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PREFACE

The research described in this report was conducted by personnel

of the Department of Forest and Wood Sciences, College of Forestry and

Natural Resources, Colorado State University (CSU) from 1 October 1978 to
1 February 1980 under contract Mo. DACY 39-77-C-0073 to the U.S. Army
Engineer Waterways Experiment Station (WES). The study was done under
Department of the Army Project No. 4A762730AT42, Task A4, Terrain/Oper- é
ations Simulation, Vork Unit 003, Llectromagnetic Target Surround Char-
acteristics in Natural Terrains.

i Participating project personnel concerned with the tasks described
in this report include Dr. James A. Smith, Principal Investigator; Mr.

K. Jon Ranson, Research Associate; and Mr. Frank Croft, Graduate Research

Assistant. In addition, very significant support was provided by Dr.

Duong MHguyen of the Civil Engineering Department. Or. Lee Balick, on

assignment at the WES from CSU, was responsible for the technical review
of the report and numerous suggestions that benefited the overall quality
of this report.

Experimental data utilized in this study were obtained from a decid-

uous community at Oak Ridge National Laboratory in conjunction with Dr.
B. Hutchison of the Atmospheric Turbulence and Diffusion Laboratory of

the tlational Oceanic and Atmospheric Administration. Similarly, measure-

ments were obtained over a Douglas-fir community in cooperation with Dr.
Leo Fritschen of the University of Washington. Thermal imagery was obtained
by the Oregon National Guard at the Washington site.

The study was conducted under the general supervision of Dr. John

Harrison, Chief of the Environmental Laboratory (EL), and Mr. Bob Benn,
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Chief of the Environmental Systems Division, EL. Dr. Lewis E. Link,

Chief of the Environmental Constraints Group, EL, was Technical Monitor

for the study.
Commanders and Directors of WES during the conduct of this study ;

were COL. John L. Cannon, CE, and COL. Nelson P. Conover, CE. Technical

Director was Mr. Fred R. Brown.

This report should be cited as follows:

Smith, J.A., Ranson, K.J., Nguyen, D., and Link, L.E. 1981.
"Thermal Vegetation Canopy Model Studies,” Technical Report
EL-81-6, prepared by Colorado State University in collabora-
tion with the Environmental Laboratory, Waterways Experiment
Station, for the U.S. Army Engineer Waterways Experiment Sta-
tion, CE, Vicksburg, Miss.
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THERMAL VEGETATION CANOPY MODEL STUDIES

PART I: INTRODUCTION

1. This technical report is the last of a series of reports
prepared on scene radiation dynamics. Earlier volumes in this series
have described the development of models for optical and thermal energy
interactions with forest and grassland vegetation canopies. Extensive
field measurement efforts done in cooperation with the U.S. Army Engi-
neer Waterways Experiment Station (WES) have also been separately re-
ported. This report describes further efforts in thermal model devel-
opment, evaluation, and sensitivity analysis. Measurements obtained

over a Douglas-fir (Pseudotsuga menziesii) experimental site near Seattle,

Washington, and an oak-hickory, deciduous site near QOak Ridge National
Laboratory, Tennessee, are included. At both sites intensive ground instru-
mentation was employed as well as thermal overflights provided by the Oregon
National Guard and the Georgia National Guard, respectively. In addition,
analyses have been performed with data from Zweibriicken Air Force Base in
the Federal Republic of Germany,

2. This introduction briefly summarizes the following topics which
are explored more fully in the body of the report: (a) model framework,
(b) sensitivity analysis, (c) experimental validation, and (d) recom-
mendations.

Model Framework

3. The initial thermal canopy model utilized in this study is de-
scribed in the report by Kimes, Smith, and Ranson (1979). The model is a
plane-parallel abstraction of a vegetation canopy divided into three hori-

zontal layers. Furthermore, steady-state conditions are assumed.

5
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An energy-balance formulation of the model may be given in vector
_F,Q(_,B,g) =0 (1) s

(F1 F2 F3) is the energy-balance equation for layers 1, 2, and 3,
considering the following energy components: longwave transfers,
shortwave transfers, sensible heat, and evapotranspiration

(X1 X2 X3)T is the average layer temperature vector for layers 1,
2, and 3

(ei, i=1,2,3 s i=1,2,3 Eg R] S A) is the parameter vector

characterizing the canopy layers

emissivity and absorptivity of the vegetation layer

emissivity and absorptivity of the ground layer
canopy stomatal resistance to water vapor diffusion
longwave flux transfer matrix calculated from geometrical
properties of the canopy
shortwave flux absorption coefficient vector
(Ta Tg WS RH Sw)T is the control or input vector
air temperature
ground temperature

wind speed

relative humidity

shortwave flux




5. As part of the tasks of this project, F was rewritten in the
following form, which explicitly factors the geometrical properties of the

canopy from the remaining energy terms:

F =300 B(X)'S + B(X) + A * H(X) + LE(X) (2)
where:
o = Stefan-Boltzmann constant
B = vector of longwave emission terms
H = vector of sensible heat
LE = vector of evapotranspiration term

The significance of this factorization is that a wide variety of abstract
or canonical canopies may be characterized by precalculation of S and A
matrices. These matrix tables may then be convolved with the appropriate
meteorological driving variables to simulate diurnal behavior for a wide
spectrum of scenaries. Five standard canopy structures of three different
densities are given. These canopy structure combinations represent a spec-
trum of geometrical structure-indexed thermal variations. Other combinations
may easily be calculated.

6. In addition a view factor matrix VF is precalculated for each
canopy characterization which is used to calculate thermal exitance W as

a function of view angle, 0o .
_ T
W(e) = VF(Layer,0) B (3)

where:

W = the predicted canopy exitance at view angle, ©




7. Finally, a new solution of the energy-balance equation was
formulated utilizing the knowledge of the F function which permits an
explicit evaluation of the Jacobian.

8. Specifically, a modified iterative Newton-Raphson technique is
employed (Burden, Faires, and Reynolds 1978).

9. Given P, U for a given time period, F(X,P,U) becomes a
function of X only. Expanding about an initial guess, 50 , and employing
a minimum squared error criteria yields
- T K

6X = X - )] (4)

L %
where:
J = the Jacobian evaluated at X = X = and the n+l iteration is

given by

Iner T T X (5)

Convergence usually occurs within a few iterations.

10. The initial guess is taken to be air temperature; thus, the
solution approach may be interpreted as determining the modification to
the air temperature profile which arises when a canopy is inserted into

the volume space urnder consideration.

