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‘Chapfeér 3.3 in Modification of the Aerial Environment of Crops,
pp.230-248, B.J. Barfield and J.F. Gerber (eds). American Society
of Engineers, St. Joseph, MI. 1979

3.5

AERIAL AND CROP RESISTANCES AFFECTING ENERGY TRANSPORT*

by Shashi B. Verma, Assoc. Prof,, Agric. Meteorol.
Sect., Agric. Eng., University of Nebraska, Lincoln,
NB and Billy J. Barfield, Prof., Agric. Eng.,
University of Kentucky, Lexington, KY

INTRODUCTION

Energy transport (latent and sensible heat flux) models which con-
sider the effects of both plant and meteorological variables have been used
by various investigators (e.g. Raschke, 1960; Monteith, 1963; Wiegand
and Bartholic, 1970; Brown and Rosenberg, 1973; Heilman and Kanemasu,
1976;.Verma et al., 1976). These models take into account the resistance
to flow of water vapor through stomates of plant leaves and resistance to
heat and/or water vapor transport across the turbulent boundary layer.
The subject of aerial resistances is introduced in chapter 3.2. Since the
concepts are used frequently in theoretical analyses of energy fluxes associ-
ated with environmental modification, more detailed coverage with examples
is given in this chapter.

When a temperature difference exists between a cropped surface and
the free air above the surface, a transfer of sensible heat takes place. The rate
of transfer of sensible heat depends on the temperature difference as well
as the impedence (resistance) of the atmosphere to movement of sensible
heat. Sensible heat flux, Hg, to (or from) crop surfaces can be described
as,

Pa Cp (Tg=T,)

s
r

as
where p, is the air density, Cp is the specific heat at constant pressure,
Ts is the mean surface temperature of the crop, Ty is the air temperature
at a given elevation, and ras is the aerial diffusion resistance to the trans-
port of heat, :

Latent heat transfer occurs when a difference in water vapor concen-
tration occurs between the cropped surface and free air. A relationship
similar to equation [3.5- 1] can be written for latent heat as,

Py A (Xys = Xyp)

HQ e SRR U e % SR G E e e e & 6 6 S [3.5'2]

l‘av + !‘c
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where 1 is the latent heat of vaporization, Xvs is the saturation humidity
ratio at the surface temperature, Xva is the humidity ratio of the free air,
ray is the air resistance to movement of water vapor and r¢ is the crop
resistance to movement of water vapor. In the case of water vapor transport,
a diffusion resistance, re, exists to transport from inside the leaf stomata
to the leaf surface as well as a resistance to transport through the air, rpy.

The drag imposed by airflow over a surface results in horizontal
momentum being transported from the air to the surface. An expression
similar to equation [3.5-1] can be written for momentum flux, T, as,

p,u

T=

ram

where u is the mean wind speed at a given elevation, ram the aerial resistance
to momentum transport and pau is the momentum per unit mass of the
air. The rate of transport of momentum to the surface is also equal to the
shearing stress. A term known as the shear velocity is defined. as,

U* L [3.5-4]

From equations [3.5-5] and [3.5-3], if measurements of U, are avail-
able, it is possible to predict the rate of momentum transfer to the cropped
surface for a given windspeed. Also, if fam can be related to rag and rpy,
it will be possible to predict sensible heat transfer from equation [3.5-1]
for a given temperature difference and latent heat transfer from equation
[3.5-2] for a given crop resistance and water vapor concentration difference.
Much of the discussion in this chapter is devoted to the relationships between
Tam, fas, and ray as well as to characterizing crop resistance, re.

If measurements of U, are not available, estimates can be made from
the log velocity profile given in chapter 3.2.

(J* z-d
u=-— In +1}1m
k Zo

or

where k is von Karman's constant, d is crop displacement height,
Zo is crop roughness height, and wyy, is the diabatic stability correction
parameter given in chapter 3.2 which accounts for the effects of buoyancy
on mixing. Attention is also devoted in this chapter to characterizing d,
Zo, and the stability correction parameter.

RELATIONSHIP BETWEEN AERIAL
(BOUNDARY LAYER) RESISTANCE TO TRANSPORT
OF HEAT, WATER VAPOR AND MOMENTUM

The rate of heat (or water vapor) transport in the immediate neighbor-
hood of a vegetated surface is primarily controlled by a purely molecular

—— -



232 MODIFICATION OF THE AERIAL ENVIRONMENT OF CROPS

property of the fluid—its thermal conductivity, D¢ (or molecular diffusion
coefficient, Dy for water vapor). In other words, no matter how much the
heat (or water vapor) transfer capacity of the air away from the surface is
increased by the roughness-generated turbulence, heat (or water vapor)
cannot be transferred at a rate greater than conduction (or molecular vapor
transfer) away from (or into) the surface will allow. In this respect the
transport of heat and water vapor differs from that of momentum, Momentum
is destroyed at a surface by pressure forces (the bluff body effect acting on
individual leaves and stems) which have no analog in heat and water vapor
transfer. In aerodynamically rough flows, by definition, the bluff body effect
is large enough to render the transfer of momentum independent of the
molecular viscosity, v, of the fluid, Reynolds analogy between the transport
of heat (or water vapor) and momentum, therefore, may or may not apply
above the canopy, but it can never apply right up to the crop surface (Owen
and Thomson, 1963; Chamberlain, 1966 and 1968; Thom, 1972).

The transfer of heat or water vapor to or from vegetated surfaces
encounters greater aerodynamic resistance than does the transfer of
momentum. Owen and Thomson (1963) developed a dimensionless parame-
ter B™' to measure the discrepancy between the transport of heat (or mass)
and momentum to the surface as,

B! = Tast D =rymt (@) o

where ras+ (z) and rar',*{ (z) are non-dimensional resistances defined by:
Py Cp (T, - TP U,

r,t*(z)= Tos U* .

