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ABSTRACT

A method for estimating profiles of turbulent transfer coefficients inside a vegetation canopy and their use in
calculating the air temperature inside tall grass canopies in land surface schemes for environmental modeling
is presented. The proposed method, based on K theory, is assessed using data measured in a maize canopy. The
air temperature inside the canopy is determined diagnostically by a method based on detailed consideration of
1) calculations of turbulent fluxes, 2) the shape of the wind and turbulent transfer coefficient profiles, and 3)
calculation of the aerodynamic resistances inside tall grass canopies. An expression for calculating the turbulent
transfer coefficient inside sparse tall grass canopies is also suggested, including modification of the corresponding
equation for the wind profile inside the canopy. The proposed calculations of K-theory parameters are tested
using the Land–Air Parameterization Scheme (LAPS). Model outputs of air temperature inside the canopy for
8–17 July 2002 are compared with micrometeorological measurements inside a sunflower field at the Rimski
Sancevi experimental site (Serbia). To demonstrate how changes in the specification of canopy density affect
the simulation of air temperature inside tall grass canopies and, thus, alter the growth of PBL height, numerical
experiments are performed with LAPS coupled with a one-dimensional PBL model over a sunflower field. To
examine how the turbulent transfer coefficient inside tall grass canopies over a large domain represents the
influence of the underlying surface on the air layer above, sensitivity tests are performed using a coupled system
consisting of the NCEP Nonhydrostatic Mesoscale Model and LAPS.

1. Introduction

Many complex environmental features at small, me-
dium, or large scales involve processes that occur both
within and between environmental media (e.g., air, sur-
face water, groundwater, soil, biota). Considerable re-
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cent research work addresses various aspects of mod-
eling these processes using new methodologies/ap-
proaches, numerical methods, and software techniques
(e.g., Rodhe et al. 2000; Walko et al. 2000; Brandmeyer
and Karimi 2001; Janjić et al. 2001; Lalic et al. 2003;
Mihailovic et al. 2001, 2002; and references therein).
In environmental models, calculating turbulent fluxes
inside and above a vegetation canopy requires the spec-
ification of air temperature, water vapor pressure, and
turbulent transfer coefficients inside the canopy (Sellers
et al. 1986; Mihailovic 1996; Xue et al. 1991). The
calculation of these quantities inside a tall grass canopy
has been considered by many authors (e.g., Sellers and
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Dorman 1987; Laval 1988; Sellers et al. 1989; Munley
1991; Mihailovic et al. 1993; Zoumakis 1993; Hender-
son-Sellers 1996; Brutsaert and Sugita 1996; Raupach
et al. 1996). Their work has remarkably improved the
parameterization of turbulent fluxes inside tall grass can-
opies in land surface schemes, making them more rel-
evant, for example, in assessing how various crops may
affect regional climate (Gedney et al. 2000; Pielke
2002b). However, there is not yet a complete approach
for modeling the turbulent fluxes inside tall grass can-
opies, particularly in the case of sparse tall grass can-
opies [i.e., those in which the plant spacing is on the
order of the canopy height or larger (Wyngaard 1988)].
Such an approach is needed because tall grass canopies,
through key variables like friction velocity and internal
air temperature, can significantly affect heat and mois-
ture exchange in the lower atmosphere.

The objective of this paper is to examine the impact
of the turbulent moisture/heat transfer coefficient (re-
ferred to hereinafter as the turbulent transfer coefficient)
on the calculation of aerodynamic resistances and air
temperature inside tall grass canopies in land–atmo-
sphere schemes for environmental modeling. Section 2
summarizes the aerodynamic resistances for calculating
the air temperature inside the canopy (section 2a) and
a derivation of the wind and turbulent transfer coeffi-
cient profiles inside tall grass canopies (section 2b) and
sparse tall grass canopies (section 2c). Section 3 is de-
voted to numerical tests. Section 3a includes 1) nu-
merical simulation of the air temperature inside a sun-
flower field for a 10-day period, performed using a land
surface scheme, and its comparison with observations;
and 2) simulation of the air temperature inside a sun-
flower field that has lower plant density and the cor-
responding growth of the PBL height, performed by
running the coupled Land–Air Parameterization Scheme
(LAPS) and a one-dimensional (1D) PBL model. Sec-
tion 3b discusses numerical tests using a 3D mesoscale
model. Section 4 summarizes all of the results.

2. The turbulent transfer coefficient and
calculating air temperature inside tall grass
canopies

a. Deriving aerodynamic resistances for calculating
air temperature inside the canopy

The canopy air space temperature Ta in land surface
schemes can be determined diagnostically from the en-
ergy balance equation. This procedure comes from the
equality of the sensible heat flux from the canopy to
some reference level in the atmosphere and the sum of
the sensible heat fluxes from the ground and from the
leaves to the canopy air volume (Sellers et al. 1986;
Mihailovic 1996), that is,

2T T Tf g r1 1
r r rb d aT 5 , (1)a 2 1 1

1 1
r r rb d a

where T f is the foliage temperature, Tg is the ground
surface temperature, Tr is the temperature at reference
level, rb is the bulk boundary layer aerodynamic resis-
tance, rd is the aerodynamic resistance to water vapor
and heat flow from the soil surface to the air space inside
the canopy, and ra is the aerodynamic resistance rep-
resenting the transfer of heat and moisture from the
canopy to the reference level zr (see appendix A).

The aerodynamic resistance ra between zr and the
water vapor and sensible heat source height ha (Sellers
et al. 1986) can be defined as

H zr1 1
r 5 dz 1 dz, (2)a E EK Ks sh Ha

where H is the canopy height and Ks is the turbulent
transfer coefficient (momentum/moisture/heat) inside
and above the canopy in the intervals (ha, H) and (H,
zr), respectively. The aerodynamic resistance in canopy
air space rd can be written in the form

h ha1 1
r 5 dz 1 dz, (3)d E EK Ks sz hg

where zg is the effective ground roughness length and
h is the canopy bottom height (the height of the base
of the canopy). The area-averaged bulk boundary layer
resistance has the form (Sellers et al. 1986)rb

H L Ïu(z)1 d
5 dz, (4)Er C Pb s sha

where is the area-averaged stem and leaf area densityLd

(also called canopy density), which is related to leaf area
index (LAI) as LAI 5 (H 2 h), u(z) is the wind speed,Ld

Cs is the transfer coefficient (Sellers et al. 1986), and Ps

is the leaf shelter factor. Equations (1)–(4) can be mod-
ified to take into account the effects of nonneutrality.
According to Sellers et al. (1986), the position of the
canopy source height ha can be estimated by obtaining
the center of gravity of the 1/ integral. Thus,rb

h H Ha L L 1 L 1d d ddz 5 dz 5 dz 5 . (5)E E Er r 2 r 2rb b b bh h ha

We may obtain ha by successive estimation (Sellers et
al. 1986; Mihailovic and Rajkovic 1993) until the fore-
going equality is reached.

