding
1+1 cannot be 2 in the binary system, so you place a 0 and carry a
1 or 01+01=10]. Computers, therefore, can add, subtract, and
compare values. To multiply numbers, multiple addition is

performed; for example, 5 times 4 may be better enunciated as "5
taken 4 times" or 5+5+5+5. Computers can divide by subtracting
repetitively in a like manner. When a simple algorithm was devised
to convert any number to a log expression, computers could multiply
and divide by simple addition and subtraction. As complex as
comput :rs have become, basically they only add, subtract, and
compare.

LANGUAGE OF COMPUTERS

If deep in the machine computers can only understand 1s and
0s, at the user level this is far from the language the programmer
need use. As late as 1974, I used a computer that programmed in
1's and 0's only, but such computers have been totally replaced by
machines that have logic devives to accept symbols more familiar
and natural to people. The devices do the work of translating
higher level expressions to codes that the computer can manipulate.

Common computer languages used in personal computers include
DOS, UNIX, BASIC, LOTUS, FORTRAN, ASCAL, COBOL, etc. (some may
debate the classification of these in one group as languages, but
each does represent some symbolic instruction level for user
interaction with the computer).

DOS (just enough to get started)

Most personal computers have a set of operating instructions
(or an "operatlng system") that the computer automatlcally ingests
when power is applied. Computers that are in the IBM family or
related machines are often DOS oriented. The DOS may have some
name variation such as MS-DOS. If only the operating system
instructions are installed in the computer, the user will observe
a prompt of some sort on the screen. Often “he prompt is in the
form of a letter that specifies the disk drive to which the
computer is presently positioned. If the prompt is the letter "cC"
with trailing notations that may include "'\>" etc., the computer
is positioned to the "C" drive. The C drive is normally the fixed
hard disk devise. The "A" prompt normally refers to the primary
floppy drive included with the original computer. If the computer
has only one floppy drive, it will serve as both the "A" and the
"B" drive.

When power is applied to the computer, it will normally spend



some seconds completing internal evaluations and then will attempt
to read operating information from the disk drive(s). Often
computers are configured to read any disk in the "A" drive
initially and then check the "C" drive. When an operating system
is located and activated, the computer is said to be "BOOTED" and
it is ready to proceed with further instructions.

A "booted" computer may continue, apparently of its own
volition, to perform operations beyond that of booting. This
automatic procedure is controlled by an automatically executing
batch file named "AUTOEXEC.BAT" that may be user generated and
implemented on the system. Batch files are in essence programs
written in DOS instructions (or language).

DOS instructions may be executed from the keyboard or included
in batch files to execute sequentially as a program. Batch files
are very useful for accomplishing tasks related to the
configuration of the computer and the calling of application
programs. It is important that the computer user have at least a
fundamental understanding of the DOS instruction set. Only a few
instructions are required to operate the computer, the batch files
and a number of special instructions provided for automated and
specialized operations. It is important that the user understand
the fundamental "file" operations instructions.

DATE When the computer has booted, and in the absence of a
batch file, the date will be displayed and the user prompted to
enter a new date. If, as the user, you are satisfied with the date
displayed, simply tap the "ENTER" key (on some keyboards labeled
"RETURN" because of the similar function to the typewriter return
key). It is important that the date display be meaningful because
the date is "stamped" on any files that you save during the course
of your session.

Computers may or may not have a battery-operated clock
installed. If there is a clock, the date on the clock will be
displayed when the computer is booted. 1If there is no battery-
operated clock, the display will likely be the date of manufacture
of the computer electronics. You should set the date, if needed,
following the format as displayed.

TIME The computer may display a time and user prompt to enter
a new time. The time function is under the same constraints as the

date function.

PROMPT After booting and the possible display of the date and
time, the computer will likely display the "DOS prompt" in a form
that has been selected by the user or in the native form: C:\>.
In the native case, the "C" indicates that the computer is
positioned to the "C" disk drive, which is normally the fixed or
internal disk drive. The initial prompt may indicate the "A" drive
or some other drive. Following is a series of important file
operation DOS instructions and some explanation of their
functioning:

C:\> [The native DOS prompt indicating that the computer
is positioned to the C drive.)



C:\> DIR/P [The user has asked to see the directory of files on
the C drive, displayed one page (screen full) at a time.]

C:\> CD LOTUS [The wuser has given the ‘'current directory"
instruction which in this case specifies that the computer should
be positioned to a specific directory with the name LOTUS. The
disk drives may be visualized as a filing cabinet with drawers
labeled A, B, C, etc. You are looking in the "C" drawer and have
just opened a folder labeled LOTUS. Within this virtual "folder",
there may be many items and even other "sub" folders or '"sub-
directories" to which you may also position the computer.]

C:\> CD (The computer 1is instructed to annunciate the
directory to which it is currently positioned. ]

C:\> DIR [The computer is instructed to display the contents
of the current directory.]

C:\> CD\ [The computer is instructed to reposition itself to
the ROOT directory. This may be visualized as replacing any

folders in the file drawer but keeping the drawer labeled C open. ]

C:\> A: [(The computer is instructed to position itself to
the "A" drive. This may be visualized as the closing of file
drawer "C" and the opening of file drawer "A."]

A:\> C: [The computer is instructed to position itself to
the "c" drive.]

C:\> MD SOIL [The computer is instructed to create a directory
named "SOIL" on the "C" disk. The "make directory" (MD)

instruction may be visualized as adding a folder to the file
drawer. ]

C:\> CD SOIL [The computer is instructed to position itself to
the directory named SOIL.)

C:\> COPY A:NITROGEN.DAT (The computer is instructed to copy
from drive "A" a file with the prefix NITROGEN and the suffix DAT
to the current directory of the "C" drive. The name will be the
same when copied to the "C" drive.)

C:\> COPY A:* % [The computer is instructed to copy all
materials from the current directory of the "A" drive to the
current directory of the "C" drive. This instruction may be

vocalized as: Working in the "C" drive, COPY from "A" all files
regardless of prefix (first name) and suffix (last name).)

C:\> COPY GOOD.DAT A: [The computer is instructed to copy the
file "GOOD.DAT" from the "C" drive to the "A" drive. This may be
vocalized as: Working in the "C" drive, COPY a file named GOOD.DAT
to the "A" drive.]



WARNING---- PLACE A NEW (BLANK) DISK IN DRIVE "A" BEFORE THIS NEXT
STEP!!!!

C:\> FORMAT A: [The computer is instructed to format :the disk in
drive "A". The computer must have the format program installed in
the "C" drive to accomplish this instruction (perhaps you will have
to position to the DOS or to the BIN directory to find the
program) . All disks must be formatted before the computer can
utilize them as a storage medium.)

C:\> GREAT [The computer is instructed to execute a program
with the prefix GREAT. Such an application must be located in the
current directory and the suffix must be BAT, EXE, or COM.]

These DOS instructions are only to get a user started. A book
of DOS instructions is normally provided with a computer. The book
will typically exceed 300 pages. Needless to say, the instructions
above do not make you a DOS master.

BASIC

Programmlng of a computer is best left to programmers, just as
writing is best left to writers. We spend more time reading than
writing, but still need to know how to write. A scientist should,
likewise, be computer literate. Programming skills at least to the
level typical of a 9-year-old child are appropriate for any
scientist who uses a computer regularly (this does not imply the
skill of programming achieved by an extraordinary 9 year old, just
the average American child not hav1ng any special training). There
are volumes written on programming, even veclumes regarding
programming in the BASIC language; the following is but an
introduction.

BASIC was, originally, the 13 basic FORTRAN statements and
served as a learning language. Using these few statements, the
beglnnlng programmer could create simple programs to learn and
experience programming methods. The personal computer brought a
demand for a simple computer language and soon many companies
published BASIC with "added" instructions. Eventually, there were
many BASIC versions with a great deal of variation between them.
Some improvement was noted in the 1980s, but still there is some
variation between versions of the language BASIC also became a
very powerful language as it grew, but is not necessarily the
"best" language for operating a computer.

Computers will often have a program called "BASICA.EXE" or
having some name that is not too different. A program with this
name can be initiated by simply typing "BASICA" at the DOS prompt.
When the BASIC system is loaded, the user will see a BASIC prompt,
usually a %. A few very s1mp1e programs will demonstrate the
principles of BASIC.



BASIC programs are written with each statement numbered. Type
the following on the computer screen:

10 CLS

20 PRINT "EXCEPT FOR THAT, MRS. LINCOLN,"
30 PRINT " HOW DID YOU ENJOY THE PLAY?"
RUN

This program demonstrates:

CLS [Clear the screen]
PRINT (Print anything enclosed in " " on the screen]
RUN [Instruction to execute the program instructions]

Now, we will teach the computer to repeat itself, type:
40 PRINT: PRINT
50 FOR I =1 TO 5
60 PRINT "MY NAME IS JOE"

70 NEXT I
RUN

The program followed any instructions in steps 0 - 30 and then
placed two blank lines on the screen as a result of the isolated
PRINT commands in line 40. It then executed a conditional loop.

FOR I=1 TO 5 [The computer will execute the subsequent
program steps down to the NEXT I instruction and then return to the
FOR statement until this has been done 5 times. The computer would
then continue down the program steps, if there were any.

This program may be saved (recorded on disk) by typing the
keyboard instruction, SAVE, followed by a quotation mark and a name
by which the program should be known in the directory of the disk.
SAVE "XX [This will save the program to the active directory
on disk and give it the name XX.]

LIST (This instruction will cause the computer to list the

program steps on the screen.]

CTRL BREAK [Holding the CTRL key down while punching the BREAK
key results in the termination of a computer program. ]

W



NEW [This instruction will remove the program steps from the

active memory of the computer. The file saved to disk is not
affected. )
SYSTEM [This instruction will cause the computer to exit the

BASIC language program and return to DOS. The user should then see
the DOS prompt (e.g., C:\>) rather than the BASIC prompt (%).)

RUN "XX [This instruction will recall a program (in this case,
named XX), from disk and cause it to be executed.)

The following are three short programs to demonstrate” a few
additional instructions and how they may be used in a simple
program. When a program is entered, you may wish to save it on
disk as practice or perhaps as a program for later reference.

BASIC demonstration of a simple program to save data:

10 CLS

20 PRINT:PRINT:PRINT "This Program Will Create a Data File for
Temperature and Precip."

30 PRINT: PRINT " Enter DAY=99 to END"

40 PRINT: PRINT

50 OPEN "DATA" FOR APPEND AS #1

60 INPUT :DAY";A

70 IF A=29 THEN CLOSE #1:CLS:PRINT:PRINT "Finished, data are in a
file named 'DATA'":END.

80 INPUT "TMAX"Y;MX

90 INPUT "TMIN";MN

100 INPUT "PREC";RN

110 PRINT,"DAY ";A;" TMAX=";MX;" TMIN=";MN;" PRECIP.=;RN
120 PRINT #1,A;MX;MN;RN

130 GOTO 50

Save this program and then RUN it until you have entered
several days of data. Then type NEW and punch in the program that
will recall the data saved to disk.

10 CLS

20 PRINT:PRINT:PRINT "This Program Will Read and Display a File
Named 'DATA'"

30 PRINT:PRINT:PRINT

40 OPEN "DATA" FOR INPUT AS #1

50 PRINT "DATE TMAX TMIN PRECIP"

60 INPUT #1,A,MX,MN,RN

70 PRINT LLJ "’.A;ll ";Mx’oll lI;MN’-" ;RN

80 GOTO 60

When all data are read, an "out of data" error will be
indicated (this is not a problem in this simple program) and the
program will stop, leaving your data displayed on a portion of the
screen. Both of these programs are very simple and are intended
only for an introduction to BASIC and as a demonstration of file
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tion and handling.

REM This is a 'REM' statement, it is just a comment to the
REM programmer, it does nothing in the program. Use a lot
REM of these to document what you are doing.

REM

REM THIS PROGRAM ALLOWS YOU TO READ THE FILE CALLED 'DATA'

CLS
PRINT " THIS READS THE 'DATA' FILE"
PRINT: PRINT

OPEN "DATA" FOR INPUT AS #1

INPUT "HOW MANY DAYS TO READ";Y
DIM A(Y),MX(Y),MN(Y),RN(Y)

FORI =1 TO Y

INPUT #1,A(I),MX(I),MN(I),RN(I)
NEXT I

INPUT "WHICH DAY'S DATA DO YOU WISH: ;X
PRINT, A(X),MX(X),MN(X),RN(X)

PRINT

GOTO 100

REM As this program never ends, press CTRL BREAK to stop
REM Look in your manual for PRINT USING to format printouts

REM This program demonstrates the GOSUB.

It is well to use a

REM lot of subroutines in a complex program.
REM The program calculates a simple linear regression

CLS:DIM X (200),Y(200)

INPUT "ENTER THE NO. OF XY PAIRS OF READINGS" ;N

FOR I=1 TO N

INPUT "ENTER X,Y PAIR ";X(I),Y(I):NEXT I

GOSUB 4000

REM THE PROGRAM WILL FOLLOW ALL INSTRUCTIONS AT LINE 4000
REM AND THEN RETURN TO THE LINE FOLLOWING THE GOSUB AND

REM CONTINUE DOWN THE PROGRAM.
PRINT:PRINT " THAT'S ALL FOLKS ! I"
END

S1=0:52=0:53=0:54=0:55=0
FOR I=1 TO N

S1=S1+X(I): S2=S2+(YI): S3=S3+X(I)~2
S4=S4+Y (I)~2: S5=S5+X(I)*Y(I)

NEXT I

M=(N*S5-S2*%S1)/ (N*S3=51~2)
C=(S2-M*S1) /N

R=(M* (S5-S1*S2/N) )/ (S4-52~2/N)

PRINT:PRINT "Y=M*X+C":PRINT "M=";M:PRINT "C=";C:PRINT

PRINT "REGRESSION COEFF.=";SQU(R) :RETURN

10 REM THIS PROGRAM DEMONSTRATES STRINGS ($) AND "IF"

20
30

INPUT "WHAT IS YOUR FIKST NAME";AS
PRINT "“HOW OLD ARE YOU?";AS



40 INPUT AGE

50 IF AGE >40 THEN GOTO 100

60 PRINT "I LIKE YOUNGER PEOPLE"

70 END

100 PRINT "YOU ARE OLDER THAN MY SON"
110 END

SPREAD SHEET COMPUTING

The spread sheet is not strictly a language, but it does allow
the user to give the computer instructions that will automatically
execute when data are entered and so a method of programming and
for our use may be considered as "spread sheet language." The
spread sheet is the most successful computer program ever written
(to date). The program appears on the user screen as a ledger
sheet with numerous columns and rows. The user may program the
spread sheet to add columns, display totals, subtract one column
total from another and display the balance, etc., etc. The
following instructions are intended as an introduction for users
who have the spread sheet program "LOTUS 1-2-4", or a compatible,
running in their computer.

If the computer is positioned to the directory containing the
program LOTUS and/or the program "1-2-3", you may initiate
operation by typing 123 at the DOS prompt. You should then see a
screen that lcoks something like Table A-3.

Table A-3 Representation of the general appearance of the LOTUS 1-
2-3 screen when the 1-2-3 program is initiated.

A B C D E

~
St

IO WN

The spreadsheet screen is composed of columns labeled A, B,
etc. and of rows labeled 1, 2, etc. The user may enter numbers,
words, or instructions into any "cell" at the location indicated by
the cursor, (], which is displayed within some column and row,
usually at "Al" initially. The cursor may be moved around with the



arrow keys on the user key board.

Information is entered at the cursor location. If the first
key pressed is a letter, all information entered in the cell will
be alpha-numeric, that is text only. If the first key pressed is
a number, the cell will contain only numbers. If the first key
pressed is an operator, +, -, @, (, the cell will contain a formula
and the value computed will be displayed in the cell (the formula
will be displayed at the top of the screen when the cursor is
positioned to the cell).

The user may program a conversion from degrees C to degrees F
by placing the cursor at Al and entering a value such as 20. Move
the cursor to A2 and type: +A1%*9/5+32,. When the Enter Xkey is
pressed the computer will display the value "68" in the A2 cell and
the formula will still be displayed at the top of the screen. The
user may move the cursor to Al and enter another value, the
conversion will be displayed in A2 as soon as the Enter key is

pressed.
If the "/" Kkey is pressed while entering a formula, the
computer will interpret it to mean "divide." However, if the "/"

key is pressed as the initial key of a sequence, the computer will
enter the instruction mode and will display a list of instructions
at the top of the screen. The cursor will be positioned on the
first of the 1line of instructional words. As the cursor is
positioned to various words along the lire, a second row of
instructions is displayed appropriate to the particular word
selected with the cursor. If the user desires to clear the
worksheet, preparatory to beginning a new effort, the sequence of
keys used to accomplish the refreshing of the sheet are: / W E Y

If the user wishes to abandon the instruction set menu, the
"Esc" is the method of choice. Often a user will inadvertently
enter the instruction mode or will make a "wrong turn" in the use
of the instruction set. A series of taps on the escape key "Esc"
is the sure way to bring the computer back to a position where the
user can gain control of almost any situation.

The spread sheet program is very useful for tabular data. A
sample program to accept daily temperature data is given in Table
A-4. The sample demonstrates the computation of daily and monthly
averages. The user should place the labels in rows 1,2,33 and 34
and type the numbers for the days (from 1 to 31) in column A.
Formulas are placed in line 34 and in column D.

Table A~4 Spread sheet programmed to accept entries of temperature
(Max. and Min.). The daily average is calculated (column D) and
the monthly averages are calculated (row 35).

Column D contains the average of the Max. and the Min. for
each day. That is, it contains the average of the daily value in
B and in C. The cursor should be plac.? in D3 and the expression
(+B3+C3)/2 entered. The cell at D4 contains the expression
(+B4+C4) /2. Rather than key in 31 of these similar formulas, the
user need only key the one at D3 and then copy the formula using
the instruction sequence: / C Enter D4 . . D 33 Enter. Column D
will f£fill with replications of the relative formula. You may



inspect the formula of any cell by placing the cursor in the cell
and observing the formula on the top line of the display.

The monthly averages have a slightly more complex formula as
they require that the temperatures in a column be summed for the
month and then divided by the number of observations (which may
vary from 28 to 31). The computer does have an instruction to sum
the numbers in a column and also has an instruction to determine
the number of entries in a column. These two instructions will be
used in the calculations appearing on row 35 in columns B, C, and
D. Place the cursor in B35 and enter:
@SUM(B3..B33)/(€COUNT (B3..B33)).

A B C D E

1 Day Max. Min Ave.

2 m——mmm—m e ——— - e - sttt e ot e ot et o o o e e e e e
3 1 20 10 15

4 2 22 .10 15

5 3 30 16 23

6 4

7 5
33 31
34 ——-———— e e
35 Average: 24 12 18
36

When data are entered in the data columns (B and C), the
calculated values in column D and in row 35 are automatically
generated. If an incorrect entry is made, simply return to the
cell and type in the correct values. If an entry is made in day 31
during a month with only 30 days, remove the incorrect data by
typing: / R E Enter.