Hs
and pLu U‘ u(z)
famt @) =1, U, =- - T e e e, [3.5-8]
Py U’ U*

B™ can also be expressed in terms of the effective roughness parameter
for heat (or water vapor) and momentum (Chamberlain, 1966 and Thom,

1972) as
ek/B = Zo/zs (heat transfer)
= Zo/Zv (water vapor transfer), ... ... ... ..., ..., . . .. [3.56-9a] *

or
kB =1n 2, /Z, (heat transfer)

=1n ZO/ZV (watervapor transfer). ... ... . ... ... ... [3.5-9b] *

A further discussion of Z, is given in a subsequent section.

Relationships have been proposed by several investigators for B~
(Owen and Thomson, 1963; Chamberlain, 1966 and 1968; Thom, 1968,
1971, and 1972). The most comprehensive analysis presented to date is
that of Garratt and Hicks (1973). Their analysis includes the data of the
foregoing investigators.

Garratt and Hicks analyzed atmospheric and wind tunnel heat and
mass transfer data for various kinds of surfaces: (a) water, snow, soil,
grass, vineyard and pine forest (atmospheric) and (b) towelling, rough

*Equations [3.5-9a] and [3.5-9b) are strictly valid only for neutral stability.
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glass, artificial grass and several arrays of cylinders and spheres (wind
tunnel) (overall behavior given in Fig. 1). They found little difference in
values of kB-! obtained for heat and water vapor transfers. While systematic
differences were apparent between the results of various experiments, the
data for RE, = U, Zo/v < 100 were generally found to be consistent, show-
ing a gradual increase with Re,. Above Re, = 100, the situation was less ap-
parent: there was overall consistency within particular experiments but the
values of kB~ deduced from various experiments differed by an order of mag-
nitude. Garratt and Hicks interpret the separation of data at large Re, (fully
rough flows) in terms of ditferent bluff body contributions because of dit-
ferences in surface structure. The data contributing to the upper band of
Fig. 1 were obtained over vineyard (atmospheric measurements). The former
may be considered to be similar to an array of horizontal cylinders arranged
in well-spaced paralled rows (Hicks, 1973), thus being similar in structure
to the wind tunnel models. The vineyard data suggest considerable enhance-
ment of the bluff body effect when wind blows at right angles to the rows.
The individual leaves of the vines play little part in the determination of
the bulk aerodynamic resistance to heat and momentum transfer. In every
case, the surface contributing to the upper band in Fig. 1 was comprised
of relatively solid geometrical arrays of well-spaced roughness elements.
The surfaces over which the data in the lowerband in Fig. 1 were obtained,
however, consisted of natural vegetation—grass, bean, crops and pine forest.
It seems likely, Garratt and Hicks suggest, that for such surfaces the aero-
dynamic characteristics of individual elements (leaves, twigs, etc.) determine
the bulk aerodynamic properties. The bluff body effect was considered to
be minimal. These surfaces were characterized by closely-packed, complex
roughness elements of a ‘‘fibrous character''.

Heilman and Kanemasu (1976) computed B~ values from their field
measurements over soybeans and sorghum grown at Manhattan, KS. Their
esults compared well with the lower band in Garratt and Hicks' Fig. 1
(for large U,Zo/v).

10 —+
8+

-

Reyg = UxZo

FIG. 1 The overall behavior of kB™!. The bands of data are drawn by eye to represent the proba-
ble 95 percent confidence limlts of the present body of observations [from Garratt and IHlcks,
1973].
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When using B! values for mass transfer other than water vapor, cor-
rections must be made for diftusivity differences. A discussion of this cor-
rection is given in Chapter 3.2,

It must be pointed out that the use of B is a gross simplification
of a complicated micrometeorological process. The concept, however, is
very useful,

ATMOSPHERIC STABILITY EFFECTS

Air resistance is essentially the inverse of the ability of the atmosphere
to diffuse a given constituent (i.e. momentum, heat, water vapor) from (to)
the leaf surface to (from) the free air. As diffuse capability increases, air
resistance decreases. Since diffusion is enhanced by buoyancy forces, air
resistance as a function of atmospheric stability is an important considera-
tion. This has been addressed in chapter 3.2. A further discussion on
atmospheric stability is deferred to examples later in the chapter.

CROP ROUGHNESS AND DISPLACEMENT HEIGHTS

As indicated earlier, aerial resistance to heat and mass transfer depends
on mixing (as defined by shear velocity, U,) as well as momentum rough-
ness height Zy and crop displacement height d. Szeicz et al. (1969) sum-
marized the available data on fully developed canopies. For wind speeds
of approximately 2.5 m/s they found that

225 = OLOBH cinsy s o a n sumions 1o m w  sumsent s & o B vcae 6 8 6 8 WEee [3.5-10]
for crops other than maize and sorghum and
Z5,,,5s=0.03H'> ... . ... ..., v e e e Y R § noa i s [3.5-11]

for maize and sorghum where H is crop height in cm. There was a very good
fit to the data available. Brutsaert (1975) used a semi-empirical approach
to show that the coefficient of equation [3.5-10] should be approximately 0.12.