In this paper, we restrict our attention to the influence
of the turbulent transfer coefficient Ks on calculating the
resistances rd and ra, as well as the air temperature inside
the tall grass canopy Ta in land–atmosphere schemes
for various spatial scales of environmental modeling.
Our analysis first addresses dense tall grass canopies
and then moves to sparse canopies.
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FIG. 1. Calculated values of the scaling length s as a function of
the leaf drag coefficient Cd, area-averaged canopy density , canopyLd

height H, and canopy bottom height h, for three tall grass canopy
heights.

b. Calculating the wind profile inside tall grass
canopies

In this section, we derive an expression for Ks within
tall grass canopies as a function of their morphological
and aerodynamic parameters. For this purpose we con-
sider the canopy to be a block of constant-density porous
material sandwiched between two heights, H and h
(Sellers et al. 1986; Mihailovic and Kallos 1997). The
differential equation describing the wind profile within
such a ‘‘sandwiched’’ canopy architecture can be written
in the form (see appendix B)

d du C L (H 2 h)d d 2K 5 u , (6)s1 2dz dz H

where the coefficient of proportionality Cd is the leaf
drag coefficient. To solve this equation, we have to know
how Ks depends on parameters that represent the can-
opy’s aerodynamic and morphological features. The K
theory is a commonly used method in modeling the
turbulence within a plant canopy. Although its use may
be physically unrealistic for this application, it yields
reasonable results, and so we shall use this method until
suitable second-order closure models are developed and
then applied to the problem. Several papers have been
published recently that focus on the closure problem,
particularly within forest canopies (Massman and Weil
1999; Katul and Chang 1999; Pinard and Wilson 2001).
However, because the traditional K-theory approach can
be applied successfully within tall grass canopies (Sell-
ers and Dorman 1987, and references therein), we shall
stay with it. The question about the behavior of Ks within
forest canopies is beyond the scope of this paper.

A number of assumptions are offered about the var-
iation of Ks within tall grass canopies (Legg and Long
1975; Denmead 1976). Among those, we chose the ap-
proach in which Ks is proportional to wind speed u, that
is,

K 5 su,s (7)

where the scaling length s is an arbitrary, unknown
constant. Combining Eqs. (6) and (7) produces an equa-
tion for the wind speed inside the canopy:

2 2d u 2C L (H 2 h)d d 25 u . (8)
2dz sH

A particular solution of this equation can be found in
a form that approximates the wind profile within the tall
grass canopy fairly well (Brunet et al. 1994):

1 z
u(z) 5 u(H ) exp 2 b 1 2 , (9)1 2[ ]2 H

where u(H) is the wind speed at the canopy height and
b is the extinction parameter, defined as

2C L (H 2 h)Hd d2b 5 , (10)
s

where s still remains an unknown constant. Its value
can be determined as a function of the morphological
and aerodynamic characteristics of the underlying tall
grass canopy in the following manner. We shall use the
lower boundary condition at the canopy bottom z 5 h
in terms of the shear stress t just above and below the
indicated level. Therefore,

2t | 5 rC u | ,h dg h (11)

where r is air density and Cdg is the leaf drag coefficient
estimated from the size of the roughness elements of
the ground (Sellers et al. 1986); that is,

2k
C 5 , (12)dg 2h

ln1 2zg

where k is the von Kármán constant, taken to be 0.41,
and

du
t | 5 rK . (13)h s )dz h

Combining Eqs. (7), (9), (11), and (13), after some sim-
ple algebra, we get an equation for the parameter s of
the form

2C H 5 bs.dg (14)

Last, substituting b from Eq. (10) in Eq. (14) and solv-
ing for the scaling length s, we reach

22C Hdg
s 5 , (15)

C L (H 2 h)d d

which expresses s through the morphological and aero-
dynamic parameters describing the stand canopy in the
sandwich approach. Figure 1 depicts calculated values
of s as a function of the leaf drag coefficient, canopy
density, canopy height, and canopy bottom height for
three tall grass canopy heights. In these calculations we
used Eqs. (12) and (15). It can be seen that lower values
of tall grass canopy height and density [Cd d(H 2 h)]L
cause rapid growth of the scaling length. Such a plant
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FIG. 2. Profiles of (a) wind speed and (b) shear stress inside a maize crop. The black circles are observations from
Wilson et al. (1982), and the solid lines are plotted using calculated values. The wind speed u and shear stress t are
normalized by their values u(H) and t(H) at the canopy top height.

canopy architecture includes more air space, and so
physically the turbulent transport of momentum, heat,
and water vapor more closely resembles the energy and
momentum exchange above bare soil. In contrast, for
values of Cd d(H 2 h) that are typical of tall grassL
canopy (0.5–0.7) according to Sellers and Dorman
(1987), s has a lower value. This result means that the
turbulent transfer coefficient Ks within a dense tall grass
canopy, where eddies are small and dissipate quickly,
tends to have lower values. To illustrate how well values
calculated from the above expressions agree with ob-
servations, we compared the calculated profiles of wind
speed and shear stress with values observed by Wilson
et al. (1982) inside a maize crop. They gathered obser-
vations of crop height H (2.3 m) and LAI (2.9) and
estimated the effective leaf drag coefficient Cd to be
0.17. These values were used in the above calculations,
assuming values of h 5 0.115 m for the canopy bottom
height and zg 5 0.0256 m for the effective ground
roughness length. We obtained Cd d(H 2 h) 5 0.493,L
b 5 6.619, and s 5 0.0518 m. Figure 2a shows a
comparison between calculated and observed wind
speed values inside the maize canopy. The shape of the
calculated wind profile curve follows the observations
well. Between the canopy height and canopy bottom
height, the wind profile attenuates exponentially ac-

cording to Eq. (9), while beneath the canopy bottom
height it follows a classical logarithmic profile of the
form

1 h
u(H ) exp 2 b 1 21 2[ ]2 H z

u(z) 5 ln . (16)
h zgln
zg

The shear-stress comparison is shown in Fig. 2b. Just
below the canopy top, the calculated curve does not
follow the shape of the observations; a very sharp at-
tenuation of the calculated shear stress is evident in the
layer between 1.2 and 2.3 m. Within the upper part of
the canopy, the observed turbulent exchange of mo-
mentum is apparently more intense than the values ob-
tained using K theory. In the canopy layer below z 5
H, observed momentum exchange (and, therefore, the
turbulent transfer coefficient) becomes very erratic, of-
ten exhibiting singularities. This behavior is associated
with observations of countergradient fluxes within can-
opies (Raupach et al. 1996), indicating that the turbulent
transfer processes are essentially nonlocal and cannot
be described by a local gradient–diffusion relationship.
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However, as mentioned earlier, we do not address this
topic here because it is beyond the scope of this paper.

