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ABSTRACT

A heat-balance model having a canopy of one or two layers has been developed. The calculated fluxes using
the present model were found to be in agreement with measurements from a rice paddy field, an orchard, and
the calculated fluxes of a multilayer model. Although there was some difference in the calculated fluxes between
the one- and two-layer models, the one-layer model was found to be sufficient when the dependency of the
radiative ground-surface temperature on the viewing angle was not considered.

1. Introduction

In the present study, a simple heat-balance model
with one or two canopy layers is developed. One of the
purposes of the model is to estimate the same sensible
and latent heat fluxes between a vegetated surface and
the atmosphere in the steady states as those calculated
with more realistic multilayer models. In fact, a com-
parison will be made of results between the one- or
two-layer model and a multilayer model, which has
the same physical processes or parameterizations as
the present model. This simple canopy model can easily
predict the dependence of the heat balance on various
parameters. It is suitable to combine with atmospheric,
soil layer, and/or snow-cover models. For example,
the model can be coupled with a heat-balance snowmelt
model (Kondo and Yamazaki 1990) and applied to a
forested region with snow cover.

Kondo and Akashi (1976) produced a multilayer
model and a guideline for the parameterization of the
flow in and above canopy layers, while Kondo and
Kawanaka (1986 ) extended it to calculate the sensible
heat exchange. Kondo and Watanabe (1992) further
developed this model to incorporate latent heat ex-
change. These models can calculate some profiles in
the canopy; however, they require much computing
time. Models with more realistic detail have been de-
veloped for use in general circulation models (e.g.,
Dickinson 1984; Sellers et al. 1986). These models in-
volve many vegetation parameters that are, in prac-
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ticality, difficult to determine. From this point of view,
simple models with several canopy layers are preferable.
Deardorff (1978) has suggested a one-canopy-layer
model. Recently, models with two canopy layers have
also been proposed (van de Griend and Boxel 1989).
However, it has not been sufficiently discussed whether
one, two, or more layers are necessary to accurately
estimate the energy exchange.

In this paper models having one and two canopy
layers are developed. Each model is capable of esti-
mating almost the same fluxes as those calculated
with the multilayer model described by Kondo and
Watanabe (1992, hereafter MLM).

Section 2 of the present paper describes the two-
layer model in detail, while section 3 describes the one-
layer model. In section 4, the observed values of the
heat balance of a rice paddy ficld and an orchard are
compared with the model calculations. Section 5 de-
scribes the differences among the one-layer, two-layer,
and MLM models. Section 6 discusses two problems
associated with the use of the two-layer model: the
nonequilibrium problem of the soil layer, and the de-
pendency of radiative ground temperature on the
viewing angle.

2. Two-layer model (2LM)
a. The heat balance in the 2LM

Figure 1 shows the schematic representation of the
two-layer model (henceforth 2LM); the symbols used
are listed in the Appendix. The canopy is divided into
a “‘crown space” and “trunk space™ (without leaves),
while the crown space is further divided into a lower
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FiG. 1. Schematic diagram of the two-layer model (2LM). Symbols are listed in the Appendix.

layer (C1) and an upper layer (C2). The tendency of
temperature distribution is obtained by this division
(see section 2g for how to divide). The heat balance is
solved with respect to the radiative, sensible, and latent
heat fluxes among the atmosphere, the two crown lay-
ers, and soil surface. In the present study, heat storage
within canopy elements and heat associated with pho-
tosynthesis are neglected, and, for simplification, the
leaf-area densities of each layer are assumed to be equal.
The heat-balance equations for each layer are as fol-
lows:
lower canopy layer (C1 layer),

Sni + L,y = Hey + IEcy; (1)

upper canopy layer (C2 layer),

Sn2 + Lpy = Hep + [Eca; (2)

soil surface,

SnS+LnS= Hs+lES+G. (3)
Here S,;and L,; (i = 1, 2, S) are the net absorption of
solar and infrared radiation (section 2b), H¢; and lE;
the sensible and latent heat fluxes from the canopy
elements to the surrounding air in the ith layer, Hy
and [Es the sensible and latent heat from the soil surface
to trunk space (section 2¢), and G the heat flux into
the soil layer. Although G in the present model is given
as an external condition, it can be a variable predicted
with use of an appropriate soil-layer model (e.g., solving
heat conduction equations, force-restore method, and
other parameterizations of G).

The flux H¢, is equal to the difference between the
upward sensible heat flux (H,,) at the top of the C1

layer and that (Hy) at the bottom of the C[ layer; that
1s,

Hcy=Hy, — Hs. (4)
In the same manner as Hc¢,
HC2=H—H12, (5)

where H is the sensible heat flux from the top of the
canopy layer to the atmosphere. For latent heat fluxes,

I[Ec, = lE; — |Eg (6)
and
lEcz = [E — IE12. (7)

Note that the fluxes Hs and [Es are the same as those
at the soil surface, since there are no canopy elements
in the trunk space.

In the following subsections, each term in Egs. (1)-
(7) will be described with canopy parameters (canopy
height, leaf-area density, etc.), external conditions
(meteorological conditions above the canopy), and
unknown variables such as leaf surface temperatures,
T, T, soil surface temperature T's, air temperature,
and specific humidity in each canopy layer Ty, T, q;,
and ¢,. Since there are seven equations for the seven
unknown variables, these equations can be easily solved
to obtain heat-balance terms (section 2i).

b. Radiation

Leaves are considered as blackbodies for short- and
longwave radiation. At the canopy top, however, the
reflectance of individual leaves is replaced by o in
order to take into account the reflection of solar radia-
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tion by the canopy. It is assumed that the soil surface
has an emissivity equal to unity and its reflectance of
solar radiation ay is isotropic.

1) SOLAR RADIATION

The individual terms associated with solar radiation
are written as

Sn1 = S*(p) — S*(h) + SH(R) — SH), (8)
Spz = (1= ap)So — S*(h) + SY(h2) — SY(h), (9)
and

Sns = S*(hy) — S'(h), (10)

where S¥(z) and S*(z) are the downward and upward
solar radiation fluxes through a horizontal plane at the
height z, respectively, and can be written as follows:

SYhy) = (1 = af) Xm2So,

S+(h1) = XmlS‘(,ﬁ) =(1- a_,f)Xlem2SOa

St(h) = asS*(h) = (1 ~ ap) asXmi Xm2So,

S1(h2) = X1$¢(h1) =(1-~ a'f)aSXml/szXISo,

St(h) = X,8N () = (1 — ap)asXpmi Xma X1 X250,
with

af = (1 = X Xom2)ry.

