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ABSTRACT

This report summarizes the activities carried out under Signal
Corps Contract No. DAABO7-68-C-0381 (Texas A & M Research Foundation

Project 586) during the contract period 15 December 1968 through

15 June 1969.

During this period a set of equations which incorporate the
momentum and enery’ sources and sinks due to the trees and foliage
were developed for analog simulation of the forest atmosphere,

The region above and within the forest are treated separately but

are coupled at the top of the canopy.
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I. Introduction

The trees and attendant foliage of the forest provide a complex
distribution of sources and sinks of heat, moisture and momentuim.
In view of the diverse characters of the atmospheric layers abuve
and interior to the forest, the forested boundary layer is most
conveniently considered in two sections: the upper free-air region
and the lower forest region.

Experimental systems of equations, with coupling effected through
energy and momentum considerations at the top of the forest canopy,
have been developed to simulate these two regions. The systems are
broadly based on the LLMM with some significant modifications.

These sets of equations are now being programmed for analog solution.

The equations used in the simulation are listed in the Appendix
anu are discussed in Section II, Some of the details of the preliminary

simulation plan are given in Section III,
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II. Defining Relationships

The equations developed to describe the forested boundary layer
are based on the assumptions listed in Semi-Annual Report 1 (hereafter
referred to as SR1) plus additional specifications for the free air-
canopy interface and the vertical distribution of the exchange
coefficient for momentum, Km. The conditions at the interface are
characterized by the conservation of energy at the top of the canopy.
The momentum exchange coefficient is assumed constant in the ground
layer (depth A') and in the air-canopy layer, {d - A) ¢ z € (4 + 08),
where d is the height of the forest. The values of Km for these layers
are based on Deacon's Beta-equation calculated independently from the
vertical gradients of temperature and wind speed just above the forest
floor and just above the top of the canopy.
A. Free Adr Sectiom

Equations (1) to (18) in the Appendix define the temporal
-- riations of momentum, temperature and vapor pressure in the free
air above the forest. These are essentially the same as the atmospheric
section of the LLMM with the exception of equations (14) through (16).
In view of the current uncertainties in the magnitude of the eddy
diffusion coefficients, they are assumed equal in equation (14).

The vertical distribution of the momentum exchange coefficient
above the air-~canopy layer (Equation (15)) is the same as that in the
LLMM except that the entire distribution is lifted a distance equal

to the height of the forest, d. The exchange coefficient, Km’ goes to
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zero at the top of the boundary layer plus the increwent d rather than
at Z, the top of the boundary layer itself. Thus the friction
layer is deeper than it would be over a smooth surface by an amount
equal to the height of the forest. This modification was selected
from one of several possibilities because it retained the original
vertieral dAiarribution yvet took into consideration the fact that the
roughness was greatly increased. The coefficient b, in Equation (15)
is determined ia Equation (16) from the requirement that Km be continuous
at the boundary between the air-canopy layer and the free air region.

It is recognized that this approach dces not eliminate potential

difficulties with poles in the K solution as well as some

m(d + A)
lack of reality, the latter because the Deacon B equation was developed
fron data collected in non-forested regimes. However, an alternative
is under consideration, if these potential difficulties become real.
B, Free Air-Canopy Section

The relationships for the air-canopy layer are given in Equations
(19) through (38) of the Appendix. The most basic egquations are (19)
and the combination (32), (33) which define respectively, the energy
balance and eddy stresses at canopy top.

The energy balance (Equation (19)) recognized that heat may be
transferred away from the interface by eddy fluxes of heat and moisture
downward through the canopy as well as upward through the free air. The

contribution from plant metabolism is much smaller than the other

factors and has been neglected.
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The net radiation is calculated as in the LLMM except for the
modification of the short wave transmissivity of the atmosphere
wentioned in SR1l, In addition the reflection of long wave radiation
by the canopy is neglected, since it represents less than 2 or 3
percent of the up-going long wave radiation.

The eddy fluxes (Equations (25) through (28)) are standard in
form. The parameter, £, in the equation for the vapor pressure at
level d (Equation (29)) is related to the conductivity of the canopy
which is a function of a number of variasbles including leaf area and
stomatal resistance. It thus is a problem variable dependent on
canopy type and season. Studles currently underway are seeking
methods by which this variable may be parameterized.