Last, because we know u(z), the variation of wind
speed with height inside the canopy, we can derive an
expression for the canopy source height ha. Assuming
that the canopy density is constant with height and by
combining Eqs. (4) and (5), we reach equality:

h Ha

2 Ïu(z) dz 5 Ïu(z) dz. (17)E E
h ha

If we solve these integrals, keeping in mind that the
functional form of u(z) is given by Eq. (9), we get

 
1 h 1 1 2 exp 2 b 1 21 2[ ] 4 H4 h 5 H 1 1 ln . (18)a b 3 

c. Calculating the turbulent transfer coefficient inside
sparse tall grass canopies

In a sparse tall grass canopy (one in which the plant
spacing is on the order of the canopy height or larger),
Ks is strongly affected by processes in the environmental
space, including the plants and the space above the bare
soil fraction. Therefore, Ks inside a sparse canopy, de-
noted , can be represented by some combination ofsK s

turbulent transfer coefficients in that space. If, as a work-
ing hypothesis, we assume a linear combination weighted
by the fractional vegetation cover s f (a measure of how
sparse the tall grass is), then we can define assK s

sK 5 s su 1 ku (1 2 s )z,s f f* (19)

where u* is the friction velocity above the bare soil
fraction and z is the vertical coordinate. In the case of
dense vegetation (s f 5 1), Eq. (19) reduces to Eq. (7).
Otherwise, when s f 5 0, Eq. (19) represents the tur-
bulent transfer coefficient over bare soil. We can use
Eq. (19) in calculating the wind speed inside a sparse
tall grass canopy. For that purpose we have to modify
Eq. (6) slightly to take into account s f :

d du C L (H 2 h)d ds 2K 5 s u . (20)s f1 2dz dz H

Replacing the expression for given by Eq. (19) insK s

Eq. (20) produces

d du C L (H 2 h)d d 2[s su 1 ku*(1 2 s )z] 5 s u .f f f5 6dz dz H
(21)

After differentiation and grouping, the terms we reach
are

22d u du du
2a(u, z) 1 b(z) 1 c 5 gu , (22)

2 1 2dz dz dz

where

a(u, z) 5 s su 1 ku*(1 2 s )z, c 5 s s,f f f

b(z) 5 ku*(1 2 s )z, andf

C L (H 2 h)d dg 5 s .f H

To get the wind profile inside the sparse canopy, we
solved Eq. (22) numerically, using the fourth-order Run-
ge–Kutte method (Ayers 1952).

3. Numerical tests

a. Results of calculating air temperature inside a
sunflower field for a long-term integration

To examine how successfully the foregoing proposed
calculations of K-theory parameters support simulating
the air temperature within a tall grass canopy, a test was
performed using the LAPS land surface scheme de-
scribed in Mihailovic et al. (2000) and Pielke (2002a).
LAPS outputs of canopy air space temperature for 10
days (8–17 July 2002) were compared with single-point
micrometeorological measurements over a sunflower
field at the Rimski Sancevi experimental site in Serbia.
In the numerical tests we used a dataset from a mea-
surement program that examined the exchange pro-
cesses of heat, mass, and momentum just above and
inside a sunflower canopy during its growing season.
The experimental site (270 m 3 68 m) is located in the
northern part of Serbia (45.38N, 19.88E) on a chernozem
soil of the loess terrace of southern Backa with the
following physical and water properties: Clapp–Horn-
berger constant B of 6.50, ground emissivity of 0.97,
heat capacity of the soil fraction of 780 J kg21 8C21,
saturated hydraulic conductivity of 32 3 1026 m s21,
soil moisture potential at saturation of 20.036 m, soil
density of 1290 kg m23, ratio of saturated thermal con-
ductivity to that of loam of 1.0, volumetric soil moisture
content at saturation of 0.52 m3 m23, volumetric soil
moisture content at field capacity of 0.36 m3 m23, wilt-
ing-point volumetric soil moisture content of 0.17 m3 m23;
and effective ground roughness length of 0.01 m. The
experimental site was surrounded by other agricultural
fields also sown with sunflowers. The sunflower rows
were oriented north to south, with row spacing of 0.70
m. This dataset was chosen because it was considered
to be typical and representative of a fully developed
sunflower crop.

For the 8–17 July period, the mean estimated LAI
was 3.0 m2 m22, the crop height H was around 1.99 m,
and the canopy bottom height h was 0.100 m. The scal-
ing length s and the extinction factor b were calculated
using Eqs. (15) and (10), while the zero plane displace-
ment d and roughness length z0 were calculated ac-
cording to Mihailovic and Kallos (1997), that is, d 5
H 2 (2sH/b)1/2/k and z0 5 (H 2 d) exp{22H/[b(H 2
d)]}1/2. In these calculations, the area-averaged canopy
density had a value of 1.59 m2 m23, and a value ofLd
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0.2 was used for the leaf drag coefficient Cd. We cal-
culated the following values: s 5 0.055 m, b 5 6.578,
d 5 1.54 m, and z0 5 0.115 m. Because the minimum
stomatal resistance was not measured, we assumed it to
be 40 s m21. The fractional vegetation cover was 0.90.
Other parameters used in the simulation can be found
in Mihailovic et al. (2000).

Temperatures were measured using platinum resis-
tance thermometers (Pt-100) set at 0.95 and 2.1 m above
the ground. The wind speed at the reference level of zr

5 2.1 m was measured using a Vector Instruments, Ltd.,
anemometer. A Kipp and Zonen, Inc., CM5 solarimeter
was used to measure incoming solar radiation, and rel-
ative humidity was recorded using a Greisinger Elec-
tronic GmbH sensor set at 2.1 m. Precipitation was mea-
sured by an electronic rain gauge manufactured at the
Institute of Physics in Belgrade. Soil temperature was
measured at 0.05-, 0.1-, and 0.2-m depths. In all data-
sets, the atmospheric boundary conditions at zr 5 2.1
m were derived from measurements of global radiation,

precipitation, relative humidity, and wind for 24 h from
0000 LST at 30-min intervals. The longwave atmo-
spheric counterradiation was calculated with an empir-
ical formula described in Mihailovic et al. (1995), in-
cluding a correction for the amount of cloudiness.
Cloudiness data were taken at 30-min intervals from the
nearest standard meteorological station, Rimski San-
cevi, which is 500 m away from the experimental site.
These values were interpolated to the beginning of each
time step (Dt 5 120 s). Soil layer thickness were defined
as D1 5 0–0.1 m, D2 5 0.1–0.5 m, and D3 5 0.5–1 m.
The initial conditions for the volumetric soil moisture
contents corresponding to these layers were w1 5 0.1552
m3 m23, w2 5 0.1484 m3 m23, and w3 5 0.1348 m3 m23.
At the initial time the ground temperature Tg was 292.68
K. The initial condition for atmospheric pressure was
100.53 kPa.