The variation of Zy with windspeed is the subject of considerable
controversy, primarily over the magnitude of the variation. Z, over most
crops decreases with increasing windspeed; however, Zg over rice increases
with increasing windspeed. Rijtema (1966) proposed relationships between
Zy and u. Szeicz et al. (1969) present data as shown in Fig. 2, showing
significant variation of Z, with windspeed over potatoes, lucerne and pine
forest. Since the Szeicz et al. data were not stability corrected, the possibility
exists that a significant portion of the variation of Zy with windspeed could
have possibly been an artifact. At this point no definitive statement can be
made about the Zy-windspeed relationship until further data is collected.

Little data are available for roughness height prediction for discrete
crop canopies. Lettau (1969) proposed that

s
Zo=O5H- L [3.5-12]
where s/§ is the ratio of projected silhouette area of the object to total area.
Normant proposed the relationship shown in Fig. 3 for Zy and d. A direct
comparison between Norman's curves and Lettau’s relationship is not possi-
ble. More complex models have been proposed (e.g. Seginer et al., 1972) but
do not lend themselves simple calculations.

TUnpublished data furnished by J. Norman, Dept. Agron., Univ. of Nebraska, Lincoln,
NE.
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Several investigators have proposed that zero displacement height was a
constant for a given crop and independent of windspeed (Thom, 1971;
Stanhill, 1969; Szeicz and Long, 1969). The best predictor consistent with
experimental results in that of Stanhill, or

A=0.64H o vermus o o o m & owowin 5 @ 9 8 ieoeE B RR S R GG 5 R B BYeles 5 [3.5-13]

The assumption is usually made that the zero displacement height for
heat, mass, and momentum is equal. This assumption is supported by
simulations by Thom (1972), but experimental support would be desirable.
Relationships for d in a developing canopy as given by Norman are shown in
Fig. 3.

It should be pointed out that the use of Zy and d is gross simplification
of a complex process at best. They probably are profile and not canopy
properties. They can serve, however, as estimates.

STOMATAL AND CROP RESISTANCES

The Concept of Stomatal Resistance

The surface of a plant leaf is covered with cuticle cells which are coated
with a relatively impervious waxy surface. Small openings known as stomata
are scattered at random on the surface through which gaseous exchange
between the plant and atmosphere occur. On some species stomata occur
primarily on the lower (abaxial) leaf surface and on some species they are
approximately equally distributed on both lower (abaxial) and upper
(adaxial) surfaces.

Stomatal openings are enclosed by guard cells as shown in Fig. 4 which
control the size of the opening. This size of opening controls the impedence
to movement of gases into and out of the leaf. The opening and closing of the
guard cells responds to many environmental parameters as will be dis-
cussed subsequently.

Using the concept of stomatal resistance as defined by Raschke (1960)
the movement of water per unit area of leaf is

e P, (Xyg = Xy))

Ts

where E is the flux of vapor per unit area of leaf surface, yy¢ is saturation
humidity ratiot at the leaf temperature, yy| is the humidity ratio at the
leaf surface, and rg is ‘‘stomatal resistance to gaseous diffusion’’. Similar
relationships could be written for fluxes of carbon dioxide and other gases.
Stomatal resistance as used in this context is actually the sum of stomatal,
pore, mesophyll cell wall, and internal pore resistance. Using the con-
cept of a leaf boundary layer, the vapor flux can alternately be written as
=L (XyQ = Xya)

................................... [3.5-15]
l‘s + rav

where yya is the humidity ratio of the free air outside the leaf mass boundary
layer and ryy is the resistance of the individual leaf boundary layer. Numerous
researchers have proposed relationships for ray. A summary is given by
Westerman et al. (1976).

+Humidity ratio and water vapor concentration are used interchangeably in this chapter.
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TOP OF LEAF
BOUNDARY LAYER

av

STOMATAL OPENING
CUTICLE CELL

GUARD CELL

SUBSTOMATAL
CavITY

MESOPHYLL cELL
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FIG. 4 Schematic of leaf showing stomatal cavity, stomatal reslstance alr reslatance, and

assumed temperature and water VApor concentration profiles, Stomatal reslstance as used here
Is actually the sum of stomatal pore, mesophyll cell wall, and Internal air pore reslstance,

iginally related stomatal resistance
to stomatal density, radius, and depth of opening. This relationship, as

later modified by others (Milthorpe and Penman, 1967, Parlange and
Waggoner, 1970), is difficult to use d i

excellent reviews
for detailed coverage of the subject (eg., Raschke, 1975; Meidner and

. ] rpe, 1976; Burrows and Milthorpe,
1976).
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238 MODIFICATION OF THE AERIAL ENVIRONMENT OF CROPS

Relationship between Environmental Parameters and Stomatal Resistance

Stomatal resistance is a strong function of light intensity at weak light
intensities and relatively constant at normal light levels. The literature
abounds with examples of the relationship. A typical curve is shown in
Fig. 5 along with the equation proposed by Waggoner et al. (1968) for the
relationship between light intensity and stomatal resistance: or

rg = rsm/erf(Rs,n/C) .................................. [3.56-16]

where rgm is the minimum stomatal resistance obtained when radiation is
great and C is an empirical parameter (0.21 for the curve in Fig. 4). The
implication of equation [3.5-16] is that the presence of absorbed light
demands stomatal opening. In reviewing the literature on stomatal move-
ment, however, Raschke (1975) points out that stomatal action actually
responds to CO, concentration inside the substomatal cavity. DeMichele and
Sharpe (1973) developed a complex model to define this movement. Under
normal CO, field conditions the complex model is no more accurate than
equation [3.5-16]. Under modified CO, conditions, the use of equation
[3.5-16] would be questionable.