Sensitivity Analysis

11. A sensitivity analysis was performed on the following parameters
and input variables:

o longwave absorptivity for vegetation layers 1, 2, and 3

€5 longwave emissivity for layers 1, 2, and 3

€q ground emissivity

@3]




R] canopy stomatal resistance
shortwave absorptior. in vegetation layers 1, 2, and 3
RH relative humidity
T ground temperature
| WS wind speed
T, air temperature above the canopy

Tac air temperature within the canopy

Sensitivity analysis was not directly performed on the S matrix nor

on the view factor matrix. Rather, the above analyses were repeated

for two different S matrix configurations. One corresponded to the
Douglas-fir canopy and the second to an oak-hickory canopy.
12. Sensitivity analysis (Tomovic 1963) involves the evaluation

of the sensitivity matrix:

2X
> = Sep (6)
g g
where:
X = layer temperature vector
P = 16-component parameter/input vector

The analysis was performed in each case for X3P corresponding to a
daytime and nighttime representative set of conditions.

13. The first order perturbation of each of the 16 parameters was
evaluated systematically, solving for the new equilibrium canopy temperature

profile after each perturbation, i.e.,

P

1 =
6X =S, 6P




The most sensitive parameter of the model was found to be the air temp-
erature within the canopy. Next, dependence on canopy stomatal resistance
was found to be highly nonlinear for the low values of R] . The depen-
dence of canopy temperature on most other parameters was found to be

highly linear.

Experimental Validation

14. Comparison of both daytime and nighttime measurements for the
Doulgas-fir and oak-hickory canopies with simulation predictions were
carried out. For both of the canopies, nighttime simulations deviated
from measured values by 2°C or 1less. Daytime simulations underestimated
measured Douglas-fir canopy temperatures by a maximum of 2°C; whereas,
simulation of the lower canopy for oak-hickory overestimated temperatures
by a maximum of 4°C. Deviation patterns could be explained in terms of

macroscopic and variable environmental conditions.

Recommendations

15. Two broad categories of recommendations are made in the enclosed
report. First, several suggestions are made relative to improvements

that could be made in the thermal model itself. Secondly, some suggested

approaches for estimating required parameters in the model from observed

data are given.

16. Sensitivity analysis has indicated the importance of the air

temperature within the canopy as an input to the model. Further, the

gy

validation experiments have indicated the importance of utilizing an

appropriate wind speed measurement. Thus, it would appear to be appropriate

10




to review the various hypotheses concerning the variation in air temperature
and wind speed with height. The model is easily modified to include a
height dependence of these two variables; they are treated as constants
simply because there is not a very strong rationale for choosing among

the various options. In a similar vein, various authors' recommendations
have been selected for analytic representations of the energy budget com-
ponents. It may be useful to systematically evaluate several alternative
formulations. Two further extensions to the physics of the model would
include the incorporation of a ground temperature prediction module and the
expansion of the steady-state formulation to a time-dependent process, that
is, allowing for heat storage within the canopy.

17. Finally, further analysis of the structure of the geometrical
matrices, that is, the S , A, and VF matrices, relative to the
intrinsic canopy structure variables should be undertaken. Specifically,
the possibility of further factoring these matrices in terms of their
leaf area index dependence and their dependence upon leaf slope distribution
should be investigated. It may be possible to treat the density, that is
the leaf area index dependence, as a simple scaling influence on precal-
culated structural forms. If an analytic decomposition of these matrices
in terms of these two influences is not possible, numerical approaches
should be investigated. A faster, more tractable, calculation of the
shortwave absorption coefficient should be given high priority.

18. Two approaches are recommended for parameter estimation analysis.
The first method describod is based on the Kalman filtering techniques.

The linearization of the model in terms of a classic state-space framework

js outlined. A Kalman filtering approach on a parameter vector or an

11
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augmented state vector is described (Friedland 1972). A second approach to
parameter estimation is suggested, which is based on the use of sensitivity
functions (Durando and Leondes 1976). This approach also begins with a
state-space formulation of the model but then proceeds to use the sensitivity
functions to calculate an unknown parameter vector by minimizing the square
of the error vector between predicted and measured response.

19. The appendixes of this report include the program listings for
the thermal model, the sensitivity program, the geometrical preprocessing
programs, SCALC, and the SRVC absorption model. Also included in the
appendixes are the geometricai matrices for 15 abstract canopies, the

sensitivity results, and supporting validation data.

12
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PART II: NEW MODEL STRUCTURE

20. This part summarizes the updated formulation and solution LA
approach to the basic thermal canopy model developed under previous
efforts. The individual expressions for the component energy budget
processes are summarized and explicit expressions for the elements of
the Jacobian matrix are given. The geometrical factorization of the
energy budget equation, particularly for the longwave flux transfers,
is derived, and the sequence of computer programs required to develop

a thermal simulation is described.

Energy-Balance Framework

21. The model is a plane-parallel abstraction of a vegetation canopy
divided into three horizontal layers. Two additional source layers are
given by the atmosphere above the canopy and by the underlying ground or
understory layer. An energy-balance framework, assuming steady-state
conditions, is formulated for each of the three vegetation layers (sinks)

as a function of the five source layers. For this and subsequent sections

Figure 1 may prove useful for conceptualizing the various energy flows.
The sink or vegetation layers are represented by i = 1,2,3; j=1,2,3,4,5
represents, respectively, the atmosphere, the three vegetation layers,
and the ground source layers of energy flux. The combination of the
i,j 1indices, thus represents a flow of energy from source layer j to
sink layer 1 .

22. The vector expression for the energy-balance equations was

given in the Part I, Equations 1 and 2 as:

13
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F=1a0B(X)'S +

(X) + A +

(X) + LE(X)

23. The vector equation may be expanded in long form and the explicit

dependence on parameters or input variables indicated by

5 @0 _P(Ta)sll + B(Xl)S12 + B(X2)513 + B(X3)S14 + 3(79)515_ (8) ]
+ A - oB(Xl) + H(XI;WS,Ta) + LE(XI;NS,Ta,R],RH) =0

i ]
% a,0 _B(Ta)SZI + B(XI)SZZ + B(X2)523 + B(X3)S24 + B(Tg)525 (9)
2

- B(Xz) + H(XZ;NS,Ta) + LE(XZ;NS,Ta,R],RH) =0

r

o B(Ta)S31 + B(XI)S32 + B(X2)533 + B(X3)S34 + B(Tg)S35] (10)

Q

2
3
+ A3 - oB(X3) + H(X3;NS,Ta) + LE(X3;WS,Ta,R],RH) =0
' where the explicit formulation for each energy budget component used in
the model is given by
| Longwave: B(Xi) = ei(xi + 273)4 (11)
_ 4
B(Ta) = ea(Ta + 273) (12)
4
= +
B(Tg) eg(Tg 273) (13)
Sensible Heat: H(K.MS,T.) = (X.-T.) -0.698(20.4 + 0.24s%-%7)(14) :

Evapotranspiration:
LE(Xi;WS,Ta,R],RH) = -697.75(-0.566 X,i + 597.3)

R, + 1/60 (0.04 + 1.27 us™2/) ‘

Shortwave absorption: Ai = ABS(7)-SW (16)
where:
-4, 2
- -7.77 - 10°°T
egip = 1 - 0.261 e a (17)

ABS(i) = shortwave absorption coefficients calculated by an optical
absorption model which uses a Monte Carlo Technique to
include multiple scattering effects (see Program SRVC in

Appendix A)