The temperature inside the sunflower air space Ta was
determined diagnostically using Eq. (1). In that formula,
the three aerodynamic resistances ra, rb, and rd are cal-
culated as follows:

2kH 1 h 1 z 2 da r1 exp b 1 2 2 1 1 ln (23)5 1 2 6[ ]r 5 ,H 2 d 2 H k H 2 da u* sb ln7 8z0

bC P Ïk1 s s
r 5 , and (24)b Ïu* H 2 d 1 ha4HL ln 1 2 exp 2 b 1 2d 5 1 2 6[ ]! z 4 Ho

1 h
exp b 1 21 2[ ]2 H1 2kH 1 h 1 h ha 2r 5 exp b 1 2 2 exp b 1 2 2 1 1 ln . (25)d 5 1 2 1 2 6[ ] [ ]u* H 2 d 2 H 2 H H 2 d zg7 8sb ln k ln

z z0 o

FIG. 3. Ten-day variation (8–17 Jul 2002) of the air temperature
simulated by LAPS and observed inside a sunflower canopy at the
Rimski Sancevi site.

The values for the leaf shelter factor Ps and transfer
coefficient Cs used in the simulation are listed in Mi-
hailovic and Kallos (1997). The effect of atmospheric
nonneutrality in Eqs. (23)–(25) (i.e., their dependence
on Ta and Tr) is included in u* and accordingly in other
calculations. Canopy source height ha was calculated
using Eq. (18) and the above parameter values, resulting
in a value of 1.1 m. The validity of the LAPS-simulated
canopy air space temperature was tested against the ob-
servations recorded by the platinum resistance ther-
mometer located at 0.95 m at 30-min intervals during
8–17 July 2002. Figure 3 shows the calculated and ob-
served diurnal variations of air temperature inside the
sunflower canopy at the experimental site. After mid-
night, the simulated values are lower than the obser-
vations, and in the early afternoon the simulated values
are higher than the observed ones. This situation occurs
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FIG. 4. Calculated values of the canopy bottom height h as a func-
tion of the canopy height H for tall grass vegetation. The fitting curve
is drawn using data from Dubov et al. (1978), Sellers and Dorman
(1987), Mihailovic and Kallos (1997), and Mihailovic et al. (2000).

because at night LAPS simulates less heat transfer from
the ground into the canopy air space than the obser-
vations indicate. In contrast, during the afternoon the
scheme calculates a lower amount of evapotranspiration,
which for some days results in a higher leaf temperature
and, as a consequence, a higher air temperature inside
the sunflower canopy [Eq. (1)]. It is apparent that the
calculation of air temperature inside a tall grass canopy
strongly depends on the resistances given by Eqs. (23)–
(25), that is, on the resistances’ sensitivity to morpho-
logical and aerodynamic parameters, which can be
sources of uncertainty in their calculation. The sensi-
tivity of the aerodynamic parameters and resistances and
turbulent transfer fluxes in the Simple Biosphere model
(SiB) surface scheme (Sellers et al. 1986; Xue et al.
1991) to uncertainties in the input parameters has al-
ready been addressed in Sellers et al. (1986) and Sellers
and Dorman (1987) and later in Mihailovic and Kallos
(1997) for LAPS. However, there is still no information
available in the literature on the sensitivity of turbulent
transfer calculations to the canopy bottom height h. Fol-
lowing the approach elaborated in this paper and other
similar approaches related to the sandwich treatment of
the canopy (e.g., Sellers and Dorman 1987; Xue et al.
1991), it can be seen that the parameters having a key
dependence on h are Cdg [Eq. (12)] and s [Eq. (15)].
However, this certainly does not mean that other pa-
rameterization quantities, including the canopy bottom
height, either explicitly or implicitly, are less sensitive
than Cdg and s. We will show a somewhat surprising
degree of sensitivity in the estimation of h when the
sandwich approach is used and how this sensitivity af-
fects the surface scheme’s ability to realistically simu-
late turbulent transfer inside and above the tall grass
canopy. This will be done in two steps. First, we es-
tablish a procedure for estimating h for tall grass. Sec-
ond, on the basis of this procedure, we discuss the pos-
sible uncertainties resulting from the parameterizations
of some of the aerodynamic parameters.

To our knowledge, the literature contains no infor-
mation on how to estimate canopy bottom height reli-
ably. The only information available is the h values of
1–2.5 m reported for tall grass canopies by Dubov et
al. (1978), Goudriaan (1977), Sellers and Dorman
(1987), Xue et al. (1991), Mihailovic and Kallos (1997),
and Mihailovic et al. (2000). Using these data, we found
a functional dependence of h on the canopy height H,
using a fifth-degree polynomial-fitting procedure (Fig.
4). This dependence can be helpful in land surface
schemes that use the sandwich approach to describe the
vegetation layer. We checked the representativeness of
this curve indirectly by calculating the zero-plane dis-
placement d and roughness length z0 for tall grass can-
opies of known morphological characteristics, using
maize data from Wilson et al. (1982) and van Pul (1992).
The derived z0/H and d/H values of 0.08 and 0.71 for
the Wilson et al. case and 0.051 and 0.76 for the van
Pul case are within the range of values reported by

Uchijima (1976): 0.05–0.15 for z0/H and 0.53–0.8 for
d/H.