Here S is the incoming solar radiation at the top of
the canopy, while a is the albedo for the entire canopy
when ag = 0. The variables X,,; and X; (i = 1, 2) are
the transmittance of the Ci layer for the direct solar

beam and the reflected radiation, respectively, which
are given by

X = exp(—mé;b), (m = sech)

(11)
and

Xi = exp(—1.668;0), (i=1,2). (12)

Here §; is the thickness of the Ci layer, § the solar
zenith angle, and b the attenuation coefficient for ra-
diation. In this study, b is assumed to be a/2, which
corresponds to a random distribution of leaf orientation
(if the foliage has only horizontal leaves, b = a). The
coefficient 1.66 is the diffusivity factor.

The albedo of the entire canopy o can be written as

asSo + S'(h)
a=————"""
So
= ar + (1 — ap) asXm Xm X1 Xz
= (1 = X Xm2)ar+ [1 = (1 = X1 Xm2) of]

X asXleszle. (13)
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The value of o converges to as when the canopy is
very sparse, and to aywhen it is very dense. This value
also varies diurnally with the solar zenith angle.

2) INFRARED RADIATION

In the same manner as solar radiation, the infrared
radiation terms can be written as

Lny = LY (k) — LY(h) + LY () — LY k),  (14)
Lny = L, — L*(h) + L(hy) — L'(h), (15)
and
Lus = L¥(hy) — L'(). (16)
Here
L¥(hy) = XL+ (1 = Xp)oT,
LY(h) = X;L¥(hy) + (1 = X1)oT¢,
= X\ XoL, + Xi(1 — Xp)aTé,
+ (1 — X))oT ¢,
LY(h) = UTS“,.
Lt(h) = X, LY(h) + (1 — X,)eT,

= X0Ts* + (1 — X))oT ¢y,
and
LYh) = X, LN ) + (1 — Xp)aT
= X\ Xo0Ts* + Xo(1 — X)) oT ¥
+(1 = X)oT%,.

In the above, L, is the downward atmospheric radiation
incident on the canopy, T¢; the surface temperature of
the leaves in the Ci layer, and T the soil surface tem-
perature. The transmittance for infrared radiation X;
is the same as that for the reflected solar radiation

[given by Eq. (12)].

c. Sensible and latent heat fluxes
1) FLUXES WITHIN THE CANOPY

The sensible heat flux H; from the canopy ele-
ments to the surrounding air in the Ci layer can be
written as

He; = CppeyadiU(zi )(Tei — T)
= Aci(Tei — Ty), (17)
where
Aci = Cppcyad; U(z;).

In the above, ¢, is the heat transfer coefficient of in-
dividual leaves and T; the air temperature in the Ci
layer. Wind speed U(z) will be described in section
2d, and z; is the representative height of the Ci layer
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(section 2g). The sensible heat from the soil surface
Hy is given by
Hs = CppCysU(M)(Ts — T\) = As(Ts — T)), (18)
where
As = CppCysU(hy).

In Eq. (18) Cysis the bulk transfer coefficient of sen-
sible heat for the soil surface (the reference height

is hl)
For the latent heat flux,
IEc; = lpceiad; U(z;)[q™(Tci) — qi]
= Acill a¥(Tci) — a:], (19)
with
ci=jich (0<j;<1).

The variable j; is the evapotranspiration factor of a leaf
(Ji; = 1 for completely wet foliage, j; = O for dead fo-
liage), which is controlled by plant physiology (see
section 2h). Similarly,

[Es = lpBsCrsU(M)[g*(Ts) — q1]

= As1q*(Ts) — a1, (20)

where s is the soil-moisture availability, which is de-
scribed, for example, by the soil-water content in the
upper 2 cm of the soil (Kondo et al. 1990).

The flux H); is given by

Tl_Tz
21— 2

Hp, = CppKH(hz) = K’(Tl —Ty), (21)

defining K’ as
_ CroKi( hy)
Z1— 23

Here K}, is the eddy diffusivity for sensible heat transfer,
and is written using mixing-length notation A as

KI

Ky(z) = A%(2) ‘—ig (22)
dz
Then Kj(h,) can be approximated as follows:
KH(}ZZ)@ Az(hz)M (23)
Zy — In

See section 2e for a discussion of the mixing length.
The latent heat /E, is written as

qy — 4>
‘ = K\(q; — ),
Zy — 27

[E\; = lpKg(h2) (24)

where

- IpKg(h)
ZI— 2z

K.

Here K is the eddy diffusivity for vapor transfer and
Kr = Ky is assumed. Note that H and /E are not sen-
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sitive to K¢ and K. For example, H and /E change by
only a few watts per square meter for the change of
factor 2 in Ky and Kj;.

2) FLUXES FROM THE CANOPY TO THE ATMO-
SPHERE

When taking the atmospheric stability into account,
the sensible heat flux from the canopy layer to the at-
mosphere H is written as

H=A(T,—-T), (25)
where
ku
Ay = CPP -\I-’—:. ’
2
v, = on() dc,
9] g-
h—d . —d
f="75, and H="

In the above, T is the air temperature at z = 2, (2,
> h), k the von Kirmén constant, u, the friction ve-
locity, d the zero-plane displacement, L the Monin-
Obukhov length, and ¢, the nondimensional temper-
ature gradient (Kondo 1975).

Similarly, the latent heat flux from the canopy to
the atmosphere /FE is written as

IE = Aoe(q2 — 9), (26)
with
o, kuy
AOe = lp \I’e .

Here ¥, = ¥, is assumed.

d. Wind-speed profile

The wind-speed profile within the canopy can be
obtained by solving the momentum diffusion equation;
however, it is impossible to solve this equation ana-
lytically, due to its nonlinearity. Therefore, the wind
profile is described by a simple function. Its functional
form is determined according to the MLM, with a new
mixing length (see section 2¢).

Profiles of wind speed depend on the nondimen-
sional canopy density, defined by

Cx = Cqah, (27)

where ¢, is the drag coefficient of individual leaves, a
the leaf-area density (one-sided area per unit volume),
and A the canopy height.

The wind profile should satisfy the following con-
ditions.

(i) If ¢, = 0, the wind profile converges to the log-
arithmic profile,
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In(z/zs)
In(h/zos)’
where zgs is the roughness length for the soil surface
underneath the canopy.

(i1) For large c,, the wind coincides with the ex-
ponential profile (e.g., see Inoue 1963):

U(z) = U(h) exp[— 5%(1 = %)] (29)

U(z) = U(h) (28)

where k is the von KArman constant.
(iii) It varies smoothly with c,.