14




Explicit Evaluation of the Jacobian

24. As indicated in Part I, the use of the iterative Newton-

Raphson technique for solving the nonlinear thermal equations involves

repeated evaluation of the expression §
6x = (') 1ol r-F(x)) (18)
where:
of
J = system Jacobian = | — X=Xo (19)
oX

The Newton-Raphson method is employed because, in this case, there are
relatively simple closed-form expressions for the elements of F , and

the Jacobian matrix can explicitly be evaluated. Specifically,

oo %
3Xy Xy Xy
aF aF oF
= | : k (20)
X, 3K, X,
oFy oF, oF 4
3X4 X4 aXq

The 1i,j component of J is easily derived as

3 3
L. = . . . .+ . s . . + 0.
J‘J 2 o5 €5 SU c(XJ 273)° + GIJ {4eJ O(XJ + 273) 0.698 Ta

-6 . . .
)(eo 056715 XJ 0.056715 Ta)

(20.4 + 0.2ws%-%7) + (697.75)(0.566)(5.234) (10 -RH e
R, + 1/60 (0.04 + 1.27 Ws™0"?)

+

-(697.75)(-0.566 X; + 597.3)(5.234)(0.056715) 107 0671 s

5
) 1)

Ry + 1/60 (0.04 + 1.27 ws™ 0

15




where:

aij = Dirac delta function

25. Program TMODEL, which implements the equations, is given in
Appendix A. Subroutine FEVAL evaluates the function and the Jacobian
derivatives and calls upon Subroutine BFUNC which calculates the long-
wave energy component and derivative; Subroutine QFUNC calculates the
sensible heat component and derivative. It should also be noted that two
different expressions for the convection coefficient arise, depending upon

the ambient wind speed. Subroutine RFUNC calculates the evapotranspiration.

Geometrical Factorization

26. A significant simpiification of the thermal model employed in this
study was the factorization of the geometric-dependent terms from the energy-
related terms for the longwave flux transfer processes. This factorization
is made possible essentially because of the lack of multiple scattering in
the thermal regime between canopy components whose emissivities (absorptivities)
are assumed nearly unity and by the fact that the thermal properties on both
sides of a canopy component are assumed equal. The significance of the
factorization is not so much in the increased efficiency in model calculation
as it is in permitting the possibility of precalculating these geometrical
matrices, S , for a wide variety of plant canopies. These precalculated
matrices may then be convolved with the appropriate driving variables as
required. Program SCALC (Appendix A) performs the actual calculations for
given input of geometric measurements.

27. The required input data for a three-layer canopy include

fik = leaf slope distribution for layer i=1,2,3 and angle

0k=5,15,...,85
16




Ni = leaf area index LAI , for layer i

Appendix B presents the S matrices calculated for five different
theoretical canopies at three different LAl densities =1, 4, ard 7.
28. The five theoretical canopies are approximated by Verhoef

and Bunnik (1975) as

Planopnile: fik = % (1 + cos 2 Ok)
Erectophile: f{k = %—(1 - cos 2 ok)
Plagiophile: fik = %—(1 - cos & ek)
Extremophile: fik = % (1 + cos 4 ek)
Uniform: fik = %

where Oy is the leaf slope angle.

The elements of the S matrix, itself, are given by

9
i30T B ik Gk (22)
where:
/2 ¢ 2n . .
Cijk = . ; laer| CONTijr do. do (23)

~

a s the orientation of the leaf at angle 0,3 and r is

the direction of the energy flux described by o , by

-~

- ~ = ] 3 » \
(i.e., r = (sin 0, €0s ¢ _, sin 6, sin ¢., cos o (24)

The elements of CONTijr represent the weighting coefficients which give
the flux contributions from a source layer, j=1,2,3,4,5 , to a sink vege

tation canopy layer, 1i=1,2,3 , from a particular source direction Ops ¢
17
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These elements for an arbitrary direction, r , are given in Table 1,
Po(i,r) is the probability of a gap in transversing layer i at direction

r . It may approximated by

P(1.r) & p (i,0,) = M) 9(1,00) sec o, (25)

where g(i,or) is the mean canopy layer projection in direction Or

Mean canopy projection is given by

) /2
g(1,or) = k(or,ek) fik de, (26)
where:
= 2/n cos 0, C0s 0., 0 <a/2 - 0.
k(o o, )
rk 2
= 4/v" cos 0, €Os o, (¢E - n/2 - tan¢£) » O 2 /2 - 0
o0 = cos™1 (-coto, coto ) ;
k k r

Program SCALC also calculates the view factor matrix for the canopy.
This matrix is used to determine the thermal flux contribution from each
vegetation layer and the ground layer which is intercepted by a sensor

viewing the canopy at a particular zenith angle. It is given by

M(i,0,) = VF(i,0,) = [VF(L,r) VF(2,r) VF(3,r) VF(4,r)1

™

VF(l,e.) = 1 - Po(l,r)

VF(2,6,) = P (L)1 - P (2.r)]

VF(3oer) Po(l.r) po(zsr)[l - Po(3sr)]

VF(4.er) = PO(I’Y‘) Po(zﬂ') po(3sr‘)

18




Sequence of Required Computer Runs

29. Appendix A contains a listing of all the computer programs

utilized in this study. Three of these programs are directly concerned

with thermal modeling or preprocessing steps that must be initiated before
the thermal calculations may be made. In addition, program SENSIT has
been included. This program performs the systematic and repetitive cal-
culations necessary to complete the sensitivity calculations of many of
the thermal model parameters.

30. The basic thermal model is program TMODEL. This program assumes H
that the geometrical characterization of the canopy has been performed and |
the appropriate S matrix, shortwave absorption vector, and view factor
matrix have been calculated. The model then performs similar calculations

at discrete time intervals, given the specification of the appropriate

parameter (emission and absorption characteristics of the canopy elements
and the ground, canopy stomatal resistance to water vapor diffusion).
Furthermore, the input information must be provided at the discrete time
intervals simulated. These data consist of the air temperature, the ground
temperature, the wind speed, the relative humidity, and the shortwave flux.
The basic philosophy of TMODEL is that for a given type or pres of vege-
tation canopies, one would want to simulate a multitude of scenarios for
their thermal behavior based on either ambient meteorological conditions

or modifications to the thermal properties of the canopy or understory.
Thus, it is usually required to calculate the geometrical characteristics
of the canopy type only once and then perform multiple simulations of the
canopy with TMODEL.

31. The calculations of the appropriate geometrical flux transfer

matrices are done by Program SCALC and Program SRVC for absorption. For

both of these programs, detailed canopy geometry information is required.
19
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This includes the leaf area index for each layer, and the leaf slope
distribution by layer. In addition, to calculate the shortwave absorption
coefficients, average optical properties of the canopy elements are required.
The SRVC absorption model is further described in a report by Kimes, Smith,
and Ranson (1979). é

32. The complete set of geometrical matrices have been calculated |
for the lodgepole pine canopy in Leadville, Colorado, studies under earlier
WES sponsorship, the Douglas-fir canopy from the Cedar River Watershed,
near Seattle, Washington, and the oak-hickory deciduous community at the
Walker Branch Watershed at Oak Ridge National Laboratory in Tennessee. In
addition, the geometrical characterization has been performed for 15
abstract canopies of varying densities and geometrices. These data are
given in Appendix B.