To quantify the sensitivity of the air temperature in-
side a tall grass canopy to canopy bottom height, we
performed sensitivity tests with h 5 0.05H as a refer-
ence state for the sunflower canopy, using the model
settings described earlier. Further, the value of h was
allowed to vary from 230% to 130% of the reference
value. We computed the root-mean-square error (rmse)
and mean absolute value (MAE), defined as

1/2N1
2ˆrmse 5 (G 2 G ) and (26)O i i[ ]N i51

N1 ˆMAE 5 |G 2 G | , (27)O iN i51

where G is the variable of interest (canopy air space
temperature, in this study) and N is the total number of
hourly data. A caret indicates the reference state, where-
as the absence of a caret indicates a simulated value.
Table 1 shows the errors in the air temperature inside
the sunflower canopy, as well as its calculated aero-
dynamic characteristics, resulting from the changes in
h. The 230% to 130% changes in h introduced the
following errors in canopy air space temperature:
1.5018–1.4448C for rmse and 1.2388–1.1558C for MAE.
Let us explain these results. As h increases, the values
of d and ha also increase, because the height of mo-
mentum absorption rises with increasing vegetation den-
sity b; denser, less penetrable tall grass canopy (lower
values of s and Cd) presents a less porous, ‘‘smoother’’
surface to the atmospheric airflow. This same process
makes z0 decrease with increasing canopy density. In
this case, the ground surface temperature and foliage
temperature become lower, resulting in a lower tem-
perature inside the sunflower canopy [Eq. (1)].

To demonstrate how changing the specification of
canopy density affects the simulation of air temperature
inside the tall grass canopy and, thus, the evolution of
the PBL height, we performed experiments by running
LAPS coupled with a 1D PBL model over a sunflower



OCTOBER 2004 1505M I H A I L O V I C E T A L .

TABLE 1. Statistical analysis of the sensitivity of canopy air space temperature Ta and associated aerodynamic characteristics to the
canopy bottom height.

h (m) Cd b s (m) D (m) z0 (m) ha (m) Rmse for Ta (8C) MAE for Ta (8C)

0.035
0.040
0.045
0.055
0.060
0.065

0.1680
0.1310
0.1070
0.0744
0.0709
0.0641

3.576
4.593
5.597
7.534
6.463
9.366

0.1870
0.1130
0.0762
0.0420
0.0344
0.0272

0.878
1.223
1.422
1.626
1.685
1.728

0.409
0.246
0.162
0.085
0.066
0.052

0.734
0.811
0.920
1.032
1.132
1.222

1.501
1.065
0.502
0.823
1.158
1.444

1.238
0.837
0.465
0.637
0.934
1.155

FIG. 5. The rmse [Eq. (26)] and MAE [Eq. (27)] between the
calculated and reference values of (a) air temperature inside the can-
opy and (b) PBL height for different fractions of tall grass vegetation
in the grid cell. The reference state is a grid cell with s f 5 0.90.

canopy, similar to the method of van den Hurk (1996).
The 1D model, developed particularly for studying the
above effects, follows the work of Zhang and Anthes
(1982), Estoque (1968), Blackadar (1976, 1978), and
Alapaty et al. (1997a). The model’s governing equations
are the same as those in Zhang and Anthes (1982). It
contains two modules that represent two different re-
gimes of turbulent mixing: a nocturnal module and a
free-convection module. All prognostic variables are de-
fined at the midlevel of the vertical grid; diagnostic
quantities such as the Richardson number; the eddy ex-
change coefficients; and the fluxes of heat, moisture,
and momentum are defined at layer interfaces. We as-
sume that there are no energy fluxes across the top of
the mixed layer. An implicit diffusion scheme (Richt-
myer and Morton 1967) is utilized to calculate the tur-
bulent terms, with the equations for eddy coefficients
suggested by Zhang and Anthes (1982). In the com-

putational procedure, the sign of the temperature gra-
dient in the lowest model level and the stability param-
eter are checked at every time step to determine which
module is applicable. Then, the friction velocity and
surface temperature are calculated using LAPS, and
prognostic variables for the lowest model level are com-
puted.

In the experiments, we assumed that the entire grid
cell was covered by sunflowers. Calculations were per-
formed for surface temperature and the corresponding
PBL height as a function of fractional cover s f , whose
impact as a whole was examined by changing its value
from 1 to 0.01. The term ‘‘surface temperature’’ refers
to the ground temperature of a thin surface slab of soil;
for the canopy it represents the canopy air space tem-
perature Ta. Differences in the numerically simulated
values of Ta and in the PBL height caused by changes
in s f in the grid cell were quantified using the rmse
and MAE between the calculated and reference values;
these are plotted in Fig. 5. It can be seen that for higher
values of s f the rmse and MAE are lower. As expected,
when vegetation is highly dominant over bare soil in a
grid cell, the underlying surface does not significantly
contribute to the sensible heat fluxes directed from the
grid cell into the atmosphere. This results in a lower
surface temperature and slower growth of the PBL
height error. On the other hand, increasing the bare soil
fraction leads to more rapid growth of the PBL height
error. This occurs because evapotranspirational cooling
of the grid cell is reduced, so that the sensible heat flux
from the bare soil plays the dominant role in the land–
atmosphere energy exchange, resulting in higher error
when calculating PBL height (Alapaty et al. 1997b).

b. Numerical experiments using 3D simulation

To examine how Ks inside a tall grass canopy over a
large domain represents the influence of the underlying
surface on the air layer above, we designed a numerical
experiment using a 3D simulation. We analyzed the
model outputs of the heat fluxes, turbulent transfer co-
efficients, air temperature, and PBL height to focus on
the application to environmental modeling, particularly
for assessing how various crops affect regional climate.
In this case study, we performed a numerical simulation
using the National Centers for Environmental Prediction
(NCEP) Nonhydrostatic Mesoscale Model (NMM; Jan-
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FIG. 6. Model domain. The lighter shaded area is the control domain
used for sensitivity tests; the darker shaded area is the domain of
integration.

FIG. 7. Temporal variation of the area-averaged (a) surface sensible
heat flux and (b) heat turbulent transfer coefficient between the sur-
face and the lowest-model-level temperature, for the control-run cover
and tall grass canopy. The temporal values are obtained by averaging
over all grid cells in the control domain.

jić 1994; Janjić et al. 2001), with LAPS implemented
in it (Mihailovic 2003). The s terrain-following coor-
dinate was used with 38 levels in the vertical. For the
initial and boundary meteorological conditions, the
NCEP objective global analysis gridded data with a 18
horizontal increment, for 23 pressure levels (up to 50
hPa), were used. The lateral boundaries of the model
domain from the NCEP data were available every 6 h.
The starting time of the simulation was 0000 UTC 5
June 2002, and the simulation period was 24 h. The
model has a horizontal increment of 0.2228 3 0.2058
and a time step of 100 s. The domain (Fig. 6) was
centered in 45.08N, 19.08E with (101, 99) cells distrib-
uted longitudinally and latitudinally. In the preparation
phase, surface parameters, either observed or predefined
(topography, sea surface temperature, soil and vegeta-
tion types, soil temperatures and wetness, and slopes
and azimuths of the sloping surfaces), were interpolated
to the model grid. The topographic dataset used in the
one provided by the U.S. Navy with 10 arc min 3 10
arc min resolution. The vegetation dataset is available
from the U.S. Geological Survey (USGS) with a 30
arc s 3 30 arc s resolution, following the classification
by Dickinson et al. (1986). For soil textural classes, the
United Nations Environment Program Food and Agri-
culture Organization dataset was used, after converting
from soil type to soil textural Zobler classes (Staub and
Rosenzweig 1987). Albedo and surface roughness var-
iations were computed in the preprocessing stage ac-
cording to vegetation type. Figure 6 depicts the domain
of integration and the domain used for the sensitivity
tests; the latter is referred to as the control domain,
chosen because agricultural land predominates in this
area. The control domain has 651 grid cells. The cover
types it contained were water (22.7%), crops (i.e., short
grass canopies) (39.9%), tall grass (4.3%), short grass
patches (3.2%), evergreen needle leaf (2.6%), deciduous
broadleaf (4.3%), and mixed woodland (23.0%); the soil
textural classes were water (22.7%), loamy sand (4.5%),
sandy loam (11.5%), silt clay loam (36.6%), clay loam

