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Abstract: The sparse tall grass significantly affects theth@ad moisture exchange in the lower
atmosphere through the turbulent transfer coefiiciaside its environment. Common approaches for
calculation of turbulent transfer coefficient insithe tall grass environment are based on the adgum
that it depends either on wind speed or mixing flerigside the canopy. In this paper we suggesteeva
approach for calculating the turbulent transferfiicient inside the sparse tall vegetation. In teahse we
first derived an equation for the turbulent transéeefficient inside the sparse tall grass using th
“sandwich” approach for representation of vegetattben we examined analytically whether its solutis
always positive. Next, we solved the equation nicaly using an iterative procedure for calculatimg
attenuation factor in the expression for the wipéesl inside the canopy assumed to be a linear caiitm

of an exponential and a logarithmic function. Thiegmsed calculation of turbulent transfer coeffities
tested using the Land-Air Parameterization Schelodd§). Model outputs of air temperature inside the
canopy for 11-13 July 2002 are compared with mi@t@morological measurements inside a sunflower field

at the Rimski Sancevi experimental site (Serbia).

Keywords: Turbulence inside the tall sparse vegetatiturbulent transfer coefficient; Mixing length; Land

surface schemes; Environmental modeling

1. INTRODUCTION

Many complex environmental features at small,
medium, or large scales involve processes that
occur both within and between environmental
media (e.g., air, surface water, groundwater, soil,
biota). Considerable recent research work
addresses various aspects of modeling these
processes using new methodologies/approaches,
numerical methods, and software techniques (e.g.,
Walko et. al. 2000; Brandmeyer and Karimi 2001;
Lalic et al. 2003; Mihailovic et al. 2001; and
references herein). In environmental models,
calculating turbulent fluxes inside and above a
vegetation canopy requires the specification of air
temperature, water vapor pressure, and turbulent
transfer coefficients inside the canopy. The
calculation of these quantities inside a tall grass
canopy has been considered by many authors (e.g.,

Sellers and Dorman [1987]; Sellers et al. [1986];
Mihailovic et al. [1993]; Raupach et al. [1996]).
Their work has remarkably improved the
parameterization of turbulent fluxes inside tall
grass canopies in land surface schemes. However,
there is not yet a complete approach for modeling
the turbulent fluxes inside tall grass canopies,
particularly in the case of sparse tall grass casop
(i.e., those in which the plant spacing is of 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 moisture exchange in
the lower atmosphere.

The objective of this paper is to suggest a new
method for calculating the turbulent transfer
coefficient inside tall grass canopies in land-
atmosphere schemes for environmental modelling.



Section 2 includes derivation of (i) equation for
wind profile inside the canopy in the “sandwich”
approach (Section 2.1) and (i) equation for
turbulent transfer coefficient profile inside the
sparse tall canopy (2.2). Section 3 is devoted to a
numerical test. Section 3.1 includes description of
numerical procedure for calculating the turbulent
transfer coefficient inside the sparse vegetation;
and (ii) numerical simulation of the air temperatur
inside a sunflower field for a three-day period,
performed using a land surface scheme, and its
comparison with observations (Sections 3.2 and
3.3). Section 3.4 summarizes results.

2. TURBULENT TRANSFER COEFFICIENT
INSIDE THE TALL CANOPY

2.1 Derivation of Equation for Wind Profile
Inside the Canopy in the “Sandwich”
Approach

Let us consider an element of the canopy volume
having an areaS and heightH . The loss of air
particles’ momentum due to close contact with the
plant leaves comes from the drag force arising on
the leaf surface. This drag fordg; produces a

shearing such thatlz / dz, the vertical gradient of
shear stressy, is equal to the drag force per
volumeV ,.e.,
d‘[ Fd
_:—. 1
dz Vv @)
The drag force per leaf unit are§,, is proportio-
nal to the wind speedy, i.e., the volumetric
kinetic energy 1/2pu? with the coefficient of
proportionality C , the leaf drag coefficient. So,

L )

? :Ecd pu?,

where p is the air density. Note tha$ is the
area of all leaves in the considered volume.
Following the definition of leaf area indeftAl),

we can writeLAl = § /(2S ) since it is defined in
terms of only one side of the lea$ (is the ground
surface covered with plants). Using
r=pKdu/dz, Egs. (1) and (2), and keeping in
mind that the volume occupied by plants is
S(H -h), after some manipulation we arrive at

E(KSEJZMUZ, 3)
dz dz

H
where z is the vertical coordinate,K, the

turbulent transfer coefficient inside the canopy,
Ly the area- averaged stem and leaf area density,

related td Al as Ly(H -h), while h is the

canopy bottom height [Sellers et al., 1986;
Mihailovic and Kallos, 1997].