The effects of water potential on stomatal resistance have been studied
extensively in recent years with the development of instrumentation for
measuring water potential§. Early researchers theorized that stomata closed
slowly in response to decreasing water potential. Recent research as sum-
marized by Hsiao (1973) and Raschke (1975) has shown that stomata
remain open until some critical value of water potential and then close
rapidly to prevent water potential from becoming any more negative. A

100~ O TURNIPS

D X COTTON

| | 1 J

0 100 200 300 400
RADIATION ABSORBED
Rg,n (W/m?)

FIG. § Typical relationship between stomatal resistance and radiation absorbed [after
Waggoner, 1968].

QWater potential is a measure of the tenacity with which plants hold water. The more
negative the water potential, the more “tightly’’ water is held.
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FIG. 6 Effect of water stress on stomatal resistance of snap beans. Data from Kanemasy
and Tanner [1969] and curves from simulations by DeMichele and Sharpe [1973),

of DeMichele and Sharpe (1973) can also be used to simulate this relationship.

Air temperature is another important parameter affecting stomatal
resistance. Raschke (1975) indicates that stomatal resistance decreases
with temperature up to about 35 °C and increases at higher temperatures.
Values for cotton taken by Sharpe (1973) are shown in Fig. 7. Similar
results have been found for other crops (Hofstra and Hesketh, 1969; Stalfelt,
1962). The result of this temperature response, when coupled with the
non-linearity between air temperature and saturation vapor deficit, is
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that plants tend to be warmer than air at temperatures below 35 °C and
cooler than air at temperatures above 35 °C. This is a fortunate coincidence
since the optimum temperature for photosynthesis is near 35 °C.

Stomata also display a certain amount of circadial rhythm in their
opening and closing (Raschke, 1975). This rhythm is ill defined but should
be considered in simulations of mass and heat transfer with light-dark

modifications.

The Use of Stomatal Resistance in Computing Energy Fluxes
The energy budget of an individual plant leaf can be written as

_ 2 cp (To-Tap) 20 N (xvw = Xva) (3.5-17)

...................

R
N,a r, rg + ray

where RN 3 is the net radiation absorbed by the plant leaf, Ty is leaf tem-
perature, Tap is air temperature above the leaf boundary layer and A is
the latent heat of vaporization. Gates (1966) used equation [3.5-17] to pre-
dict the energy budget of a plant leaf and to propose its response to various
environmental parameters. Westerman, et al. (1976) used a similar rela-
tionship to predict the effects of leaf weting on leaf temperatures. In both
studies, it was only possible to make generalizations about the response for
an entire crop canopy.

By using equation [3.5-17] and functional relationships between plant
water potential, light intensity, and stomatal resistance, Waggoner et al.
(1968) and Stewart et al. (1969) have built complex micrometeorological
models which can be used to define crop response to environment. These
models are useful research tools, but are too complex to be used as opera-
tional tools at the present time.

Crop Resistance
An alternative to using stomatal resistance in a complex micrometeoro-

logical model of a plant canopy is to consider the canopy as a source or
sink at d + Zy for vapor or d + Zg for sensible heat and to define a canopy
resistance r for vapor. This was essentially the approach of Monteith (1963)
and others (Edling et al., 1971) assuming that Zy, Zg and Zg were all equal.
In order to use this approach it is necessary to determine stomatal
resistance from environmental parameters and relate this to a crop resistance.
Evaporative flux could then be determined for the entire canopy from equa-

tion [3.5-2].
Monteith (1963) proposed that crop resistance could be predicted from
108, 1, =140 =2AE/R, =G) © .o vttt [3.5-18]

Szeicz and Long (1969) showed that equation [3.5-18] was inaccurate and
proposed that
e =rLAL L e [3.5-19]

where rg is the average stomatal resistance of the crop and LAl is the
effective leaf area index. Szeicz and Long proposed that

LAI, = LAI LAUS Y LALy, % % &3 seve S o % % & & 9 & % v s (3.5-19a]

LAI, =W LAl . LAI>WLAL 0 .ot iiie e [3.5-19b)
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where LAl ay is the maximum LAI the crop will develop. Thom (1972)
proposed that LAls was equal to LAI. This question does not appear 1o
be resolved at this point.

It must be pointed out that 2 LAI weighted stomatal resistance is a
gross simplification of a very complex process. It is such a usefu] concept,
however, that it is worth the effort required to make it tractable.

APPLICATION OF AERIAL AND CROP RESISTANCES
FOR PREDICTING ENERGY FLUXES
Resistance-Energy Balance Method
Accurate estimates of energy fluxes over a large area are needed for

estimating energy fluxes associated with environmental modifications. On
approachistouse a resistance-energy model of the type

RN+G+I-IS+HQ=0 .............................. [3.5-20) v
or using the aerial resistance concept,
pey T .~T Xys = Xy,
Byvem—tti M pACw N £3.5-21

+
ras rav l-C

where G is soil heat flux, and RN is net radiation flux. Three specitic
examples will be given of the use of equation [3.5-21] to calculate energy
fluxes.