(19.7%), sandy clay (2.5%), and silty clay (2.5%). The
control simulation (referred to as the control run) was
performed with this distribution of cover types. For the
sensitivity run, it was instead assumed that tall grass
completely covered the control domain. Figure 7a de-
picts the temporal variation of the area-averaged surface
sensible heat flux for the control run cover and tall grass
canopy. The instantaneous value of the surface sensible
heat flux P was calculated using

T 2 Ta rP 5 rc , (28)p ra

where r is the density of air and cp is the specific heat
of air at constant pressure. The reliability of this ex-
pression depends on the canopy air space temperature
(Ta) explicitly and also implicitly through ra, the aero-
dynamic resistance representing the transfer of heat and
moisture from the canopy to the reference level. The
importance of aerodynamic resistances in calculating the
fluxes for a wide range of vegetation was comprehen-
sively considered from both the atmospheric modeling
(Sellers and Dorman 1987) and environmental modeling
(Walko et al. 2000) points of view. For example, Sellers
and Dorman (1987) explored the maximum uncertain-
ties, expressed as percentages, in the canopy aerody-
namic resistances ra, rb, and rd due to uncertainties in
1) the canopy drag coefficient CD, defined as CD 5 (Cd/
Ps) d(H 2 h), where Cd is the leaf drag coefficient, andL
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FIG. 8. Temporal variation of the area-averaged (a) surface tem-
perature and (b) air temperature at 2 m for control-run cover and tall
grass canopy. The temporal values are obtained by averaging over
all grid cells in the control domain.

2) the shape of the wind profile inside and above the
canopy. They found that the uncertainty in the estimates
of 1/ra (the dominant turbulent transfer term) and 1/rb

ranged from 25% to 88%. Because the parameters in-
cluded in CD also primarily determine Ks inside the can-
opy, we expect Ks to strongly govern the moisture and
heat exchange inside as well as above the taller and
forest canopies. The diurnal variation of mean sensible
heat flux for the control domain (Fig. 7a) clearly shows
the differences between the tall grass canopy and the
control run cover in heat transfer above the underlying
surface. There are no significant differences before 0800
and after 1800 UTC. The most pronounced differences
are around 1200 UTC, reaching a maximum difference
of 60 W m22 between the tall grass canopies (50 W m22)
and the control run cover (110 W m22), whose cover
mosaic includes short grass canopies (39.9%), tall grass
canopies (4.3%), forest canopies (29.9%), and water and
short grass patches (25.9%).

Similar behavior is exhibited by the heat turbulent
transfer coefficient between the underlying surface and
the lowest model level (Fig. 7b). Its value was derived
from the NMM physical package (Janjić 1994, 1996,
2002), using the surface sensible heat flux calculated by
LAPS (Mihailovic and Kallos 1997). Because the mo-
saic of the control run cover is dominated by short grass,
the mean heat turbulent transfer coefficient above it dur-
ing shortwave heating is larger than the coefficient
above the control domain that is completely covered by
the tall grass canopy (Fig. 7b). This is because the sur-
face temperature Ta of the tall grass canopy is lower
than that of the control run cover, as shown in Fig. 8a,
resulting in a lower heat exchange coefficient over the
tall grass canopy. The instantaneous value of the surface
temperature was calculated using Eq. (1). This figure
shows that no significant differences occur between the
compared cover types during the period between 0000
and 0800 UTC. The minimum of the mean surface tem-
perature for both land use types occurs at approximately
the same time, around 0400 UTC. There is not a large
difference between the two minima, although the min-
imum over the tall grass canopy (12.18C) is slightly
higher than that over the control run cover (11.88C).
This difference occurs because the night ground radi-
ation over the tall grass canopy is smaller than that over
the control run cover, which consists mostly of short
grass and water. The tall grass canopy surface temper-
ature remains higher until 0900 UTC, when the surface
temperature of the control run cover becomes higher
and stays higher until 0000. The difference between the
two maxima is 1.68C. This difference, resulting from
the 3D simulation in which all relevant processes are
included, is a clear indication of how greatly the model
physics can be affected when the cover in part of the
integration domain is changed. Although in this paper
we deal specifically with tall grass canopies as an un-
derlying surface, the foregoing analysis is also relevant

for assessing the possible impact of various crops on
regional climate (Gedney et al. 2000).

The air temperature at 2 m is a reliable indicator of
the underlying surface’s thermal state (i.e., the quality
of the surface parameterization), because the surface
temperature strongly affects the air temperature at 2 m.
This 2-m temperature is determined diagnostically. Fig-
ure 8b depicts the temporal variation in this temperature
for the control run cover and the tall grass canopy in
the control domain. The diurnal behavior of the two
curves is close to the behavior of the surface temperature
curves in Fig. 8a. However, the 2-m daily amplitudes
are smaller than those for the surface temperatures, and
the maxima occur later in the afternoon.

Figure 9 depicts the temporal variation of the area-
averaged PBL height for the control run cover and tall
grass canopy in the control domain. PBL height is one
of the most important parameters provided by meteo-
rological models to air-quality models, because it de-
termines the vertical extent of the mixing of air pollut-
ants. PBL height can be affected by many physical pro-
cesses and parameters, including heat fluxes and ground
and near-surface temperatures. This figure shows that
the PBL height over the tall grass canopy is lower than
that over the control run cover between 1200 and 2000
UTC; the tall grass canopy surface temperature (Fig.
8a) is also lower than the control run surface temperature
during this period. This results, for example, in less
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FIG. 9. Temporal variation of the area-averaged PBL height for
control-run cover and tall grass canopy. The temporal values are
obtained by averaging over all grid cells in the control domain.

