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ABSTRACT

We present a numerical model capable of computing the physical processes within both plant canopy
and planetary boundary layer (PBL), offering the potential benefit of wide applicability due to reduced
computational requirements. The model, named SCADIS (scalar distribution), synthesizes existing
knowledge of boundary and surface layer turbulence and surface layer vegetative processes and was
tested using several data sets from the European part of Russia and Siberia obtained as part of the
EUROSIBERIAN CARBONFLUX project. Despite simplifications which were necessary in order to
simulate the natural processes, the first version of the model presented here demonstrated a satisfactory
agreement between modelled and observed data for different surface features and weather conditions.
For example, the model successfully predicted the diurnal patterns of concentration profiles of CO2,
water vapour and potential temperature profiles both within the summer atmospheric boundary layer
and within the plant canopy itself. The very different effects of the surface energy characteristics of
bog versus forest on convective boundary layer (CBL) structure and development are also illustrated.
The model was applied to evaluate the effective footprints for eddy covariance measurements above
non-uniform plant canopies, the case study here being a mixed spruce forest in European Russia. The
model also demonstrates the likely variations in the above-canopy turbulence and surface layer fluxes as
dependent on the presence of patches of deciduous broadleaf forest within a predominantly evergreen
coniferous stand.

1. Introduction

Both the canopy microclimate and the atmospheric
environment above are strongly influenced by the fun-
damental exchange processes of momentum, energy
and matter that occur in the presence of soil and vegeta-
tion over much of the earth’s surface. These influences
range over many scales: from the effects of isolated
trees on the temperature and hydrological regimes of
the canopy and soil below them (Belsky et al., 1989),
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to the influence of canopy structure and energy fluxes
on within-canopy profiles of momentum and other
entities (Raupach et al., 1996; Finnigan, 2000) and
regional-scale processes such as planetary boundary
layer (PBL) dynamics (Raupach, 1995).

In order to simulate these processes, different types
of models have been proposed. One common model
type describes processes in the surface boundary
layer only: the so-called Soil–Vegetation–Atmosphere
Transfer (SVAT) models. The complexity of SVAT
models ranges from the simple big-leaf models to
multilayer models with higher-order closure formu-
lation of the turbulent transport within and above the
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vegetation (Ayotte et al., 1999; Kanda and Hino, 1994;
Mix et al., 1994; Nichols, 1992; Sellers et al., 1986;
Wilson, 1988; Wu et al., 2000; Zeng and Takahashi,
2000). As a rule, the parameterization schemes of such
models require as input data many parameters repre-
senting the properties of the land surface. However,
many theoretical and numerical problems that occur
in multi-dimensional boundary layer modelling are of
only secondary interest for those seeking solutions to
more applied problems. This is one reason that math-
ematically closed models of boundary layer turbu-
lent flow and meso-meteorological regime that also
include a spatially explicit vegetation layer are rare.
They are represented, in general, by two-dimensional
simplified models (e.g. Tsipris and Menzhulin, 1972;
Dubov and Bykova, 1973; Dubov et al., 1978), dy-
namic models for the description of shelterbelts and
windbreaks effects (Wilson and Flesch, 1999; Liu
et al., 1996; Schilling, 1991; Wang et al., 2001; Zhen-
jia et al., 1990) and non-universal complex meso-
meteorological models of the type developed by Gross
(1987; 1993) or limited area LES-models (Shaw and
Schumann, 1992; Shen and Leclerc, 1997).

To overcome computational problems, most plan-
etary boundary layer (PBL) models using SVAT
schemes tend to rely solely on simple empirical for-
mulations (Kunz and Moussiopoulos, 1995; Pielke,
1984). However, several studies have shown that varia-
tions in surface characteristics can affect the prediction
of near-surface turbulent fluxes in the PBL (Alapaty
et al., 1997; Garratt et al., 1996; Sun and Bosilovich,
1996; Gross, 1993). These variations in the turbulent
fluxes might be expected to influence the prediction
of PBL structure. Thus, in the current context it was
deemed desirable to develop a mathematical model
of meso-meteorological processes incorporating two
important characteristics simultaneously. On the one
hand the model was envisaged to be able to describe
in a realistic manner physical processes forming the
meteorological regime within and above the forest
canopy; such is typically the case for SVAT models.
On the other hand, it was also designed so as to allow
a realistic description of PBL processes without resort
to vast computing expenses.