To satisfy these conditions, the wind speed can be
expressed by the sum of the logarithmic term and ex-

ponential term:
U(z) ez
- sel 53 (1-)]
(=) In(z/zs)

U(h)
In(h/zs5)°

where f is a weighting function for ¢, . The wind speed
near the ground (z — 0) calculated by Eq. (29) does
not decrease very well when ¢, decreases. To improve
this, a modified canopy density ¢, is introduced, which
is determined so the wind speed profile coincides with
that calculated by the MLM.

When leaves exist only between 4/2 and A with a
constant density, the results can be written as

0.494(x + 0.8)

(30)

= + 0.37

/ [(x+ 0.8)(x —0.5) + 1.1]'/? 0.37,
(-3=sx<1), (31

X = 1ogCy,
(x+0.26) + [(x +0.26)? + 0.16]'/2
logcy =
2

-03, (-3sx<1). (32)

The dependences of fand c,; on the canopy density

?0‘3 10! 100 10
Cx
FIG. 2. The weighting function for the wind profile fas a function
of the nondimensional canopy density.

107
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FIG. 3. The modified canopy density for wind profile c,, as a
function of the nondimensional canopy density.

¢4 are shown in Figs. 2 and 3, respectively. Wind profile
examples for various values of ¢, are shown in Fig. 4.
While the wind profiles based on Eq. (30) are not
smooth at z = A, for medium values of ¢,, the wind
speeds agree with the MLM results within an error of
005ms'forU,=5ms™".

The wind profile above the canopy is given by

_ it
U= i ¥,.,

$z

v, = [¢=8 g, (33)
S0 $

with
-d
§‘2=ZL 5 g.O:'ZiQ, Z?h

0.5
U(z)/U(h)

FIG. 4. Examples of wind profiles calculated by Eq. (30) for & = 1
m and A; = 0.5 m. Solid lines: present model [Eq. (30)]. Broken
lines: MLM.
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Here ¢,, is the nondimensional wind shear (Kondo f Zero-plane displacement and roughness length

1975).

Within the trunk space (z < 4,), the logarithmic

wind profile is assumed; that is,
u*s

U= 2

z < hl
k Zps ’

(34)
where u,; and zgs are the friction velocity in the trunk
space and the roughness length for the soil surface be-
low the canopy, respectively. The so-called secondary
wind-speed maximum, which is observed in some cases
for a trunk space with a dense canopy, cannot be de-
scribed in this model. However, such a maximum does
not influence the heat balance, since the wind is weak
in dense canopies.

e. Mixing length

According to Watanabe and Kondo (1990), the
mixing length for the canopy A is written as

Alz)=k J: [r exp[-J: w(z — t)dt] w(z— r)]dr

+ kz exp[—fz w(z — t)dt] , (35)

0

where

_ cda( z )

2k?
Note that Eq. (35) should be modified for large values
of |da(z)/dz| (see Watanabe and Kondo 1990). If

the leaf-area density is constant with height, A in the
upper part of crown space can be written as

w(z)

ol (2K
A(z) = kh{( A o )
2
X exp[— 2;’;}! (z- h,)] + _2£_} , (36)

where 4, is the bottom of the crown space. The value
of A(h,) shown in Eq. (23) was calculated using (36).
At the top of the canopy (z = £), the expression can
be rewritten as
%)

AR) _ (!
h k[(h Cx

Cx hl 2k2
X -1l -—= —1.
exp[ 2k2( h)]+ o (37)
Note that the right-hand side of (37) reduces to k for

¢y = 0. Thus, A(#)/h depends on ¢, and A,/h. On
the other hand, above the canopy,

A(z) = k(z — d),

which yields a logarithmic wind profile.

z=h.

(38)

The zero-plane displacement and the roughness
length are related to the density of the canopy. When
considering the continuity of A at the top of the canopy
(z = h), the following expression can be obtained from
Egs. (37) and (38):

R e
h c

— = 1
h kh
C* hl 2k2
Xexp|—s5(1-=) |- =.
xp[ 2k? ( h )} Cx
For this case, since the purpose is to connect the wind
profile at z = A (not considered above the canopy),
neutral conditions are assumed for simplicity. There-

fore, the friction velocity u, at the top of the canopy
(z = h)is given as

u* - h'_d_l
T k(ln ZO) .

On the other hand, from the definition of A, u, is writ-
ten in terms of the mixing length

(39)

(40)

aUu
Uy, = A(h) —
9z 2=h
Substitution of Eq. (38) and the derivative of (30) into
(41) yields
Cx1 + 1—-f

e _of i _Npla, 1S

From Eqgs. (40) and (42), the following relationship is
obtained:

d d
=)ol -9
e 1o T
x|reg sl ) @

Equation (43), with (31), (32), and (39), yields the
value of zy/ 4 for any ¢, and h, /.

The dependencies of d and z, on the canopy density
¢4 are shown in Figs. 5 and 6, respectively. The upper
scales of these figures are the value of ¢, divided by
2k? (=0.32). Canopies can be roughly classified into
sparse and dense canopies at ¢, /2k? = 1.

(41)

g. Division into two layers

The following formulation was verified by compar-
ing the fluxes H and /E with the fluxes from the MLM.
The boundary between the two layers within the crown
space 4, is given by

hy = max(hy, hy,),
hy=h—-1.6(h—d)),

(44)
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Yog(Cs/2k?)

1-.5 -20 -1.5 -1.0 -5 0
------------ thi/k=0.25
—hi/h=0.50

o

-== th/h=0.75
®:multilayer

d’h

R IG -2.0 -1.5 1.0

FIG. 5. The relation between the zero-plane displacement and can-
opy density for various values of 4;/ . Points are calculated with the
MLM for b /A = 0.5.

where h,, is an intermediate height where the wind
speed is approximately one-fifth that at the top of a
dense canopy (InS = 1.6), and A4, is just the geomet-
rical mean height. For a dense canopy, #, = h,; because
hy, > has, and A, increases as the density of the canopy
increases. Since most of the momentum is absorbed
and the exchange of energy is active at the top layer of
a dense canopy, the C2 layer should be thinner.