Case I: Surface temperature measured, RN, G, and T, are routinely
measured environmental parameters. Ts can be measured by remote sensing
or thermal imagery and Tas can be estimated from wind speed and air ten-
perature profile measurements. With these parameters available, sensible

heat flux is given by equation [3.5-1] and latent heat fluxes by,
(Ta=Ty)

HQ=_(pan +RN+G)

as
Heilman and Kanemasu (1976) tested this model over sorghum and S0y-

beans at Manhattan, Kansas. The resistance to heat transfer, Lag, Wi
evaluated by

- z-d
[T (kU*) [In

TV (3.5-23]

where Zg = roughness length for heat transter, d = displacement length
which was assumed to be the same for heat as well as momentum transfer,
ws = diabatic influence function (integral form) for heat transfer. Values
of Zs were obtained from intercepts of linearized relationships of (Tg — T a)
vs In(z—d) (Chamberlain, 1966). w was evaluated in terms of Richardson’s
number using relationships presented by Lettau (1962), Dyer and Hicks
(1970) and Webb (1970). Figs. 8 and 9 (from Heilman and Kanemasu, 1970)
show their ryg values for soybeans and sorghum at two growth stages and
the resulting LE fluxes compared with lysimetrically measured evapo-
transpiration data.
An alternative method of computing ryg is given below. The sensible
heat flux term in equation (3.5-22] can be expressed as,
T, - T,

oT o
Hs—pal Cp s =0, Cp KSa— ......................... [3.5-2.1)
ius

Z

***The convention used here is that heat flow to the surface is positive.
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FIG. 8 Estimates of ryg and comparisons of model LE, lysimetric LE, and Rn for soybean [A]
and sorghum [B] on July 17, 1974 |from Hellman and Kanemasu, 1976].

or

du
(Tg- Ty (52)
X e e == s e
¥ OKg T
) U )
Ko 0z

Following Thom's (1972)

......................... <+« [3.5-25]

analysis, a representative surface temperature

can be obtained by extrapolating T(z) vs In(z—d) to z = d + Zg (In other
words, T = Tg where u = =B U,). Equation [3.5-25] can, therefore, be

rewritten as

(u+B' U
r =
as ST e
K
I v’
Km

...... Tttt e e . J[3.5-26] %

**Verma et al. (1976) used a similar approach in estimating ET from sorghum at Mead.
Nebraska except that they extrapolated T = Tstou = 0 instead of u = -B U,.
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HG, 9 Estimates of Fag and comparisons of model LE, lysimetric LE, and Rn for soybean |A]
sad sorghum (B) on August 25, 1974 [from Hellman and Kanemasu, 1976).

B can be estimated from results reported by Thom (1972) and by Garratt
and Hicks (1973) (e.g. Fig. 1). Reasonably accurate values of friction
velocity can be obtained by employing Deacon-Swinbank’s Jow level drag
vuelticient approach (Deacon and Swinbank, 1958; Bradley, 1972; Pierson
and Jackman, 1975 and Verma et al., 1976). Results from recent micro-
meteorological investigations (e.g. Dyer and Hicks, 1970); Pruitt et al.,
1973) can be used to estimate K¢/ Km.

Case II: Surface temperature predicted, Xvs in equation [3.5-21) is a
lunction only of surface temperature. QOver 3 range of =54 to +54 °C 4
reasonably accurate estimate of Xvs has been proposed by Bosen (1960) as

0 .
Ny = == [(0.00738 T, + 0.8072)% - 0.0019 (T + 48) + 0.001316) . , . . . [3.5-27]
3

where P s atmospheric pressure and T is measured in degrees F, Denoting
tvs as f(T), equation [3.5-21] becomes

PCo(Tg=Ty) 2 (&(T,) _x. )
Ry+G=—=R '8 a7 e T 13.5-28]

l'as r&V + l‘c
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If profile data are not available for estimating ras and ryy estimates can be
made from crop parameters. Assuming that rag = ray, equation [3.5-23]
can be written in terms of roughness heights as

z=-d z-d
(ln—1] [In —1] ¢},
z

z
o s
Yas = Tay = K T R e e s e R SR . [3.5-29]
K — 4
Km

Values of Zg and d can be estimated from equations [3.5-11] and [3.5-13].
Knowing Z,, an estimate of U, can be obtained from

u =_Eu__ ................................... [3:56-30]

* z-d
1n<—z—0 ) 6
Zg can be estimated from Z, using the paratheter B~ and equation [3.5-9a).
If Garratt and Hicks (1973) data on crops is used, kB™' can be estimated
rather roughly from Fig. 1.

Relationships by Dyer and Hicks (1970) were proposed in Chapter
3.5-2 for ¢ and K¢/Kp. Alternate relatignships are given by Businger
et al. (1971) and Pruitt et al. (1973). The problems with the use of the
stability relationships by Businger et al. is that they are in terms of the
Monin-Obukhov stability length given in Chapter 3.2. In the absense of
profile data one normally needs a diabatic correction in terms of Richardson
number,

g (Tg-T,y) (z-d)

............................... [3.5-32]
T u?

This relationship is an approximation only and should be limited to situa-
tions where the reference height z is close to the surface. It is also necessary
to measure or estimate Tg for its use. A formula is necessary to relate z/L
to Rj. Binkowski (1975) proposed relationships as a simplification of the
more complex forms proposed by Businger et al. (1971).

A test of the model given by equation [3.5-27] to [3.5-32) using Businger’s
stability correction was conducted by the authors on data collected by Ehrler
and van Bavel (1967) over grain sorghum in which evapotranspiration, leaf
stomatal resistance, and leaf temperature were measured. The effects of
windspeed in Z, was accounted for by using the relationship shown in Fig.
2 based on the Szeicz et al. (1969) data. As mentioned earlier, the Szeicz
et al. data probably overestimate the effects of wind on Zy. Predicted leaf
temperatures and evapotranspiration are shown in Fig. 10 under assump-
tions that LAl is equal to one-half LAI and to LAI. Based on the results
indicated, it appears that the procedure has merit. A similar approach was
used by Edling et al. (1971) and Barfield et al. (1974) to predict the effects of
irrigation on crop cooling.