33. In summary, given a specific canopy to be studied and for which
detailed geometrical measurements have been obtained, Program SCALC and
the SRVC absorption model are first used in a preprocessing manner to
calculate the appropriate flux-transfer matrices. The data generated from
these runs are then used in Program TMODEL. If there is no specific geo-
metrical measurement available for canopies of interest, then one of the
15 theoretical canopies in Appendix B may be appropriate.

34. An example of a complete analysis for the validation experiments

is given in Part IV.
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PART II1I: SENSITIVITY ANALYSIS

35. The basic analytic model described in this report may be

indicated by the form:
F(X,P,U) = 0

To simplify notation, U will be considered to be an additional set of

parameters augmenting the P vector, and it will be written that:

F(X,P) =0

Y

Further, the solution to the system of equations for a specific parameter
Eo will be indicated as lﬂgo).

36. Sensitivity analysis consists of determining the change in the
solution to the model for a small change or perturbation in model parameters,
i.e., X(P, + aP).

37. The sensitivity function Sxp is defined (Tomovic 1963) as:

X(Py *+ 4P) - X(P,)
a PO AP

The sensitivity function may be evaluated analytically by differentiation
of the system equations with respect to the parameters under consideration,

yielding the following sensitivity equation:

aF ax + of
®w w0
or
s, Ltk
P3X 3P
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Alternatively, computer simulations may be employed in which the parameters
are systematically and separately perturbed from nominal values and new
canopy temperatures are determined.

38. As indicated in Part I, this latter approach was employed for
this study. Program SENSIT was written to facilitate the calculation
(Appendix A).

39. Program SENSIT requires environmental data and temperatures for
each layer to initialize the analysis. In addition, geometrical factor
matrices describing a particular canopy are required. The environmental
data used was collected by WES personnel at Zweibriicken Air Force Base in
West Germany on 4 October 1979. Data was selected at 0600 hours and 1100
hours to provide for nighttime (predawn) and daytime analysis. Initial
state temperatures for each layer were determined from simulation results.
The sensitivity analysis was performed for both the Douglas-fir and oak-
hickory canopies resulting in a total of four analyses. Table 2 lists the
initial environmental parameters and initial temperatures for each sensi-
tivity run. Graphical results of parameter changes versus predicted temp-
eratures are found in Appendix C.

40. The daytime sensitivity analysis showed that the predicted
canopy temperatures were most sensitive to the air temperature within
the canopy. A 10 percent change in canopy air temperature resulted in
nearly a 10 percent change in all layers for both types of canopies.
Decreasing longwave absorption coefficients by 10 percent resulted in
less than a 0.5°C change in predicted temperatures and showed a layer
by layer dependence for both canopies and time periods. Predicted
canopy temperatures showed minimal sensitivity to changes in air and
ground temperatures as input to the model. Temperature predictions were

nearly equally sensitive to the shortwave absorption in all three layers
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for both canopies. Changing the canopy emissivity in the top layer for
both canopies had 1ittle effect on predicted temperature for layer 1,

but slightly increased sensitivity was noted for the two lower canopy
layers. Decreasing ground emissivity from 1.0 to 0.9 increased predicted
temperatures by less than 0.5°c. Changing relative humidity showed 1little
effect on canopy temperatures with the daytime oak-hickory analysis
exhibiting the greatest sensitivity. A linear relationship was noted
between predicted canopy temperatures and the parameters discussed above.
Only stomatal resistance and wind speed analyses showed nonlinear trends.
Sensitivity plots of stomatal resistance for Douglas-fir and oak-hickory
are shown in Figure 2. In both cases the plots are nonlinear above

R] values of 0.08 min/cm. Other analyses not reported here showed a
linear relationship for Rl greater than 0.08 min/cm to about 1.5 min/cm.
Figure 3 shows plots of wind speed versus predicted temperature for Doulgas-
fir daytime and nighttime analyses. The daytime plot shows an increase

in temperature with decreasing wind speed; but at night, temperatures

decrease slightly with decreasing wind speed.
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PART IV: MODEL VALIDATION EXPERIMENTS

41. As discussed earlier, the objective of the field experiments
was to provide data sets from diverse targets and environmental con-
ditions for validation of the Colorado State University (CSU) thermal
canopy model. Two existing.research sites were located through the
efforts of WES personnel that proved to be ideal for the experiments.
The Cedar River site was located in a Douglas-fir forest near Seattle,
Washington. A second research site, the Walker Branch Watershed, was
typical of an Appalachian deciduous forest and was located near Oak
Ridge, Tennessee. Both research sites were being used for ongoing

1 research in forest meteorology and possessed extensive instrumentation
and computerized data acquisition support. The principal scientist
responsible for the development of the Cedar River site was Dr. Leo J.
Fritschen of the College of Forest Resources, University of Washington,
while Dr. Boyd A. Hutchison of the Atmospheric Turbulence and Diffusion
Laboratory (ATDL), National Oceanic and Atmospheric Administration
(NOAA) was responsible for the Walker Branch site. Further descriptions

of these sites are given below.

Experimental Design

42. The model validation experiments were designed by CSU and WES
personnel with cooperation from Drs. Fritschen and Hutchison. The goal
was to provide appropriate input and validation data for the CSU canopy
models. Input data included optical, thermal, and environmental para-

meters for two consecutive 24-hour periods of the targets. Validation
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data consisted of foliage temperatures. In addition, thermal scanner
imagery was to be obtained by local National Guard units at specified
times throughout the measurement periods. Characterization of the
foliage angle distributions of the canopies was also required. Input
data requirements and methods are discussed in a later section.

43. WES personnel were responsible for overall mission coordination,
thermal radiometric measurements of ground and canopy, air temperature
measurements in the lower 1.5 m of the canopies, and arranging for
National Guard thermal scanner overflights of the experimental sites.

CSU personnel communicated requirements for micrometeorological data

to Drs. Fritschen and Hutchison, obtained foliage geometry data from

the sites, and performed necessary optical measurements required to

run the canopy models. Groups headed by Drs. Fritschen and Hutchison
provided site access, operated and maintained the data acquisition
systems, and provided assistance for interpreting the micrometeorological
data. In addition, Dr. L. W. Gay of the School of Renewable Natural
Resources, Arizona University at Tucson participated in the Cedar River
Douglas-fir experiment to test the use of direct beam depletion measure-

ments for determining forest biomass.

Site Descriptions

44, Two established research sites were available for this study.
A site near Seattle, Washington, developed and maintained by Dr. Leo
Fritschen of the University of Washington, provided data for a stand
of mature Douglas-fir. Dr. Boyd Hutchison of ATDL/NUAA made available

an oak-hickory site near Oak Ridge, Tennessee and provided necessary
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environmental data. A detailed description of these sites is provided

below.