Printing of the results is important. If a printer has been
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save the file, then refrezh the screen with the instruction: / W E
Y. The saved file may then be retrieved with the instruction: / F
R (note that the computer 1lists the files that exist on your
directory, set the cursor on the desired file and press Enter).
Should you wish to exit the language, type: / Q Y.

Graphic display of data is often very useful. The 1-2-3
spread sheet program provides simple graphic capability. The
program can display dots, lines, pie diagrams, and bar graphs. The
graphs can display several variables at one time (i.e., both Max.
and Min. temperature with respect to date).

Prepare a 1-2-3 screen with the data shown in Table A-5. The
data in column A may represent days and B and C represent values of
Max. and Min. temperature. Place the cursor in cell Al and enter
the graphics mode with the instructions: / G. You are presented
with choices including "Type" which allows the selection of type of
graph (line is fine to begin), X, A, B, etc. Select "X" and key:
Al..A6, which specifies the days column of data as the "X-axis" of
your graph. Sele~t "A", the first data range and identify Bl..B6
as the range. Select "B", the second data range and identify
Cl..C6 as the range. Press "V" to view your data as a graph.
Strike any key to return to the data display. Strike "O" (Options)
to create titles, legend, etc. The data may be displayed as a
"bar" graph by selecting "Type" (you may have to "Quit" the options
menu). Try several graph types and options.

Table A-5 Data displayed on the spread sheet may be displayed in
graphic form using the "Graph" instruction in the 1-2-3 program.

A B Cc
1 1 20 10
2 2 22 10
3 3 24 12
4 4 22 14
5 5 20 15
6 6 19 15
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RADIANT ENLRGY IN RELATION TO #OlLSTS AR

If the clonds are wirmes thas the geonnd, (.lm.‘\urf:wu LN PET e i
even inerease as a result of the exchange. Conversely, .‘1}(‘|('.|:'| nrel
sky may radiate downward much Tessthan the cround as rdiane.
upward, and the ground will sustain o net loss of cnergy nd cons
quently cool vapidly, possibly with formation of dew or frast. On ihe
so-ealled “radinion mights" incoming l‘:l(l.l:lll()ll' s mneh dess than o
going radiation, and cooling at the surface is rapid. _
Although the radiation from the sky is complex, and ocenrs only i
cortain wavelengths asa vesult of seleetive amission by water vapor
carbon dioxide, it can be considered as coming from a black bady at
the temperature appropriate to the amount. of rudiation emitica.
This temperature (the ejective temperature, as previously defined)
is sometimes known as the cquioalent sy temperature (lirooks 16950).
By comparing the equivalert night sky temperature with ihe tenipara-
ture of the ground surface, we can immediately know whethor 1he
around will coal off ar warn up as a vesult of the radintion exchane.,
Most of the downcoming vadiation from the elear nieht SRy Canies
from water vapor i the lowest {ew hundred feer. Therefore, tine
‘moisture content of the surface air lavers can be used as a coud
estimator of nocturnal sky radiation.  Goss and Brooks (1956) sive
the equation :
1=(0.660+0.039 y¢)o T* (16)

where
R 1sthe sky radiation in ly./min. ;
¢ is the 2 pan. weather-shelter vapor piessure i millibars,
and 715 the weather-shelier air temperaturo, °I<.
This empirical relationship assumes that the 2 p.n. vapor pressure s
a good estimate of moisture content of the lowest thousand feet or so
of the atmosphere.

The values given are for total hemispuere radiatios, Le, from the
entire vault of sky. However, because the atmosphere is thinnest
directiy overhead. and thus contains less mass of water vansothan any
other path. radiation from the zenith is usuallv a minimum. Thicker
layers of the atmospliere coniribute to the incoming radiztion at angles
approaching the horizo:, and the incoming radiation from these angles
is correspondingly wreater than that from overhead.

Long-wave sky radiation is scinewlat freater during the day than
at night because the radiating stbziances in the atmospliere are heated
by the sun. Satherer and Dirmhirn {(1958), measuring downcon.iig
long-wave radiation a: Vienna in midsummer, found daytime rates of
about 30 1y.“hr.and nocturnal rates of 28 ly./hr.

View Factor

As already stated, i addition to divect-beam solar radiation. any
abject on the earth's surface receives ditfuse and retlected solar radin-
tion, and long-wave radiation emitiod by various components of the
anmosphere and by tervestrial objects, It is often important to know
how much each poriion of the *view" of the object contributes to the
total vadiation received by the abject.  For example, a smail fpot on
Fllo ground in a forest opening receives on a clear meht radiation o
:he sky that may have'a much lower efiective temperatura than the
‘urrounding trees which ara also radiating to the spoi. Since the spot
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raddintes outwaed atoaeato that s dependent. only on its own Waipr
ature, the vadiation balanee on the spot.is determined largely by the
relative amounts of radiation it receives from “cold” sky and “wirn”
Lree canapy.

The geometric coneept. that expresses this proportion is the view
factor, or shapo factor. T is defived as tho fraction of the rudiation
leaving a surface in all divections that is intercepted by anoiher sur-
face. Consider a small avea, d4, (fig. 14) radiating to the hemisplicre
above it. A portion of the radiant encrgy is intercepted by arca dA..
Because of Lambert’s cosine law, the wnount leaving dA4, in the dirce-
tion of d«l; is proportional to d4, cos B,. The amount received by
d 4 1s proportional to cos B (cosine law of illumination) and mversely
proportional to the square of the distince, 7. If 7, is the intensity of
radiation from dA, (in thedirection of tho normal to the surface), then
the rate of radiation from d4, to dA. is given by (McAdams 1951) :

(I'W._n:l'dA' s 6;(!/17 cos f3, an

r

The total radiation leaving dA, can be found by integraving equation
17 over the entire hemisphere above dAd,. Similarly, the radiuion
reccived by any portion of the hemisphere can be found by  suitable
integration.  ‘T'he ratio of the received portion to that radiated to tic
entive henmisphere 1s the view factor, /.. Tt follows that the view
factors for the various portions that make up the entire hemisphere
must udd up to one. Because the relationship is reciprocul, the view
factor of the first area relative to the second is the samo as that. of the
second relative to the first.

In the example cited, the view factor of the sky relative 1o the spot
on the ground together with the equivalent temperature of the sky
permits caleulation of the amount of energy received by the spot. from
the sky.  Sunilar calenlations for ather portions of the view permit
calenlation of the total radiation received by the spot.

T'he usefuliess of the view factor cancept can heiHoestrated. A ~nat
i the middle of a forest apening rdiates to the entive heinsphere
above it THowever, it receives radiation partly from the <ky and
partly from the trees sarvounding the opening. The proportion of
tho upper hemisphere occupied by the sky is a function of the dion-
cler of the opening and the height of the surrounding trees. In terms
of dimmeter, ¢y of the opening, and the height, &, of the trees, the
fraction of the radiation received by that portion of upper hemisphere
occupied by the sky is

F=sin? (nrc tan —éi) (18)

Fothen, s the view factor of the open sky relative to the spot: and by
reciprocity, the view fuctor of the spot. relative to the open sky.r if
the eflective sky temperature and the temperature of the surrounding
trees are known, the incoming radiation to the spot can be calenlated
by the Stefan-Boltzmann law. The function, #, for this simpie case
is presented in figure 15.

! Complete derivation is given in app. C.
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Fraune 14— Radintion exchange between two clemental nreas.

The view factor depends only on the ratio of the tree heigl to
opening diameter. ‘Therefore, where the net autward vadiation to a
clear, cold sky is the consideration, a large opening in a tall forest
acts similarly 1o a small epening in a young forest with the same
diameter-height ratio.

View factars for a number of interest ing and uselul cases are con-
tained in standard heat-transfer texts, such as McAdams (1954).
The case for a free-standing trec in an incomplete forest. canopy is
treated by Waggoner and Reifsnyder (1961).

Radiation Balance

Radiant energy streams to and from the surface of a leaf, the bark
of a tree, or the ground surface itself. The magitude of these
streams, their direction, their spectral composition, and their distribu-
tion through time control the energy that is available for heating the
surfaces, evaporating water, supporting photosynthesis, and, in gen-
eral, for making life on earth possible. The swin of these streams
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/ RADIOMETER
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Fioure 17.—Radiation Quxes on the radiomeler surfuce cotnpared with those
ou the grouond surface clement.

If the measuremeins cannot be made on the surface. where should
they bo made?  Most radiometers have o recepror that is exposed
to an entire hennisphere; others have a conical view of various dimen-
sions.  IFor heat-balanco measurements, ha-plate veceptors open 1o a
hemisphere are commonly used. The farther the receptor is {rom
an arer source of radiant energy, the lareer the area from which
the bulk of the energy incident on the receptor is coming; ie., for a
given pereentaze of ihe hemispherieal view of the radiomeier, the
favinier the vadiometer is from the surface the borger the area making
up the fixed percentage. These relanonships can be caleulated frem
tabulations of tho view factor of a cireular disk relative to an elemental
avea perpendicular to and distant from the center of the disk. Figure
18 wives these relationships in terms of height of the radiometer as
a function of diuneter of seen area encompassing various percentages

- of tho visible hemisphero.  For example, nime-tenths of the *view?” of
a_horizontal flat-plate radiometer 10 feet above the ground will be
-acireular area of 60 feet in diameter divectly beneath ihe plate.

Such measurements integrato radiation values over an area; this is
advantageous if there is much space variation in the energy leaving
the surface (for exmmple, reflected sunligit from a dappled fovest
floor). Oun the other hand, if the radiation from a plot of restricted
size is being measured, the radiometer must be placed close enough
to the plot so that mast of the measured radiation is coming from the
plot and nat from the @mround outside the plot. But if it is too close,
it will “see” its own shadow and be in error. Generally this is not
important. A radiometer 1 foot above the center of its own 1-foot-
diameter shadow will have only about. 10 percent of its view occupicd
by the shadow. If it is 314 feet above the ground, the view factor of
the shadow will be only 0.01.
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FIGURE IS.—View factor of o radiometer in relation (o height,

Area-source vadinion fram the upper hemisphere weasured i,
within a plant stand {for example, under a forest canopy) wiil wer-
erally be different st diflerent heights above tie sround: e, the
radiometer's view of the three-dimensional plast canopy will chaee
as the radiometer is moved upward from the ground.  Ior exane,
the sigalar diameter of an opening i tho canopy will hercase s
itis approached from below.  Also, as the proportion ol the plani
statd below the instrument iereases, the more solar aley radinian
will be received (see i 16).

Measurements of sunlizht or solar radiation under plant caronies
are especially dificult when complicated patterns of highe and shadow
e present. Little is known abour the vatriziton, or of siitable mei:.-
ads of sampling. Hero again one must first determine the daia
required : A daily mean, noon vitlue, scasonal toral, or other values.
Atkins (1957) reported that for a well-stocked St-vear-old red pre
stand with a basal area of approximately 200 square feet, reduem s
the number of phataceli vesatdings in haldf-acrve plots from 235 taker
At 10-fool. spacing to as few as 20 at 40-foot inervals caused hiiio
variation in mean values.  Some increased variaion was noted i
sparser stands with a basal area of about 100 square feet.

In a study of illumination under a hazel and dogwaod understory
that remained after an §0-vear-old upland oak stand in Towa was
clear cut, Gatherum (1961) found that a @iven number of spot meas-
urements gave a more roliable estimate of the mean in stands in
which the understory hind also hoan heavily eut than i stands in whieh
tho understory was lef standing. e ealeulnted that hio would nead
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BADIANT LENERGY IN LKELATION 1o FORESTS ]()‘-)
Co=lderivation of View Fortay for Iorest () pening

Consuber o eireulir CPeri i the forest witly o disineter, o, with IOy
Trees o et 4 (e 2700 e shy shove o andl i, Ao Lhe center al
openge sabibeads nosolped e corvesponding ta e wngde, are tan (df2y A
Ay from o 4yt the ol hewdsphere of shy ki i anee, iy, wath the norm)
oda Pes ray meets e henmnsphere at nngle, S, which is, of course, H°.
Ny cquation 7). e aomount of rdiion leaving dA, in the dircetion B und
intereepied by the surrounding henisphere in:

)\‘“\’/‘
\ da,

1
Yy
S
1

i‘* r {=d/2)

Ficure 25.— View Jaclor of circular forest opening.

d”’|-o;(8ky)=lld/h Cos f:d/‘: COs 31 (Cl)

the differentinl nng, d4,, 1s,
dA;=2=lirdg

Since cos f,= 1, equation (Ci) becomes,

1.d A, cos B8\2xlirdB

dW.-.,(sky) = I (C2)
Since #/r=sin 8, su bstituting and rearranging,
AW\~1(sky) =2+/,d A, sin 8, cos 8,8 (C3)
Integrating from 8,=01t0 8,=arc tan (d/2h),
tan (d/2))
Wn-ox(aky)=2vl.dA.j;uc ’ 8in B8, cos f,dg (C4)

=2rl\dA\[sin? p,J3re o (4rn)

=2r/\dA, sio? [arc tan (d/24)) ' (C5)
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Sinularly for the entire henusphicre above o,

12
Wias(total) =2« d A, J; sin 8, cos Mdp (€6
=2elid A [sin? Bi"
=2x/\dA, (C7)

The view fnctor, Fia; of the sky relative to the spot, d Ay, is defined as the portion
of tho total radintion leaving the xpot that is dhirceted toward the sky,

_ Wia(sky) !
i =5ttt (C8)
_2x[idA, sin? [nre tan (d/2h)]
- 2el\d A, (C9)
‘Thercfore,
Fiay=s8in? {arc tan (d/24)) (C10)

The same view factor apphes if we are considering radiation from the spot to the
eky or from thec eky to the spot.
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SOME IMPLICATIONS OF LEAF TEARING IN MUSACEAE!

S. ELWYNN TaYLOR?
Missouri Botanical Garden, St. Louis, Missouri

AND

OWEN J. SEXTON

Depariment of Biology and Center for the Biology of Natural Systems
Washington University, St. Louis, Missouri

Absiract. Leaf temperatures associated with torn and untorn leaves of Musaceae were
taken in both dry and wet seasons at Barro Colorado Island, Canal Zone. Transpiration rates
and leaf resistance to water-vapor diffusion were determined. Energy-budget analysis is used
to describe the relationship of leaf dimension and leaf resistance to thermal survival and
water usage. Gas-exchange theory is applied to predict the photosynthetic implications of
leaf tearing. The analyses showed that leaves less than !0 cm wide are not subject to critical
heat stress, have lower water loss, and higher ratios of photosynthesis to water expended than
do leaves of widths greater than 10 c¢m. In wet season, leaves have lower resistance to the
diffusion of water vapor and accordingly are less subject to excessive heating.

INTRODUCTION

Leaf tearing among members of the Musaceae
occurs commonly. The teuring is most extensive for
plants growing in exposed sites. No permanent leaf
damage is apparent as a result of leaf tearing, al-
though temporary damage (a short period of exces-
sive water loss) does occur. Brun (1961), working
with Musa acuminata L. var. Hort. Gras. Michel,
has reported that in the laboratory a fresh tear 10 cm
long loses approximately as much water as is tran-
spired by a 10-cm? area of leaf. He found that the
period of excessive water loss was of short duration.

Prevalent leaf size decreases fiom the humid dark-
ness of the tropical forest to the sunny, exposed for-
est edges, or vertically to the upper canopy level.
The banana relatives found in exposed sites, such as
old fields and clearings, are certainly an exception to
the small “prevalent” leaf size; however, the segments
of a torn banana leaf are more in keeping with the
observed “prevalent” leaf width of other exposed
species.

Raschke (1956) suggests that in an environment
exposed to insolation the small Jeaf should transpire
less and be at a lower temperature than a large leaf.
He further states that ta determine whether a de-
crease in leaf size is advantageous, we must investi-
gate the physical relationships of energy exchange
between the leaf and the environment. Subsequent
refinement of energy-excharge equations ard methods
(e.g., Gates, Alderfer, and Taylor 1968) has pro-
duced a useful tool for evaluating the advantage or
disadvantage of leaf characteristics, such as size, for
any given environment.

Idle (1970) used energy-budget techniques to

' Received April 20, 1970; accepted June 16, 1970.

. "Present address: Department of Biology, New Mex-
ico State University, Las Cruces, N. Mex. 88001.

evaluate the relationship of leaf width and resistance
to transpiration and thermal survival. He found that
there is a width for Rubus chamemorus L. below
which the leaf is in no thermal danger for “extreme
natural” conditions.

FIELD OBSERVATIONS AND DATA ANALYSIS

Leaf-temperature readings were taken for several
species that occur commonly in a man-made clearing
oin a north-facing slope of Barro Colorado Island,
Canal Zone.3 An infrared thermometer (Model PRT-
10, Barnes Engineering Co.) was used to determine
leaf-surface temperature. This instrument and its use
are described by Gates (1968). Leaf temperatures
were determined in early April 1969 during the “dry
season” when the soil surface was dry and cracked.
“Wet season” data were obtained in October 1969,
when the soil surface was moist at all times. Air
temperature and relative humidity were determined
from sling psychrometer observations; air speed was
measured with a heated-thermocouple air meter
(Hastings Model RB-1); insolation was sensed with
a pyranormeter (Eppley Model 8-48) using a portable
millivolt potentiometer (West model 9B).

The ranges of environmental parameters and tem-
peratures for torn and untorn leaves of Heliconia
latispatha Berth. are summarized in Table 1. Tem-
peratures were measured in the wet season on the
same individual plants and in two cases the same
leaves studied in the dry season. Leaf temperatures
were determined for six non-Musaceac species.
These “other” plants are included only as an indica-
tion of typical leaf temperatures. Observations were
made at intervals of 5-10 min throughout the pe-
riods. The torn . latispatha leaf was never less than

*Barro Colorado Island research facility is sponsored

by the Smithsonian Institution, Washingtor, D.C., as a
part of the Smithsonian Tropical Research Station.
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TasLe 1. Environmental parameters and leal temperatures of Heliconia latispatha Berth. and other specics in a
man-made clearing on Barro Colorado Island, Canal Zone (observations were made every 5-10 min; all readings

were within the ranges specified in table)

.

Exposed environment

Shaded environment

April 8, 1969 QOct. 8, 1969 April 8, 1969
Dry season Wel season Dry season
Charactenistic (0945-1200 hr) (800-1200 hr) (0945-1200 hr)

Air temperature (°C) 31-33.5 30-32 30-33
Relative humidity (%) 72-70 78-70 85-70
Wind (cm sec?) 67-90 22-60 10-70
Insolation (0.32—4.2 u erg cm-? sec'!) 8.5-9.1x10® 8.2-8.6x10* Lows
Soil surface temperature (°C) 46-50 44-48 28
Sky temperature® (°C) 7-8 10-13 28
Intact leaf temperature (°C) 4448 37-43 28.8-29.2
Divided leaf temperature (°C) 39-44 3a-39 29.3-29.8
Leaf temperature (other species) (°C) 38-44 32-40 —

*Could oot be measured with instrument utilized in study.
bMeasured with the infrared thermometer on partly overcast day,

tLeal temperatures were measured for six of the non-Musaceae species in the study area.