The Brown-Rosenberg model. The Brown-Rosenberg model is a slight
modification of Case II. A resistance mass-transfer method (e.g. Monteith,
1963) for estimating evapotranspiration is given by:

P AM /M (e . —¢ )
LE = a w a*'s i

............................... (3.5-33]
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3.5 AERI,

46

42|

38

w 7]
(o] +
T T

TEMPERATURE °C
~
o
¥

22}

E(mm/hr)

FIG. 10 Co
sorghum d,

where ¢g
’I‘Sv €q ist
Fyy s the
Canopy re
respective
temperati
Classius
(the sub-s
percent.
Brow
climinate

LE - ~(p
or

(LE
Ty = ———

Theretore



INMENT OF CROPS

tima\tes. can be
1a a1 [3.5-23)

...... [3.5-29]

] and [3.5-13].

.. .. .[3.5-30]

ition [3.5-9a).
be estimated

d in Chapter
by Businger
1e use of the
terms of the
e absense of
f Richardson

)
... .[3.5-32]

ited to situa-
110 necessary
to relate z/L
cation of the

ing Businger’s
ted by Ehrler
piration, leaf
'he effects of
shown in Fig.
r, the Szeicz
’redicted leaf
1der assump-
on the results
ipproach was
‘the etfects of

del is a slight
.g. Monteith,

. ... [3.5-33]

Bl

3.5 AERIAL AND CROP RESISTANCES AFFECTING ENERGY TRANSPORT 245

- —~ x
46 46 x
x X Q ramr./LAT
42 a2t x0Cn X ¢ fs
K roefs /—ZI-LI\I
38} 38
(&) (&)
° B
w 34 w 34
1 4 x
p=] =
E 30f g 3
@ x o
g A
[/ =
s 26 S 26
= =
-
22} 22
18
] 4 X 1 X A I I 1 J
24 00 04 o8 12 16 20 24
JULY 20, 1965
I.ZL
™ <~ .ok o
f f [ 000
E € X o
€ € 4| Ox "l"lo
W W B [e)
0 X
L 1 L L L J i L L L L J
00 04 o8 12 16 20 24 00 04 08 12 16 20 24
JULY 13, 1965 MOUNTAIN DAYLIGHT TIME JULY 20, 1965

FIG. 10 Comparison of predicted and observed crop temperatures and evaporation for Arlzonu
sorghum data using Case II model [data from Ehrler and van Bavel, 1967).

where es is the saturation vapor pressure at the crop surface temperature,
Ts, ea is the vapor pressure in the ambient air, P is the atmospheric pressure,
ray is the aerial resistance to the transport of water vapor, re is the plant
canopy resistance, My, and M, are the molecular weights of water and air,
respectively. Saturation vapor pressure €s can be obtained from crop surface
temperature measurements by using an integrated version of the Clapeyron-
Classius equation [eg = f] (Tg)], assuming the air space within the leaves
(the sub-stomatal cavities) to be at or very near a relative humidity of 100
percent.

Brown and Rosenberg (1973), employing energy-balance consideration,
eliminated eg in equation [3.5-33] to obtain

Ta- T
LE = _(pa Cp RN F ) e e e e e [3.5-34]
as
or
(LE + Ry +8) L
T =

P4 Cp

Therefore, eg can be written as

(LE + RN +8S) Lus

e =0 (TH)=¢£ [ R P e R R [3.5-36)
s At%g 1 pucp a
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Combining equations [3.5-33] and [3.5-36] results in

(LE + RN + 5) Tas

[£ + T -e.]
pLM M, T, Cp -
LE=o—— & it (3.5-37) 1%
P ras+rc

Using RN, S, Ta, ea and aerial and crop resistance measurements in
equation [3.5-37] and employing an iteration technique, Brown and Rosenberg
(hereafter called B-R model) obtained ET estimates which agreed closely
with measurements made in a sugar beet field. The B-R model has been
used to evaluate windbreak, antitranspirant and reflectant influences on
ET and gave results consistent with experimentation (Hales, 1970, unpub-
lished; Brown and Rosenberg, 1972; Miller et al., 1973 and Baradas et al.,
1976). The B-R model is useful when neither direct nor remotely sensed
canopy temperature data are available and when there is need to evaluate
the impact on evapotranspiration of the several aforementioned environ-
mental and crop parameters.

SUMMARY AND CONCLUSIONS

A discussion is given of the factors affecting aerial and crop diffusion
resistance to heat, mass, and momentum transport. Examples are given of
the use of these concepts to predict heat and mass transfer from crop cano-
pies. The limitations of these approaches are pointed out.

References

1 Allaway, W. G. and F. L. Milthorpe. Structure and functioning of stomata. Chapter 2
in Water Deficits and Plant Growth edited by Kozlowski, Academic Press, 1976.

2 Baradas, M. W., B. L. Blad and N. J. Rosenberg. 1976. Relfectant induced modifica-
tion of soyean (Glycine max (L.) Merr) canopy radiation balance. 1V. Leat and Canopy Tem-
perature. Agron. J. 68:843-848.

3 Barfield, B. 1., J. N. Walker, and F. A. Payne. 1974. Development of prediction rela-

tionships for water requirements with irrigation cooling. Research Report No. 70, University of