Cedar River, Washington

45. The Cedar River, Washington, study site is located on the A. E.
Thompson Research Center at the western end of the Cedar River Watershed.
The site lies in the Puget Sound Basin at the western foot of the Cascade
Mountains 55 km southeast of Seattle, Washington, at 47°23'N and 121°
56'W. The elevation is approximately 215 m above mean sea level.

46. The area was logged prior to 1924 and subsequent fires resulted
in a mosaic of different aged stands (Jensen, 1976). The most common

community on the site is Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco). This naturally regenerated stand was approximately 41 years
old with an average tree spacing of 5.8m. There were 572 trees per
hectare consisting mainly of Douglas-fir, a few hemlock, and maple
(Figure 4). Ground cover consisted of fern, salal, huckleberry mosses,
and litter (Figure 5). Bare soil areas were minimal and occurred only
on roads and other localized disturbed areas. Soil at the site con-
sisted of Barneston gravelly, loamy sand originating from glacial
outwash.

47. The specific study site was located at a micrometeorological
observatory maintained and operated by the University of Washington.
Average height of the Douglas-fir stand was about 28 m with an average
LAI of approximately 7.8. Located at this site was a 28-m-tall Douglas-
fir tree contained in a lysimeter (Fritschen, Cox, and Kinérson, 1973).

The site adjacent to this tree was instrumented to provide data for
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evapotranspiration studies. These data included wet and dry bulb |
temperatures, soil temperatures, global shortwave radiation, pre-

cipitation, and wind speed and direction. In addition, needle surface

temperatures were monitored at several points around the lysimeter tree

near the top and center of the canopy. These data were recorded at

selected time intervals by a computerized data acquisition system.

A 33-m walk-up tower was available adjacent to the lysimeter tree to

provide access to needle temperature sensors and other measurement

devices.

Walker Branch, Tennessee

48. The Walker Branch study site is located near the Walker Branch
Watershed research facility on the U.S. Department of Energy Reservation

near Oak Ridge, Tennessee, at 35958'N and 84°15'W. An intensive forest

meteorological research site operated by the ATDL of the NOAA was made
available for this study. This research area is situated on a ridge

top about 70 m above the valley floor at an elevation of 335 m above mean

sea level.
;; 49. The area is representative of an Appalachian deciduous forest
8 (Hutchison, 1977). The species composition of the stand is dominated

by various species of oak and hickory, including Quercus alba, Quercus

prinus, Quercus velutina, Carya glabra and Carya ovata. Acer rubra (red

maple), Prunus serotina (black cherry), Liriodendron tulipifera (yellow _

popular) are less frequently found. Common understory plants include

Oxydendron arboreum (sour wood), Cornus florida (flowering dogwood)

and Cercis canadensis (eastern redbud). The average height of the
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codominant trees forming the canopy is about 21.5 m with lower limit
of the live crown being 15 m above the ground. These heights vary
greatly due to the uneven age of the stand (Figure 6). Basal area was
approximately 26 m2 ha'l. The site appeared parklike due to a fire that
occurred several years ago. Understory growth, rowever, is abundant.
The ground is covered by an accumulation of litter (Figure 7) with
bare soil occurring only in disturbed areas. In addition, fragmented,
grey-colored rock covered the road surfaces. A metal track was in place
beneath the stand to provide all-weather access for research vehicles.
This track was covered with litter by ATDL personnel during the field
experiments.

50. The site is extensively instrumented to record data pertinent
to forest meteorology research as well as the thermal modeling studies.

Hutchison (1977) gives a detailed description of the research facility.

Modeling Input Data

51. The data collected at the two sites included foliage and back-
ground optical parameters, geometry characterization measurements, and
environmental measurements. This section describes the data required
for the models and the techniques or sources used to acquire it. Listings

of the data values are included in Appendix D.

Foliage geometry

52. The structure of a canopy defined by the foliage inclination
angles and LAI is important for characterizing the interactions of

radiation with the canopy. These inputs are required by the optical SRVC
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model (Oliver and Smith 1974) to estimate the shortwave absorption of
a canopy and by the thermal model to describe longwave energy exchanges
inside and outside of the canopy.

53. The procedure for determining foliage geometry included acquiring
high-contrast black-and-white slide photography of canopy silhouettes.
These slides serve as input to a laser diffractometer which characterizes
the frequency of cccurrence of foliage angles in terms of the resulting
diffraction pattern. The diffraction patterns are optically sampled, and
the results are analyzed with a series of computer programs. See Kimes,
Smith, and Ranson (1979) for a discussion of the theory and procedures.

54. The walk-up towers at both sites provided an excellent platform
for acquiring slides of the canopies. For the purposes of the modeling,
the canopies were partitioned into three layers of equal height. Photo-

graphs were taken for each layer from several directions from the tower.

This provided a larger sample size and minimized effects of azimuthal
asymmetry. Ideally, the photographs should be taken with a white back-
drop placed behind the target to eliminate background trees and shadows.
However, this was impractical for the canopies under study. As a result,
the slides were manually interpreted to delineate branches of the desired
tree in the photographs. This was done by projecting the slide on white
paper and tracing the appropriate branches. Earlier work by Kimes,
Smith, and Ranson (1979) showed that for complex canopies, such as
conifers, two interpretations are required: one with all branches
represented, and a separate tracing including only branches bearing
foliage. High-contrast slides of these tracings were used as input to

the laser diffractometer. The branch and foliage measurements were
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combined later to provide the inclination angle distributions for
each layer.

55. The calculated foliage angle distributions for a Douglas-fir
canopy are shown in Figure 8. For comparison purposes, distributions

of lodgepole pine (Pinus contorta) reported by Kimes, Ranson, Kirchner,

and Smith (1978) are included. Figure 9 shows foliage angle distributions
for oak-hickory. These data were derived from direct measurements pro-
vided by Dr. Hutchison. Laser cdiffraction results for oak-hickory were
unavailable due to equipment problems. For comparison a one-ltayer dis-

tribution for Russian olive (Elaeagnus angustifolia) reported by Kimes,

Smith, and Ranson (1979) is included.

Leaf area index

56. LAl is defined as the total one-sided leaf area occupying the
horizontally projected area of the canopy. For example, an LAl of 5
indicates that five layers of leaves could be overlayed to completely
fill an area equal to the canopy projection on the ground. LAI's for
this study were determined from data provided by Drs. Fritschen and
Hutchison. LAI's for the Douglas-fir canopy were derived from measure-
ments reported by Kinerson and Fritschen (1971). In this report, graphs
of canopy height z(m) versus surface area density F(z) (m2 m’3) for
nine sample plots are given. Integrating F(z) over height gives the
needle surface area index NSAI for a particular height increment dz.
Data points were taken from the graphs and averaged for given heights to
produce a single average surface density curve. This curve was parti-

tioned into three layers of equal height and layer NSAI's determined
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by Simpsons Rule (Figure 10). For our modeling purposes, LAI values

g were determined by dividing NSAI for each layer by two.

| 57. LAI for the oak-hickory canopy was determined from data
provided by ATDL. These data consisted of a graph of cumulative LAI
. versus height and graph of LAI at given heights through the canopy.