In a sparse tall grass canopy (one in which the
plant spacing is of the order of the canopy height
or larger), K, is strongly affected by processes in
the environmental space, including the plants and
the space above the bare soil fraction. Therefore,
Eq. (3) can be slightly modified taking into
account fractional vegetation cover; (a measu-

re of how sparse the tall grass is). The modified
equation has the form

d KS% =0y Colg(H =) 2 (4)
dz dz H

In the case of dense vegetatiosi;(= 1), Eq. (4)
reduces to Eqg. (3). Otherwise, when = 0, Eq.

(4) represents the turbulent transfer coefficient
over bare soil. We use Eq. (4) to derive the
equation for turbulent transfer coefficient inside
the sparse tall canopy.

Turbulent
Inside the

2.2 Derivation of Equation for
Transfer Coefficient Profile
Sparse Tall Canopy

A number of assumptions are offered about the
variation of K¢ inside the canopy, as used in Egs.
(3) and (4). For example, according to Sellerd.et a
[1986] they are: (i)K is proportional to the wind
speedu, i.e, K =ou with the length scaleg, as

an arbitrary constant; the data of Legg and Long
[1975] and of Denmead [1976] qualitatively
support this relationship that is often exploited i
environmental modeling, (ii) Jarvis [1976] found
that assumptionK, = K,(H )is a representative
one for the upper part of a coniferous canopy, and
(iii) KS=I§1du/dz where |, is a mixing length.
Instead to keep the length scate,constant, Lalic

et al. [2003] assumed its dependence on z vertical
coordinate, i.e.,oc =0(z )that can be obtained
from an ordinary differential equation. Inadequacy
of these approaches lies in the fact that the
behavior of K, must be givena priori, i.e.
presupposed by experience.

In this paper we shall change the order of steps in
calculation of the turbulent transfer coefficient
inside the sparse vegetation, i.e. we shall sotye E
(4) forKg after assuming a functional form of
solution for wind speed over the sparse tall
vegetation, containing an attenuating paramgter



that will be obtained iteratively. After taking the
derivative of Eq. (4) overz, we obtain a
differential equation of first order and first degr
where K, is an unknown function, i.e.,

dudks @'y oy, SalaHo) o 5)

dz dz (2?7 H

Solution of this equation can be found if the wind
speed is used to be a linear combination of two
terms, expressing behavior of the wind speed over
dense and sparse vegetation. Thus,

“InZ  (6)
k z,

where u(H )is the wind speed at the canopy
height, 8 is an unknown constant to be determi-
ned, u. the friction velocity, k the von Karman
constant supposed to be 0.41 aydthe roughness

length over non-vegetated surface. The first term
in the expression (6) is used because it fairlyl wel
approximates the wind profile within the dense tall
grass canopy [Brunet et al., 1994; Mihailovic et
al., 2004], while the second term simulates the
shape of wind profile inside the tall sparse
vegetation. After we introduce the expression (6)
into Eq. (5), and rearrange it, we reach

1z
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Let us analyze the nature of the solutioq,, of
the Eq. (6) with the initial condition defined as
K(zg) =K2>0, where z, is some certain
height inside the canopy: (i) The solution is ugiqu
and defined over the intervdk,, ), that follows
from the fact that the functiona(z)and b(z) are
defined and continuous over the interval indicated,;
(i) The solution is positive, that comes from the
analysis of the field of directions of the given
equation or more precisely due tgz)>0; (iii)
The solution is stable that can be seen from the

following  analysis. When z - o~ we have
a(2) = B/(2H) and b(2) = BexgAz/(2H)]. Now, Eq.
(7) takes the form

Bz
%+£KS:Be2H , (10)
dz 2H
where
_ 20Fu®(H)CyLy(H -h) 1)

s
The particular solution of this equation has the
form AexdBz/(2H)], where Ais a constant, that
can be obtained after replacing the particular
solution in Eg. (10). If we follow this procedurew
getA=BH/B. So, in this case, i.e.z - o, the
solution of Eq. (7) is asymptotically stable, it
behaves asexdpz/(2H )] for any givenA.