Kentucky. Water Resources Inst., Lexington, KY. 41 p.
4 Binkowski, F. C. 1975. On the empirical relationship between the Richardson number
and the Monin-Obokov stavility parameter. Atmos. Env. 9:453-434.
5 Bosen, J. F. 1960. A formula for approximation of saturation vapor pressurc over water.
Monthly Weather Review. 88(8):275-276.
6 Bradley, E. F. 1972. The influence of thermal stability on a drag coefficient measured
close to the ground. Agric. Meteorol. 9:183-190.
7 Brown, K. W. and N. ]. Rosenberg. 1972. Shelter effects on microclimate, growth
and water use by irrigated sugar beets in the Great Plains. Agric. Meteorol. 9:241-263.
8 Brown, K. W. and N. J. Rosenberg. A resistance model to predict evapotranspiration
and its application to a sugar beet field. Agron. J. 65:341-347.
9 Brown, H. T. and F. Escombe. 1900. Static diffusion of gases and liquids in relation
to the assimulation of carbon and translocation of plants. Phil. Trans. R. Soc. B, 193:233-291.
10 Brutsaert, W. 1975. Comments on surface roughness parameters and the height of dense
vegetation. Journal of the Meteorol. Soc. of Japan 53(1):96-97.
11 Burrows, F. J. and F. L. Milthorpe. 1976. Stomatal conductance in the control of gas
exchange. Chapter 3 in Water Deficits and Plant Growth, edited by Kozlowski, Academic Press.
12 Businger, J. D., J. Wyngaard, Y. Izumi and E. F. Bradley. 1971. Flux profile relation-
ships in the atmospheric surface layer. J. Atmos. Sci. 283:181-189.
13 Chamberlain, A. C. 1966. Transport of gases to and from grass and grasslike surfaces.
Proc. R. Soc. A. 290:236-265.

t1rys is assumed to be equal to ray.

3.5 AERIs

14 C
like roug
15 D
transfer,
16 D
motion. .
17 D
fayer. O
18 1
under
19 FE
Agron. }
20 G
from nat
21 G
41:353-3
22 H
evapolra
83, Univ
23 H
encrgy b
24 H
25 H
in diften
26 H
24:519-5
27 K
Intluence
28 L
layer. A
29 L
busis of
30 M
31 M
of a slat
32N
wheat le
33 !
mental
34 (
Mech. !
35 1
fusion.
36 1
several
37 1
in thes
RI I |
Plant P
39
40 ]
Water 1
41 ¢
Agron,
42 !
[, Il an
Haila, |
43 !
Physiolc
44 !
tusion f
45 ¢
simulat
| vohinice



i

ONMENT OF CROPS

[3.5-37]1 1%

ieasurements in
1 and Rosenberg
 agreed closely
nodel has been
t influences on
, 1970, unpub-
Baradas et al.,
emotely sensed
eed to evaluate
tioned environ-

| crop diffusion
les are given of
Tom Crop cano-

)

‘stomata. Chapter 2
5, 1976.

it induced moditica-
\f and Canopy Tem-

t of prediction rela-
No. 70, University of

Richardson number
pressure over water,
coefficient measured
vicroclimate, growth
ol. 9:241-263.

t evapotranspiration
d liquids in relation
Soc. B. 193:233-291.
d the height of dense
in the control of gas
ski, Academic Press.

Flux profile relation-

d grasslike surfaces.

J

3.5 AERIAL AND CROP RESISTANCES AFFECTING ENERGY TRANSPORT 247

14 Chamberlain, A. C. 1968. Transport of gases to and from surfaces with blutl and suve
like roughness elements. Quart. J. Roy. Met. Soc. 94:318-332.

15 Deacon, E. L. and W. C. Swinbank. 1958. Comparison between momentum and watci
transfer. Proc. Symp. Arid Zone Res. UNESCO, Canberra. p. 38-41.

16 DeMichele, D. W. and P. J, H. Sharpe. 1973. An analysis of the mechanics of guard ccll
motion. J. Theoretical Biol. 41:77-96.

17 Dyer, A. J. and B. B. Hicks. 1970. Flux gradient relationships in the constant flus
layer. Quart. J. Roy. Met. Soc. 96:715-721.

18 Edling, R. 1., B. J. Barfield, and C. T. Haan. 1971. Prediction of leaf tempcratures
under unstable atmospheric conditions. TRANSACTIONS of the ASAE 14(6):1095-1099.

19 Ehrler, W. L. and C. van Bavel. 1967. Sorghum foliar response to soil water content
Agron. J. 59:243-246.

20 Garratt, J. R. and B. B. Hicks. 1973. Momentum, heat and water vapour transfer 1o and
from natural and artificial surfaces. Quart. J. Roy. Met. Soc. 99:680-687.

21— Gates; D M. 1966, Transpiration-and-energy-exchange. Quart. Review- ol Biolow
41:353-364.

22 Hales, T. A. 1970. The effect of Antitranspirant materials on the radiation balance and
evapotranspiration in an irrigated alfalfa field. Meteorology (Horticulture) Progress Repont
83, University of Nebraska, Lincoln. 180 pp.

23 Heilman, J. L. and E. T. Kanemasu. 1976. An evaluation of a resistance form of the
energy balance to estimate evapotranspiration. Agron. J. 68:607-612.

24 Hicks, B. B. 1973. Eddy fluxes over a vineyard. Agric. Meteorol, 12:203-215.

25 Hofstra, G. and J. D. Hesketh. 1969. The effect of temperature on stomatal aperiure
in different species. Can. J. Bot. 47(8):1307-1310.

26 Hsiao, T. C. 1973. Plant response to water stress. Annual Reviews of Plant Physiol
24:519-570.

27 Kanemasu, E. T. and C. B. Tanner. 1969. Stomatal ditfusion resistance ot snup beans [,
Influence of leaf water potential. Plant Physiol. 44:1547-1552.

28 Lettau, H. H. 1962. Studies of the three-dimensional structure of the planetary boundury
layer. Annual Rep., DA 36-039-SX-80282, U.S. Electronic Proving Ground.

29 Lettau, H. H. 1969. Note on the aerodynamic roughness—Parameter estimation as the
basis of roughness—Element description. J. Appl. Meteorol. 8:828-832.