A smoothed version of the latter is presented as Figure 11.

Canopy density parameter

58. This parameter ranges from O to 1 and describes the spatial
dispersion of foliage elements within a canopy. As values approach 1,
gaps in the canopy are less frequent since the foliage is more regularly

dispersed. This parameter is used in the equation to determine the

probability of gaps occurring in a canopy layer. A value of 0.1 was
chosen for all model runs. For a detailed discussion of spatial dis-

persion of canopies see deWit (1965).

Canopy optical parar .ers

59. The shortwave transmission and reflectance of foliage elements
are required as inputs for estimating average absorption coefficients

as discussed below. Canopy element transmission values were measured

at the study sites, but reflectance values were derived from the
published literature.

60. The procedure for determining transmission consisted of placing

a needle or leaf over a narrow slit on a flat plate attached to a photo-

diode and recording a reading of the amount of light passing through the
sample. Measurements were made in four wavelength bands--at 4.8um,
0.55um, 0.68um, and 0.80um. The transmission measurements were then
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ratioed to the incoming spectral irradiance measured from a BaSo4

standard reflectance panel. The measurement procedure was repeated

for several foliage samples and the results averaged. Natural illumi-
nation was used for the Douglas-fir needles; however, because of rapidly
changing irradiance conditions at the Walker Branch site, a bank of
fluorescent tubes was used as the irradiance source. The transmission
measurements were integrated over wavelength to estimate the average
shortwave transmittance from 0.48 o 0.80um. This wavelength interval
was assumed adequate.

61. Shortwave reflectance values for Douglas-fir were obtained from
data presented by Jarvis, James, and Landsberg (1976). Curves for old
and new Douglas-fir needles were digitized and averaged. The resulting
curve was then integrated over the wavelength interval from 0.45um to
1.2um to obtain the average shortwave reflectance coefficient. The oak-
hickory canopy element reflectance was determined from data presented
by Colwell (1969). Data for maple, oak, and yellow poplar were averaged
and integrated over the wavelength interval 0.45um to 1.2um.

62. In addition to foliage transmission and reflectance estimates,
an average background reflectance was determined at both sites. Measure-
ments were made of various surface covers such as litter, bare soil, and
ground cover vegetation. The results were weighted according to visual

estimates of occurrence and then averaged and integrated.

Shortwave absorption coefficients

63. The absorption of global shortwave radiation by canopy layers
is an important component in the daytime energy budget. It is, however,

difficult to directly measure and must be estimated with models. These
32
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coefficients were approximated with the SRVC model modified for absorp-
tion (Kimes, Smith, and Berry, 1980). The procedure involved running
model simulations with appropriate canopy layer geometry, LAl , and
optical parameters for an average zenith sun angle of 45%, The resulting
absorption values represent the proportion of shortwave absorption in each
canopy layer. Since the thermal model requires absorption per unit leaf
area, the simulated absorption coefficients were divided by the one-sided

leaf area in a given layer.

Stomatal resistance

64. The resistance of the leaf to water vapor diffusion depends on
many environmental factors. Leaf stomates open and close in response
to microclimatic and soil conditions and regulate the cooling of the
plant through evapotranspiration. Thus, stomatal resistance is important
when considering energy budget analysis of plants. This parameter is
difficult to measure, so for modeling purposes average values were used
as constants. The value for Douglas-fir was set at 0.66 min/cm as an
average value for coniferous forest (Kimes, Smith, and Ranson, 1979).
Stomatal resistances were determined from data provided by Hutchison*.
These data ranged from 0.04 to 0.07 min/cm for sun leaves. The upper

value was selected for use in all deciduous canopy Simulations.

* Personal communication; B. A. Hutchison, Atmospheric Turbulence and
Diffusion Laboratory, National Oceanic and Atmospheric Administration,
Oak Ridge, Tennessee, 1979.
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Emissivity and absorptivity

65. The ability of a canopy element to emit and absorb longwave
radiation is expressed by the emissivity and absorptivity coefficients
specified for each component in the canopy layers and for the ground
layer. Available literature values or direct measurements could,
consequently, be substituted. For all of the analyses reported here,
the emissivity €5 and absorptivity a; are set equal to 1.0 for
each of the three canopy layers. Emissivity of the ground £q was also
set at 1.0. Emissivity of the air €q Was calculated as a function
of air temperature by the following function (Hudson, 1969):

2
e, = 1.0 - 0.0261 o(-0.000777 T.%)

Canopy Temperature Measurements

66. Since the purpose of the experiments was to collect data sets
for validation of the thermal model, actual canopy foliage temperature
measurements were required. The experiments were designed to provide
measured canopy temperatures, as well as thermal scanner images of
the sites.

67. The experimental setup at the Cedar River site included tem-
perature measurements for a number of individual Douglas-fir needles. The
temperature sensors were located around the lysimeter tree at average
heights of 26 m and 20 m. The measurements at a given height were
averaged to give an average layer measurement. The 26-m measurement
was assumed to represent the average canopy temperature for layer 1.
The 20-m measurement approximated layer 2, although its location was
closer to the boundary between layer 1 and layer 2. These layer temp-

eratures are plotted along with air temperature against time in Figure 12.
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68. No individual leaf temperature measurements were available at
the Walker Branch site, so a portable thermal radiometer* was used to
monitor the canopy temperature throughout a 24-hour period. The pro- !
cedure was to position the instrument upward from the ground at the
canopy and slowly move it until the maximum temperature was recorded.
This was done to minimize errors due to the presence of sky or clouds
in the field of view. Figure 13 shows a plot of the canopy temperature
with air temperature above the canopy and ground temperature against
time.

69. In addition to the geometrical, optical, and thermal parameters

discussed above, a set of dynamic variables characterizing the micro-
climate of the target is required to drive the thermal model. These

parameters consist of air temperature above the canopy, ground surface

temperature, wind speed at the top of the canopy, relative humidity, and
global shortwave radiation.

70. Air temperature, ground temperature, and shortwave radiation
are important components for energy exchange into and within the system;
whereas wind speed and relative humidity are important for determining
forced convection loss and evapotranspirative cooling of plants,
respectively.

71. Environmental data were provided from the automated recording
systems at the two sites. Air and ground temperatures and global
shortwave radiation were measured directly. Relative humidity was

determined from wet and dry bulb temperatures. All measurements were

* Barnes Insta-Therm, Barnes Engineering Corporation.

35




either instantaneous or short time interval averages. Plots of the
four environmental parameters are shown in Figure 14 for Cedar River

and Figure 15 for Walker Branch.

Model Validation Results

72. The data collected for the coniferous Doulgas-fir and deciduous
oak-hickory canopies provided a good means of testing the thermal model
under these diverse conditions. Three-layer canopy temperature simu-
lations were made over a 48-hour period with both data sets and the

results were compared with measured temperatures.