2°C cooler than the intact leaf, and the temperature
difference was as great as 5°C for exposed leaves in
both seasons. The parameters are expressed as ranges
because simultancous readings of all instruments is
not possible for a lone observer; hence, the air speed
at the precise time of leaf-temperature determination,
for example, is not known. However, all parameters
were undoubtedly within the ranges specified in Table
1 in al] cases. Leaf-temperature measurements are
expressed as onec representative temperature for the
divided and onc for the untorn side of the leaf. The
representative temperature was considered to approx-
imate the mean leaf temperature.

Transpiration rates were determined by a tech-
nique that applies energy-budget analysis to the basic
quick weighing method as described by Taylor 2nd
Gates (1970). The technique requires that a leaf be
cut, weighed, and quickly returned to the natural
environment, where it is oriented identically with an-
other leaf of the plant with nearly identical charac-
teristics. The temperatures of the intact leaf and the
cut leaf arc measured, and at intervals the cut leaf
is weighed. A difference of temperature bet..cen the
undisturbed and the cut leaf indicates unequal tran-
spiration rates. This method makes it possible to cal-
culate the transpiration rates of the undisturbed
leaves. Laboratory testing of this method (using the
weight loss of potted plants as an absolute measure
of transpiration) showed that this method will con-
sistently predict transpiration rates within = 9% of
the actual measured transpiration (Taylor and Gates
1970).

Small leaves are close 10 air temperature since
their narrow width allows increased interaction of
the air with the leaf surface; i.e., the magnitude of
the boundary layer is related 1o the characteristic
dimension of a leaf. The energy-budget equation
describes the dimension eflects explicitly. The form

of the energy-budget cquation presented by Gates
ct al. (1968) is

Qovs = 0eT 2 + ky(V/ID)V2(T, — T,)

T,) —rh. 5T
(T,) —r 1.',:,,(. a) ‘ ()
1470.2 )0 35

o s

+ L IT"L
ri+ ko

where Q,,, is the total absorbed radiation (erg cm—?
sec™!), T, is leaf temperature (°K), T, is air tem-
perature (°K), V is air velocity (cm sec—'}, o is
the Stefan-Boltzmann constant (5.67 » 10-5 erg
cm=—*® sec—! °K~4 ¢ is leaf emissivity (0.94-1.0)
(as determincd by Idso et al. 1969), r.h. is relative
humidity (0-1.0), L is the latent heat of evaporation
of water (erg g—1), r, is the resistance of the leaf
to diffusion of water vapor (sec cm—1), D is the
characteristic leaf dimension (cm) (as described by
Taylor and Gates 1970), W is the width perpendic-
ular to D (cm), ,¢,(T,) is saturation density of
water vapor at leaf temperature (g cm=3), ,2,(T,)
is saturation density of water vapor at air temper-
ature (g cm=—3), k, is 1.13 x 104 when W is S cm or
less and 6.98 x 103 when greater than S cm, and 4,
is 1.56 for W of S cm or less and 2.10 when W is
greater than 5 cm.

The temperature of the leaf is determined by the
simultaneous interaction of energy absorbed, air tem-
perature, wind, leaf size, and leaf diffusion resistance.
With environmental parameters similar to those in
Table 1 (air temperature 30°C, relative humidity
80%, wind 10 cm sec—!, radiation absorbed 8.38
X 10% erg cm—2 sec—1), the energy budget was solved
to show leaf temperatures as affected by leaf size (D)
and leaf resistance to water vapor diffusion (r;)
(Fig. 1). The torn parts of the leaves are effectively
independent leaflets; and from an energy-exchange
standpoint, each secgment was treated as an individual
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Fic. 1. Leaf-surface temperature as a function of leaf
width (D) and the leaf resistance to diffusion of water
vapor (r;) for hot, humid, calm conditions (air temper-
ature 30°C, relative humidity 80%, wind 10 ¢m sec—1,
solar radiation absorbed by the leaf 8.38 x 105 erg
¢m=2 sec—1). The 47.5°C isolinc represents the thermal
death point for Strelitzia nicolai. Canal Zone plants in
dry season were found to have leaf resistances () ncar
30 sec cm—1, but during the wet season resistances were
near 6 sec cm—!. During dry season leaves wider than
10 cm attain temperatures in excess of 47.5°C, but dur-
ing wet season, when r; is low, this leaf temperature is
not attained,

torn

Fic. 2. A leaf of 8. nicolai l*as begn purposel\
on onc side to resemble naturai tearing in the Musaccae.
The small characteristic dimension of the torn portions
allows increased convection, which resulis in cooling of
the leaf as well as reduction of the boundary-laver re-
sistance to diffusion of water vapor and carbon dioxide.

leaf. The lethal leaf temperature varies for diferent
species and according to the history of the individual
plant; 47.5°C was considered to be the thermal dan-
ger point based on observations made on greenhouse-
grown leaves at the Missouri Botanical Garde...
The temperature of a Strelitzia nicolai leaf (Fig.
2) was monitored for nearly 60 min. The natural
insolation was supplemented with incandescent illum-
ination sufficient to approximate extreme natural con-
ditions (about 1.1 x 106 erg cm=? sec~! incident
solar radiation). The highest temperature sustained

LEAF TEARING IN MUSACEAE

Fic. 3. Thcrmogram of the poruon of S. nicolai leaf
shown in Fig. 2. The temperature distribution on the

leaf is indicated by the isothermal lines; each division
represents a temperature change of 0.36°C. The temper-
atures range from 45° 1o 47.5°C. Thermal damage oc-
curred in the 47.5°C regions but nowhere else. Note that
the midrib is cooler than adjacent tissue. The cool area
to the upper left is a result of non-uniform illumination.
(Thermogram courtesy of Barnes Engireering Co.).

by the leaf was 47.5°C, which was maintained for
10 min. A prototype scanning infrared camera from
Barnes Engincering Co. was used to produce a color
thermogram of the teaf (Fig. 3). Each color change
(change of tone or texture n the black and white
reprcduction) represents a temperature change of
0.36°C. A few days after the thermogram was pro-
duced, the leaf had two dead spots precisely within
the two 47.5°C isolines seen in Fig. 3.

Leaf temperatures in excess of 47.5°C are con-
sidered dangerous to members of the Musaccae.
However, it is expected that the actual thermal death
point does vary with the individual leaf and its his-
tory, as has been reported for other plants by Yar-
wood (1961) and Lange (1965, 1967).

Leaves of H. latispatha were found (from eq.
(1)) to have an r, near 30 sec cm~! during tl:e dry
season. The undivided leaf has dimension greater
than 15 ¢m and is subject to dangerously high leaf
temperatures, whereas the divided leaf has dimen-
sions from 2-5 cm and is in no danger of overheat-
ing (Fig. 1). Except for the Musaccae, no leaves
with characteristic dimension greater than 10 cm
were found in the exposed environment during the
dry season. In times of severe soil-water stress, when
the plant must maintain high r; to prevent dehydra-
tion, and when the environmental parame’:rs are
similar to those specified in Fig. 1, leaves of D less
than 6 cm are in no danger of overheating. When the
soil is wet and the leaf resistance (r;) is near 2 sec
em—!, a leaf could be as large as D = 60 cm without
entering the thermal danger zone.

A successful plant species must be able to with-
stand the extremes of the environment as well as be
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Fic. 4. Leaf-surface temperature as a function of leaf
width (D) and the leaf resistance to diffusion of water
vapor (r,) for hot, humid, low wind conditions (environ-
mental conditions are the same as in Fig, 3 except wind
is increased to 50 cm sec—1). Leaf temperature is nearer
air temperature at the increased wind.
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competitively productive under more or less normal
environmental conditions. It is no simple task to de-
termine the significant extreme conditions. Dry air
and soil together with warm air and high insolation
are stressful, but if these conditions persist for only
a short time or occur infrequently, they may not be
highly significant. The conditions reported here af-
fected all unshaded leaves, and the environmental
parameters were within the ranges reported in Table
1 for a portion of the day, 6 days out of 10 during
the study.

Although the conditions of low wind used for Fig.
1 occur regularly in clearings surrounded by forest,
the mean air speed is generally considerably greater
(sec Table 1). A leaf of 20-cm dimension with re-
sistance of 30 sec em=—! at the conditions specified
for Fig. 1 would sustain thermal damage in a short
period of time; however, the water loss and net pho-
tosynthesis during this short period may not be
significant to the survival of the leaf. The water-loss
and photosynthesis rates are more significant to spe-
cies survival at winds near 50 cm sec—! because the
higher air speed predominates. Figure 4 was pro-
duced for conditions identical to those in Fig. |
except the wind was increased 1o 50 cm sec—!. No-
tice that the temperature for a leaf of any given
dimension and resistance is lower than in Fig. 1 due
to the increased convection.

Transpiration rate as a function of dimension (D)
and leaf resistance (r;) was calculated from the
energy-budget equation and is shown in Fig. S, Fig-

po (PPut K440 = (PP + K+ 52— a7y, P12
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Fic. 5. Transpiration rate as a function of leaf dimen-
sion (D) and leaf resistance (r;). Transpiration rate js
controlled more by resistance of the leaf than by leaf
size, but the size of the leaf has influence on water use
indirectly because it affects the external diffusion resis-
tance (boundary-layer resistance) and the leaf temper-
ature (and hence vapor pressure). Environmental con-
ditions are identical 10 those in Fig. 4. The broken lines
show the thermal danger zone; “a" is taken from Fig. 4
and “b" is taken from Fig. 3.

ures 4 and 5 were produced from cq. (1) with
identical environmental conditions for each. The
transpiration rate of H. latispatha was determined
to be more than twice as great per unit surface for
the undivided leaf as for the torn leaf in the dry
season. The transpiration rate for the torn leaf was
0.55 % 10-6 g cm—2 sec-1,

PHOTOSYNTHETIC IMPLICATIONS

Thermal survival of the leaf and water cxpendi-
ture as influenced by leaf form are two important
aspects of species success. An additional aspect that
should be considered is the photosynthetic ratc as
afiected by leaf form. Theoretical models of photo-
synthesis that are compatible with the energy-
exchange treatment of the single leaf are vet in their
infancy. The use of available models as they now
exist can, however, provide some further insight on
the significance of lcaf form. The use of these models
should not be neglected even though further refine-
ment will be expected to alter and improve the abso-
lute results.

A crude analysis of the effect of D and r, on pro-
ductivity was made using a formulation combining
the Michaelis-Menton equation for enzyme-catalyzed
chemical reactions with Fick's diffusion law. Accord-
ing to Gates et al. (1969), this photosyvnthcsic equa-
tion may be expressed in quadratic form as:

)

where P is the rate of CO, exchange between the air

n

and the leaf (g CO, cm=? sec—!), ;, is the atmo-

2r

spheric density of carbon dioxide. 7 is the rcsut;ncc
to diffusion of carbon dioxide from the atmosphere
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1o the chloroplast, X is the Michaelis rate constant
for the reaction, and P, is the maximum carbon
dioxide exchange rate possible for given light and
temperature conditions (g CO, cm—2 sec-1),

The effect of illuminatiun is not included for these
calculations because only one leaf is involved, and
the torn and untorn portions are assumed to be ex-
poscd to equal insolation and to have identical photo-
synthelic response to any given illumination, other
factors such as leaf temperature notwithstanding. A
temperature difference between the torn and untorn
sections does exist, so the influence of leaf temper-
ature on the value of P,, must be considered. Gates
ct al. (1969) presented curves describing the tem-
perature effect on P,. Equation (3) is an empirical
approximation of the temperature-P,, relationship:

T+ AN+ 2T+ A4)* (T, + A)?2

Pn== (Tp+ A + )

where T is the temperature of the leaf (°C), T,, is
the optimum photosynthetic temperature for the leaf
(°C), and 4 is a constant such that the formula will
predict zero nct photosynthesis at a particu’ar temper-
ature. For example, if net photosynthesis is zero for
a particular species at +5°C, then

A=-—-]x5=-5

The 7 term in eq. (2) is determined from eq. (1),
assuming that where the p2:h for water and CO, is
ilentical, the resistance to water-vapor diffusion times
1.54 gives the resistance to diffusion of CO, (at tem-
peratures near 40°C (‘Washburn 1929) ). Some water
is lost by cuticular transpiration, but it is assumed
that negligible CO, is takew up by the cuticular path
(Holmgren, Jarvis, and Jarvis 1965); hence, cutic-
ular resistance must be considered for transpiration
calculations, but can be neglected in calculations of
carbon dioxide exchange. A cuticular resistance to
water loss of 300 sec cm~1! was calculated from data
by Brun (1961) for young Musa acuminata L. The
development of wax on mature leaves probably makes
cuticular resistance even higher (Mueller, Carr, and
Loomis 1954). The cuticular resistance of banana
is 50 high that it can be ignored without introducing
sigpiﬁcanl eror in the determination of the CO,
Tesistance.

Mesophyll resistance to water-vapor diffusion is
g.cncrally considered negligible and so was not con-
sidered in this treatment. Recent work indicates,
however, that this assumption may not be strictly
legitimate (Jarvis and Siatyer 1970).

The common pathway for CO, and H,O diffusion
considered to be the sum of the stomate resistance
and the boundary-layer resistance (the total value
of the denominator of the final term of eq. (1)).
Therefore, the total resistance to diffusion of CO,
(”) is 1.54 times the stomate plus boundary-layer
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resistance plus the mesophyll resistance to CO, dif-
fusion:

=154 (ri+r)+7,, (4)

where ~,, is the mesophyll resistance to CO, diffu-
sion and r, is the boundary-layer resistance to diffu-
sion of water vapor:

DO 35/0 %0
ro= Ko (5)

- }70.55

The final term in cq. (4) (Fm) was assigned a
constant value of 2.4 scc cm—!, which is in the range
of values reported for soybeans by Dornhoff and
Shibles (1970), tumnips (Gaastra 1959), and cotton
(Bierhuizen and Slatyer 1964). The value of K in
€q. (2) was set at 1.2 X 107 g CO, cm=3. The
values given K and r,, were consistent with unpub-
lished laboratory r:sults of D. M. Gates and asso-
ciates and are of the magnitude for K and r . of other
species calculated from data by Hesketh (1963).
Atmospheric CO, density at 300 ppm is 5.32 x 10-7
g CO, cm=3 (at 30°C and 1 atm).

The Michaclis rate constant (K) must be con-
sidered as the rate constant at the metabolic site,
since it was not determined whether photorespiration
does or does not occur in H. latispatha. The optimum
temperature for photosynthesis in eq. (3) was arbi-
trarily set at 35°C and net photosynthesis zero at
46°C to hc consistent with values given for some
tropical grasses by Hesketh and Baker (1969).

Equation (2) was solved to show net photosynthe-
sis as affected by leaf dimension and resistance to.
water-vapor diffusion (Fig. 6). All biological charac-
teristics were considered constant except D and r.

Net Pholosynlhes"s
9

COpom=? sec”
[S)
c
.2
g 0.5%10°"
£
o 5 x
] 10-% 4 x
Q
.

3456 810
Leof Resistance (r;)

sec cm-!

Fic. 6. Net photosynthesis as a function of leaf dimen-
sion and resistance for 4. la:ispatha at the conditions
specified in Fig. 4. Photosynthetic rates at constant illu-
mination are dependent on leaf temperature (a function
of dimension and resistance) and the resistance to car-
bon dioxide uptake. Resistance to carbon dioxide ex-
change is a function of leaf resistance (r;) as described
in the text.
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FiG. 7. The ratio of net photosynthesis to waler ex-
pended is dependent on leaf resistance and dimension;
however, a dimension (7-10 cm) exists for these environ-
mental conditions (as described in Fig. 4) such that the
ratio is nearly independent of leaf dimension; the small
exposed leaf with high resistance has the most favorable
photosynthesis-to-transpiration ratio.

The environmental parameters for Fig. 6 and 7 are
the same as for Fig. 4 and §5.

The relative photosynthetic efficiencv with respect
to wa'er expended is shown in Fig. 7. When the
characteristic leaf dimension (D) is near 8 cm,
changes in r; have little e,iect on the ratio of photo-
synthesis to water expended. This indicates that a
leaf of 8-cm dimension would maintain approx-
imately the same efficiency in both the dry season
when leaf resistance (r;) is high and under moist
condit’ons, when rusistance is lower. There are many
implications to the constant efficiency ratio. but dis-
cussion should be withbeld until the phenomenon has
been furdher investigated.
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The results presented in Fig. 6 and 7 are, due
to the estimation of certain biologival parameters,
more or less relative and arc perhaps most usefy]
to demonstrate relationships and photosyntheric
trends. Further research to define more explicitly the
photosynthetic rate constant, optimum temperature,
and mesophyll resistaiice to diffusion of carbon dioy-
ide can improve ihe absolute values of the calculs.
tions.

Example calculations for H. latispatha are pre-
sented in Table 2, which includes results for shaded
leaves also. The dimension effect was not as marked
in the shade as in the sun.

Leaf teariug in the Musaceae can insure that the
leaves are no more liable to sustain excessively high
temperatures than are the exposed leaves of other
plants. Leaf division can result in 50% reduction of
transpiration rate during the stressful time of the
day, and the small size leaf segment is in an appar-
ently more favorable regime for net photosynthesis
during times of environmental stress. Thermal sur-
vival in the dry season and incrcased productivity
when soil water is plentiful appear to be significant
beneficial effects of leaf tearing.

The thermal danger zone shown in Fig. 4 doecs
exist dun;nz both the dry and wet seasons, and ex-
posed leaves greater than a certain characteristic
dimension will sustain dangerously high leaf tem-
peratures unless the leaf resistance 1o water los is
low enough to provide significant evaporative cool-
ing. The broad banana leaf is definitely in thermal
danger during the dry season when leaf resistance is
high, The tearing of the banana leaf can bc con-
sidered to be a factor for reduction of the thermal
danger to the leaf.