The representative heights for the wind speed z; and
z, are assumed as follows. For a sparse canopy (f
< 0.5), since the wind-speed differerice between top
and bottom is small, the representative height is chosen
as middle of each layer:

2 = ﬁz—;ﬂ . f<05, (45)
and
+
Z = h 2h2 , f<0.5. (46)

For a dense canopy (f= 0.5):

1 (*
expl—olh — 2,)] = a‘,fh expl—polh — 2)1dz,

(47)

and

1 h

expl—holh = 21 = 3- || expl=salh = 2)1dz,
(48)

where

= Eﬂ = C*
Bo =9k " 2k2n

The variables z, and z; in Egs. (47) and (48) are the
heights where the mean wind speed of each layer is
found, which can be written using (29) as
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2 = L g SXRUoh) —expluoh) o4
Mo 61”'0
and
=Ly SRWoh) = expluohs) 5 (50
o dapo

h. Evapotranspiration factor of a leaf

In order to make canopy models realistic, appro-
priate values of the transfer coeflicients of individual
leaves ¢y, ¢, and ¢, are required. While they are de-
pendent on the size and shape of the canopy elernents,
¢, also depends on the physiology of the plant. Many
studies have been made on the stomatal resistance as-
sociated with transpiration. The relationships between
the resistances and the transfer coefficients in this paper
are written as

U =r"", (51)
cU=(r,+r)™", (52)

where r, is the aerodynamic resistance of the leaf surface
and r, the stomatal resistance. Thus, the evapotrans-
piration factor of a leaf j is written as

Ce 1

j=—=

—_— 53
Ch 1+ c;,Urs ( )

Inoue et al. (1984) experimentally obtained r; as
rs = rm(1 + Sabm/Sab) 2, (54)

where S, is the shortwave radiation absorbed by a unit
of leaf area, r,,, the minimum value of r;, S,y the value
of S,, when r; = 2r,,, and © a factor expressing the
influence of humidity and air temperature upon 7;.
Substituting Eq. (54) into (53), j can be written as

1

;= . (55)
J 1 + cyUrm(1 + Sapm/Sap)Q
log((s/2K2)

_ 2.0 -1.5 -1, - : 1.0 1.5
_352.5 2.0 -1.5 -1.0 5 0 5

------------ thi/h=0.25
30— h/h=0.50
-~ thi/h=0.75 / \
.25t@ multilayer J/ \
.20
S
N .15
.10
.05
8355 20 55 40 -5 0 5 1.0

log G

FIG. 6. The relation between the roughness length and canopy
density for various values of 4,/A. Points are calculated with the
MLM for ky/h = 0.5.
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In the 2LM, j; is calculated for each layer using U(z;)
and S,,; , where Syy; is the value of S, for the Ci layer,
given by

Savi = Su(ad))™!, (i=1,2). (56)

i. Implementing the model

The fourth power of temperature and saturation
specific humidity can be approximated as follows:

YAMAZAKI ET AL.
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a¥(Te) =~ q¥(Tciow) + Ai(Tei — Tciow), (59)
q*(Ts) =~ q*(Tsoa) + As(Ts — Tsoa), (60)
where
_ dg*(Tcioa) _ dq*(Tsea)
A; aT , and Ag= aT .

Equations (1)-(7) become simultaneous simple
equations for seven unknown variables, T, T, Ts,

4 4 3 . Tecy, Toz, g1, and g,. The suffix “old” denotes the value
Ta=T +4T(Te = T), (i=1,2), (57) wﬁlose ?dzegrlee of g;proximation is lower by one step.
Ts* =~ T* + 4T*(Ts— T), (58) Consequently, the following set of simultaneous equa-
tions is obtained:
[ Aq 0 (1-Xx)Y Y,
0 Aca Xi(1 - Xo)Y (I =-X)(1-X)Y
As 0 —Y — As — As1.As (1 -X))Y
—AC'1 h K’ - AS K’ AS ACl
K’ —Acy, — Ag— K’ 0 0
0 0 AsieAs Acied
i 0 0 0 0
(1 =X (1 -Xy)Y Acie 0 _} TJ
Y, 0 Acae T,
Xi(1 - X3)Y Asie 0 Ts
0 0 0 Tc:
0 —Acie — Ko — Asie K, a
Aczelr; K. —Acze — Aoe— Ke | | 02 ]
—30T*(1 — X,)X; + Ac1ola*(Tcraa) — MiTcroal = Ci |
=36T*(1 — X3) + Ac2e[a*(Tc20) — B2Tc200] — C2
—30T*X, X; + As1[g*( Tsoa) — AsTsoal — Cs
= 0 (61)
—AeT
—ACle[q*( TClold) - AITClold] - ASle[q*( TSold) - ASTSOId]
i —Ac2ela*(Tc20a) — BaTc200] — Aoeq ]
where
3. One-layer model (1LM)
Y =40T3,
For the one-layer model (1LM), the same physical
Y, ==-2(1 - X\)Y - A¢ci — Aciedi, (i=1,2) processes are considered as those in the 2LM, as de-

Ci =S+ X2(1 — X)L,

Co =82+ (1 — X2)L,,
and

Cs = SnS + XleLa - G.

The flow chart for the above calculation is shown in
Fig. 7. It was found that two to six iterations were nec-
essary in order to obtain a converged solution under
usual conditions.

scribed in section 2. The equations to be solved are as
follows:

o the heat-balance equation for the canopy layer
(1 — apSo— S¥(h) + SH(h) — SH(h) + L,
— L¥(hy) + L'(hy) — LY(h) = Hc + [Ec.
e the heat-balance equation for the soil surface
St(h) — S'(h) + L¥(hy) — LY (k)
=Hg+ IEs+ G (63)

(62)
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where
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[ Determine d, zp, hp with c, |

Calculate U(h)
(assume neutral as initial)

Calculate U(z)

within canopy (initial)

Calculate Ty, T, Ts, Tcy, T2,
q and g2 (initiaJL

T-T; Zg —

d

-1_9
I = rw. oy " -4

_,slT
 4m(()
mo— —_d
Umo /(D ¢ ¢

$2
¥, =/<. fi(—)d(

Y

z h—d e —d
(0='ily(1=-—L—,C2=z—T’——

ém.én: Kondo(1975)
¢m=¢n=1+6—c— ¢<=20)

M ¢ ( 11/‘4-(
VY, =V, ¢m =(1- 16()_
én =(1- 16()“/2 ¢<0)
A
we= ‘I’mo
To= KT -T5)
Uy
qo= k(g - g2).
A 1 kg (T.+061Tq.)
—— L= T u2
Calculate L j----- L_l = Ll_l (R _ aTq < _10Wm—2)
. [ L' = 04L7L + 0607 (R—oT*>-10Wm™?)
2
o [0 820,
<1 ¢
o, = dm(()d(
[ ¢
¥, =¥,
Ui =Us =¥ [k
| Calculate U(h) ]+ U(h) =Un (R-0T* < ~10Wm™?)
U(h) = 0.28U(h)oia + 0.75Up; (R —oT* 2 =10 Wm™?)
_ o k. ku (T - T,
Ao =Cpp v, N H= Ao(Tz - T), _———I({/Cp:) =W,
Age= kau_. IE = A, kue(q —g2) -
v, = Aoe(g2 - 9), ——_E/p— =V,

[ Calculate U(2), Th, - -, 92 ")+~ eqs(30) and (62)

Converge ? > +=- (IT; - Tiata] < 0.01°C (i =1,2,85))

[ Calculate fluxes and output_|

St(h) = (1 = ap)XmSo,

St () = (1 = ap)asXnSo,

St(h) = (1 = ap)asXnX So,
X,. = exp(—mbéb),

FIG. 7. Algorithm for the 2LM.