A model satisfying such properties would have the
potential to be widely applied if it could resolve with
sufficient reliability many questions concerning the
advective contribution to fluxes measured by either
gradient or eddy-correlation methods in the presence
of some vegetation heterogeneity. During the EU-
ROSIBERIAN CARBONFLUX project, some mea-

surements were carried out on towers located in forests
not characterized by homogeneous and uniform vege-
tation in all directions and for some considerable dis-
tance. Analytical methods for an estimation of upwind
fetch were not sufficient to explain problems in the clo-
sure of the observed energetic balance and to describe
the contribution of various sources to the observed
scalar fluxes. Therefore the main purpose of our work
here was the development of a numerical tool, which
would help in the interpretation of experimental data
and improve our understanding of processes in canopy
– planetary boundary layer interactions. The model
described below and named SCADIS (scalar distri-
bution) is the first version of this tool. It synthesizes
existing knowledge of boundary and surface layer tur-
bulence and surface layer vegetative processes. The
model is tested using several data sets obtained as part
of the EUROSIBERIAN CARBONFLUX project.

The paper is organized as follows. In Section 2
equations of the model, its domain and both boundary
and initial conditions are formulated. In Section 3 a
brief review is given of experimental sites from which
data were used for model testing. Section 4 presents
comparisons between one-dimensional model results
and observed data and also results of two- and three-
dimensional numerical experiments. Both weak and
strong characteristics of the model are also discussed
in Section 4. A number of potential applications for
the model are outlined in the conclusion. Appendices
present all model equations that are not described in
Section 2.

2. Model description

In this section the basic equations of models describ-
ing transfer, sources and sinks of momentum, heat, hu-
midity and carbon dioxide in the atmosphere as well as
the prognostic equations for moisture in soil are pre-
sented. The turbulence closure is then discussed, fol-
lowing which the concepts of radiation description in
the model, based on important features of the radiation
regime within and above the canopy, are defined. Fi-
nally the boundary and initial conditions of the model
together with some numerical aspects are considered.

To simplify the presentation some equations are in-
cluded only in the appendices. All equations that have
been used to calculate the radiation fluxes within and
above the vegetation are given in Appendix A. Energy
balance equations for leaves are given in Appendix B.
Appendix C is devoted to conditions at the bottom and
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upper borders of the model. The expression for cal-
culations of integral coefficients of heat, water vapour
and carbon dioxide exchange between the leaves and
the canopy air are described in Appendix D.

2.1. Basic equations

The model SCADIS is based on the Reynolds equa-
tions for turbulent flow, obtained by well known trans-
formations of the Navier–Stokes equations (Monin
and Yaglom, 1965). Turbulent fluxes are expressed as
the product of turbulent diffusion coefficient and the
gradient of a mean quantity according to ideas first
proposed by Boussinesq (Vager and Nadezhina, 1979;
Penenko and Aloyan, 1985; Sorbjan, 1989). Further-
more, we ignore the small spatial temporary changes
of air density that occur within the atmospheric bound-
ary layer (Gutman, 1969), this allows considerable
simplification of the equations by the exclusion of
terms defining gradients in air density and pressure.
According to these assumptions the momentum equa-
tions within and above vegetation canopy are:
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combined with the continuity equation, viz.
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= 0, (2)

where axes x and y are directed to the east and to the
north correspondingly, z is the local vertical axis, t rep-
resents time, u, v and w are the velocity components
along the x, y and z axes, respectively, ug and vg are
the components of geostrophical wind (over the atmo-
spheric boundary layer), f is the Coriolis parameter,
K is the turbulent diffusion coefficient of momentum
(subscripts x, y and z denote components in the cor-
responding directions), s is the projected leaf surface

area density and cd is the drag coefficient for unit plant
area density.