TasLE 2. Sample results for H. latispatha for exposed sites during dry and wet seasons and for shade leaves during
dry seasont which demonstrate the effects of leaf tearing on water loss and photosynthetic rate

Leal ) New photo-
Leaf diffusion Transpiration® 1synthesisd PxC
temperature® resistance¢ (Tsp) P)
(T (°C) (r.) (sec cm) (g cm*? sec') (g CO: cm-? sec?) Tsp
Exposed leafl
Dry season
l)r'uacl 46 24 18 8 x 107 —-0.160 x 107 ~0.85
Divided 40 29 5.5x%x 107 0.097 x 107 1.76
Wet season
Intact 42 5.6 52x10° 0.322x 107 0 619
Divided 38 59 38 x 107 0.365 x 107 0.961
Shaded leaf
Dry season
l)rl]lact 29.0 30 2.4x 107 0.070 x 107 29
Divided 29.5 30 2.7x 107 0.072 x 107 265
absorbed

s Air temperature 30°C, relative humidity 707, wind 50 cm se=-1, radiation absorbed 8.38 x 10% ergem-? sec-! (exposed leaves), radiation

4.68 x 108 ergem:? sec'? (shaded leaves).
®Measured with infrared thermometer.
«Calculated from eq. (1).
¢Calculated from cq. (2).
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Discussion

The model presented in this paper indicates that
in the exposed Canal Zone environment the smaller
the leaf, the better; it does not explain the clustering
of characteristic dimensions that can be observed for
the clearing vegetation as a whole (the rnean dimen-
sion (D) is mear 5 cm). The model indicates that
feaves should have characteristic dimension less than
10 cm to avoid excessive dry scason leaf temper-
atures and that the exposed leaf with characteristic
dimension near 8 cm is in a regime where the ratio
of nct photosynthetic rate to water expended is nearly
independent of the amount of water expended. The
question can be asked, however, Why are the leaves
pot smaller? Further, solving eq. (1) for deep shade
conditions predicts that large leaves will transpire
less than small leaves and as leaf dimension increases,
the photosynthesis-to-transpiration ratio also will in-
crease. Environmental conditions exist, at least the-
orctically, such that leaf dimension (D) has no effect
on transpiration or photosynthesis. In this regime the
size of the leaf is determined by the genetic history
of the species or is a result of other factors such as
economics or shading competition or other factors
not considered in this model.

Contemplated additions to the model to account
for the economics of producing many small units
(leaves) opposed to a few large leaves and calcula-
tions 1o show the effectiveness of large versus small
leaves for shading competition may be useful to de-
scribe the Jower limit to leaf size in the exposed en-
vironment as well as the upper limit to leaf size in
a sheltered or shaded environment.
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Optimal Leaf Form

S. ELwyNn TayLor

Introduction

The size of leaves typical for specific climates has been studied for many vears,
and several investigators have considered the “leaf size class™ as an indicator of
climatic conditions (Raunkiaer, 1934). Bailey and Sinnott (1916) concluded that
the form and size of leaves were more a result of environment than of genetic
history, although the latter was certainly an influence. Benson er al. (1967) reported
ecotypic differentiation of leaf form with respect to slope exposure for a hvbrid
population of Quercus douglassii x Q. turbinella. They suggested that hybrid
variability may permit the rapid evolutionary selection of characters best suijted for
the particular microclimate. They reported that individuals found on the northeast
slope had leaves of significantly larger dimension than did those growing on the
more arid southwest slope (Fig. 5.1). It1s generaily considered that the reduction of
leaf size in arid areas has the effect of conserving water, but quantitative evidence
of the effects of leaf size has been available only recently.

The effects of lzaf size are inseparably coupled with other characteristics of the
leaf and the environment. Proper evaluation of the significance of any characteristic
must consider all environmental and biological factors. The analysis must include
the primary meteorological and edaphic parameters: solar and thermal radiation,
air temperature, atmospheric vapor pressure, air speed, atmospheric gas concentra-
tions (CO,, O,), and availability of soil moisture. Biological parameters include
absorptivity to radiation; stomatal and mesophyll resistance to uptake or loss of
carbon dioxide, oxygen, water vapor, and other gases; size, shape, and oricntation
of the organism; and the temperature range critical to survival. When the biological
and environmental parameters are known, one can properly evaluate the biological
responses to the environment and thereby deterinine the significance of variations
in the individual characteristics or paramcters. The biological responses considered
in this paper are leaf temperature, transpiration rate, net photosynthesis, and the
ratio of photosynthesis to transpiration.
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Table 5.1 Dimension Constants for Leaves Collected m the Canal Zone*

‘ |

05807 | 0.784 { 0699 | 0.766 | 0.762 | 0.769 | 0661

Rp 1 0191|0772 100
0668 | 0585 0640 | 0647 | 0575 | 0833 | 0.664 | 0.721 | 0.664

Ry | 0.648

* The characteristic leaf dimcnsion 1s found by multiplying the maximum width by Ro.
The characteristic length is found by muttiplying the maxium length by Ru.

Leaf size is often classified, according to Raurkiaer {1934), on the basis of
surface area. However, jor energy-excitanace evaiuations, icaves snould be classificd
according to *“characteristic dimcnsion.™ Some have found it desirable to express
the characteristic dimension using Raunkiacr’s classifications 2s a basis (Brunig,
1970). A dimcnsion classification scheme compatible with the Raunkiaer size
classification was formulated according to Eq. (2) for leaves of the basic “elliptic™
shape given by Raunkiacr. The characterisic dimension for leaves of cach size
suggested by Raunkiaer is given in Table 5.2.

Raunkiacr considered the leaflets of compound leaves as individual lcaves.
Further, deeply lobed lcaves were not considered in the size class distribution with
entire lcaves; i.c., a size class distnbution for entire lcaves, one for lobed leaves,
and one for compound leavcs is made for the vegetation of a region by the investi-
gator. All three groups are considered together by use of the **dimension class.”
Hence only one lecaf class distribution is given, rather than three.

It should be noted, however, that the classifying of lcaf dimensions should be
broken down according to the energy cnvironment typical for the leaves; i.e.,
leaves considered together should come from similar encrgy environments, such as
deep shade, semishade, exposed to full sun, terrain slope and aspect, and time of
solar cxposure. Also, moisture reginmies should be separated, for example, dry
hillside from moist valley environments.

The leaf dimension classification system utilizes the basic nomenclature of
Raunkiaer to describe the dimension grouping of leaves. Each group is divided
into three subgroups, as suggested by Raunkiaer (1934). The classes are referred
1o as small-medium-big and arc more sitisfactory to the author's necds than the
addition of another major class, as has been suggested by several investigators
(Cooper, 1922; Webb, 1939).

The foliar physiognomy can have a considerable influence on the *Jeaf dimen-
sion,” so that a leaf with an entire margin may be larger in dimension than a deeply

lobed leaf that has considerably greater surface arca (Fig. 5.2). Decp lobing or
foliar pinnation can reduce the leal dimension without changing the leaf size
appreciably. Taylor and Sexton (1972) demonstrated that tattering of the lcaves in
Musaccac cllectively reduced the dimension 1o one better suited for their climate
(Fig. 5.3). It must be noted, however, that very fine pinnation may not be effective

\/
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Table 5.2 Raunkiaer Leaf-Size Class and Lcaf-Dimension Class?
Characteristic
Leaf Arca Dimension
Size Onc Side Width x 0.742 = D¢ Dimension
Class® (cm?) (cm) Class
Leptophyll 0-0.25 0-0.33 D-leptophyll
S 0-0.056 0-0.16 D-Le-S
M 0.056-0.12 0.16~0.24 D-Le-M
B 0.12-0.25 0.24-0.33 D-Le-B
Nanophyll 0.25-2.25 0.33-0.93 D-nanophyll
S 0.25-0.52 0.33-0.47 D-N-§
M 0.52-1.08 0.47-0.68 D-N-M
3 1.08-2.25 0.63-n092 D-N-B
Microphyll 2.25-2025 0.93-2.75 D-microphyil
S 2.25-4.68 0.93-1.32 D-M-S
M 4.68-9.74 1.32-1.80 D-Mi-M
B 9.74-20.25 1.80-2.75 D-Mi-B
Mesophyll 20.25-182.25 2.75-7.38 D-mesophyll
S 20.25-42.09 2.75-3.8 D-Ms-S
M 42.09-87.68 3.8-5.3 D-Ms~M
B 87.68-182.25 5.3-7.38 D-Ms-B
Macrophyll 182.25-1640.25 7.38-22.26 D-macrophyll
3 182.25-378.82 7.38-10.8 D-Ma-S
14 378.82-789.13 10.8-15.2 D-Ma-M
B 789.13-1640.25 15.2-22.26 D-Ma-B
Megaphyll 1640.25-x 22.26-x D-megaphyli
S 1640.25-3409.31 22.26-31.5 D-Meg-S
M 3409.31-7102.11 31.5-43 D-Mg-M
B 7102.1]1-x 43-x D-Mg-B

YOV

* Leaf-dime: ‘s)nan classification 15 directly derived from the leaf-size classification by Raun-
kiaer (1934) for kllipuc leal form. The eilipuc form does not constitute an ellipse which has
D = width x 0.87. but the dimension s found as D = width x 0.742. Each class is divided
into three groups . smail. medium, and big, as suggested by Raunkiaer, with the areas for cach
division chosen oy the author as consistent with the original cluss size divisions.

®*S, M, B (small, medium, big) are class divisions suggested by Raunkiaer (1934) but
* divided (values chosen) by me.

¢ The characterisuc dimension for Raunkiaer's leaf outlines 1s width x 0.7420, after Park-
hurst er al. (1968).

in reducing dimension since the elements might share a common boundary layer
(Parkhurst and Loucks, 1972).

A study of bracken fern (Pteridium aquilinum) conducted by the author with
Hyrum Johnson at The University of Michigan's Biological Station in August 1968
showed that, for air speeds of 10-300 cm s - !, the final or third pinnation did indeed
have a boundary layer in common with the second pinnation. Utilizing the cnergy-
exchange equations (Gatces er al., 1968) [see Eq. (3)] to solve for dimension, we
found that the first pinnation was the fundamental unit of cnergy exchange.
Calculations of energy exchange based on the second pinnation causcd an error of
+ 83 percent in the calculated amount of energy released by convection. Calcula-
tions utilizing the final pinnation produced errors of =210 percent. All measurc-

R\t
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Fig. 5.2, The leaf of Aristolochia durior (a) is smaller in area (small mesophyll)
than the Quercus palustris leaf (mesophyll); (b) yet, because of the leaf shape. the former
has the larger characteristic dimension. The Q. palustris is a medium nucrophyll in
dimension, whereas A. durior has the dimension of small mesophyll.

Total leal surfsce (%)
~)
=}

1
[ oy N
SMBSMBSMBSMB SMB
D-Le D-N DM D-Ms D-Ma

Fig. 5.3. Leaves from the exposed portion of the Barro Colorado Island Forest
canopy, Canal Zone. Approximately 80 percent of the total leaf surface has dimensions
in the range 4-1] cm, including thc banana rclatives, whose very large leaves arc re-
duced in dimension by tearing.
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ments were made for the natural sunlit environment using potometer-mounted
fronds.

The leafl form typical for geographical regions is best cxpressed as a dimension
class distribution, especially in cases where leaf size is limited by the physical en-
vironment. For example, Taylor and Sexton (1972) calculated that no lcaves larger
than a * big-dimension-mesophyll" {7.4 cm) would be anticipated in exposed areas
during the dry season at Barro Colorado Island, Canal Zone, unless a continuous
water supply were available. The leaves of several Musaceae species have dimen-
sion greater than this, but as mentioned above, leaf tearing had the effect of re-
ducing the dimension 1o within the specified class. A frequency distribution of Icaf
size and dimension was made for exposed leaves on B.C.I. during December 1970
as the wet season was ncaring an end (Fig. 5.3). The analysis included all exposed
leaves of randomly chosen olots (9 m?) in an old clearing on the north wuide of the
1sland. The mean dimenston and the upper limit to dimension for leaves 1n the
specified climate were predicted by the cnergy-budget and gas-exchange analysis.
Commonly, leaves of greatly different surface areas taken from similar environ-
ments have similar characteristic dimension. Such leaves are of equi alent dimen-
sion insofar as ¢nergy-exchange parameters are considered.

Climate Classification

Classification of leaf climates becomes a necessity if finite observations of leaf
form and environment are desired. Gates (1968) defined leaf climates for purposes
of convenience and discussion. He included air temperature, humidity, wind, and
solar radiation in the classification. Tavlor (1971) utilized a clima « :lassification
based on that of Gates but defined somewhat finer divisions. The classification
(Table 5.3) included the solar and thermal energy absorbed by the leaf and also
gualitauve observations of soil-moisture availability and canopy condition. No
range of values was assigned the latter two parameters because of insufficient
quantitative observations. Values for realistic natural ranges should be defined as
undersianding permits.

The climate for an individual leaf is almost a unique condition for that leaf.
It can be expected that one would need several climates to describe the environ-
ment of a tree or forest canopy.

The proposed **plant climate classification,” together with the leaf form classifi-
cation presented hercin, provide a reasonable matrix for the analysis of plant-
climate relationships.

Environmental Limitations to Leaf Form

The environmental conditions together with the biological characteristics of
the leaf interact to dstermine, among other parameters, the leaf temperature.
Small leaves are close to air temperature since their narrow width allows increased
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Table 5.3 Leai-Climate Classification®

Parameter Designation Range  Designation Rangr  Designation Range

Air Hot 50-30°C Warm 29-15°C Cool 14-0°C
tempera-
ture (7,)
Humidity Dry 0—40Y, Moist 41-70%, Wet 71-100%,
(rb)
Sunlight Bright 1.26-0.83  Hazey 0.83-0.56 Cloudy 0.56-0.28
(Epp)® x 108 crgs x 10%ergs x 10%crgs
cm=?s! cm-2g-! cm~?s-!
Wind Windy > 100 Moderate 100-10 Still <10
(V) cms! cms”! cmsT!
Absorbed High 1.12-0.70  Moderate 0.70-0.49 Low 0.45-0.2]
radiation x 109 2rgs x 0% ergs x 10%eras
(Qubs) cm~3s"} cm-2s! cm-?s-?
Soil Dry Moist Wet
Canopy Open Partial Clos=d
(during shade

observations)

* The factors of the environment utilized n energy- a.d gas-exchange analysis are placed in
categories that can be used to designate the immediate climate for an organism. A few other
factors, considered significant, are included for convenience.

® When the solar insolation s Jess than 0.28 x 0% ergs cm~?s"?, the designation “*dark”

is used.

interaction of the air with the leaf surface; i.e., the magnitude of the boundary layer
is related to the characteristic dimension of a leaf. The energy-budaet equation
describes the dimension effects explicitly. The form of the energy-budget equation
presented by Gates er al. (1968) is

lPL(TL) - (rh):pa(Tc) (3)

Oups = 0eT} = k(VIDWAT, - T.) + L roo+ k(4792 Doy Vo.:‘:-’:)

where Q,,, = total absorbed radiation (ergs cm-25-?!)
T, = leaf temperature (°K)
T, = air temperature (°K)
Viesss - V = air velocity (cm s )
=< o = Stefan-Boltzmann constant (5.67 x 10-%ergscm=2s~! °K-4)
T ¢ = leaf emissivity (0.94 — 1.0) (as determined by Idso er al., 1969) e
"~ rh = T

relative humidity (0 — 1.0) 24040 ‘J‘//\”;— Z
. (77 25 ‘QjL = latent heat of evaporation of water (ergs g~! )/72 YZxsp6 T 5o
ﬁg/’" . e ri = resistance of the leaf to diffusion of water vapor (s cm -?) A
D = characxerlsllc leaf dimension (cm)
R\ ="Width perpendicular to D (cm)
,p,_(TL) saturation density of water vapor at leaf temperature (g cm~?)
1pa(Te) = saturation density of water vapor at air temperature (g cm~3)
ky = 1.13 x 10* when Wis 5 cm or less and 6.98 x 10 when greater than
S5cm
k3 = 1.56 for IV of 5 cm or less and 2.10 when W is greater than 5 cm

il
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Fig. 5.1. Leai-dimension class {or hybrid Quercus douglassi x Q. turbinella with
slope direction. (Adapted from Benson ef al., 1557.)

Leaf Size and Dimension Classification

Leaf dimension directly affects the energy exchange at the leaf because the
thickness of the boundary iayer, which limits exchange of heat and diffusion of
water vapor, depends on air speed and leaf size. The leaf size is best expressed as
*characteristic dimension™ or “efiective leal width" (Parkhurst er al., 1968;
Taylor and Gates, 1970). The cffective leaf width is the downwind leaf width that
has convective heat transfer equal 10 a flat rectangular plate having «-tual dimen-
sions equal to the effective or characteristic dimensions. For any specified leaf
shape, a constant can be determined such that maximum leaf width tirces that
constant yields characteristic dimension. The constant is calculated according to
the expression

D
Dmax

where Dp,, is the maximum leaf width, R, is the constant for the leaf form, and D
is the characteristic dimension defined as

w
S D AW,
{.=0 (2)

‘2 VD, AW,
where D, is the length of an increment in the direction of air flow and W is the
length of the leaf perpendicular to air flow. The lcaf is divided into i increments in
the W direction.

Constants for several leaf shapes are presented in Table 5.1 for wind flow across
the leaf at right angles to the midvein. Evaluation of leal dimension to air flow
along the vein can be made in a similar manner. Constants for other leaf shapes
were given by Taylor and Gates (1970), as adapted from Parkhurst er al. (1968).
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Fig. 5.5. Influence of leaf dimension and resistance on transpiration rate for
environmental condiiions idsntical to Fig. 5.4.

the free air. The relative balance of increased vapor pressure at the leafl and
additional boundary-layer resistance to the transfer of water vapor results in the
limited effect of dimension on transpiration. The transpiration rate may be in-
creased, decreased, or unaflected by leaf dimension depending on the interaction of
other energy-exchange parameters. The enerzy-budget equation is effective as a
predictive modzl to describe biolusical response to various environmental
conditions.

Dimension of the leaf has almost no effect on transpiration for a leaf resistance
of 2scm ! under the environmental conditions specified for Fig. 5.5, The trans-
spiration rate increases with increased dimension at higher resistance values, and
the raie is decreased by increased leaf dimension for Jow resistances.

Leaf temperature and transpiration rate nomograms may be produced for any
environment and can serve as a guide to the limitations on leaf form 1mposed by
the environment. The temperature nomogram is used to determine potential
zones of thermal danger to the leal. The transpiration nomogram delimits the
conditions, resulting in excessive transpiration (I have observed that rmaximum
transpiration rates are normally less than 8 x 10-5 gH,O0cm-25-Y),

Photosynthesis and Water-Use Efficiency

Leaf temperature and transpiration as influenced by leaf characters are impor-
tant aspects of species success. Additionally, the effects of leaf form on photo-
synthesis and water-use efficiency may profitably be considered. The photosynthesis
model developed by D. M. Gates and associates was used to describe eilects of
leaf tattering on production and water-use efficiency (Taylor and Sexton, 1972).

According to Gates et al. (1969), the photosynthesis equation may be expressed
in quadratic form as

' LR Y ft LK L A2 4t p 112
P=(rP'n'7'/\ g Pu) [(’ P;rT K 4 Pu) 4rPaPm] (4)
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where P = rate of CO, exchange between the air and the leal (8CO,cm-25-1)
P = atmospheric density of carbon dioxide
r’ = resistance to diffusion of carbon dioxide from the atmosphere 10 the
chloroplast
Michaelis rate constant for the reaction
maximum carbon dioxide exchange rate possible for given light ang
temperature conditions (g CO, cm~=25-1)

K
Pn

I

The efiects of light intensity, leaf temperature, and mesophyll thickness on net
photosynthesis must be known individually. Trends of photosynthesis can be
described from general approximations of the above biochemically related param-
eters. Examples of parameter approximation for the temperature and light depend-
ence of photosynthesis and for leaf thickness are developed elsewhere (Taylor
1971; Taylor and Sexton, 1972).