X = exp(—1.668b),
8=nh-—h,
ay= (1 - Xp)ay,
LY(h) = XL, + (1 — X)eTc",
LY(hy) = oTs*,
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and
LY(h) = XoTs* + (1 — X)oTc*.

The expressions for the fluxes from the canopy ele-
ments to the surrounding air Hcand [Ec and the fluxes
from the soil surface Hs and /Eg are similar to those
in the 2LM.

e the continuity equations for the fluxes
HC =H-H Ss (64)
IEc = IE — |Es. (65)

The fluxes H and /E are also the same as those in
the 2LM and are given by Eqgs. (25) and (26).
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Since the canopy layer is not divided into two layers,
it is not necessary to consider the diffusivity in the
crown space [as expressed in Eq. (22)]. The represen-
tative height, z,, similar to Egs. (45) and (49), is given
by

5=t £<0.5,
2
2 = _l— n exp(ﬂoh) - exp(”’ﬁhl) , f; 0.5.
Ko duo

(66)

Following Egs. (62)-(65), the simultaneous simple
equations can be reduced to four unknown variables,
T, Ts, Tc, and ¢,, and given as

ACe Tl

Ase Ts

0 Te

“ACe - AOe - ASe a9

=3¢T*(1 — X) + Aceld*(Tcoa) — AcTcos) — Cc

Ac (1-X)Y Y
As —Y ~ As— Ag,As (1 — X)Y
—Ac— Ao — As As Ac
0 ASeAS ACeAC
—Acelq™(Tcou) —
where
Y=40T3

Ye=-2(1 — X)Y — Ac — Ac.Ac
Ce=(1~ap[l — Xpm + asXn(1 — X)]1S
+(1 - X)L,
and
Cs=(1 —ap(l — ag)XuySe + XL, — G.

4. Observations and model application

The heat-balance components are calculated from
data observed at a rice paddy field and an orchard and
are then compared with the present model results.

a. Rice paddy field

Observations were conducted at Kitaura, in the
northern part of Miyagi Prefecture, Japan. A horizon-
tally homogeneous rice paddy field surrounds this ob-
servation site. Using cup anemometers and ventilated
psychrometers, the profiles of wind, air temperature,
and specific humidity were measured on a mast at six
levels up to 10 m. Simultaneous observations of the
downward solar and infrared radiation were made with
a pyranometer and a pyrradiometer, while the radiative
surface temperature was measured using an infrared-
radiation thermometer (IRT) at 10 m above the rice
paddy field (viewing nadir). The height of the rice

—36T*X + ASe[q*( Tsoa) — AsTsoa] — Cs

— AT (67)

AcTcod] — Asel@*( Tsoid) — AsTsota]l — Aoeq

plants and the leaf-area density were also measured.
The height of the bottom of the crown space A; was
assumed to be 0.15A for the rice field. The data (82
runs) were obtained during the period from 24 June
to 20 August 1987 and from 26 May to 5 October
1988. The period of each run was 30 min (almost
steady state in this period).

In this paper, the heat storage of the canopy and the
energy used in the photosynthesis process are neglected.
Thus, the heat flux into the soil layer G, one of the
input parameters, can be estimated by

G=R,—H-IE. (68)
The fluxes H and /E are calculated from the observed
profiles of wind speed, air temperature, and specific
humidity above the canopy. From this point on, these
values of the fluxes are called observed values. The net
radiation R, is written as
R,=(1 —a)So+ L, — oTg", (69)
where S is the solar radiation, L, the downward at-
mospheric infrared radiation, and Ty the radiative sur-
face temperature. The albedo of the canopy o was
calculated from Eq. (13) with ay= 0.21 and a5 = 0.08,
which were based on the albedo measurements on 12
July 1988. The value of « increases from 0.08 to 0.21
according to the growth of the rice.

Table 1 summarizes the observed values of the can-

opy height /., nondimensional canopy density c,,
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TABLE 1. Observed values of the canopy height 4, canopy density c,, the roughness z,, the zero-plane displacement d, and the bulk transfer coefficients Cy
and Ck. The data with values of [Tr — T| < 1°Cor . H| <5 W m™2 were excluded when calculating Cy. Letter N is the number of data. The reference height

for Cy and Cgis 10h.

Cu (X107%) Ce (X107%)
Standard Standard
Period h (m) ¢, 2o (m) d (m) Mean  deviation N  Mean  deviation N
1987
24 June-26 July 0.35-0.70 0.66-1.4 0.029-0.081 0.23-0.50 39 1.4 4 3.1 0.5 6
7 August-20 August 0.85-0.96 1.6 0.086-0.11 0.52-0.68 79 1.0 4 39 0.7 7
1988
26 May-11 June 0.07-0.18 0.023-0.10 0.0024-0.014 0-0.088 3.6 0.4 9 23 0.5 9
14 June-18 June 0.21-0.23 0.15-0.018 0.016-0.032 0-0.11 38 1.3 14 28 Q0.6 14
21 June-24 June 0.26-0.28 0.27-0.34 0.026-0.035 0.038-0.11 3.1 0.5 9 24 0.3 11
29 June-3 July 0.34-0.40 0.44-0.57 0.034-0.044 0.16-0.18 3.6 1.1 7 2.8 0.3 8
6 July-12 July 0.44-0.51 0.71-0.89 0.037-0.040 0.23-0.33 2.6 0.7 4 2.1 0.4 7
21 September-5 October 0.86 0.72-0.89 0.067-0.13 0.40-0.58 6.4 33 4 34 0.8 9

roughness z;, zero-plane displacement 4, and bulk
transfer coefficients Cy and Cr. The bulk transfer coef-
ficients given in the table, at a reference height of 104,
are defined by the following equations:

H = CppCyU(Tp—T),
IE = [pCeUl[q*(TRr) — q].

(70)
(71)

Variation can be seen in the values of Cy during some
periods, which is partly due to an observation error
and partly due to the inherent nature of bulk transfer
coefficients discussed in section 6. The results of the
zero-plane displacement and roughness length are also
shown in Figs. 8 and 9 with model-calculated curves
[Egs. (39) and (43)].

T
—o—
.

0.5

d/h

T vt v ] 1T
1

N |

10°

N |
107"
C.