In natural conditions, leaves and other phytoele-
ments are differentially illuminated by the incoming
solar radiation. Some parts of the vegetative canopy are
shaded by leaves or stems located higher up, whereas
other elements lower down may be exposed to direct
radiation in the form of sun-flecks. This results in a
complex distribution of both radiation and tempera-
ture on the canopy surface. This temperature is mo-
saic in character, and it is not easily described by a
single temperature parameter. In more detailed models
of canopy microclimates, four thermal characteristics
are defined (i.e. separate temperatures for the adaxial
and abaxial surfaces of both the sunlit and shaded por-
tions within the canopy). However, such complexity
may not be necessary as there are calculations which
show that the differences in temperatures between
the abaxial and adaxial leaf surface under the con-
ditions of identical illumination appear trivially small
(Menzhulin, 1986). It is probably sufficient then to de-
velop a model with only two temperatures describing
the heat regime of phytomass, these being the tem-
peratures of sunlit, T sn

l , and shaded, T sd
l , surfaces of

the vegetation surface. Associated with these differ-
ent canopy temperatures are different humidities of
air within the stomatal cavities qsn

l and qsd
l . Equations

for heat and water vapor transfer between the vegeta-
tion and the atmospheric boundary layer can then be
written:
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(4)
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In eq. (3) R↓
LWR and R↑

LWR describe the upward and
downward longwave radiation fluxes without vegeta-
tion, respectively, ρa is the air density, Cp is the specific
heat of dry air at constant pressure, γa is the dry adia-
batic lapse rate ( γa = 0.0098 K m−1), T is air tempera-
ture and αH is the converse Prandtl number. In eq. (4) q
is air specific humidity and αV is the converse Schmidt
number for water vapour. Based on the conclusions of
Legotina and Orlenko (1977), an equality of turbulent
coefficients for heat and passive tracer transfer, i.e.
α = αH = αV, is assumed. Due to the empirical depen-
dence of these coefficients on the Richardson number
(Ri) we therefore approximate them by the following
empirical formulations (Businger et al., 1971):

α(Ri) =
{

1.35 for Ri ≥ 0

1.35(1 − 15Ri)1/4 for Ri < 0.
(5)

In the eqs. (3) and (4) subscripts H and V refer to heat
and water vapour, respectively, gsn

H , gsd
H , gsn

V and gsd
V

are the integral exchange coefficients for heat and wa-
ter vapour between the canopy air and phytoelement
surfaces (see Appendix D), η is the sunlit vegetation
surface area fraction (see Section 2.3 and Appendix A)
and sH and sV are the total leaf surface area densities
taking part in heat and moisture exchange with sur-
rounding air, respectively. In general, the relationship
between s and both sH and sV depends on the vegeta-
tion type. In our model we assume sH = sV = 2.7s for
coniferous and sH = sV = 2s for deciduous vegetation
(Varlagin and Vygodskaya, 1993). In the present study
special cloud physics effects have been ignored.

For the transfer of a passive tracer, in this case car-
bon dioxide, we use an equation analogous to (4):
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Here C is the atmospheric CO2 concentration, and Csn
l

and Csd
l are accordingly the CO2 concentrations in the

intercellular spaces of the sunlit and shaded parts of
the leaf. gsn

C and gsd
C are the integral exchange coeffi-

cients for carbon dioxide between the canopy air and
phytoelement surfaces (see Appendix D). The intercel-
lular mole fraction of CO2 is calculated here according

to the model of Lloyd and Farquhar (1994), which is
in turn based on the ideas of Cowan (1977):

Csn,sd
l = C

(
1 −

√
1.6Dsn,sd (C − 
sn,sd )

λC2

)
, (7)

where Dsn,sd is the leaf-to-air vapour mole fraction dif-
ference and 
sn,sd is the compensation mole fraction of
CO2 for the sunlit and shaded parts of the canopy taken
as 2.0T sn,sd

l accordingly. λ is a Lagrange multiplier
representing the marginal water cost of plant carbon
gain (Cowan, 1977; Cowan and Farquhar, 1977). λ for
the C3 plants of different biomes has been estimated
by Lloyd and Farquhar (1994). The plant respiration
is not described in the present model. The rate of soil
respiration is determined by the features of the upper-
most soil layer and ground surface temperature [see
eq. (C7) in Appendix C].