A pnotosynthesis nomogram was generated for izcaves with colimum shoio-
syn:hesis near 30°C (Fig. 5.6). The environmenial conditions were identical to those
used in the above nomograms. Large dimension and low resistance affect the greatest
net photosynthesis.

Water-use efficiency or the ratio of carbon dioxide fixation to transpiration is of
importance to modern plant management, although I do not consider it the most
significant factor of natural leaf adaptation. Cohen (1970) theorized that the most
successful species is one that photosynthesizes at the maximum rate when water is
available with no specific measures toward water economy that would limit photo-
synthesis, and is capable of surviving dry periods, although not necessarily being
productive. | have found that natural plant communities tend to exist between
the extremes of maximum water economy and maximum net photosynthesis (1s
discussed below).

The water-use-efficiency nomogram {Fig. 5.7) is produced from Figs. 5.5 and
5.6. Small leaves with moderate resistances exhibit grealest water-use wificiency.
The zone of maximum efficiency, however, has only one-sixth the potential for net

6 X108 o
l 2B X108 54y 10-8

30¢ N
T 20 \)
_5 1.0X 108
Q 10.\ gCOp cm™2 1
< 8f5.7 x10-8
2 6\
< 4}
€ 3l 55x10-8
3 2P\ o/
= kox 10—8/
- . /

05 1 23 5 10 20 30 SO
Leaf resistance, 7; (s cm—1)

Fig. 5.6. Nect photosynthesis is maximum for large leaves with low rcsistance (sec
the text for biochemical description) in the environment specified for Figs. 5.4 through
5.8.
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Fig. 5.7. Water-use efficiency expressed as the net weight of carbon dioxide fixed
per weight of water expended times 102. Small leaves with moderately high resistance
have greatest efficiency.

photosynthesis. Unless a plant were free from competition by other vegetation,
this low productivity would not be expected to be competitive for space or available
water. The possibility exists that a leai” might have such high watcer-use efficiency
that it has little or no productivity since carbon dioxide uptake is reduced, together
with decreased watzr loss.

Natural Communities

A composite nomogram of Figs. 5.5 through 5.7 depicts the zones of maximum
photosynthesis and greatest water-use efficiency, together with transpiration values
(Fig. 5.8). Actual leaf data taken from Taylor (1971) are plotted on the omogram.
The data represent the dominant vegetation of the study area and show a trend of
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Fig. 5.8. Aciuul data from the University of Michigan's Biological Station arca
(July and August 1968} are acoicted together with essential elements of Figs. 5.4 through
5.7 to produce a composite nomogram displaying transpiration (solid line), net photo-
synthesis ‘dotted-and-dashed line), and water-use cfficicncy (wavy line) for the actual
leaves of cach major species of the region (circles). (From Taylor, 1971.)
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leal dimension toward mesophyll-macrophy!! :lass. Most individuais observed
exhibited characters midway between greatest water-use efficiency and maximum
photosynthesis.

The vegetation of a zone characterized by the climate specified for Figs. 5.4
through 5.7 has, according to the nomograms, no severe environmental limitations
to leaf form. Leaves may be very small or very large without severeiy affecting
productivity or being exposed to therma! danger. The tendency of the vegetation
to develop toward a characteristic leaf dimension may be considered a response to
structural economics or a tendency toward the optimal form that provides the
greatest competitive advautage to the species. Harsh environments do, however,
restrict leal form to those characters suitable for survival,

Desert plants, unless capable of enduring leaf temperatures normally considered
excessive, must be supplied with copious quantities of water, have small leal dimen-
sion (Fig. £.9), or be otherwise adanted :c arid, harsh canditions with sueeh mech-
anisms as seasonal dimorphism or defoliatuon. The nomogram for deseri conditicns
(hot, dry air, moderate wind, bright sun, and high Q,,,) shows that the small leaves
with very low resistance have optimum net photosynthesis. However, leaves are
not expected to function at this max‘m.m because of the excessively great tran-
spiration rate in this energy regime. The leal exposed to the climate specified for
Fig. 5.9 is expected to exhibit resistance greater than 6 s cm~! to maintain water
loss within reasonable limits. Leaf temperatures in excess ¢f 50°C are indicated for
leaves with dimension greater than 1cm unless resistance can be maintained ar
the lower limit of approximately 6 s cm~!'. Water-use efficiency is maximum foi
leaves of small dimension and resistance near 6 s cm~!. The nomogram appears (o
define the suitable leaf dimension and resistance, but numerous exceptions are
noted (Gates er al., 1968) in cases of tolerance to plant temperatures above 50°C.
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Fig. 5.9. Nomogram typical of desert conditions (hot, dry air; moderate wind;
high Uans; and bright sun). The leaf responses to the environment shown are leal
temperature (dashed line) of 50°C (cooler temperatures occur at lower resistances and/or
smaller dimension), transpiration rate (solid line), net photosynthesis (dotted-and-
dashed line), which is at maximum for smail leaves with low resistance, and the water-
use efficiency ratio (wavy line), which is greatest for small leaves with resistancc near

7secm-t,
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Biological Variables

Leaf form and resistance to the diffusion of water vapor are used herein as the
primary biological parameters affecting Icai temperature, transpiration, and
productivity. Numerous other biological parameters can be evaluated by use of the
method discussed above. Leaf orientation, coloration (absorptivity to incident
radiation), mesophyll thickness, integument, and the extent to which the surface is
convex or concave are significant or potenually significant physical parameters of
the leal. The productivity of the leaf is also affected by numerous biochemical
parameters related to the kinetics of photosynthesis and respiration (Gates et al.,
1972).

Orientation of the leaf blade significantly affects the amount of radiation
absoroea. Numerous species exhibit differential sun-shace lear orieniauon, and
many have the facility to adjust leaf orientation throughout the diurnal cycle.
Orientation with respect to insolation directly affects leaf temperature and light
absorbed at the photosynthetic sites. Taylor observed that the variable orientation
in Lrythrina berteroana and Cercis canadensis served more as a mechanism for
leaf-temperature control than as a water-conservation adaptation. Several other
biological parameters were similarly evaluated (Taylor, 1971).

The significance of each biological parameter as it affects water usage, leafl
temperature, and oet photosynthesis can be evaluated by energy-budget methods.

Conclusions

The model presented in this paper can be used to evaluate the significance of
leaf form as it affects water economy, productivity, and leaf temperature. The
method has predictive value for agronomy and studies of natural communities.
Potentially, the method can be beneficial for defining past climatic conditions from
fossil lcaf-dimension evidence.

The prime value of the model is 1ts predictive capability, whereby the optimal
leaf forms can be defined for any climate. The nature of opuimal form is not fully
understood because it is not altogether obvious to which effect natural selection
tends. It is the task of the informed naturalist to discover this factor. I would
encourage other investigators to define “‘optimal conditions™ for themselves
whether they wish to do so for maximum productivity or greatest watcr-use
economy.
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THERMAL FEMISSTVITY:  Its Determination and Sipgnificance

ABSTRACT

The state of in situ emissivity measurement is reviewed and a ficld
technique developed.  The field technique is intended Lo scerve as a tool
for the investipator who must use or evaluate remotely-sensed thermal data.

The thermal emissivity of natural surfaces is required for the determi-
nation of abselute terrestrial temperatures from remotely-sensed thermal
data,

The thermal emissivity of crop and soil surfaces must be determined to
clifectively atilize remotely-sensed temperature data in medels depicting
croep production, plant disease development, frost formation and evaporative

water uscoe.

Introduction”

The thermal emissivity is a significant property of surfaces which
transfer heat by radiation. Emissivity is the radiation from a surface in
proportion to black body radiation for the actual surface Lemperature.,

The emissivity of radiating surfaces in heat transifoer svstems has long
been a major design consideration, but the emissivity of natural surfaces
until recently was an academic curiosity and measurements in nature were of
little utiticy.

Techneloyical developments from 1950 through the present have mad: the
remote measurement of surface temperatures practical. Multispectral ubserva-
tion, to include temperature of the carth and its atmosphere, has become a

prime effort in resources evaluation; bul observation of the surface and
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atmospheric temperatures is not without some technical diffsenlties.  The
Interpulation of intrared data {rom the Tiros project was possibly more
dependent on surface emissivity than on temperature (Bucettner and Kern, 19634a).
The principal difficulties in evaluation of satellite data are emissivity

and atmospheric emission/transmission properties.

Several liros data that were initially unexplained were collected over
the Libyan and Lgyptian deserts. These data indicated that certain spots were
hotter than the surrounding desert. lnvestigation showed these spots to be
0ases. Te spots were not expected to be hotter than surrounding areas bhut
coaler, which in most cases they were (Buettner and Kern, 1963h).  The data,
however, vepresented apparent radiation surface temperature which was preatly
alffected by the emissivity of the contrasting surfaces (tavior, 1971). The
oases beiny moist had higher emissivity than the surrOlnnlh o drv regions,
and hence the apparent radiant surface Lémnexaturc for the oasces appeared
higher than that observed for surrounding regions when the actual temperatures
are similar.

Remote sensing of terrestrial surface temperatures requires that emissiv-
ities be known or estimated to the precision that is requirced for the desired
temperature accuracy. Therefore, the usefulness of remotely-sensed thermal
data for evaluation of soil surface temperature and crop temperdture is de-
pendent upon the accuracy of the emissivity measurement and must be considered

in the preparation of romperature Jata co avoid large errors.

Theory and Methods

Remote sensing of temperatures for the terrestrial surface utilizes

instrumenctation which determines the thermal flux from the surface. The



thermal flux is delined by Planck's Law and its integration is known as the
Stephan-Boltzmanu Law. The total flux ol cnergy is expressed as
o,
(_? = | (])
» . 3 - _‘, e :
where Q is the totudl rvadiation (lux (Wm =), T is the actual surface tempera-

ture (°K), ¢ is the thermal emissivicy (0.0-1.0) and o is the Stephan-

-8 -2 4,74 -2 -
Boltzmann constant (5.6697 x 10 Win O™y, often the terms cal em min
, . . . -11 -2 . -1
have been used for the flux in which case 2 is 8.132 x 10 cal em min
L)K_"‘

The remote sensing instrument does not normally detect the radiation
at all wavelengths but is limited to a certain band, often 8-14 um. Satellite-
borne sensors may have an even narrowver band to eliminate as much as possi-
ble the effects of the intervening atmosphere by utilizing the narrov window
revions ol the air mass,

The narrow band radiation sensors can bo used o determine the actual
temperature of the test surface only if the thermal emissivity in the parti-
cular band is known. The total energy Ilux radiated from the surface can
be calculated only if the emissivity for all bands is known. Many natural
surfaces have an cmissivity anomoly in the 10 um spectral band which must
be considered if total flux calculations are to be made from the narrow band
data. Examples of spectral thermal emissivity are presented by Buettner and
Kern (1963b), Hovis and Callahan (1966), Vincent and llunt (1968), Lorenz
(1966), and Lyon (1964).

Many emissivity data are for polished mineral surfaces and are not
directly applicable to natural conditions. However, some authors have evaluated
the effects of pits, roughness and particle size (Lvon, 1964:; Vincent and

Hunt, 1968).



Fhe thervmal cwissivity for several plant Teaves was presented by Gates
et oal. (1965), and turther cxamples have been published by ldso vt al. (1909).

Emissivity values lor severai surfaces at various temperatures and
angles together with basic theoretical discussions are given in most heat
transf{er texts (for example, Eckert and Drake, 1959; and Kreith, 1961).

Considerable effort in determination of atmospheric effeets on the
apparent radiant surface temperature is being cxpended by apgencies desiring
to utilize satellite data. Particularly involved in the United States are
the National Aevonauties and Space Administration, National Eovironmental
satellite Service, Stanford Research Laborathries and U.S. Army Science
Laboratoryv., A sizeable effort is likewise being made in the USSR, Tt is
not intended to review this etfort here. 1t is sufficient to say that this
work is ocritical to satellite applications and to girborne observations where
an atmospheric induced cerror of 2 to 5YC may exist when sensors are generated

at altitudes ol 6,000 feet or more (Weiss, 1971).

Apparent temperaiure

The thermal radiometer detects the apparent radiant surtace temperature
for objects within its view. When the surface is opaque Lo infrared trans-
mission, the flux sensed by the detector is either emitted by the test

surface or reflected from it. in accord with Kirchhoff's '.aw, the



emitted radiation from a surface at a given wavelength
is identical to the absorptivity of the surface to radia-
tion and if the surface is opaque, the reflected radiation
is the difference between the absorbed and the total inci-
dent radiation such that for opaque surfaces

r=1-c¢ (2)
where r is the reflectivity of the surface (0-1) and € is
the emissivity (0-1).

The radiation temperature of a_ surface is given by
equatiuvn (1). The flux radiated by the surface is propor-
tional to the fourth power of the actual absolute tempera-
ture of the surface reduced by the emissivity of the surface.
The radiation temperature will always be less than the value
foer a perfect black body, but the apparent radiant tempera-
ture may excecd it because of the influence of reflected

.
bacxground radiation. The apparent radiant temperature  is
then determined by the temperature and emissivity of the test
surface and the background radiation reflected from the sur-

face (atmospheric effects omitted cxcept as they contribute

to background) according to the expression:

Q = 0eT" + (1-€) oepTy (3)
and
T, = YQ7s (1)

vhere T, 1s the apparent radiant surface temperature, £b

1s the cmissivity of the bachkground, and Ty, is the absolute

teriperature of the background. Equation 3 is valid when
either ¢ or cp is very near unity or very near zero. Under

some conditions significant multiple reflections between
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the test surface and the background exist and necessitate
further deveclopment of equation 3. This case has been
developcd in detail by Lowry and Gay (1970) and can be

expresscd as
Q = (ocT* + (l-€) oy TE) (1 = [1-e]ll-ep)) ! . (5)

The assumption of thermally opaque test surface and back-

ground 1s 1ncluded. .-

Actuai surface temperature

The usefulness of the apparent radiant temperature data
depends on its relationship to the actual temperature of the
test surface. Calculation from equations > and 1 for a
test surface with an actual temperature of 50°C and a back-
ground apparent temperaturc of -10°C shows that the apparent

adlant temperature of the test surface is lower than the
actual temperaturce according to the emissivity of the test
surtace (Fig. 1). The limits are apparent temperature -10°C
e
if €=0, and 50°C if e¢=1. Nature is between theseMvalues.
Equations 3 and 4 have been developed into ua nomogram for
the graphic solution of the apparent vs. true temperature
for any surface and any background (Bliamptis, 1970).

The difference between actual temperatures and appar-

ent radiometric temperatures may cxceed 10°C in natural

r

conditions {or natural surfaces and be much ¢recater for

=N
Lok o
»4y
(4]
)
ot

<1 surfaces. When e s of intervening atmosthere are

3]

cee s
artiliicy

included crrors can be even sreater. Several methods fcr deter-

mining the infrared emitiz2nces of various surfaces have been



Figure 1.

The apparcnt radiation temperature of surfaces

is between the actual surface temperature and

the temperature of the background (skv). Sur-
faces with low emissivity appear to be ncar back-
ground tempcrature while high emissivity surfaces
arc ncar their true temperaturce. The apparent
tenperature ol the background is -10°C and the
actual temperature of the surfaces is +50°C for
the case shown.
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developed which are suitable for use by the investigator 1in
the field. These are diszussed herein together with a detailed

description oi one method.

Determination of cmissivity

The differenﬁc between actual and apparent temperatures
for natural surfaces calculated from laboratory data by
Fuchs and Tanner (1966) showed that errors bevond tolera-
tion were to be cxpected unless the apparent temperatures
were corrected to actual temperatures. Numerous methods
for determining the emissivity of test surfaces in the ficld
have been developed which make it practical to calculate
the actual temperatures {rom the apparent radiant values.

The true temperature of a surface 1is commonly deter-
mined cither from a thermoneter in .close contact with the
surface or radiomectrically by placing the surface within a
background or ncar zero emissivity. The apparent tempera-
turc approaches the actual temperature as the background
reflects emitted radiation back to the surface to be reflected
to the sensor, and thc background appears to he a continua-
tion of the test surface. A black body condition would be
achieved if the eimissivity of the background were truly
zero and the radiometer itself extremely small.

The true temperature together with the apparent surface
temperature and the incident {flux from the background are
required to calculate the cmissivity of the test surface

from equation 3. The background flux is a global (or
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hemispherical) mecasurement which can be achieved by makirg a series of
measurements of the background with the sensor (measurements appropriately
related by geometry) or by viewing a mirror of known temperature,
emissivity and hemispherical view. Some investigators have enclosed the
test surface in a box of known background temperature.

The above methods are discussed in detail in the following references
to which the investigator is referied for further detajls: Fuchs and
Tanner (1966), Conar ay and Van Bavel (1967),. Idso and Jackson (1968),
Fuchs and Tanner (1968), Idso and Jackson (1969), Buettner and Dana
(1969), l1dso, et al. (1969), Lowry and Gay (1970), Davies et al. (1971),
Idso et al. (1971), and Lowry and Gav (1971).

The several methods have been subject to some discussion between
various authors and cach is somewhat awkward for field usec.

The cmissivity of test surfaces in the field can be determined

p
without a low ermissivity enczlosure or controlled temperature background
device if noatural backeround temperature can be determined. The technique
'for deferv;ning apparent background or "sky" temperature and for
calculating the emissivity of natural surfaces which I have used

extensively in field tests is described below,

Sky termperature

The thermal radiation received fron the hemispherical background
is required for the calculation of emissivity and/or actual surface
temperature by cquations 3 and 4. The background radiance was measured
directly by Lorenz (1966). Direct measurerents at various angles can

be mathematically related to produce the global value of significance
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to a flat diffusing test surface. Conaway and Van Bavel (1967) and
scveral subsegquent investigators have used a flat mirror of known
emissivity (near 0.5) and temperature to determine background radiation.
The design required a mixing of metallic and non-metallic paints until
the proper emissivity was achieved. The mirror surface was, however,
difficult to duplicate and because of the nacure of paints could be
expected to change emissivity with weathering and contamination.

To circumvent emissivity changes due ta.weathering and contamination,
a mirrow for,fiobul measurement of thermal flux was fabricated by the
author from an a.uminum disk 14 inches in diameter and one inch thick.
The mirror was prepared by sand etching the aluminum disk fact to a
unifoim beaded surfacc and condensing a layer of gold on it. The
"gold mirror" (Fig. 2) provided a reference surface of low emissivity
that has shown no change of emissivity over a three-year period of use
and is easily duplicated (if the gold and a mirror coating facility
are available). The actual temperature of the gold mirror is determined
from imbedded thermocouple sensors.