FiG. 8. Comparison of observed and calculated zero-plane dis-
placement at the rice paddy field. Circles denote the mean values of
each period in Table 1 and error bars denote the range minimum
through maximum. The curve is model calculation [Eq. (39) with
hl/h = 0.15].

f%"z

No data were obtained under very dry or hot con-
ditions in the rice paddy field, so that ¢ was specified
as unity in Eq. (55) while j was given as a function of
solar radiation and wind speed. The following values
were adopted: ¢; = 0.18, ¢, = 0.05, and s = 1 (wet
condition ), where ¢y is MLM tuning and ¢, is experi-
mentally determined (see Kondo and Watanabe 1991).

The two parameters for the stomatal resistance r,
and S,,, were determined so that the differences be-
tween the calculated and observed fluxes H and /F are
minimal for a certain period. Most of the water vapor
flux originates from water surfaces in May to carly
June, because the rice plants are small. Therefore, these
data were not adequate to determine r,, and Supm-
Moreover, the data from the period September-Oc-
tober are separated, because the rice plants are discol-
ored, turning yellow, and the amount of evapotrans-
piration for this season changes (see Table 2). For fall

0.2 +

a4

| |
107! 10°

C.

FIG. 9. Same as Fig. 9 but for roughness length. The curve
is given by Eq. (43) with #,/h = 0.15.

f5'2
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TABLE 2. Optimized values of r,, and Sy, for the rice paddy field.

Period TmM™)  Siom (Wm™)
Summer 1987 (24 June-20 August) 64 53
Summer 1988 (14 June~12 July) 31 289
Fall 1988 (21 September-5 October) 237 0
Summer 1987 and 1988
(14 June-20 August) 48 116

of 1988, S:om = 0 and thus j does not depend on the
solar radiation, which is consistent with the inactivity
of plant physiology. In Fig. 10 the observed fluxes are
compared with the values calculated by the 21LM with
rm = 48 sm™! and Sam = 116 W m™2. Both of the
fluxes are almost in agreement, within a range of +20
W m2. Although Table 2 shows differences in 7,, and
Sabm between 1987 and 1988, they do not significantly
affect the flux values (the difference between circles
and squares in Fig. 10 are only about 20 W m™2).

Figure 11 shows the relationship between j and Sy,
where the various curves represent Eq. (55) for different
values of U. The plotted values of j are obtained in
order that the calculated and observed Bowen ratios
agree for each run (henceforth jg, ). The j values increase
with the decrease of wind speed (U, in the crown space)
and with the increase of solar radiation. The values of
Jre almost coincide with the curves.

The relation between the saturation deficit ¢*( Tc,)
— ¢ and j is shown in Fig. 12; the ordinate indicates
the difference between jg, and j,, [obtained from (55)
with @ = 1]. No systematic dependence of j on the
saturation deficit can be found. This supports the as-
sumption that there is no influence of the saturation
deficit in (55) (i.e., @ = 1).

b. Orchard

Similar heat-balance observations were made at an
apple orchard located in Zinmachi, the central part of
Yamagata Prefecture, Japan. Here a horizontally ho-
mogeneous orchard extends over 500 m on the wind-
ward side of the prevailing wind. The canopy height
was measured at 4 m, with a trunk space of under 1
m. The leaf area density was measured as 0.5 m®> m~>.
The profiles of wind speed, air temperature, and specific
humidity above (up to 15 m) and within the canopy
were observed with cup anemometers and ventilated
psychrometers. The downward solar and infrared ra-
diation was measured at a location outside of the can-
opy with a pyranometer and a pyrradiometer. Also,
the solar radiation and reflection were measured at the
forest floor. Average values of the canopy radiative
temperature were measured from above, at a height of
7 m, by amoving IRT (see Fig. 13), while the radiative
temperature of the leaves, trunk, and soil surface were
measured using an IRT.
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The heat flux into the soil layer was calculated from
soil temperatures measured with thermocouples and
bent-stem earth thermometers at depths of 0, 2, 4, 8,
15, 25, and 30 cm for three different locations. The
values of the mass of soil-water content (measured by
a weighing method) from the surface to 25 cm were
in the range 0.3-0.5 for each day, and thus the soil
surface was considered to be fully wet (85 = 1; Kondo
et al. 1990). The soil-water potential, measured with
a tensiometer at the depth of 50 ¢m, ranged from —29
hPa to —~44 hPa.

The observations were carried out over four days,
7, 8,9, and 23 August 1988, resulting in seven runs of
data being available. The period of each run was 30
min (almost steady state).

The results for each run are shown in Table 3. The
reference height of Cy and Cg was 10 m, with the value
of Cy being around 0.01 and Cg between 0.002 to
0.004. Examples of the profiles are shown in Fig. 14;
the wind-speed profiles are logarithmic above 5 m. The
drag coefficient of individual leaves ¢, (=0.2) was de-
termined so that the calculated wind speed in the upper
canopy layer agreed with the observed speed. Thus, the
nondimensional canopy density ¢, was obtained as 0.4
for # = 4 m, and the corresponding zero-place dis-
placement d was calculated as 1.66 m with A, = 1 m
[see Eq. (39)]. The tower height of 15 m was too low
to simultaneously determine d, zy, H, and /E from
profiles of the present observations. Accordingly, a cal-
culated value of the zero-plane displacement (d = 1.66
m) was assumed to determine z,, H, and /E [the value
of zp from Eq. (43) with d = 1.66 m is 0.64 m].
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FiG. 10. Comparison of observed and calculated fluxes for the
entire period except for the fall season at the rice paddy field. Cal-
culated values are based on the 2LM with optimized parameters: r,,
=48 sm™ and Sy = 116 Wm™2
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RG. 11. The relation between the evapotranspiration factor of a leaf j and j;, and the absorbed
solar radiation in the C2 layer S;,; during the summer season. The solid lines denote j [derived
from Eq. (55) with @ = 1, r,, = 48 s m~* and S,,m = 116 W m™2], and the plotted points denote

Joe-

Using the observed albedo (a = 0.16--0.18) and solar
radiation at the forest floor, the two parameters of al-
bedo were set at oy = 0.24 and a5 = 0.16.

Equation (55) was used to determine the evapo-
transpiration factor j by assuming € = 1. In the same
manner as in the previous section, the two parameters
of the stomatal resistance were determined: r,, = 158
s m~ ! and S, = 0 (for ¢, = 0.05). Thus, jis a function
of only wind speed, and therefore independent of solar
radiation. As the saturation deficit increases, jg, slightly
decreases, unlike the case for the rice paddy field.

Figure 15 displays a scatter diagram of observed
fluxes based on the profile method versus calculated
values by the 2LLM, using optimum values of r,, and
Sabm- The scatter of the fluxes is larger than that for
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FIG. 12. Normalized difference between jg and jq
versus saturation deficit.

the rice paddy field (Fig. 10), which may be partly
ascribed to the inaccuracies that occur in the observed
fluxes.