The stresses at the canopy top are calculated on the implicit
assumption of nearly linear change of wind with height through the layer
d-A<g2<d+ A (Equation (32), (33)). This necessarily puts
restrictions on the depth 4, which will depend on the height and
type of forest. The momentum exchange coefficient has been assumed
constant through this layer, and is specified by the value at d + 4,
(from Equation (37)) on the assumption that the Deacon profile describes
the wind in the layer immediately above the canopy top. The roughness
parameter, L for the forest is determined using the empirical
relationship developed by Kung (1961). Recent wind tunnel studies
of model forests (Hsi end Nath, 1968) indicate that this relationship

may be appropriate.
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C. The Forest Section

The forest region is naturally the most difficult to formulate
not only because of the complex vertical distribution of sources
but also because the source terms themselves are complicated and
incompletely understood. The momentum sink of the forest is {included
in the momentum equations (1f) and (2f) by the form drag terms
Fx end Fy defined in Equations (9f) and (10f). These are assumed
cocnstant throughout the depth of the forest but can be made a function
of height if it appears necessary at a later time through the
representative coverage factor A. The coverage factor A is a characteristic
of the forest and is the effective frontal area per unit depth of forest
per unit horizontal area. The drag coefficient, CD' is the local drag
coefficient for the entire forest depth.

The temporal change of temperature, Equation (3f), can be viewed
as tne sum of a number of contributions: horizontal advection,
convective flux divergence, radiation flux divergence, and plant
metabolism. The last factor is small relative to the others and can
be neglected as it is in the energy balance at the canopy top. The
gensible heat (convective) fluxes are calculated in the usual way
(Equation (11f), (12f)). There 1is some difficulty however in determining
the proper relationship for R, the radiation flux divergence. This
factor mugt now include the radiation from the trees and foliage asm
well as the radiation flux from the atmospheric water -vapor. There

is some evidence, e.g. Denmead, 1964, that the source-sink distributions
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of radiant energy are not uniform, so that a simple constancy of
radiation flux divergence through the depth of the forest may not be
adequate. Studies are currently under way to develop a computational
definition of the radiation term based on atmospheric variables.

The moisture =2xpression, Equation (4f) includes the contribution
to the moisture content of the air made by evapo-transpiration. A
defining expression for this term, M, is being sought in current studies
of forest energy budgete. The stress and the convective and evaporative
flux equations (7f), (8f), (11f), and (12f), are standard. The eddy
diffusion coefficients are assumed equal as they are above the forest
(RFeasation (16f)) but the defining expression for Km is different. The
defining equation for Km given In Equation (17f) follows from the

assumption of a linear distribution between the ground section and the
dh  3h

ai-~canopy layer. The pressure gradient, Ix * 3;-, is considered constant

through the depth of the forest and equal to the surface pressure gradient,
The assumption of zero vertical velocity is tentatively maintained
pending first testing results and/or more definitive wind data for
forested regions. This assumption also holds for the Forest Surface
Section discussed below.
D. The Forest Surface Section
The conditions in the forest surface layer, from one meter below
the ground surface to a height A' above the surface are specified by
conservation of emergy at the surface and the assumption of constancy
of the momentum flux through the layer. The energy budget at the

forest surface given in Equation (18f) is the same as that used in
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the LLMM, The net radiation considers the down-coming and up-going
radiation in both the short wave and long wave parts of the spectrum.
The down-coming short wave radiation is expressed as some fraction of
that arriving at the top of the canopy, that fraction given by the
transmissivity (Equation (20f)). As in the air-canopy section, the
reflected long wave radiation is neglected (Equation (23£)). The other
expressions for the forest surface layer (Equation (24f) through (37f))
have already been discussed in SR1l, except that the depth of the surface

layer has been expressed as the variable A" rather than as a constant 8m.

¥
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I1J. Layers and Levela

The choice of layers and levels >f the forest simulator is
somevhat arbitrary for the free-air section. Within the forest, however,
these must depend on the depth of the forest, Initially the foreated
boundary layer will be treated approximately as follows (where
d 1is the height of the forest and A' and A define thz forest surface
section and the air-canopy section, resp.)

1, Free Air Section (Equations (1) through (18))

Levels (m) Layers (m)
(a) 2z2=d+ 4 dtod+ 22
(b) =z=4d+ (32 - 4) d+ 24 tod + 64
(¢) z=4d+ 107 d + 64 to d + 150
(d) z=d + 200 d + 150 to d + 250

2. Free Air-Canopy Section (Equations (19) through (38))
Levels Layers
z=d d-Atod+ 4

3. Forest Section

Levels Layers
(a) & surface to 2A'
® §--aY 26" to d - 24
(¢) d-24 d -2 tod

4, Forest Surface Section
Levels Layers

surface ~1lm to A’
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IV, Experimental Simulation

The equations are being programmed for solution in the analog
computer, In this initial simmiation the top of the canopy is
assumed to be 40m and A& and A' are 5 and 1.5m resp.