The sky radiance is calculazed from equation 3 where the terms are
redefined sucn that “T" is the temperature of the gold mirror measured by
thermocouple, ¢ is the emissivity of the/fald surface (0.14622), Q is
the flux from the mirror measured by the radiometer, €y is considered

to be 1.0 for the natural sky and Tb the sky temperaturc is the unknown

term. Equation 3 can then be rewritten as



Figure 2. The hemispherical thermal radiation of the back-

ground incident on a flat surface is determined
from the apparent radiation temperature of a
gold surfaced mirror of aluminum having known
temperature and emissivity. A thermocouple and
reference junction provide the actual mirror
temperature data.
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4 4 1/4
T = T - 0.1462 T 1.17126 6)
sy = (UThp Ny ) (
where T is the apparent radiant temperature of the sky, T is the
sky app

apparcnt radiant mirror temperature measured by radiometer and T
1s the rctual temperature of the mirror from the thermocouple sensors.
All temperatures are °K.

The radiomcter should be held at a shallow angle to the mirror
when determining the apparent radiant temperature. This insures
that the radiometer itself does not constitute a significant por-
tion of the sky. Care must be taken that the mirror "fills the
radiometer's view' (Fig. 3).

The emissivity of the gold mirror was calculated from its
apparent radiant tcmperature with a known.”sky" temperature and
known gctual mirror temperature. The emissivity value is valid
only for the particular mirror and radiometer used and separate eval-
uations must be performed for each mirror component or radiometer.

A clear day is not satisfactory for determination of mirror emissivity
because an absolute mcasure of the global flux from the sky is
difficult. The overcast day provides an "infinite" planc of known
radiant temperature. Equation 3 was rewritten for evaluation of
mirror emissivity as

T(1 = g T4 + (1l-¢ )T4_ (7)

app 58 g" sky

where Eg Is the emissivity of the mirror (unknown). The equation

solved 1is



The radiant tempcrature of the background (sky)

1s determined from the "gold mirror" of known
emissivity and temperature by holding the radio-
meter at a shallow angle to detcct the apparent

mirror temperature.

Figure 3.






Figure 3.

The radiant teriperature of the background (sky)
i1s determined from the "gold mirror" of known
emissivity and temperature by holding the radio-
meter at a shallow angle to detect the apparent
Mirror temperature,
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4 4 4 4
= (T, - T -T 8
eg = (TonpTery) / (TgTsky) (8)
The mirror must differ in temperature from the background. A large

temperature difference between the mirror and the background is desirable

for precise emissivity determination.

Artificial Sky Technique

The actual temperature and the emissivity of the test surface (soil,
plant, etc.) is determined from the apparent-radiant temperature under
the natural sky background and the change in that temperature when the
test surface is covered by an artificial sky of known radiant flux.

The artificial sky may be an "emissivity box' as utilized by several
of the above-cited authors or a plane surface held over the test surface
in such a manncr as to appear as an "infinite plane' to the area of test
surface being observed. View factor calculations determine that a
plane surface artificial sky held three inches above the test surface
must extend 13 inches beyond the edges of the viewed area to provide
a 95 percent sky coverage. A detailed analysis of global view factor
is given in Reifsnyder and Lull (1965). Careful positioning of the sky
over the test surface can be done rapidly so that negligible change in
actual surface tempecrature occurs as a result of the covering/uncovering
operation.

The cmissivity determination is made by initially observing the
radiation from the test surface with an infrared thermometer. With
the radiometer indicating the apparent radiant temperature of the test
surface, the artificial sky is positioned and the change in apparent
radiation temperature is noted (fig. 4). The difference obtained 1is

a result of the change in reflected background radiation and is determined



Figure 4,

The apparent radiation temperaturc of the test surface in-
creascs when an "artificial sky" which is themally warmer
than the natural sky, is positioned over the test surface.
The change in the apparent temperature is a result of the

thermal emissivity of the surface and the thermal contrast
of the natural and artificial skies.
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by the emissivity of the test surface and the thermal contrast of the

]

artificial and natural backgrounds.

Analysis of Data

The data required for the determination of sky temperatui.: and the
actual temperature and emissivity of the test service are (1) willivolt
thermocouple reading for gold mirror temperature, (2) apparent :adiant
temperature of gold mirror, (3) apparcnt radiant temperature of artificial
sky over typical test surface, (4) apparent'fémpcrature of the test surface
when exposed to natural sky, (5) change in apparent temperature of test
surface when shaded by artificial sky, and (6) rcpeat observation of
(4) above after artificial sky is removed to verify negligible change.

The analysis requires that millivolts (1) be converted to °K
according to the thermocouple calibration and this value together with
the apparent radiant tempcrature of the mirror (2) bec utilized to calculate
sky temperature from eq. 6.

Equations 3 and 4 are used to calculate the true temperature and

emissivity of the test surface. Equations 3 and 4 combine to give

4 _ 4 4
Te= el + (-aT 9)

where the emissivity of the sky is dropped since Tsky is an apparent
radiant temperature rather than the true sky tempcrature.
Equation 9 is used twice to solve for the two unknowns, ¢ and T.

The solution can be expressed as

YA
xN

4

T TskyN

(10)

cT4 + (1-)
and

4 4 4
xa €T + (I-C)Tskya

(11)

—
"
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where TxN is the apparent radiant temperature of the test surface under
the natural sky, Txa is the apparent radiant temperature of the test

surface under the artificial sky, and TS is the apparent radiant

kya
temperature of the artificial sky. The apparent radiant temperature

of the test surface when covered by the artificial sky is found as

- 2
Txa TxN * ATx (12)

where ATx is the change in apparent radiant temperature of the test
surfacé.when the artificial sky shades it.  This change in apparent tempera-
iﬁrefis;more accu;éée than two aséélute readings.

Some thermal radiometers have recorder outputs sufficiently stable
for determining teﬁperature differences over short periods of time
to 10.01 °K or better.

The solution to equations—l10 and 11 can be expressed as

4 4
T - :
e = 1-_2a xN (13)
T4 - T4
skya sky

The actual temperature of the test surface is then found from either

equation 10 or 1Il.

Lcw Emissivity Chamber Technique

A sccond method for determining the actual terperature orf a surface
and the emissivity of the surface utilizes the low emissivity backzround
surface mentioned above. This technique is considered satisfactory for
general field determination of emissivity,

A polished metalic cone is utilized which permits the radioneter to
view the test surface from the apex. The procedure involves the deter-

mination of the natural sky temperature (Tsky) as discussed above, the
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observation of the apparent radiation temperature under the natural sky
and the observation of 'True" surface temperature of the test surface
under the metalic cone. As with the artificial sky technique the apparent
temperéture should be observed a second time to confirm negligible change
during the observational sequence.

The emissivity is found using the Tsky temperature derived from

equation (6) and the expression

4 4 4 4
= (T - -
e (T ™ Tag) 7 (Tre ™ Tory) (14)
which is derived directly from equation (3) (Appendix C). T is

true

the actual surface temperature as observed for the surface when covered
by the cose.

The method assumes that the cone has emissivity very near zero
and that the effects of any deviation from unity for the cone are negligible.
Precision ¢ scrvations utilizing the polished cone method require that
equation (5) be applied to account for the emittance from the cone and

its nultiple reflectance. Further discussion of this method is given

by Fuchs and Tanner 1968.

Emissivity Determinations

Determination of the cmissivity of natural surfaces by the techniques
described here is not difficult when the proper instruments are available
including a programmable calculating device. Care must be exercised,
however, to select sites typical of areas viewed by the satellites or other
renote sensing platforms and to use a radiometer in the determinations having
a thermal band compatible with that of the satellite in both wave length
and band width.

Selected observations of emissivity in the 8 to 14 um band taken
at White Sands Missile Range are presented in Table 1. These data were

obtained with a hand held precision radiation thermometer designed to



Table 1. Emissivity (8-14 um) of natural surfaces on and ncar khite Sands
Missile Range, NM. Broad band determinations are utilized with
DAP thermal data. Emissivities for narrow band instruments such
as SMS-GOES (9.5-10.5 ym) must be determined with a narrow band
radiometer.

Surface Emissivity 8-14 um

Gypsum Sand (White Sands National Monumcnt)

Drift ' .932 ¥ 0.002
Flats .9583
.9400
Moist Dunes Slope .9734 * .0009
Moist Flats .973 * .002
Moist Dune Top .970 * .002
Tortugas Mountain 22 Nov 71
Dominant substrate rock .9568 * .0014
Chert .9772
Soil .9520
Quartz (white) .8655
Q weathered .9137
Q fresh broken .8513
Rhyolite
Weathered .9430
Fresh broken L9173
Course gravel .9703
Plya Soil (MARS)
Dry cracked .930
Smooth clay L9375
Mule Peak, NM
Limestone .9570
Dead grass .9924
Oak leaves .9775
Juniper . .9901
White Sands Soils
*Type 1 .955
*Type 2 .963
Dunes/Mesquete .9275 ¥ .0005
Interdune caliche-coated gravel .9400

*Type 1 soil is located

*Type 2 soil is located
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measure thermal radiation from 8 to 14 um. The values given arec compatible
for use with broad band, 10 um, airborne thermal scanners.

Several satellites have utilized broad band thermal sensors, however,
the SMS-COES now in use uses a narrow band sensor and measurements of
surface emissivity must be made with a narrow band instrument to be valid
for calculation utilizing SMS-GOES thermal data. Narrow band filters
are available from manufacturers of precision radiation thermometers
to identically match the satellite optical system aS required by the
investigator.

The emissivity of most surfaces varies somewhat depending upon the.
composition of the surface at any time. The effect on moisture upon the
surface emissivity is especially significant. A ~2ist surface will have
an emissivity approaching that of frece standing water (.97-.98 depending
on pureness of water and the band observed). Emissivity measurements
must be reported for a surface at intervals appropriate to the frequency
of satellite observations and the environmental modifications of the
surface which affect its emissivity. The wetness or dryness of a calibration
site should likewise be monitored regularly.

The effect of emissivity on the apparent radiation temperature of a
surface depends not only upon the temperature of the surface but also
depends upon the background thermal radiation. The apparent radiation
tenperature of a low emissivity surface is a reflection of the background
radiation environment. The apparent radiation temperature for a surface
with emissivity at unity is independent of background radiation. Examples
depicting the effects of surfacc emissivity and background temperature

on apparent radiation temperature are given in figures 5, 6, and 7. The
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Figure 5. Apparent radiation temperatures for selected natural surfaces.

The actual temperature of each surface is 60°C and the background
radiation is equivalent to -10°C. Juniper trees appear 0.5°C
cooler than thelr true temperature and weathered quartz stone
appears nearly 5°C cooler than its true temperature.
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value for sky temperature is the black body equivalent temperature
representing the bachground hemispherical radiation from the atmosphere

or other objects above the surface plane.

Conclusion

Thermal emissivity of natural surfaces can significantly affect
data collected by remote sensing techniques. Actual temperaturcs of
natural surfaces cannot be determined by thermal radiometer observations
unless the emissivity of the surface is known together with the background
thermal radiation and the attenuation and contribution of the intervening
atmosphere.

Techniques for ficld determinations of background radiation and
surface emissivity utilized in this paper are sufficicnt for most con-
tenporary studies of energy exchange at the earth's surface including
micro and mecsometeorology, and earth resqurces investigations.

The thermal effects of the atmospheric path as they affect the
apparent radiation temperature between the surface and the sensor have
not been discussed herein. It must be emphasized, however, that these
effects are significant when thermal sensors are at distances exceeding
one hundred meters. The investigator is referred to the referenced
literature for detailed treatment and observations of atmospheric
effects. Particularly significant are Bliamptis (197C),Lorenz (1206},
Weiss (1971), Kondratvev (1972).

These techniques for determination of emissivity have proved con-
venient for field applications in the southwestern United States. The

common occurrence of ciear, thermally cold skies and low dew point
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is conducive to satisfactory mecasurements. Thermally cold skies allow
large thermal differences between natural and artificial skies. The
accuracy of the calculations is enhanced by the large thermal differences.
The low dew point assumes that the mirror and the test surfaces are
free of dew, the presence of which would modify their emissivity to near
that of water. The importance of thermally cold skies and low dew point
should be considered in applying the techniques to diverse geographical
areas.

Simple programs have been developed fo;.computer aided analys<is
of required observations (sec Appendix). The required operations for

calculating emissivity are within the capability of most programmable

desk-top calculators.
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Appendix

Two field methods are utilized for the determination of thermal
emissivity, Both methods give comparable results but the "emissivity box"
method is more conducive when narrow view radiometers with longer working
distances are involved., The artificial sky technique is slightly more
precise since the actual radiation from the cover is measured while the ,
emissivity box is assumed to have negligible thermal emissivity, which ic
valid only when the temperature of the sample is within a few degrees of

the wall temperature of the box.

The emissivity of a point was determined as follows:

1. The data, location, and sample description were recorded on
field data shcet,

2. A thermal radiometer having a spectral response identical to the ,
ITOS (NOAA) and SMS (GOES) satellites was used to determine radiation from

irfaces and background, In this study the instrument utilized was a

modified Barnes PRT-5,

3. The global background radiation contribution to the surface of the
samplé was determined. The background data Qerc calculated from the
apparent radiation temperaturc of a sky-looking cosine response, low
emissivity mirror of known temperature and emissivity. Observations
required are listed below and lettered to correspond to entry positions in
the data sheets (Figure 3).

a. Actual temperature of mirror

b. Apparent radiation temperature of mirror as measured with radiometer
with mirror horizontal and in vicinity of sample.

4, The background hemispherical radiation calculated from a & b
above (c).

5. The measured apparent radiation tenperature of the surface, (d),

Jde



6. a. The emissivity box (an aluminum foil lined cone) was placed

_ver the sarple and the apparent radiation temperature of the sample in the

yox recorded (e), The box was removed and step 5 above repeated to ensure

chat no significant temperature change had occurred.

6. b. When an artificial sky technique was used step 6.a. was

omitted and the apparent radiation temperature of the artificial sky

measured (3). The apparent radiation temperature of the sample was

recorded,e2 and step 5 repeated to ensure no significant temperature change,

7. The emissivity was calculated according to the Stephan-Boltzman

radiation expression.

8. Moisture content of the sample and weather observations were

recorded,

The vegetation was sampled in its natural configuration and then

indard releve' techniques (Dansercau 1957) are used to cvaluate the

sroportion of surface types in the areca of interest, The emissivity of

:ach significant surface type was weighted according to its areal proportion

as viewed by the satellites to determine the characteristic emissivity of

the surface.



Figure 3 Emissivity data sheet for field use.
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APPENDIX C
DERIVATION OF EQUATION 14
The fundamental equation for energy emitted and reflected from a surface
(equation 3). The expression describing the non-cmissivity chamber is

directly derived from this equation:

4 4
Q= ocTtrue + (l-c)ochb (3)

t 4 . . . .
c
now Q is Tapp' Tb is Tsky and % becomes unity since the Tsky is an

apparent radiant temperature.

Hence:
4 _ .4 4.
Tapp = Tirue * -€) Tsky
|
which yields . ’ 4 4 - -
[ . : app (I-C)Tsy
= g + ——__:L_
-4 q
T
‘rue true
4
4 T
= € + Tjkk' - € %}\_X
T true
true
po, T4k
= SR, e (1 - —=2Y )
T4 - .4
true true
™ 4
a sk
=R - Tay
Ttrue : 4
T
true
4 o
= e(_true_ “sky)
true
4 4
e = lapp ~ Teky (14)
4 4

true Tsky
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Climatic Change, Weather Variability, and Corn Production’

Louis M. Thampson’®

ABSTRACT

A crop/weather model was used to determine the impact of changes
in climate snd weather variability on corn (Zea mays 1..) production
from 1891 10 1983. Five Corn Belt states, [llinois, Indiana, lowa,
Missouri, and Ohio, were included in the study. These states produce
over S0% of the U.S. corn crop. A cooling trend from 1930 to 1972
was accompanied by increasing rainfatl in July and August, and by
decreasing weather variability. These three factors were favorable
for corn yield increase. Simulated corn yields, calculated from weather
data, increased 970 kg ha ' from 1930 t0 1972 because of improved
weather for corn. After 1972 there was pgreater weather variability
and higher intensity rainfall events. Fertilizer use on corn increased
substantially in the 1960s and increased at slower rate after 1972,
The annual increase in corn yield with normal weather after 1972
was less than half as much as it was from 1960 to 1972. Highest
yields of corn have been associated with normal preseason precip-
itation, normal June temperature, below normal temperature in July
and August, and above normal rainfall in July and August. The
period after 1970 was expccled to warm but weather variability has
masked the identification of a trend.

Additional index words: Zea mays 1... Rainfall intensity, Nitrogen
fertilizer rates, Temperature trends, Rainfall trends, Technology
trends, Carbon dioxide effect.

YIELDS of corn (Zea mays L) started climbing after
1930 with genetic improvement along with
mechanization and improved feruhty pracuices. In 1960
a record yield of 3431 kg ha ' was produced in the
USA (17). This was about twice the yield of 30 yr
carlier. By 1972, the yield had reached 6084 kg ha™',
which was 77% increase in just 12 yr. Another record
was sct in 1982 in the USA with a vield of 7106 kg
ha '. The annual rate of increase in yield from 1972
10 1982 was less than half of what 1s was from 1960
10 1972,

The two major factors contnbuting 10 increases in
corn yield are geneuc improvement and higher rates
of fertilizer applications {2,15). There are several other
factors of technology, including: higher plant densiues;
chemicals 10 control 1nsccts, diseases, and weeds; bet-
ter mechanical practices; and better management.
Russell (13) recently provided evidence that genelc
gain from 1922 to 1980 accounted for about 75% of
the gain 1n yield of corn for lowa. Although the large
increase in the yield of corn tn the last 50 yr may be
due pnmarnily to genctic improvement, higher fertility
levels were also necessary. The rates of feruihizer ap-
plied to corn reached a level in the USA that averaged
148, 74, and 93 kg ha ' respectively. of N, P,O;, and
K,O from 1978 1o 1982 (4).

While the upward trend 1n corn yields have gener-
ally been atinbuted 1o improved technology. there are
other factors 1o consider. The increase in CO, in the
atmosphere 1s considered 1o be a significant factor in
the increase in corn yields. When CO, is increased
under controlled conditions, corn benefits from 1n-
creased photosynthesis and accompanying water use

' Journal paper no J-11604 of the lowa Agnc. and Home Econ
Exp Stn. Ames, 1A, Project no. 2683 Recerved 25 Oct. 1985.
50OEmcnlus professor of agronomy. lowa State Umiv. Ames, 1A

11

Published 1in Agron J 78:649-653 (1986)
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efhciency (12,21.25). Chimauce change s another factor,
but 1t is difficult 10 separate this factor from changes
in technology.

This article 1s an effort to provide a quantitative
estimate of the effects of changes in climate and weather
vanability on yields of corn in the U.S. Corn Belt. The
climatic changes in the U.S. Corn Belt dunng the past
have been roughly parallel to global changes in cli-
malc.