30 Meidner, H. and T. A. Mansfield. 1968, Physiology of stomata. McGraw-Hill, New York.

31 Miller, D. R., N. J. Rosenberg and W. T. Bagley. 1973. Soybean water use in the shelier
of a slat-fence windbreak. Agric. Meteorol. 11:405-418,

32 Milthorpe, F. L. and H. L. Penman. 1967. The diffusive conductivity of stomata of
wheat leaves. Jour. Exp. Botany 18:422-457.

33 Monteith, J. L. 1963. Gas exchange in plant communities. In L. T. Evans (ed.) Environ-
mental control of plant growth, pp. 95-112, Academic Press, New York.

34 Owen, P. R. and W. R. Thomson. 1963. Heat transfer across rough surfaces. J. Fluid
Mech. 15:321-334.

35 Parlange, J. Y. and P. E. Waggoner. 1970. Stomatal dimensions and resistance to dil-
fusion. Plant Physiol. 46:337-342.

36 Pierson, F. W, and A. P. Jackman. 1975. An investigation of the predictive ability of
several evaporation equations. J. Appl. Meteorol. 14:477-487.

37 Pruitt, W. O., D. L. Morgan and F. J. Lourence. 1973, Momentum and mass transici

in the surface boundary layer. Quart. J. Roy. Met. Soc. 99:370-386.

38 Raschke, K. 1960. Heat transfer between the plant and the environment. Ann. Rev.
Plant Physiol. 11:111-126.

39 Raschke, K. 1975. Stomatal action. Annual Reviews of Plant Physiol. 26:309-340.

40 Rijtema, P. E. 1966. Evapotranspiration. Technical Bulletin 47, Institute tfor Land and
Water Management, Wageningen, The Netherlands.

41 Sharpe, P. J. H. 1973. Adaxial and aboxial stomatal resistance of cotton in the ficld.
Agron. J. 65(4):570-574.

42 Seginer, I. and D. Rosenzweig. 1972. Flow around oriented porous obstruction. Vols.
I, I1 and III. Publications Nos. 138, 160 and 189. Technion, Israel Institute of Technology,
Haifa, Israel.

43 Stalfelt, M. G. 1962. The effect of temperature on opening of the stomatal cells
Physiological plant, 15:772-779.

44 Stanhill, G. 1969. A simple instrument for the field measurement of turbulent dil-
fusion flux. J. Appl. Meteorol. 8(4):509-513.

45 Stewart, D. W. and E. R. Lemon. 1969. The energy budget at the earth's surface: A
simulation of net photosynthesis of field corn. Microclimate investigations Interim Report 6Y- 3,
Technical Report ECOM 2-68, United States Army Electronics Command, Atmospheric



_

248 MODIFICATION OF THE AERIAL ENVIRONMENT OF CROPS

Sciences Laboratory, Fort Huachuca, Arizona; Cross Service Order 2-68, Microclimate Investi-
gations, U.S. Dept. of Agriculture, Bradfield Hall, Cornell University, Ithaca, NY. pp. 62-78.
46 Sutton, O. G. 1953, Micrometeorology. McGraw-Hill, London, 333 p.
47 Szeicz, G. and 1. F. Long. 1969. Surface resistance of crop canopies. Water Resources 3.6

Res. 5(3):622-633.
48 Szeicz, G., G. Endrodi, and S. Tachman. 1969. Aerodynamic and surface factors in

evaporation. Water Resources Res. 5(2):380-39%4. MOl
49 Thom, A. S. 1968. The exchange of momentum, mass and heat between an artificial

leaf and the airflow in a wind-tunnel, Quart. J. Roy. Met. Soc. 94:44-45.
S0 Thom, A. S. 1971. Momentum absorption by vegetation. Quart. J. Roy. Met. Soc. 97: b
y

414-428.
51 Thom, A. S. 1972. Momentum, mass and heat exchange of vegetation. Quart. J. Roy.

Met. Soc. 98:124-134.
S2 Verma, S. B., N. ]. Rosenberg, B. L. Blad and M. W. Baradas. 1976. Resistance-

energy method for predicting evapotranspiration: Determination of boundary layer resistance

and evaluation of error eftects. Agron. J. 68:776-782.
S3  Waggoner, P. E. and W. E. Reifsnyder. 1968. Simulation of the temperature, humidity,

and leaf profiles in a leaf canopy. J. Appl. Metearol. 7(3):400-409.
54 Webb, E. K. 1970. Profile relationships: The log-linear range, and extension to strong

stability. Quart. J. Roy. Met. Soc. 96:67-90.

55 Westerman, P. W., B. ]. Barfield, O. J. Loewer, and J. N. Walker. 1976. Evaporative
cooling of a partially-wet and transpiring leat I1. Simulated effects of variations in environ-
mental conditions, leaf properties, and surface water characteristics,. TRANSACTIONS of the

ASAE 19(5):889-893. char
56 Wiegand, C. L. and J. F. Bartholic. 1970. Remote sensing in evapotranspiration that

research on the Great Plains. Proc. Evapotranspiration in the Great Plains Sem. Bushland, TX, lf
plica

1970. Res. Comm. Great Plains Agric. Counc. Publ. No. 50 pp. 137-180. .
57 Zelitch, 1. 1961. Biochemical control of stomatal openings in leaves. Proc. Nat'l Acad. plica

Science. 47:1423-1433. . mati
from

whic
the ¢
divid
teriz

abou
techr
and
in de
inclu
could
tatior
that .

Crop
large
succe
ables
the ti
used.
to th
regiol
trons
A pre



	Aerial and Crop Resistances Affecting Energy Transport
	

	tmp.1604007898.pdf.LHCga