5. Comparison among the one-layer, two-layer, and
multilayer models

In section 4 it was found that the 2L M agreed well
with the observed heat balance for a rice paddy field
and an orchard. In this section several results from

FIG. 13. Schematic illustration of the measurement of the canopy

radiative temperature with a moving infrared-radiation thermometer
(IRT).



JANUARY 1992

YAMAZAKI ET AL.

99

TABLE 3. Results of the orchard observations. Variable Ty is the canopy radiative temperature measured at the height of 7 m. The bulk
transfer coefficients Cy and C; are defined by Eqgs. (70) and (71). The unit for the flux is watts per square meter. The reference height of Cy,
and Cg is 10 m. Parenthesized data indicate that the temperature difference is less than 0.05°C.

Run 2o a T q TR CH CE
Date  number (m) So H IE G Residual (ms™) (°C) kg (°C) (X107}  (x107%

7 1 0.307 363 10 185 23 48 2.40 29.40 17.2 30.0 6.0 2.9

8 1 0.564 644 48 315 54 48 4.12 30.30 16.8 33.8 29 1.6

8 2 0.613 454 6 189 16 128 4.00 30.15 17.1 31.2 1.2 1.5

9 1 0.400 713 95 390 113 —69 1.46 30.60 15.8 35.0 129 4.8

9 2 0.494 532 121 459 1 —179 3.67 30.60 16.8 322 17.9 33
23 1 0.493 489 8 361 48 -29 3.60 29.80 189 31.1 1.5 3.7
23 2 0.584 224 ~11 234 —12 —38 4.35 28.75 184 28.7 (44.0) 3.1

three canopy models, 1LM (section 3), 2LM, and
MLM, are compared under the following conditions.

So = 600,00 W m™2

L,=319Wm™
U;=5ms™!

T = 20°C
g=10gkg™
h=1m

hl =0.5m

Cq =0.1

[ =0.05
c. = 0.01

b=a

af=as=0

Figure 16 presents examples of calculated sensible
heat fluxes using the 1LM, 2LLM, and MLLM versus the
canopy density. Since the MLM does not consider at-
mospheric stability, the 1LM and 2L M are used under
neutral conditions for the purpose of comparison.
These figures suggest that the 11L.M is sufficient for the
estimation of fluxes, since the difference in the flux is
within several watts per square meter for dense canopies
under conditions of large-incident solar radiation (600

When the leaf-area density varies vertically or the
leaves are localized in the upper or lower part of a
canopy, the 1LM or 2LLM may not yield correct fluxes.
Sellers et al. (1989) have introduced the height of max-
imum canopy density in order to deal with such a leaf
area distribution. However, this problem may be over-
come by using values of /, h,, and a for the individual
leaf-area distribution.

6. Discussion
a. Nonequilibrium soil layer

In most cases, due to its large heat capacity, a soil
layer is not thermally in equilibrium (G # 0) under
varying external conditions (e.g., incident radiation,
air temperature ). The melting of a snow surface is also
not in an equilibrium state, since Ts cannot exceed
0°C until the snow completely vanishes. In this section,
the nonequilibrium situation is discussed by fixing Ts
compulsorily at an arbitrary value, which differs from
that for the steady state.

The conditions of the calculation are as follows:

So = 400 W m~2,
L,=215Wm™2,

W m™2). The 2LM gives the same fluxes as those by U,=5ms™,
the MLM within an error of about S W m™2, T =0°C
WIND SPEED (m/s) AIR TEMP. (°C) SPECIFIC HUMIDITY (g/kg)
Q1 2 3 4 530 31 3215 18 17 18 19
\
10 No.1 5 3\ " 2
(o]

(m)

HEIGHT

FI1G. 14. Examples of the wind, air temperature, and specific-humidity profiles at the orchard
for 9 August 1988. Labeled number corresponds to run number in Table 3. Open circles: observed
data. Closed circles: 2LM. Stippled area denotes the crown space.
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FIG. 15. Comparison of observed and calculated fluxes for the
orchard. Calculated values are from the 2LLM with the optimized
parameters: 7, = 158 s m™' and Sypm = 0.

and
g=26gke".

The canopy parameters are the same as those in section
5, and only the cases of a; = 0 and a; = 0.6 are ex-
amined. For reference, the bulk transfer coeflicients
for the steady state (G = 0) obtained by the 2LM are
shown in Fig. 17.

The abscissa of Fig. 18 indicates the fixed value of
Ts, and the ordinate the bulk transfer coeflicient Cy
defined by Eq. (70), where H has been calculated by
the 2LM. When Ts < T = 0°C, negative values of Cy
are encountered. Figure 19 shows such a situation: since
the crown space is heated by solar radiation, the sensible
heat is transferred from the canopy layer to the at-
mosphere (H > 0). However, T is affected by T (fixed
lower than 7') and Tk < T occurs, resulting in a neg-
ative Cy. At night, on the other hand, since the crown
space is cooled, H <0 and T — T > 0, and thus Cy
< 0 occurs again. )

Therefore, the bulk transfer coefficient Cy may
change with Ts as well as with the canopy structure.
Figure 20 shows a 75 dependency of sensible heat fluxes
calculated by the bulk formula given in (70) using two
different values of Cy. The solid lines correspond to
the Cy value obtained by the above method, while the
broken lines to that obtained by assuming a steady
state (G = 0). In both methods, the same value of T
— T, which was calculated by the 2LM with a fixed
Ty, is used. Figure 20a gives results of the calculations
for ay= ag = 0, and Fig. 20b for as = 0.6 (old snow).
The solid and broken lines for each ¢, intersect each
other at a certain value of T, where the steady state
should be achieved. The inclinations of the broken lines
are greater than those of the solid lines for ¢, = 0.1
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FG. 16. Examples of calculated sensible heat fluxes using the 1LM,
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and 0.3. This means that values of H obtained with
Cy for the steady state are greater than the actual H
when T is higher than the steady-state value, and vice
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FG. 17. Calculated values of the bulk coefficients in the steady
state by usé of the 2LM as a function of canopy density, having a
parameter of ags.
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FiG. 18. The variation of the bulk coefficient Cy; when the fixed
soil surface temperature is used for various values of canopy density,
Cas with ag = 0.

versa when T is lower. This tendency is more signif-
icant in Fig. 20b (as = 0.6) because the reflected solar
radiation from the ground also heats the crown space.