The global warming trend that staried in about 1880
reached a peak at the end of the 1930s (10). A global
cooling trend occurred from about 1940 10 about 1970
(16). There is lack of agreement about a trend since
1970 (6,8). The warming trend followed by a cooling
trend may have been due, in part, to changes in in-
coming radiation associated with changes in trans-
parency of the atmosphere (1). During the past decade
there has been a great deal of interest 1n the possible
cffects of increasing amounts of CO, in the atmosphere
(1,14). At this ume, however, there 1s not adequate
evidence that a CO, induced warnung trend has s:ared
(5,22,23). The most important change in climate dur-
ing the past decade has been the increase in weather
vanability (9). In 1982 Willett showed that. since 1976,
summers were getting warmer and winters were geiting
colder i1n the USA (24).

Figure 1 shows the changes in July-August temper-
ature in the five central Corn Belt states from 1891 10
1984. There appears to have been a cooling trend from
the 1930s through the 1960s. It should be recognized
that the cooling trend for the Corn Belt has not been
well established. Nelson, Dale, and Schaal (11) found
that for the central Indiana distnct this trend was
smaller than published estimates when corrections were
made for widespread changes in the time of reporting
by weather stations. It was in the penod from 1930 10
1972 that remarkable advances were made in corn pro-
duction. Figure 1 also shows increasing vanability af-
ter 1972. In this paper a crop/weather model was used
to evaluate the influence of the cooling trend on the
yield of corn. The model was also used to evaluate the
changes in weather variabitity on the yield of corn.
The term vanability 1n this arucle means departures
from normal.

METHODS AND MATERIALS

A crop/weather model 1s an cquation Lo estimale the ef-
fects of departures from normal weather on crop vield The
equation for the model 1s:

Y =a+ bX - cX*,

where X is the weather vanable (departure from normal)
and Y is the simulated corn yield.

A multiple curvilincar regression analysis of corn vields
and weather was run for cach of five states: [lhinois. Indiana.
lowa, Missouri, and Ohio for the period 1930 to 1983, These
five states produce over 50% of the U.S. Corn Crop (17)

The vanables included three time trends and sia weather
factors. The wecather factors were prescason precipiiation
(Scptember through June), Junc 1emperature, July raintall,
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Fig. 1. The Nuctvations in July-Avgust temperature from 1891 10 1984 in the five central Corn Belt states.

July temperature, August rainfall, and August lemperature.
The three tme trends were 1930 10 1959. 1960 10 1972, and
1973 10 1983.

The time trends were programmed as follows 1930 was
Year 1, 1931 was Year 2. etc., with 1959 as Year 30, and
cach year after 1959 as Year 30. The second tme trend began
with Year 1 for 1960, Year 2 for 1961, etc.. with Year 13
for 1972, and Year 13 for cach vear after 1972, The third
time trend began in 1973 as Year 1, 1974 as Year 2. eic.,
with 1983 as year 11.

The weather vanables were programmed by using depar-
tures from normal and depariures from normal squared.
Normal was the average from 1891 10 1983, Weather data
from 1891 10 1948 were 1aken from USDA Staustical Bull.
101 (18). Data after 1948 were taken from Chmaiological
Data of the National Ocecanic and Atmosphenc Adminis-
tranion (19). The data are published on a district basis, and
were converted 1o state averages with coefficients provided
by NOAA.

Corn yield data were taken from USDA Stansucal Bull,
101 from 1891 10 1948 (18). Yicld data after 1948 were taken
from USDA Agriculiural Sianisucs () 7).

The purpose of the muluple curvilinear regression analysis
of each of the five states was 1o determine the trend with
normal weather. The r* for each regression analysis was:
Ithnois, 0.97: Indiana, 0.96. lowa. 0.96: Missoun, 0.93: and
Ohio. 0.96. The yield with normal weather for each vear for
cach state was calculated by assuming no deviations from

Table 1. Regression coelficients for the crop/weather model.

Y =a+ bX - cX.
Coelficients

Weather vanables

tdepasture from normal) b 3
Preseason preiipitation -0.4040 - 00022
June temperature -25176 -27.5150
July rainfall +9.5604 -0.0416
July temperature - 101 7318 - 76832
August rainfall +1 0902 -0.0026
August temperature -90 8361 -16.2131

The a values are yields with normal weather for each state See Table 2.

Table 2. Trends in corn yield with normal weather, kg ha''.

Annual increase in yield

Normal - —- Normal

yield 1930- 1960- 1973- yield

n 1930 1959 1972 1983 n 1983
Ihineis 3007 41 186 57 7241
Indiana 2762 40 168 58 6744
lowy 3036 ki 193 30 6948
Missour 1826 38 164 20 3267
Obio 2742 51 106 97 6679

normal weather and using the tntercept and three tume trend
cocfficients.

The yield with normal weather each year was used as a
new vanable to replace the intercept and time trends in the
next analysis. The data from the five states were pooled and
run as one regression of corn yield on six weather factors
and the corn yield with normal weather. The 7 for the pooled
analysis was 0.94. The coefficicnts from this analysis are
shown in Table I.

The cocfhcients from Table | were used to illustrate the
response of corn 10 weather vanables shown in Fig. 2. The
nextstep was to use the coefheients from Table 1 1o calculate
the effect of departures from normal weather for each year
fron: 1891 10 1983 for each of the five states. By adding (or
subtiacting) the departure from normal to the expected yield
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Fig. 2. The response of corn to weather variables in the five cef

Corn Belt states.
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th normal weather onc may estimale the crop yvield The
eld of corn calculated from weather data will be referred
y as a stmulated yicld.

RESULTS AND DISCUSSION

Table 2 shows the yields with normal weather n
930 and 1983 for cach state along with the annual
ncrease in corn yicld in kilograms per hectare for cach
f the three time penods. The rate of increasc in yicld
om 1960 to 1572 was two 10 four times greater than
it was cach year before 1960 in the five states. This
-hange in rate of yicld increasc was related 1o the steep
gptrend in the use of feriihzers after 1960. For ex-
ample, about 45 kg ha ' of N was applied to corn in
the five-state area 1n 1960 compared with 135 kg ha ™!
of N applied to corn in the same area in 1970 (15).
The rate of increase in yicld with normal weather was
lower after 1972 and more like it was before 1960.

It is recognized that the trend is not a perfectly
straight line for a decade or more, but the trend hne
provides a means of separating nonweather factors
from weather factors. To overcome somc of the ob-
jection of lincar trend, three time trends were uscd.
The three time trends were related to changes in fer-
tilizer use.

Figurc 3 shows the average corn yields plotted against
the trend in yield with normal weather for the five-
state arca. The yiclds were weighted averages based
on arca planted to corn. The weights were Ilhnots,
0.30; Indiana, 0.15; lowa, 0.33; Missouri, 0.11; and
Ohio 0.11. The trend with normal weather frem 1930
10 1959 appears to be high, but this was a time when
there were many years with warmer and dner than
normal weather, particularly in July and August. The
yiclds were very close to the trend with normal weather
from 1960 to 1972. This was the period of steep trend
in increasc in fertilizer use, and a time when single
cross hybrids became popular. The favorable weather
trend in this period caused farmers 1o also increase
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Fig. 3. The trends in yield of corn in the five central Corn Belt states

with normal weather and average corn yields each year from 1930
to 1983.

plant densitics. The vanability in yield after 1972 is
most striking and appears more like the vanability of
the 1930s with an important exception. There were
both unusually high yields and unusually low yields
after 1972.

Figure 4 shows simulated yields for the five-state
arca from 1891 to 1983 with a constant level of tech-
nology at the 1983 level. The yield with normal weather
in 1983 from Table 2 was used as the a value in cal-
culating simulated yields each year from 1891 10 1983
for cach state. The simulated corn yiclds in Fig. 4 are
weighted averages. As indicated in Fig. 2. highest yiclds
were associated with normal prescason precipitation,
normal June tempcrature, below-normal temperature
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Fig. 4. Average simulated corn vields calculated from weather data at 1983 level of technolupy each year from 1891 to 19823 for the five central

Corn Belt states.
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Fig. 5. Simulated yields of corn from Fig. 4 for the period 1930 to 1972 plotted against a regression line for 1983 level of technology. The a

value is 6063.

in July and August, and above-normal rainfall in July
and August. The four best years of weather for corn
stnce 1930 were 1958, 1961, 1979, and 1981. The four
worst years since 1930 were 1936, 1947, 1974, and
1983. There was a run of 18 yr, from 1956 to 1973,
when simulated yields of corn were 95% of normal or
better. This period of benign weather was followed by
a penod of greater weather vanability like that of the
early part of this century.

The simulated vields for the period 1930 10 1972
from Fig. 4 are shown plotied against a regression line
in Fig. 5. The equation for this regression analysis was:

Y =a+ bX,

where Y was the simulated corn vield and X was the
year. Year 1930 was Year I, 1931 was Year 2. elc.,
with 1972 as Year 43. The b value in Fig. 5 is 23.14
kg ha"', which is the annual rate of increase in yield.
This was the time of the cooling trend. The average
July-August temperature was 2°C cooler in the 1960s
than in the 1930s. The cooling trend was also asso-
ciated with increasing amounts of July and August
rainfall. Figure 6 shows the fluctuations of July plus

August rainfall from 1891 10 1984 for the five-state
arca. The decade of lowest July plus August rainfall
was in the 1930s. The decade of highest July plus Au-
gust rainfall was from 1973 to 1982, with a run of 6
yr of unusually high rainfall from 1977 10 1982. The
increase in rainfall in July and August along with the
cooling trend caused an increase in corn yields apan
from the trend caused by improved technology. This
chmatic change caused simulated corn yields 1o be 970
kg ha"' greater by 1972 than they were in 1930, as
indicated in Fig. S.

The more vanable weather after 1972 caused both
higher and lower simulated yields than the yields that
occurred from 1963 10 1972. The greater weather var-
1ability after 1972 was also accompanied by higher-
intensity rainfall events. Changnon (3) showed a de-
crease in frequency of heavy rains (> 51 mm In onc
day) in Illinois from 1956 10 1970, and an increase in
frequency of heavy rains after 1970. The decade of the
1970s had the greatest frequency of heavy rains of any
decade since 1916. Hillacker (7) analyzed records of
recording rain gauges in lowa from 1940 10 1982. The
5-yr period from 1977 10 1982 had more record break-
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Fig. 6. The fluctuations in July plus August rainfall from 1891 to 1984 in the five central Corn Belt states.
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ing rainfalls of one hour duration than any other S-yr

nod. The U.S Geological Survey (20 reported that
in 1983 lowa had the second highest vear of runofl
since records have been kept, despite the summer

drought.

If there should be a warming (rend over the next

several decades, gains in corn vields will become more
dificult If chmauic change takes us back 1o conditions
of the 1930s, and 1f there were 1o be a leveling of the
trend in technology, there might be a reduction in corn
yields. Whether the cultivars developed in a favorable
climatic trend will perform as™well 10 an unfavorable
climatic trend Temains 10 be scen. 1his i not 10 supgesi
a leveling of technology; there is good reason 1o be
optimistic about continued genetic improvement that
will accommodate moderale climatic changes.

REFERENCES

I. Budyko, M.l 1982 The Eanth's chmate Past and future. Ac-
ademic Press Inc, New York

2. Cardwell, V.B 1982 Fifty years of comn production Sources of
yield increase Agron J 74 984-990

3. Changnon. S A Jr 1984 Chimatic fluctuations in lihinos 1901~
1980. Bull 68 Illinois State Water Surves, Champaign, 1L

4. Economuc Rescarch Service 1982 Feruhzer outlook and snu-
aton FS-13 US Government Pnnung Office. Washington.

5. Gunter, W. D.J Baker, W L Gates, M C MacCracken. S. Man-
abe, and T Vonder Haar 1983 Detection and monitonng of
CO:-induced chmauc changes p 292-3K2 {n Chanping chimate
Repori of the Carbon [ioxide Assessment Committee National
Academy Press Washingion, DC

6. Hanson, J.. D Johnson, A Lacis, § Lebedefl P Lee, D. Rind,
and G. Russcll 1981 Climatc impact of increasing carbon di-
oxide. Science (Washington, D.C) 213:957-96¢6

7. Hillacker, HJ . Jr 1984 Chmatology of excessive short dura-
ton rainfall in lowa Climatology of lowa Senes no 6 lowa
Depantment of Agriculture, Des Motnes, 1A

8. Idso. S.B 1983 Carbon dioxide and global temperature; What
the data show J Environ Qual 12.159-161

9

10.

. U.S. Depaniment of Agnculture

Karl. TRLR E Livezey. and F S Epstein 1984 Recent unusual
mean temperatures across the contiguous United States Byl
Am Mecicorol Soc 651302-1107

Mitchell, J M Jr 1961 Recem secutar changes of global 1em.
perature Ann N Y Acad Ser 95 2352030

Nelson, W LR F Dale. and I A Schaal 19¥] Non-chmatc
trends in divisional and state mean wemperatures A case study
tn Indiana J Appl Mcieorol 18 750-760

- Rosenberg, N.J 1981 The increasing CO - concentration in the

atmosphere and 1ts implication in apncultural production .
Effects on photosynthesis. transpiration and water cficiency.
Chm. Change 3:265-279.

. Russell, W A 1984 Agronomic performance of maize cultivars

representing different eras of corn breeding Maydica 29:375.-
390.

. Schneder, S H., and R Londer 1984 The coevolution of ¢|y-

mate and life. Sierra Club Books. San Francisco, CA

. Thompson, L.M 1982, Weather and technology trend 1n comn

yields Better Crops Plant Food 66.18-19

- Understanding climauc change 1975 Nauonal Academy of Sci-

ences, Washington, DC.
1949-1984. Agncultural sta.
usucs. U.S. Government Prnung Office, Washington, DC.

. U.S. Department of Agniculture 1951 Fluctuations in crops and

weather 1866-1948 USDA Stausucal Bull 101, U S Govern-
ment Prnting Office, Washington, DC.

U.S. Department of Commerce 1949- 1984 Chmatolopical daia.
Annual summanes National Oceanic and Almosphene Ad-
ministration, Washingion, DC

U.S. Department of intenor 1984 Warer resources data. lowa
water year 1983, U.S._ Geological Survey Water Data Rep. 1A-
83.1. Washingtlon, DC

- Waggoner, P.E 1983 Agnculture and climate changed by mor

carbon dioxide. p 383-418 /n Changing climate. Report of the
Carbon Dioxide Assessment Commiitee Nanonal Academy
Press, Washinglon, DC

Weisburd. S. 1985 Waiting for the warming The caich-22 of
CO.. Sc1 News 128 170-174

Wigley, TM.L . and P.D Jones 1981 Detecuing CO.-1nduced
chimatic change. Nature (London) 292 203- 208

- Willett, H.C. 1982. The recent temperature chimate of the con-

tnental U.S in relation to vanable solar acuvity Depanment
of Mecieorology, Massachusetts Institute of Technology, Cam-
bndge. MA

- Wittwer, S.H. 1980. Carbon dioxide and chmate change: An

agnculwral perspective J Soil Water Conserv. 35: 16-120.



APPENDIX G



Soil Moisture and Moisture Stress Prediction for

Corn in a Western Corn Belt State*
R. H. Shaw*"
XE ST AREEMEA A 118k 40}
EYkaBEE %A TR*

EFHE &=

HEMEYWE e
B2BE BN HIM

Reprinted from the Korean Journal of Crop Science

Volume 28 Number |



Nl 28101 ~ 11(1983)

KJCS 281D~ 11(1983)

Soil Moisture and Moisture Stress Prediction for

Corn in a Western Corn Belt State*

R. H. Shaw**

=

ES

ST BREIFMFTAML LiFks Dl

fEYpka BT mamR?

£HE %

INTRODUCTION

lowa 1s 1n a very interesting position for a chma-
tologast with respect to souif mosture s located in
a transition 2one between humid climates 1o the
east, and dry chimates to the west As a result of
this. soil maoisture revenes mgy vary widely from
vear (o year, and ceven from place to place within s
year A wel situation may prevall where free water
can be found in the 3 foot profle and the e are
running

We may liave the mavumum available water
without any free water bang present a held capd
aty condition In inany of lowas soils thyy cuan
mean a 10 to 12 inch seserve 1n the 3-fool profile
Or there may be very hile availahle water in the
profile This varriation in soll moisture reserves wa<
what stimulated us to start our statesmide <oml
moisture survey in 1954

My talk will cover a soil-moasture program deve
loped from these data and used to predict the mois
ture under corn al any time duning the growing
season |t 1s therefore heved to lowa s “deep sou!
conditions As simple an approach a possible was
used in developing the program The idea was to

develop a program that would predict soil moisture

® speaal lectare presented to the cenes
Tuence al the College of Agn wiate

~

propram On an extremely vanabie glacial tll soul.
our samples have a standard error of ¢ | inch
For a more uniform loess sotl. this samphing error
is less than ' inch Many tests over the years indi-
vate we are estimating soud moisture wathin those

numbers Some of you will ymmediately be con-
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within the hmits of the <od-muisture samphng
cerned about the size of these himits with samphng
errors much larger than daily ET losses which may
be only 02 to 025 inch or less Even though we
estimate day to day changes in so moisture our
goal 1s to estimate values on selected dates that are a
considerable number of days apart This we seem
1o be able to do We can further explain a sigruficant
portion of our yield vanation of corn. usIng a stress
index developed from the soil moisture piogram

With that background. let me proceed and ex:
plain our program Furst let's look at ttemns that need

to be considered. then I'll eaplain what we do

SOIL MOISTURE PROGRAM
Saxton, Johnson and Shaw developed a flow chart
for a soll moisture program (Figure 41 Potential F1
expressed by some measure of the drving power of
the atmosphere. can be subdivideda into 3 com
ponents, evaporation of intercepted water, soii
evaporation, and transpiration Ay program does
not include intercepted water directly, but | would
like 1o comment on 1t Work that Leo Fnischen

and | did many year apo indicated a full com can-
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Fig. 3. Soil moisture profile with a dry condition

opy could intercept almost 015 inch of ramnfall

tn rains over 1/2 inch For rescarch studies this
could be very important f disregarded For my
which says that it will be

purpose | 1gnored 1t

indurectly ancluded in the transpiration  term

Next, one must separate evaporation and trans:
mration according to the crop cover Fvaporation
will be a function of the atmosphenc demand as
well as the availability of water for evaporation
from the top few inches of soil Transpiration will
obviously be a function of the amount of crop
cover or stage of crop development The depth
where 1ools are extracting water musi alse he con
sidered Il soil moisture 1s not “completely avail
able” 1or transpiration. then the depree of reduction
in transpiration must be considered One must
also decide how runoff will be handled. and how
maoisture will infiltrate into the sonl

The program calculations are all made 1n terms of
plant-available moisture Ihe soil profile 1s divided
inlo 6-1nch increments down to 5 feet In speqial
cases a 7-foot depth 1s used A “‘field capacity’’

value and a "‘wilting point” value must he determin-
ed for each increment We determined field capdacity

from field measurements Wylnng point values are
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determined using the |5 bar value