FIG. 10. Air temperatures at 2 m obtained by the NMM (including
LAPS) plotted against the observed values taken from the SYNOP
data of 5 Jun 2002: (a) comparison for various times, and (b) com-
parison for the temperatures extremes.

rapid vertical mixing of air pollutants over the tall grass
area than over the control run area.

To examine how well the proposed expression for Ks

and wind speed inside the tall grass canopy represent
the influence of the tall grass surface on air temperature,
we compared modeled and observed air temperatures at
a measurement height of 2 m for 11 stations in areas
of mainly tall grass canopy. Figure 10 shows air tem-
perature values obtained from the NMM plotted against
observed values taken from the synoptic observations
(SYNOP) dataset of 5 June 2002. Figure 10a depicts
the comparison for particular times, and Fig. 10b com-
pares the temperature extremes. It can be seen that the
model underestimates the 2-m air temperature in the
early morning, and the air temperatures simulated for
around noon and in the early evening agree well with
the observations. For the temperature extremes, the sim-
ulated maxima are in better agreement with the obser-
vations than are the simulated minima.

4. Concluding remarks

In this work, we considered and discussed the profiles
of turbulent transfer coefficients inside the vegetation
canopy and their use for calculating the air temperature
inside tall grass canopies in land–atmosphere schemes
for environmental modeling. The canopy air space tem-
perature is determined diagnostically from the equality
of the canopy’s sensible heat flux to some reference level
in the atmosphere and the sum of sensible heat flux from
the ground and from the leaves to the canopy air volume.
Detailed consideration was given to 1) calculations of
turbulent fluxes, 2) the shape of the wind and turbulent
transfer coefficient profiles, and 3) calculation of the
aerodynamic resistances inside tall grass canopies. We
focused on tall grass canopies because they can signif-
icantly affect the heat and moisture exchange in the
lower atmosphere, through key variables like friction
velocity and canopy air space temperature. Because the
sparseness of a tall grass canopy can affect the wind
speed and turbulent transfer coefficients inside the can-

opy and consequently the internal air temperature, we
suggested a method for their calculation. Assuming that
the turbulent transfer coefficient inside tall grass is a
linear combination of the corresponding coefficients in
the space that includes plants and the space above the
bare soil fraction, weighted by the fractional cover, we
slightly modified the equation that can be solved nu-
merically for the wind profile within the canopy.

To examine how well the proposed calculations of K-
theory parameters support a simulation of the air tem-
perature inside tall grass canopies, a test was performed
using LAPS. Model outputs of canopy air space tem-
perature for 10 days (8–17 July 2002) were compared
with single-point micrometeorological measurements
over a sunflower field at the Rimski Sancevi experi-
mental site (Serbia). The simulated values agree well
with the observations. This agreement results from the
suggested parameterization of the scaling length, the
canopy source height, the canopy bottom height, and
the wind profile beneath the canopy bottom height; the
method allows better specification of aerodynamic re-
sistances. However, after midnight the simulated values
are lower than the observations, whereas in the early
afternoon the simulated values are higher than the ob-
served ones. It is apparent that the calculation of air
temperature inside a tall grass canopy strongly depends
on the aerodynamic resistances, and, therefore, on their
sensitivity to morphological and aerodynamic parame-
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ters, which can be sources of uncertainty in their cal-
culation.

To demonstrate how changes in the specification of
canopy density affect the simulation of air temperature
inside tall grass canopies and, thus, alter the growth of
the PBL height, we performed experiments using LAPS
coupled with a 1D PBL model over a sunflower canopy.
The results showed that an increase in the bare soil
fraction leads to increased surface temperature and to
rapid growth of the PBL height error. The errors that
occur in simulating air temperature inside tall grass can-
opies and correspondingly in the growth of the PBL
height can be ascribed to uncertainties in the calculation
of the aerodynamic resistances used in Eq. (1), as is
discussed by Sellers and Dorman (1987).

To examine how the turbulent transfer coefficient in-
side tall grass canopies over a large domain represents
the influence of the underlying surface on the air layer
above, we designed a numerical experiment involving
a 3D simulation using the nonhydrostatic version of the
NMM with LAPS implemented in it. The experiment
focused on a part of central Europe consisting mostly
of agricultural fields, using a dataset from 5 June 2002.
The synoptic situation had the following features: The
dominant synoptic system over Europe consisted of two
cyclonic circulation cells separated by the anticyclone
over the Baltic region and a well-developed meridional
upper ridge (omega block). A stationary cyclone east
of the Carpathian Mountains was filling, and so the
surface gradients were weak over eastern Europe and
there was no significant baroclinicity at higher levels.
The cyclonic field was pronounced at all levels over the
western part of the continent. The center of the low with
a clear front was over France and moved slowly toward
the northeast. There was a strong advection zone over
the Alps and the central Mediterranean, while a wide
area along the Atlantic seaboard experienced cold-air
advection coming from the northwest. The results
showed that, within and just above tall grass canopies,
buoyancy effects during the daytime are significant.
These results could be used to improve the parameter-
ization of turbulent fluxes inside tall grass canopies in
land surface schemes, making them more relevant for
use in a broad range of practical and scientific activities
in environmental and closely related sciences, such as
the biophysical parameterization of vegetation in at-
mospheric, ecological, and agricultural models of all
scales.

Last, we compared the air temperature obtained by
the NMM against observed values taken from the SYN-
OP data of 5 June 2002 for 11 stations in areas of mainly
tall grass canopy. The model underestimated air tem-
perature at 2 m in the early morning, but around noon
and in the early evening model results agreed well with
observations. For the temperature extremes, the simu-
lated maxima are in better agreement with the obser-
vations than are the simulated minima. To minimize the
differences between the simulated and observed air tem-

peratures at 2 m, we plan to improve the parameteri-
zation of turbulence within and just above tall grass
canopies by conducting additional 3D simulations.
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APPENDIX A

The Structure of the Land–Air
Parameterization Scheme

The net radiation absorbed by the canopy and soil is
assumed to be partitioned into sensible heat, latent heat,
and storage terms as