These errors result from the fact that the temperature
of the canopy elements, where the most part of the
sensible heat is exchanged, differs greatly from Tk. A
value of T is not representative of the temperature of
the crown space and is influenced by T. It is easy to
measure Tx with an infrared-radiation thermometer
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FIG. 19. An example of an air temperature profile when Cy < 0.
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F1G. 20. The variation of the sensible heat flux with a fixed soil
surface temperature for (a) as = 0 and (b) ag = 0.6. Solid lines:
using the 2LM with fixed T's. Broken lines: with Cy (steady state)
and T~ T.

from above, but the estimated sensible heat flux is er-
roneous if the soil layer is not in an equilibrium state.

This relationship is similar to that between latent
heat /E and Cg. Moreover, Cy and Cr also depend on
external conditions, such as incident radiation or wind
speed. These problems are discussed in Kondo and
Watanabe (1992).

b. Dependence of radiative ground-surface temperature
on the viewing angle

The radiative ground-surface temperature depends
on the viewing angle and is written using the 2L.M as
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Tr(0)* = (1 = Xpn1) X2 T &
+ (1 = Xu2)TEr + Xt X2 Ts*, (72)

where 6 is viewing nadir angle and X, is defined by
Eq. (11). If T is measured from three or more different
viewing angles (e.g., by an infrared sensor on a satellite
with an in-track tilt capability), it is basically possible
to obtain 7¢;, T2, and T using (72).

Huband and Monteith (1986) showed that the ra-
diative surface temperature measured at an angle of
55° to the vertical was well related to the air temper-
ature at the height of zy + d in a wheat canopy. The
best viewing angle to estimate sensible and latent heat
fluxes for the surface temperature of bulk formulas
probably exists. However, it depends on canopy density
and other conditions. A more detailed discussion will
be given in the future.

7. Concluding remarks

A simple heat-balance model with either one or two
layers in the canopy has been developed. This model
can easily determine the roughness length and the zero-
plane displacement of a vegetated surface if the canopy
information (canopy density, canopy height, and can-
opy-layer thickness) is available, while also calculating
the heat balance of the canopy. The heat-balance com-
ponents obtained by this model are, for the most part,
in agreement with those calculated by use of a multi-
layer model for usual leaf-area distributions. Moreover,
the proposed model yields almost the same sensible
and latent heat fluxes above the canopies as observed
for a rice paddy field and an orchard.

The two-layer model achieves better results when
the radiative ground temperature measured from space
has a dependency on the viewing angle (for this case,
it is necessary to know the air temperature profile in
the canopy). On the other hand, the one-layer model
is sufficient, if the requirements are only the steady
fluxes between the vegetated surface and the atmo-
sphere.

Application of this model to non-steady-state prob-
lems can be achieved by including the canopy heat
capacity. The present model has been joined to soil-
layer models and snow-cover models. The results of
such joint models will be discussed elsewhere.
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APPENDIX
List of Symbols

Subscript ¢ denotes each canopy layer C1 and C2
(i=1,2):

a leaf-area density (one-sided)
Ao = Cppkuty [ ¥
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AOe = lpku*/\pe

Aci = Cppcyad; U(z;)
Acie = lpceiad;

As = CppCysU(hy)
ASZ = lpBCysU(hy)

Ca
Ces Ch

Cx

Cx1

Cg, Cu
Cus

He;

Hg

Ji

Jt

KE’ KH

[}

extinction coefficient

drag coeflicient of individual leaves

transfer coefficients of individual leaves
for latent and sensible heat

nondimensional canopy density
( = cdak)

variable for the wind profile, a function
of ¢y

bulk transfer coefficients above the can-
opy for latent and sensible heat

bulk transfer coefficient of a soil surface
for sensible heat

specific heat of air

‘zero-plane displacement

water vapor flux from the canopy layer
to the air above the canopy

water vapor flux from the C1 layer to
the C2 layer

water vapor flux from the canopy ele-
ments to the surrounding air (ILM)

same as E¢ but for each canopy layer
(2LM)

water vapor flux from the soil surface

partition coefficient for the wind profile,
a function of ¢,

heat flux into the soil layer

canopy height

height of the bottom of each canopy
layer

sensible heat flux from the canopy layer
to the air above the canopy

sensible heat flux from the C1 layer to
the C2 layer

sensible heat flux from the canopy ele-
ments to the surrounding air (1LM)

same as H¢ but for each canopy layer
(2LM)

sensible heat flux from the soil surface

evapotranspiration factor of a leaf
(= ¢/ cn)

evapotranspiration factor of a leaf for
each canopy layer

optimized evapotranspiration factor of
a leaf

von Karman constant

eddy diffusivity for latent and sensible
heat transfer

CepKn(h2)/ (21 — 22)

lpKe(h2)/(z) — 22)

latent heat of evaporation

Monin-Obukhov length

downward and upward flux of longwave
radiation

downward flux of atmospheric radiation
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Lm’

LnS

Sab

Sabm

Sm'
SnS

Tc
Tci

Tr

M Saf &
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net longwave radiation absorbed by
each canopy layer

net longwave radiation absorbed by the
soil layer

secd

specific humidity at the reference height
Zg

specific humidity in each canopy layer

saturation specific humidity

aerodynamic resistance for a leaf surface

stomatal resistance

minimum stomatal resistance

net radiation above the canopy

downward and upward flux of short-
wave radiation

incident flux of solar radiation

shortwave radiation absorbed by a unit
leaf area

Sa when r, = 2r,,

net shortwave radiation absorbed by
each canopy layer

net shortwave radiation absorbed by the
soil layer

air temperature at the reference height
Zg

air temperature in each canopy layer

leaf surface temperature (1LM)

leaf surface temperature in each canopy
layer (2LM)

radiative surface temperature measured
from above the canopy

soil surface temperature

friction velocity above the canopy

friction velocity in the trunk space

wind speed

wind speed at the reference height z,

= logcy

transmittance of the canopy layer for
longwave and reflected shortwave ra-
diation (1LM)

same as X but for each canopy layer
(2LM)

same as X but for direct solar radiation
(1LM)

same as X,, but for each canopy layer
(2LM)

height above the soil surface

roughness length above the canopy

roughness length of the soil surface

reference height (above the canopy)

representative height of each canopy
layer

albedo above the canopy

leaf reflectance at the canopy top

(1 = Xnm)er (1LM);

(1 = X1 Xm2) o (2LM)

reflectance of the soil surface

103

Bs moisture availability of the soil surface
& thickness of the crown space (1LM)
d; thickness of each canopy layer (2LM)
Ac=dq*/dT (T = Tcoa)
A; =dq*/dT (T = Tcion)
As=dq*/dT (T = Tsoa)
{=z/L
6 solar zenith angle or viewing nadir angle
A mixing length
p = cqa/(2k?)
p air density
¢ Stefan-Boltzmann constant
¢», ¢.» nondimensional temperature gradient
and wind shear

Y., ¥, ¥,, = [ (¢/8)dS
Q  correction factor of r,
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