Douglas-fir canopy

73. The thermal model was run with environmental data acquired aver
the 48-hour period of 4-5 August 1979. These data plus the required
geometrical factor matrices which include the longwave exchange co-
efficients, the sensor view angle weighting factors, and average short-
wave absorption coefficients are listed in Appendix D. The emissivities
and thermal absorption coefficients for each layer were set to 1.0. The
total canopy resistance to water vapor diffusion was input at 0.66 min/cm.

74. A plot of the simulated three-layer temperatures with measured
air temperature is shown in Figure 16. The layer 1 simulated temperatures
follow the trend of air temperature, but fall below durino the night and
are higher during the day. The layer 2 and layer 3 predictions are
nearly equal to air temperature throughout the 48-hour period. Com-
parisons of measured and predicted needie temperatures for layers 1 and

2 are presented as Figures 17 and 18, respectively.
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75. The layer 1 predicted temperatures vary from the measured
temperature by a maximum of 3°%C. These deviations were observed during
the daytime hours under very hazy skies. Nighttime predictions deviated
from measured by 2°C or less with the maximum deviations occurring under
conditions of fog. This leads to the conclusion that the thermal model
may be most valid for days with primarily direct solar radiation and

clear nights where radiative cooling is occurring.

Oak-hickory canopy

76. Environmental data acquired at the Walker Branch site for the
48-hour period from 18-19 August 1979 were used to validate the thermal
model for a deciduous oak-hickory canopy. Emissivities and thermal
absorption coefficients for the three canopy layers were set to 1.0.
Canopy resistance to water vapor diffusion was input as 0.07 min/cm
and held constant. The input environmental and geometrical factor data
for this canopy simulation are presented in Appendix O.

77. Figure 19 presents the three-layer canopy temperature pre-
dictions along with measured air temperature. Nighttime simulations
were nearly equal to air temperature, but daytime predictions varied
by a maximum of 2°C over air temperature.

78. Measured temperatures were compared to predicted results for
layer 2 and are shown in Figure 20. The agreement between model and
measured temperatures was quite good. The largest deviation (3°C)

occurred in the afternoon; but morning and nighttime predictions varied

by only 1°C or less.
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Summary
79. The results of the model validation study indicate that the

thermal canopy temperature model provided good estimates of actual

temperatures for nighttime periods to within 2°C for both canopies

studied. Daytime simulations generally underestimated measured tem-

peratures for Douglas-fir and overestimated temperatures for cak-hickory.
The results indicate that the model may not adequately account for

energy transfers under foggy or very hazy conditions.
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PART V: RECOMMENDATIONS

80. Two broad directions for further research and development are
suggested in the paragraphs below. The first set of tasks represent
logical extensions or improvements to the thermal model utilized in this
study. Also, a not-quite-so-obvious extension to the calculation of the
geometrically dependent flux transfer matrices is-outlined. The second
thrust recommended for further development is concerned with parameter
estimation techniques which can be used to estimate model parameters,
control (or input) variables, and elements of the state vector itself.
Two techniques are described. The first technique based on sensitivity
functions is appropriate for the steady-state version of the model. The
second method, based on the Kalman filter, is more appropriate for dynamic

representation of the thermal model.

Model Improvements

81. The most urgent need for model improvement is to evaluate differ-
ent theories for the height dependence of air temperature within the canopy
and of the vertical profile for wind speed. 1t is particularly appropriate
to examine those techniques which would yield these temperature and wind
profiles from a few limited measurements. The structure of the current
thermal model can easily include vertical variations in the two parameters;
they are held constant for the want of better knowledge and for simplicity.

82. The utility of the model could be extended if a ground temperature
module was included. Particularly for this extension it may be appropriate

to develop a time-dependent version of the model to include heat storage effects.
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83. A useful exercise, but of lesser priority, would be to systematically
examine the alternative formulations expressed by various authors for dif-
ferent components of the energy budget equation; that is, evapotranspiration,
sensible heat, and so forth. There is no clear rationale for selecting one
expression over another., However, the separate expressions can be programmed
and sensitivity analysis performed on the individual expressions.

84. Finally, further analysis of the structure of the geometrical
matrices should be carried out to determine if either an analytical
decomposition of the matrices into a leaf density (leaf area index) component
and leaf slope distributions can be constructed. If an analytical decompo-
sition is not possible, then numerical interpolation techniques should
be investigated.

85. As an example, consider the expressions for the view factor
matrix VF(i,0) where 0, is the zenith view angle and i=1,2,3,4
corresponds to contributiéns from the three vegetation layers and the

ground surface:

¥E(i,0,) = IVF(1,r) VF(2,r) VF(3,r) VF(4,r)1"

VF(1,0,) = 1 - P (1,7)
VF(2,0,) = P,(1,7) (1 - P (2,T)
VF(3,0,) = P (1,1) P (2,¥) (1 - P (3,)

VF(4,0,) = Po(1,1) P (2,1) P (3,7)

where:
Po(i'e) = o-LAI g(i,0) sec o
LAI (i) = the mean leaf area index for layer i

g(i,0) = the mean canopy projection of vegetation layer i in
the direction © , depending only on the leaf slope dis-

tributions for layer i i
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86. A direct factorization is not apparent. However, particularly
for large LAI a Taylor series expansion would yield a more tractable
form. Alternately, LAI could be varied between 0 and 10 and numerical

tables generated.

Parameter Estimation

87. Two different approaches are suggested for estimation of param-
eters, control vector inputs, and/or selected components of the unknown
state vector, that is the average canopy temperature for the three different
layers. One approach is more applicable to the steady-state conditions;
the second approach is more appropriate for the time-dependent version of
the model. In each case it is assumed that selected measurements of canopy
temperatures are available for some time periods and that some of the
parameters and control vector components are also known. A typical scenario
would be that the tdp layer canopy temperature is measured over a diurnal
cycle and that all parameters and input components are known except for
the S matrix, the longwave flux transfer matrix. It is then desired to
estimate the S matrix which depends on the geometrical properties of the
canopy and evaluate the fit on a second diurnal cycle. Other scenario
examples can be envisioned. In this section, general development of the
two-parameter estimation techniques are indicated.

88, First, consider the steady-state situation where the model is

given by the following equation:
F(X,P,U) = 0

where the symbols have the same meaning as given earlier. For this
situation the parameter estimation technique of nonlinear systems as
described by Durando and Leondes (1976) is recommended. For simplicitity
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the U vector is appended to the P vector and the equation is re-

expressed as:

F(x,p) =0

Further, it is assumed that observation variables are the canopy temperature

variable, x , directly. Given a known measurement, F(X,P) becomes

Bl

a function of P only. Assume an initial estimate of PsP, - Then
F(X,P) can be expanded about Py
oF
F(X.R) - E(X»P) = 5p - (P-P)+e (28)
-0

For the steady-state formulation F(X,P) = 0 ; € is the error vector.