3. NUMERICAL EXPERIMENTS

To examine how successfully the foregoing
proposed method for calculation of the turbulent
transfer coefficient parameters support simulatibn
the air temperature within a tall grass canopygsa t
was performed using the LAPS land surface scheme
described in Mihailovic [1996). APS outputs of air
temperatures inside the canopy for three days
(11-13 July 2002) were compared with single-point
micrometeorological measurements over a sunflower
field at the Rimski Sancevi experimental site in
Serbia. In the numerical experiments we used a
data set from a measurement program that
examined the exchange processes of heat, mass,
and momentum just above and inside a sunflower
canopy during its growing season.

3.1 Numerical Procedure

For the fixed g Eq. (7) can be solved using the
finite-difference scheme

K™ = KD - 24p"(2) - "KL}, (12)
wherenis the number of the spatial step in the
numerical calculating on the intervBH , h], while

Az is the grid size defined ag=(H-h)/N
where N is a number indicating an upper limit in
number of grid sizes used. The turbulent transfer

coefficient calculation starts from the canopy top
with an initial condition defined as

KN(H) =K% (H - d) ”F(|H_)d +k(l-o)wH (13)

Z

In

9
then goes backward up to the canopy bottom
height, h, that is defined according to Mihailovic
et al. [2004]. To obtain parametg? we use an



iterative procedure for this parameter that is not
finished until the condition

N N
Zuik+l _ Z uik
= =

is reached, wherd is number of iteration while

4 is less then 0.001. Having this parameter we
can calculate the wind profile on the interyall, h]
according to the expression (6). Beneath the
canopy bottom height, the wind profile has the
logarithmic shape [Sellers et al., 1986; Mihailovic
et al., 2004}, i.e.,

<u (14)

Lh
og;€ 2/}[1 Hj l—O'f Z
u(z) =u(H) P *—h In—. (15)
In— In— | %o
% %

3.2 Calculating the Air Temperature Inside

the Sunflower Canopy

The temperature inside the sunflower air space,
T, , was determined diagnostically from the energy

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], i.e.,

AR
e, T
- T4 Ta
Ta— 2 1 1 ’ (16)
4+
h Ta Ta
where T; is the foliage temperatureT, the

ground surface temperaturg, the temperature at
reference level, r, the bulk boundary-layer
aerodynamic resistancery the aerodynamic

resistance to water vapor and heat flow from the
soil surface to air space inside the canopy, and
the aerodynamic resistance representing the
transfer of heat and moisture from the canopy to
the reference level, .

The aerodynamic resistangdetweerg, and h,,

the water vapor and sensible heat source height
[Sellers et al., 1986], can be defined as
H z,
1 1
My = I—dz+j—dz. (a7)
KS KS
h, H
The aerodynamic resistance in canopy air space,
rq » can be written in the form
h h,
1 1
g = I—dz+j—dz, (18)
Ks ! Ks
Z

g

while the area-averaged bulk boundary layer
resistanceg, has the form [Sellers et al., 1986]

b
Lo [rady, (19)
My h CsPs

a

where C; is the transfer coefficient [Sellers et al.,
1986] andP; the leaf shelter factor. The values for

these parameters were taken from Mihailovic and
Kallos [1997]. Egs. (17)-(19) can be modified to
take into account the effects of nonneutrality.
According to Sellers et al. [1986], the position of
the canopy source height, , can be estimated by

obtaining the center of gravity of ther, integral.