RUNOFF
An antecedent preapitation indes was used to
calculate runofl  All our soil - monture sites were
located on relatively fat land {rom which runoft
could occur. but with no runon and ponding of any
Obwviously. values where

signi{icance predicting

runon could ocvur would be niuch more comphicat
ed Two equations were used

APL=Pyidy ¢ Pasdr 4 + PIM| (h

APl =Pi/dy + P2/d3 + P id, 4 Posa (N
P1as the rainfall for di. yesterday. P2 s for 2 days
past and Py s for today. the day for which the AP
15 heing calculated

Equation 1 is used after Aug 31 Fquation 215
used during the spring months when the ground 1s
bare. or cover is sparse when runof{ will he relatyve
Iy ligh, and in the summer when high-intensity
rains are expected to occur. Pg the rainfall amount

tor the day being calculated. is used only {or values
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greater than | anch If ) ineh o1 fess Po = 0 4nd
tquation | = Equation 2

Ihe APL value was then used n Figure 3 1o com
I'his procedure does not directh

pute ihe runoff

lahe 1nto account intensitty. of the rainfalt

INFILTRATION

I'he precipitation remaiming after runoff was |n
hhrated anto the sail with the following simple
procedute The fintancrement (0-6 inchesy s allow
ed to fll 10 field capaciny Any amouni abeve thy
mmmediately moves to the second increment and the
process as repeated  Ihe process s repeated unnl
all the water has been used o1 until ajl lavers are
at hield capacity  If all lavers are at feld capacity
and water remamns 1t s percolated out the bottum
of the profile 1n whar might be called ‘“instant
dratnage”  In poorly drained souls this step would
require modificanion. ¢ as done by Dale 1n Ind,
ana It secems 1o promaote no measurable eror umger
lowa counditions at the sites used By midsummer we
rarely measure (ree water 1n the $-fool profile Also
sites where water

remember -low elevatjon runs

onare not included 1n our survey

EVAPORATION AND EVAPOTRANSPIRATION

Early April through June 6
There may be a vanabic ground condition in
the spnng lrom plowed 1o ctop residue to small

corn plants If a growing meadow crop, thus proce-

dure would require inodihication All water loss was
assumed 1o be by evaporation fram the top Ganches
of soil Solar radiation relatively gh dunng much
of tus period  The avalability of water (o evdpora-
tion s behieved to be the pnime factor that hmats
water loss Water loss was assumed (o average 0]
inch/day Water was assumied (o be lost at this rate
as long as any available water was present an the
tap ¢ inches of soil Fhis ignores nmeteorologscal
factors. and also any change 10 the rate of moisture
transfer to the sonl surface Ideally, daily demand
and sov] dryness should be included . but they would
comphicate the program During the test penod using

vears of data. the average deviation o1 difference
between the value measured by soul sampling in nud-
June and that predicted from the PIOZIam using the
Apnl sample was only 005 Over hall the values

were predicted within % We were as hikely to
overpredict as underpredict but the error was small

for the o nod used

June 7 through Scptember 30

As the corn plant grows considerable change

FVAPORATION

RATIO L VAPOILRANS P A TION/OPEN PAN

Fig. 6

thiouyg

houi the gowing
sc1son (after Denmead and Shaw, 3) Op
the average, 507 of the corn in fowa 18
stihed by July 31



takes place in the ground cover June 7 was selected
as the arbitrary date wher. the prediction technique
was changed About thal date a marked change 1%
taking place tn the ratio of ET to open pan evapora
tuon. and 1t 1s a start of a week in the standard

chimatological year Starting June 7. Class A pan

evaporation was used as the startine pownt for
estimating evapolranspirahion The daly pan cva
poration 1s muluiphed by the facior obtained from
Figure 6 Tlus relationship was developed assuming
maoisture was readily available for transpiration but
the soil surface condition was not specified The
dates used 1n this figure represent average values for
lowd To adjust forseasonal development the silking
date 1s input into the program (Ave July 3 Thivs
used as a floating reference pomnt If the cropas 10
day< ahead of normal (sifhed July 211 the program
automatically shifts all calendar dates 10 days
carher, for example ttus phase of the prowram would
start May 28 insteat! of June 7 When sail mossture

s not hnmting ET = Pan x Conv factor trom Figute

0

Data that Denmead and | obtained indicated 4

relation exists between the atmosphenc demand and

the level of soil moisture needed te meet that

demand  Relationships obtained from his thesss
study are s.:own n Figure 7 The H” points

represent the conditions when visible signe of stresy

b e-- JuLY 30.-CLLAR.DRY

oTL

LY}
AUG S (AETHR L

—: -~
T ) -- AUG sHLAVILY /
£ OVERCAST, HUMID /'
o 5| — AUG 12.PARTILY /
= CLOUDY . HUMID :

:

Z

2 |

- ‘1'

: |

= 2

z |

< -

= n

6TL AWK 13
.l‘ 4

r=

S 30

SR
CAPACITY

o

TS

UwieTing ?
POINT
VOLUMETRIC SOIL MOISTURE CONTENT

Fig 7. Daily transpuation for 3 davs plotted as a
function of soill mowture (Denmead and

Shaw. 1962)

(wilting) were evident Notice thal these ponts
occurred at quite different levels of sol moisture
for the 3 days shown Also notice how the transpira
tion decreased from the potential value at different
soil motsture valucs for the different demand levels
Defining the points where these breaks occur has
had considerable discussion in the hiterature This
discussion has become confused hecause of different
terms used We used available water (FC Wi

Ritchie has used extracrable water | don’t have
time to define 1t~but the two terms are different
and most of the disagreement n the hiterature 18
due to not reconathng the differences in defimtion
hefore companng results Because our onginal work
was done with restnicted rooting volumes. and
because a rather unusual soil was used in the con
tainers. some adjustments had to he made to fit our
ongnal data to field conditions The curnves we now
use for the penod up to silking are shownn Figure
S

A high demand day 15 one in which Class A pan
evaporation s greater than 0 30 inch A low demand

in which Class A pan cvaporation 1s

day 1s one
less than 0 20 inch A medjum demand day 1s then
from 020 to 030 inch One could use other sys
tems. 1 e Penman, Thornthwaite or Priestley to do
the same thing [ felt that pan evaporation was a

simple. but sensitive way, of doing it

100
90}

' High demand —- -
Medwum demand -~ -
Low demand -

Relative Rate ot 1]

0090 80 70 60 50 a0 10
% Available Soil Maisture
Fig. 8  Relative ET rates for different atmosphenc

demand rates prior 1o Aug |



The percent svadable send monture 1 the oot

'00[ tone (U define that an just & nanute) 1s used for
cach day 10 determine the retative FT For example
80 f we have a day in which there 1s 70% available 1n
the root zone. the relative FT rate would be 1004
iy of potential, regardiess of the type of day If there

: was only 40% available moisture 1n that 100t zone,
Atmosphenc Demand

a0 ET would be 82% of potential for a high demand
day, 915 tor a medium demand day. and 100% for
a low demand day These would be the values
ocfore silking  After silhing, because we assume that

1001s are not growing into areas of new moisture

RELATIVE TRANSPIRATION RATE (PERCENT)

oW __ .. . .. . » ‘Urve . use , s otedle

0 30 a0 &0 30 Tou another set of curves gre used which give greater

9% AVAILAKLL SOIL MOISTLURL ET reductions for comparable sail mossture condr

Fig. 9. Relative L1 1ates for different atmospheric vons (Figure 99 Comparable values then were 55%.
demand rates for Aug | and later BO%, and 100%

Table 1 Water extraction from the soid vrafile gt ditterent depths dunng the growyog scason Values
for cach dale are wven as the mercentage o evaporation or evapatrgnspudabion that occurs

_from cach of the depths listed

Percent ol & or b |
Depths from wluch
1) 11es whick comes from
water was extracted
respective depths

1o June ? 100 o Ist 6 inches
June Ko 14 100 1st (ool (equally from cach 6 inches)
June 1310 27 . 6717, 333 Ist. 2nd foot
June 2K10 July 4 oo . 600 20 20 Ist. 2nd and tap hall of 31d foot
Julv S i 60. 20 20 Ist. 2nd and 3rd foot
iy 1210 18 . 60, t: 15,10 Ist 2nd. 3rd and top half of 91h foot
July 1910 28 . 60, 13 1510 Ist. 2nd. 31d and 41h oot
Juiv 2610 Aug | .. 60. 1010 10, 10 Ist. 2nd. 3rd. dth and uppes hall Sth (oot
60. 15 15 10" 102 Ist. 2nd 3rd and d1h foot
After Aug | . 60. 10 1010 10 Ist. Ind 3rd. 4th and Sih foot
. . e ()9_ s 1510 o lgl_. 2nd. Yrd and 4th (oot
To compuie the percent available soil moisture in Normal conditions use .« Jepth of S feet, 1f cenain
the rooting zone the depth of rooting also had 1o wet condilions are met extraction 15 only 1o 4 icet
be estimated  The following table shows how and f certain “'dry’ condinons are met in May and
whing depth progresses It also shows the amount June, water can he extracted lrom a depth of ?
ol water extracted from each depth (Tadle 1) Ay feet If mossture 1s not available 1n any scheduled
now used. our program has three different rooting mcrement. that oisture extraction 15 prorated
depths. o1 more correctly. depths of extraction among those scheduled increments winch do have

-6 -



moisture

Evapotranspiration per day then 1 equal 1o

PAN EVAP X RATIO FOR CROP DEV
X STRESS OR RELATIVE ET FACTOR

On days when the ET loss was reduced because
of stress, one other factor was considered If recent
rains had added waler (o the surface soul. some
of the reduced transpiration could he replaced by
soil evaporation As long as water was avatlable 1n
the top 6 inches of soil up to 0 Iiach evaporation
could be taking place if the CNCIRY was present (o
cause this evaporatron For example on a4 day an

]

I ftom poten-

which the porential rate way 024 4y was
calculated at only 014" (down 0!
hial), evaporation of 0 10 inch could take place,
maktng the total loss 024 QO 4 day when the
potential rate was 023" and F 1l was calculated as
020", evaporation of 003" could oceur ET +
added evaporation could not exceed the valculated

potential

October

Transpiration was assumed 1o esrentialiv cease

1d Later

after Oct ) because of maturation of ihe crop lLoss
was assumed to be only by evaporztion from the
top 6 inches of soul and was computed a5 0 35\ pan

evarpoation

HOW WELL DOES IT WORK

As | mentioned earlier. we staried samplhing soil
monsture 1in 1954 and have continued 1t each vear
since then Onginally we sampled four times a vear
Mid-April. mid-June. early August and early Octo
ber This gave us many picces of data 1o chech the
program We are confident enough an the propram
now that we only sample in mid Apnl and early
October These times provide a chech pomnt at the
end of the scason Also. since | seldom have the
weather data assembled unul November of Decem.
ber. the fall survey also gives Extension people
information at the time they need it on next years

moisture reserve, an item  of much interest to our

farmers  The sprning sample BIVCS US g Ngrhing
point for the new season. plus chiecking for am
changes which took place over the winter In out
chmate, gains In soil massture dunng the winter
are usually small because of a f12¢en sni) and low
precipitation. When significant Meapitation does

e difficult to

{ the

occur, changes 1n the sod morstui

Ny

predict. but on the average are sbout 237 o

precipitation which occurs
STRESS INDEX

An an extension of the sal monsture prowram we
now computed aseasonal stress inden fur com Ihs
15 now computed from two simple equations

SI=1 - (STET + EVAF)FT
or

Si=1 - STET/ET
where STET as the actual ET which accurs, VAP 1
the evaporation from the surface 15 cm of soil and
b1 s evapotranspiration when the monture supply
15 not hmiting  The second equation 18 used unly
when STET 1s less than or equal 10 0 04 ynch (1 mm
and pan evaporation 1s gieater than 030 inoh (g
migh demand day) whatever evaporation occuned
under those conditions (liugh demand-low sanl mons
ture} was considered as having no ¢ffect an teducing
stress on the plant The index for each day can
range from O (no stress) (o | (no STE) ‘

The stress index 1s calculated for cach day for g

renod (1om 40 days belore 1o 44 Jayvs after sithang
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DAYS AI'TER PLANTING
Fig 10. Schematic diagram of relanionship between
age of crop and percentage vield decrement

due to one day of MOINUIC SITesy



(85 days) with gelative weghting facton assigned 1o
each 5-day penod relanive to silkang The weighting
factors were based on data accumulaled by a
number of researchers (Figure 10) Actual weighing
factors used are shown i1n Table 2 Accumulative
effects due to severe stress are gven additonal
wetghting factors
a) When 2 ot more consecutive S-day unweght:
ed stress index values were both 4 5 or grea-
ter. an addinonal weighting factor of | 3 was
used
b) when the index for two of the periods | be-
fore. 2 before or 3 befare silking were 3 0 or
preater. an additiona! weighting factor of 13
was used

C

when the unweighted 1ndex for both the |
before and | after perniods are both 43 or

greater a crop faure 1sindicated

Table 2 Relative weighting factors used to
evaluate the ellect of stresson corn
yield Periods are S-day penods

_ftelative 1o silking (after Shaw, 1974)

a Weighting Weighting
Penod Penod

. actor  _factor
8 hefore 050 | aitei AN¢IC
7 hefore 050 2 after 130
6 before 1 00 3 aflter 1 30
S before 1 00 4 after 130
4 helore I 00 3 alter 1 30
3 before 1 00 6 after 130
2 hefore 1175 7 after 120
| before 2.00 8§ after 1 00
9 after 050

The sum of all the S-dav weighted values 1s the
seasonal stress index

The stress index-yield relation has undergone a
number of revisions over the vears Our current
relation used 1s shown in Figure 11 These are sites
where no excess water occurred and represent data
over several recent vears This relationship assumes
a potential yield of 9682 kgfha (154 bu/A) One can
convert this to other potential yield levels by letting

the O stress intercept be that yeld value, and the 0

lI; I
- IU‘ .
= 9
é 8
£
A
el
T $
> 4
©
z )
! ) y=9682-118.6x
H
T |
Ol . N as
0 10 20 10 40 50 60 70 80
Revised Weighted Stress Index
Fig. 11 Weighted stress tndex-yield relationship using
optional 152-cm o1 213-cm rooting depth,
Nicollet sut loam moisture charactenstics and
the modified stress index equation
10 o T T
; Matshalltown
ot :
,.' e 29647 3-112.5x
': ‘ A < 1 =086
> $light
3 6[ Bhgh
N4
= 4
N
T
2}« Yearswithout signifizant excess mosture
e Years with significant excess moisture
Ol .

10200 T30 TTan 56 60
Accumulated Weighted Stiess Inden for 85day Penod

Fig 12, Relationship between weighted-stress index
and corn yield near Marshalltown

yield value 81 6 + units of stress The same number
of umts of stress are assumed to produce O yicld,
repardless of the potential yield Our data indicate
the regression hines for different yield levels con-
verging near the same stress value In using this
ecquation we start with the potential yield and
reduce the yield as the scason progresses This
gives us an estimate of how much vield has been
lost at any desired date during the scason

Some interesting side-benefits have developed
from this work In the early years of testing we
frequently found a wide range of yields occurnng
low-stress values Low stress occurred when we had
2 good growing season, as well as those that were

too wet 1n the spang, and had gond moisture later



Galva-Pumghar bap farm
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Fig. 13. Relationship between weighted-stress index
and corn yield at the Galva-Pnimghar Expe-
ninental Farm
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aver

spring moisture conditjons

The squares shown in Figure 12 represent years
when it was too wet In May and June the profile
was filled to field capacity with percolation at leasi
once during each manth in that penod and with one

-

month having at least 2 inches of rervolation We
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Fig. 15. Distribution of corn vields at (edar Ra
mds, as predicted by Y = 5616 3 x 1333\
over the penod 1931 10 1970 n thive
different spnng moisture condinons

cannot predict how much the vield will be reduced
only that it will be reduced
As

water occurs much less frequenthy Onlv 1wo v eyn

we move toward northuest Jouwa evcess

showed this at the Galva-Primghar Research Center
The bottom dashed arrow shows an exdnmiple of
what the additional wenphiting tactor (o1 severe
Ths

several years ago at a lower viehd ase than we e

stress does yield relation was developed

now
We've also used the procedure 1o Provect vield
levels o1 ol mousture

outlooks with different

reserve an the spring Oves o (0 veys penod we
assumed that soil moisture on A pPol S o cach vegt
tarted out at 20%. 60% or 10U . o Lield capaaity an
the 5-foot profile However the actual weather data

lor cach year subsequent 1o Apgy 1< woere used (o
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Fig 16 Relationshup  bhetween a  moisture-stress
index and starting soi) moisture for field
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Anes

valculate the stress ind2x Doon 1n extreme nonh
west Tows shews tngh vields produced f they stan
al field capacny  Unfortunately they seldom stan
there. hut ere usually in the low 1o medium <tarhne
situatian Ay Ceder Rapids 1n east central lowa they

usuaily stan oot with good moisture $0 vicld redu

Table 3 Rynking and stress index values for the
143236 and 1954.75

Western lowa

Ye d’l

(IR

Central lowg

Ranvk— Index Rank
B 1 100 !
1935 2 ¥4 2 2
tv0 3 69 5 i
ty3a q 60 5 1
1956 R a1 3 N
1974 6 40 & [
IERE 7 402 :
1971 L] 330 K
1933 Y 303 Y
19359 10 304 to
1908 1 304 1
1935 12 268 N
1967 [R) 24 6 13

® Indicates crop failure

huns due 1o stress are simall Remembey though

that these calculations do not take nto account

excess maisture By knowing the sod morsture
situation an the early spnng. we can project the
probabilities of getting different yield reductions
due to stress The farmer can use this information
tn his planming We use the fall information for a
prelininary outlook

the to sece how the

We've also used program

capacity of the soil and the starting moisture
interact to affect the index and the seasonal outlook
with a low capacity soil Where you are in the spnng
makes hittle difference Spring rains usually Ol the
profile With a ugh capacity soib the starting level 1s
veny important

Questions were ashed i the mad 70's about the
seventy of the recent dioughts We went back 1n
history and 2stimated the drought conditions using
the sord mensture provram  The 1977 draught 1< not
mcluded here It would raie nedr the 1op 1 centpal
I'H

lowa ST droughit ranbed 6t west central

lowa The 1973 drought was 7th in west centra,
Towa, 6than centrdd Teaws and Sthoan castern lowa

By combinine stress indes values from the soil
meusture ates wath g somple technolopy relation
evaded by Lows Fhoopson | compared the esn

mated comn vieldsar coantres where we had mon

SEaevere e sture stiess vears out of the 26 vears

l-astern Jowa

Indev Year Rank Index
()d_'(l ," ‘(\ ) .‘i_—” ;: 1
6306 juis 2 32
6l 144 3 134
RN 1433 4 3t a
LN 1978 S oo
K tUnG @ 142
99 193K 7 170
20 1938 8 16 s
219 1931 9 156
21.6 1964 10 151
09 1908 I 136
20.4 1900 12 I.2
19 1 lvol 13 _too