Iteration is continued until convergence, i.e.,

P

Tatl ~ En +eR (29)

89. If observations are available for more than one time interval,
the optimal P s chosen which minimizes the sum of e'c over all time
intervals. More general formulations of this approach, including the use
of a variable increment step size, are given in the paper by Durando and
Leondes.

90. The second technique proposed is applicable to the time-dependent

formulation of the thermal model given:

aX
M é-f = _F_(_X_QE’_L_J_’T) (30)
where:
M = specific heat capacity of the system
T = time
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The general approach recommended here is the use of the Kalman filter

after first linearizing the system. Specifically,

X=AX+BU+H (31)

Y

Z=HX+V (32)

where X = 3X/3T represents the dynamical equations of the system, A
and B are expansion matrices, and W represents the modeling error.

91. Z is the observation vector, which now permits transformation
on the state vector (canopy temperature), and V 1is the observation noise.

92. Kalman filtering on the state vector or on the augmented state

vector, that is, after appending P or U to X , is then given by the

standard expressions (Friedland 1972):

X, = X 4K (Z - HX) (33)
Xn ) °n-1 in-l (34)
where:
K =P HL(H P HT 4y )7t (35)
‘ F;n S| F;n-l ntl * Bn-l wn BnIl (36)
| Po= (1=K H)P (37) ’

¢ is the transition matrix for the system, n represents the discrete

time interval, and X describes the model predictions.

93. An additional Xo’éo is required if many time intervals are
available, e.g., a diurnal cycle; however, the final estimates are in-

sensitive to these values.
43




REFERENCES

Burden, R.L., J.D. Faires, and A.C. Reynolds. 1978. Numerical
Analysis. Prindle, Weber, and Schmidt, Boston, Mass.

Colwell, C.E. 1969. Seasonal change in foliar reflectance of five
broadleaved forest species. Ph.D. Thesis, University of Michigan,
Ann Arbor, 112 pp.

deWit, C.T. 1965. Photosynthesis of Leaf Canopies. Agr. Res. Pap.
663, Wageningen, Netherlands. pp. 1-57.

Durando, A. and C.T. Leondes. 1976. Parameter Estimation of Nonlinear,
Time-Variant Systems by the Method of Sensitivity Functions. Compt.
and Elect. Eng. 3:421-424.

Friedland, B. 1972. A Review of Recursive Filtering Functions. Spring
Joint Computer Conference.

Fritschen, L.J., L. Cox, and R. Kinerson. 1973, A 28-meter Douglas-fir
in a Weighting Lysimeter. Forest Sci. 19:256-261.

Hudson, R.D., Jr. 1969. Infrared System Engineering, Wiley, New York.

Hutchison, B.A. 1977. Atmospheric Turbulence and Diffusion Laboratory
Deciduous Forest Meteoralogy Research Program, An. Overview.
Atmospheric Turbulence and Diffusion Laboratory, National Oceanic
and Atmospheric Administration, Cont. File 77/1. 11 pp.

Jarvis, P.G., G.B. James, and J.J. Landsberg. 1976. Coniferous forest.
in: Vegetatior and the Atmosphere, Vol 2 (J.L. Monteith, ed.)
Academic Press, New York, 439 pp.

Jensen, E.C. 1976. The Crown Structure of a Single Codominant Douglas-
fir. Master's Thesis, University of Washington, Seattle, Wash. 83 pp.

Kimes, D.S., K.J. Ranson, J.A. Kirchner, and J.A. Smith, 1978. Modeling
Descriptors and Terrain Modules. Final Report under contract DACW
39-77-C-0073, Environmental Laboratory, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, Mississippi, 125 pp.

Kimes, D.S., J.A. Smith, and J.K. Berry. 1920. Extension of the Optical
Diffraction Analysis Technique for Estimating Forest Canopy Geometry.
Aust. J. Bot. 27:575-588.

Kimes. D.S., J.A. Smith, and K.J. Ranson. 1979. Terrain Feature Canopy

Modeling. Final Report under U.S. Army Research Office Grant DAAG29-
78-G-0045. Colorado State University, Fort Collins, Colo.

44




L

Kinerson, R. Jr., and L.J. Fritschen. 1971. Modeling a Coniferous
Forest Canopy. Agr. Meteor. 8:439-445,

Oliver, R.E., and J.A. Smith. 1974. A Stochastic Canopy Model of
Diurnal Reflectance. Final Report, U.S. Army Research Office,
Durham, N.C. DAHCO4-74-6001. 82 pp.

Tomovic, R, 1963. Sensitivity Analysis of Dynamic Systems. McGraw-
Hi1l, New York.

Verhoef, W., and N.J.J. Bunnik. 1975. A Model Study on the Relations
Between Crop Characteristics and Canopy Spectral Reflectance.
NIWARS publication No. 33, 3 Kanaalweg Delft, The Netherlands,

89 pp.




(4°€), @ (446)% (4°2); %

(('e)g’d - 2 (46)% (4*2) % - (42,

(42)% (44 % - (a*e) ((442)% - 1)2

(1% (442)% (2'6)e% - (442)% (4e) %8 (1% (12) % - (442) %
(4483, d (42)°% (4°1)° (4+2)g,"d (441)%

£ 4

43Ke7 YULS

‘¥ xapu} adoys jeap pue L Jakep u03 deb jo A3rjiqeqoud = An._vom ¢J xapu} ado|s jea| pue

‘£ juauodwod 3d4nos L Jake| Yujs 40} aw_hzou S3U31D1JJ300 UOLINGLAIUOD U0 SUOLSSIUAX]

1 @lqel

(46)% (42)% (2°1);

()% (2% (4 1) - (1°2)% (4 )%
(442)% (1) - (1) %

((4*1)5 a-1)2

(1) ¢

a3keq
324no0g




Table 2

Initial environmental and initial temperature data used
for sensitivity analyses for the Douglas-fir and oak-hickory

canopies
Environmental Data
| Time A S WS SWR,
i hours _C c cm/s RH w/m
0600 10.6 10.7 136.0 0.72 0.0
1100 18.2 19.0 110.0 0.84 299.7
Initial Temperatures, °c
Time
hours Layer 1 Layer 2 Layer 3
Douglas-fir 0600 9.0 10.1 10.1
1100 18.4 18.2 18.2
Oak-hickory 0600 10.1 10.5 10.5

1100 18.8 18.5 18.2




ARIABLE VARIABLE
SKY J=1
I-1 VEGETATION LAYER ONE J=2
[=2 VEGETATION LAYER TWO J=3
I=3 VEGETATION LAYER THREE J=4
¥
GROUND LAYER J=5

Figure 1. Diagram showing sink and source variable indices used in
in the model energy flow formulations
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Figure 4. Aerial view of the Douglas-fir canropy at

Cedar River, Washington, site; object in center of

photograph is a greenhouse enclosure over the lysimeter

tree; structure not in place at the time of the experi-
ments (photo courtesy of Leo J. Fritschen)

Figure 5. Typical ground cover at the Cedar River site
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