The layers and levels there, are as follows.

Layer Level

300 - 200m 250m
) 200 - 100 150
f 100 - 50 75
[T}
o 50 = 40 45

---------------------------- 40 m

I 40 - 30 35
]
')
8 30 -3 15
e

1-0 1.5

One of the primary objectives of the initial simulation will be
the test of the energy and momentum source terms proposed for the
forest section, In addition, studies will be made to determine how

gensitive the model is to other variables and problem parameters.
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GLOSS ARY

characteristic tree coverage

ratio of molecular weight of water to
molecular weight of dry air

local drag coefficient
specific heat of air at constant pressure

height of the effective top of the canopy

integral exchange coefficient for momentum

between surface and height A'
mean vapor pressure
representative vapor pressure

surface saturation vapor pressure

saturation vapor pressure at the temperature of

the canopy top
cloud factor for insolatinon
Coriolis parameter

components of drag force due to trees and
foliage

thermal resistance of surface litter
acceleration due to gravity

hour angle (zero for local apparent noon)
height of a constant pressure surface
mean solar constant

index

albedo

10

(cm.l)

(non~-dimensional)
(non~-dimensional)
{cal/gm deg)

(cm)

(cm/sec)
(mb)
(mb)

(mb)

(mb)
(non-dimensional)

(rad/sec)

(cm/sec)

(cmzsec deg/cal)
(cm/sec2)

(rad)

(cm)

(cal/cmzsec)

(non-dimensionai)




qe,d+

qe.d-

exchange coefficient for heat
exchange coefficient for momentum
exchange coefficient for water vapor
.40 (Von Karman's constant)

latent heat of vaporization of warer
net longwave radiation

empirical radiation factor

empirical radiation factor

woisture source term for forest
turbidity

86,400 (diurnal period)

atmospheric pressure

energy addition per unit mass from
non-adiabatic processes

specific humidity

convective heat flux, positive upward

convective heat flux in air layer just above

canopy, positive wupward

convective heat flux in canopy just below the

level d, positive downward

evaporative heat flux, positive upward

evaporative heat flux in air layer just above

canopy, posicive upward

evaporative heat flux in canopy just below

the level d, positive dowmward

11

(cn’/sec)
(cu?/sec)

(ca /sec)
(non-dimensional)
(cal/gm)
(cal/cmzsec)
(non-dimensional)
(mb-l/Z)

(mb/sec)
(non-dimensional)
(sec)

(mb)

(cal/gm)
(non-dimensional)

(cal/cmzsec)
2
(cal/cm sec)

(cal/cmzsec)

(cal/cmzsec)
(cal/cmzaec)

(cal/cmzsec)




soil heat flux, positive downward
radiational cooling or warming
gas content for dry air

net radiation

wind specd

net shortwave radiation

surface moistness

mean temperature of air

mean soil itemperature
representative soil temperature
time

mean east-west component of wind
mean north-south component of wind

geostrophic wind components

east-west coordinate, positive eastward

north-south coordinate, positive northward

105,000

vertical coordinate, positive upward

surface roughness length

as a subscript indicates value at z = 0,

excepting 8, and z,

stability parameter in the Deacon profile

solar declination

1/2 depth of alx-canopy layer

12

(cal/cnzsec)
(deg/sec)
(cm?/seczdeg)
(cal/cn’sec)
{cm/Bec)
(cal/cn’sec)
(cal/cu’sec mb)
(deg C.)

(deg C.)

(deg C.)
(sec)
(rm/sec)
(cm/sec)
{cm/sec)

(cm)

(cm)

(cm)

(cm)

(cm)

(non-dimensional)
(rad)

(cm)
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depth of forest surface layer

vertical interval between adjacent simulator

levels

emigsivity

solar zenith angle

woan potential temperature
volumetric heat capacity of soil
thermal conductivity of soil
moisture parameter for the canopy
3.1, . . .

air density

5.67 x 10-5 Stefan-Boltzmann constant
component of T in x direction
component of T in s direction
latitude

forest transmissivity

solar distance factor

7.3 x 10"5 (angular velocity of earth's

rotation)

13

{cm)

(cm)
(non-dimensional)
(rad)

(deg C.)
(cal/cmadeg)
(cal/em sec deg)
(cal/en’ sec mb)
(non—dimensional)
(gn/en’)
(etgslcmzsec dega)
(dynes/cn’)
(dynes/cmz)