3.3 Experimental Site and Details

The experimental site (270 m x 68 m) is located in
the northern part of Serbia (45.3°N, 19.8°E) on a
chernozem soil of the loess terrace of southern
Backa with the following physical and water
properties: Clapp-Hornberger constant “B™: 6.50;
ground emissivity: 0.97; heat capacity of the soil
fraction: 780 J kg°C; saturated hydraulic condu-
ctivity: 32x10° m s%; soil moisture potential at
saturation: -0.036 m; soil density: 1290 kg;m
ratio of saturated thermal conductivity to that of
loam: 1.0; volumetric soil moisture content at
saturation: 0.52 Am®, volumetric soil moisture
content at field capacity: 0.36°mm™®; wilting point
volumetric soil moisture content: 0.17 m>; and
effective ground roughness length: 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 data set was chosen
because it was considered typical and representati-
ve of a fully developed sunflower crop. For the
11-13 July period the mean estimated was 3.0

m? m? the crop heightd , was around 1.99 m;
and the canopy bottom heighi,, was 0.100 m.
The extinction factor3, was calculated using a
numerical procedure that is described in the
previous subsection. While the zero plane
displacementd, and roughness lengthy,, were

calculated according to Mihailovic and Kallos
[1997]. The scaling length,o, was derived
following Mihailovic et al. [2004]. In these
calculations the area-averaged stem and leaf area
density, Ly, had a value of 1.59 7im®, while a

value of 0.2 was used for the leaf drag coeffigient
Cq4 . Since the minimum stomatal resistance was

not measured, we assumed it to be 40's Tine
fractional vegetation cover was 0.90. Other
parameters used in the simulation can be found in
Mihailovic et al. [2000]. Canopy source height,
hy, was calculated following Mihailovic et al.



[2004]. Using the above parameter values, we

obtbinvalue of 1.1 m.
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Figure 1. The comparison of three-day variation (11-13 JW92) of the air temperature simulated by LAPS
and observed inside a sunflower canopy at the RiBecevi site.

Temperatures were measured using platinum

resistance thermometers (Pt-100) set at 0.95 and condition

2.1 m above the ground. The wind speed at the
reference level ofz, = 2.1 m was measured using
a Vector Instruments anemometer. A Kipp Zonen
CM5 solarimeter was used to measure incoming
solar radiation, while relative humidity was

recorded using a Greisinger sensor set at 2.1 m.

Precipitation was measured 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 = 2.1 m

were derived from measurements of global
radiation, precipitation, relative humidity, and
wind for 24 hours from 0000 LST at 30-min
intervals. The longwave atmospheric counter--
radiation was calculated via an empirical formula
described in Mihailovic et al. [1995], including a
correction for the amount of cloudiness.
Cloudiness data were taken at 30-min intervals
from the nearest standard meteorological station,
Rimski Sancevi, which is 500 m away from the
experimental site. These values were interpolated
to the beginning of each time stept(= 120 s).
The thicknesses of soil layers were defined as
D, =0-0.1 m,D, =0.1-0.5 m, andd; = 0.5-1 m.
The initial conditions for the volumetric soil
moisture contents correspondlng to these Iayers

were w, = 0.1552 mm , W, = 0.1484 mm ,
and wy; = 0.1348 mm . At the initial time the

ground temperature was 292.68 K. The initial

for atmospheric  pressure was
100.53 kPa.
3.4 Comments and Further Plans
The validity of the LAPS-simulated air

temperature inside the canopy was tested against
the observations recorded by the platinum
resistance thermometer located at 0.95 m at 30-min
intervals during 11-13 July 2002. Figure 1 shows
the calculated and observed diurnal variations of
air temperature inside the sunflower canopy at the
experimental site. After midnight, the simulated
values are lower than the observations, while én th
early afternoon the simulated values are slightly
higher than the observed ones. This situation
occurs because at night LAPS simulates less heat
transfer from the ground into the canopy air space
than the observations 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
consequently a higher air temperature inside the
sunflower canopy[Eqg. (17]. Apparently, the
calculation of air temperature inside the tall gras
canopy strongly depends on the resistances given
by Egs. (17)-(19), i.e., on the resistances’
sensitivity to morphological and aerodynamic
parameters, which can be sources of uncertainty in
their calculation. In the future we plan to chel& t



proposed method using more specific tests
including three-dimensional simulations.
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