]TfR 5 lE 1 H 1 C and (A1)nf f f f ]t

]TgR 5 lE 1 H 1 C , (A2)ng g g g ]t

where Rnf and Rng are net radiation (W m22), l is latent
heat of vaporization (J kg21), lE f and lEg are evapo-
transpiration flux (W m22), H f and Hg are sensible heat
flux (W m22), C f and Cg are heat capacity (J K21 m22),
and T f and Tg are surface temperature (K). The sub-
scripts f and g refer to the upper-level canopy and soil,
respectively. The fluxes of sensible and latent heat from
the canopy and ground are represented by electrical an-
alog models in which the fluxes are proportional to po-
tential differences (in temperature or vapor pressure)
and inversely proportional to resistances, which are
equivalent to the inverse integrals of conductances over
a specified length scale. For example, an aerodynamic
resistance is calculated by integrating the inverse of a
turbulent transfer coefficient between the reference
points. The LAPS schematic diagram in Fig. A1 (Sellers
et al. 1986; Mihailovic and Kallos 1997) shows that
these heat fluxes may be written as shown in Eqs. (A3)–
(A6):

rc W 1 2 Wp f f
lE 5 [e*(T ) 2 e ] 1 , (A3)f f a 1 2g r r 1 rb b c

where r and cp are the density and specific heat of air
(kg m23, J kg21 K21), g is the psychrometric constant
(hPa K21), e*(T f ) is saturated vapor pressure at tem-
perature T f (hPa), ea is canopy air space vapor pressure
(hPa), W f is canopy wetness fraction, is bulk canopyrb

boundary layer resistance (s m21), and is bulk canopyrc

stomatal resistance (s m21);
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FIG. A1. Schematic diagram of the LAPS. The transfer pathways for latent sensible heat fluxes
are shown on the left- and right-hand sides of the diagram, respectively.

rc a e*(T ) 2 ep gs alE 5 , (A4)g g r 1 rsurf d

where as is a factor to correct for soil dryness (Mihai-
lovic et al. 1995), e*(Tg) is saturated vapor pressure at
temperature Tg (hPa), rsurf is soil surface resistance (s
m21), and rd is aerodynamic resistance between soil
surface and canopy air space (s m21);

2(T 2 T )f aH 5 rc ; and (A5)f prb

(T 2 T )g aH 5 rc , (A6)g prd

where Ta is canopy air space temperature (K).
The latent and sensible heat fluxes from the soil and

canopy combine to give the total surface fluxes, which
are transferred from the canopy air space to the reference
height zr and are given by

(e 2 e ) rca r plE 1 lE 5 and (A7)f g r ga

(T 2 T )a rH 1 H 5 rc , (A8)f g pra

where er is vapor pressure at the reference height (hPa),

ra is aerodynamic resistance (s m21), and Tr is air tem-
perature at the reference height (K).

Substituting (A3)–(A8) into (A1) and (A2) yields two
differential equations for T f and Tg. These are solved
simultaneously using a backward implicit method.

APPENDIX B

Derivation of the Equation for Wind Profile inside
a Canopy in the Sandwich Approach

Let us consider an element of the canopy volume
having an area S and height H. The loss of air particles’
momentum because of close contact with the plant
leaves comes from the drag force arising on the leaf
surface. This drag force Fd produces a shearing such
that dt/dz, the vertical gradient of shear stress t is equal
to the drag force per volume V; that is,

dt/dz 5 F /V.d (B1)

The drag force per leaf unit area Sl is parameterized to
be proportional to the wind speed, u, that is, the volu-
metric kinetic energy 1/2ru2 with the coefficient of pro-
portionality Cd, the leaf drag coefficient. So,

F 1d 25 C ru , (B2)dS 2l
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where r is the air density. Note that Sl is the area of all
leaves in the considered volume. Following the defi-
nition of leaf area index (LAI), we can write LAI 5
(1/2)(Sl/S), because LAI is defined in terms of only one
side of the leaf. Using t 5 rKs(du/dz) (where Ks is the
turbulent transfer coefficient) and Eqs. (B1) and (B2)
and keeping in mind that the volume occupied by plants
is SH, after some manipulation we arrive at

d du C L (H 2 h)d d 2K 5 u , (B3)s1 2dz dz H

where is the area-averaged canopy density and h isLd

the canopy bottom height.

REFERENCES

Alapaty, K., J. E. Pleim, S. Raman, D. S. Niyogi, and D. W. Byun,
1997a: Simulation of atmospheric boundary layer processes us-
ing local- and nonlocal-closure schemes. J. Appl. Meteor., 36,
214–233.

——, S. Raman, and D. S. Niyogi, 1997b: Uncertainty in the spec-
ification of surface characteristics: A study of prediction errors
in the boundary layer. Bound.-Layer Meteor., 82, 473–475.

Ayers, F., Jr., 1952: Theory and Problems of Differential Equations.
Shaum, 296 pp.

Blackadar, A. K., 1976: Modeling the nocturnal boundary layer. Pre-
prints, Third Symp. on Atmospheric Turbulence Diffusion and
Air Quality, Raleigh, NC, Amer. Meteor. Soc., 46–49.

——, 1978: Modeling pollutant transfer during daytime convection.
Preprints, Fourth Symp. on Atmospheric Turbulence Diffusion
and Air Quality, Reno, NV, Amer. Meteor. Soc., 443–447.

Brandmeyer, J., and H. A. Karimi, 2001: Coupling methodologies for
environmental models. Environ. Modell. Software, 15, 479–488.

Brunet, Y., J. J. Finnigan, and M. R. Raupach, 1994: A wind tunnel
study of air flow in waving wheat: Single-point velocity statis-
tics. Bound.-Layer Meteor., 70, 95–132.

Brutsaert, W., and M. Sugita, 1996: Sensible heat transfer parame-
terization for surfaces with anisothermal dense vegetation. J.
Atmos. Sci., 53, 209–216.

Denmead, O. T., 1976: Temperate cereals. Vegetation and the At-
mosphere, 2d ed., J. L. Monteith, Ed., Academic Press, 1–31.

Dickinson, R. E., A. Henderson-Sellers, P. Kennedy, and M. Wilson,
1986: Biosphere Atmosphere Transfer Scheme (BATS) for the
NCAR Community Climate Model. NCAR Tech. Note NCAR/
TN2751STR, 69 pp.

Dubov, A. S., L. P. Bikova, and S. V. Marunich, 1978: Turbulence
Inside a Canopy (in Russian). Gidrometeoizdat, 184 pp.

Estoque, M. A., 1968: Vertical mixing due to penetrative convection.
J. Atmos. Sci., 25, 1046–1051.

Gedney, N., P. M. Cox, H. Douville, J. Polcher, and P. J. Valdes,
2000: Characterizing GCM land surface schemes to understand
their responses to climate change. J. Climate, 13, 3066–3079.

Goudriaan, I., 1977: Crop Micrometeorology: A Simulation Study.
Wageningen Center for Agricultural Publishing and Documen-
tation, 211 pp.

Henderson-Sellers, A., 1996: Soil moisture simulation: Achievements
of the RICE and PILPS intercomparison workshop and future
directions. Global Planet. Change, 13, 99–115.
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