(deg)
(non-dimensional)

(non-dimensional)

(rad/sec)

g
x
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APPENDIX
Free Air Section
du _ 3w __du __ 3h 1
at Yax Y dy g 3x ‘v p
v v av 3 1
ot u 3y -v 3y -8 3y fu + >
aT, ot _ar_ 1 M
ot~ Y ax VY ey pC, oz
9q
de_ _ de e p e
ot~ U 3x ¥ 3y  pal 3z
P=PpP, ~pgz
f =2y sin ¢
T
tx me oz
3y
ty me 0z
oT
@©*=- pCpKh oz
- - 29
9, pl-Kvaz
q =2
p
R--l—-d—g
C_ dt
P
- (P
P = G ¢em0
a
Km - Kh - Kv
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(1)

(2)

3)

(4)

)
6)
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(8)
(9)
(10)

11)

(12)

(13)

(14)
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xm—b('—g-i)(l-1—;—")2 s(d +8) <z< (2+4d) 15)
- (L (—L_ 2
;. b= (DG ‘m a (6)
]
9h, - n n+l 3T
! GR 11 Gyt Cax 1,141 an
' &h
ah. - (2 n,n+l 9
Gylien = Gyl ¥ T P as)
B. Free Air-Canopy Section
RN - (qc’d+ + qe.d+) + (qc'd_ + qe’d_) (19)
Ry = Sy + Ly (20)
-1 - -N
SN (1 - §)Tcos L e F_ (21)
cos £ = sin ¢ sin & + cos ¢ cos & cos H (22)
H=15(t - 12) (23)
E L, = oT:+A (m + nve eqen) " eu'l‘d (24)
9, g = P Cp ¥m,a(Ta = Tara? /2 (25)
9 q- ™ P Cp Kp,a(Ta = Ta-a)/t (26)
Qa4 = P 3 LKy 48 - egen)/Pgt @7
| G g = 08 LK, 4(e = g ) Py 28)
q
- . —e.dt,
e~ %4,s t 5 9e,a+ O (29)
ey " q.5 Yo,a+ § O (30)
7.5T,
ed’s-GllxIO.i-m (31)
(u -u, )
- d+a ~ “d-p
Tx,d P l(m,d 24 (32)
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(v -v, )
- d+a "~ Td-b
Ty,d ™ P Ky d 7h (33)
2 2.1/2
Sata ™ ®aup T Varn ) (34)
Ag(8,p — 85
Mgta == .2 (35
B(S 44 + 300)
2
8= 1.003 ~ 1.163Rid+A - 9.627R1d+A (36)
wPa - gz 1 Bs
Kp,d+s ™ A (1_3)0 = 37)
’ [(;'-) - 1]
o
log z = ~1.24 + 1,19 log d (38)
C. Forest Section
2u 3u _ du _ dh A
- Uax Vay B + fv + Sz +F, (1f)
a_v-_u.a—v_v-éy__. h_f +-]=-3—12‘+F (Zf)
at ay dy g y YT ez y

9q
ar _ _, 8T T _ 1 ‘¢
st Yax TV 3y pCp iz + R (36
3e_ 3 _ de__p e . (4£)
at Uk Y 9y paL 3z
P=p, ~ 0BZ (5£)
f = 20 sin ¢ (6£)
E du
| Tx PR oz (76)
v
Ty me 9z (8f)
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p = |

K .. ~K .
- m,d=-4 m,A _pt
K=K a Y @-n -4 A%

D. Forest Surface fectiom
qc.o + qe,o + qs,o - BN =0
Ry = Syt Iy
S. = y[L y cos ¢ e VF 11 - 1)
N c

cos [ = sin ¢ sin § + cos ¢ cos [ cos H

H = 15(t - 12)

LN - UTA?(m + nve A') - eoTi
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To = To - Gq

9,0
qe,o - anDA’(eo - eA')Ipo
qc.o = DCPDA'(TO - TAS)

C I Y2 gy, w1z 3T
qa,o P o 8 ™ dt
Tx,o = Dy up
Ty,o - pDA'”h'

1 7.5’1‘o
®o,6 = O X0 A ST
2 2
Sy = (uA. Vi )1/2
L
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B = 1.003 - 1.163RL,, - 9.627R1,,”
2
D (] - 1 - SAI
A (i_)(l B)_;
0
whfa - a)kz.-.o(l“”sA.
X = 1 _
=,A (A8 Ly,

©
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