One of the most important characteristics of any
underlying surface is its water content. Since the
presented model is three-dimensional, the calcula-
tions are highly time consuming and that is why we
chose the parameterisation proposed by Noilhan and
Planton (1989) to describe the processes of water trans-
port in soil. Here are two soil layers to represent the
surface and subsurface processes; layer 1 is 0.01 m
thick and layer 2 is 1 m thick. The prognostic equa-
tions for the superficial moisture wg (layer 1), and the
bulk soil moisture w2 (layer 2) are given as

∂wg

∂t
= C1

ρwd1
(Pg − Eg) − C2

tday
(wg − wgeq) (8)

and

∂w2

∂t
= 1

ρwd2
(Pg − Eg − Etr), (9)

where tday is a time constant of one day, ρw is the den-
sity of liquid water, d1 and d2 are the thicknesses of the
two soil layers, Pg is the flux of liquid water reaching
the soil surface (precipitation), Eg is the evaporation
from the soil surface, and Etr is the transpiration from
the vegetation. The hydraulic coefficients C1 and C2

and the equilibrium value wgeq are expressed as func-
tions of soil texture and soil moisture. For further de-
tails, see Noilhan and Planton (1989) and Jacquemin
and Noilhan (1990).

For the short-term simulation here, we ignore evap-
oration of intercepted water by the canopy.
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2.2. Turbulence closure

It is sometimes assumed that an improvement in re-
sults is a necessary consequence of the use of a more
complex model. However, this need not always be the
case, especially if added complexity leads to problems
of reliability, or if the results are particularly sensitive
to uncertain parameterizations (Brown, 1996). There-
fore, in deciding on a method to obtain closure of the
boundary layer equation system, we have taken into
account considerations other than a desire to obtain
new and reliable information on the structure of tur-
bulent flow. We use an one-and-a-half order closure
procedure with the equation of turbulent energy trans-
fer (Monin and Yaglom, 1965; Menzhulin, 1986; Stull,
1988):
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(10)

In this equation e is turbulence intensity, g is the accel-
eration of gravity constant, ε is the dissipation of tur-
bulent energy, T0 is the local potential temperature at
level z and αe = 0.73 is the converse Schmidt number
for turbulent energy. For continuation of the closure
procedure we also use the Kolmogorov (1941; 1942)
hypothesis and suppose that

Kz = c1/4le
√

e, (11)

ε = c3/4e3/2/ lε. (12)

In eqs. (11) and (12) le is the turbulence length scale,
lε is the dissipation length scale and c is a dimension-
less empirical constant equal to 0.046. Many studies
have been devoted to the definition of a length scale
because the successful representation of this variable
can, in many respects, improve the modelled distribu-
tion of other parameters of turbulent flow in the whole
boundary layer (Therry and Lacarrere, 1983; Carroll,
1993; Apsley and Castro, 1997; Ziemann, 1998). In the
present model we opt for simplicity and accept the well
known assumption of an equality in scale for eqs. (11)
and (12). That is to say, l = le = lε . We note, however,

that a number of authors have specified the necessity
to use different scales for dissipation and for the size
of mixing in a stratified atmosphere (e.g. Therry and
Lacarrere, 1983). In our case, expression (12) is thus
rewritten as

ε = ce2
/

Kz .

The commonly used ratios for turbulence scales al-
low us to define l via the local average characteristics of
a driven flow (Laykhtman, 1970; Zilitinkevitch, 1970).
Specifics of turbulence scale 1 formation inside the
vegetation canopy (Menzhulin, 1970; 1974) are taken
into account by means of the following equations:

1

l
= s

0.40df
+ 1

lLZ
, lLZ = −0.40

ψ

(∂ψ/∂z)
,

ψ =
√

e

lLZ
.

(13)

Here lLZ is the turbulence scale of Laykhtman–
Zilitinkevitch, 0.40 is the von Karman constant and
df is an empirical dispersion parameter for the foliage.
Equation (13) shows that turbulence within dense veg-
etation is characterized by a length scale which is de-
pendent on the “cell” volume (size) between vegeta-
tive elements. Its magnitude decreases with increasing
foliage density and consequently the specific surface
s. When s → 0, the influence of soil surface on l in-
creases. Then l depends on ψ only.

It has been shown that the eq. (13) has some limita-
tions (Bobylyeva, 1970; Vager and Nadezhina, 1979).
Those authors concluded that this expression results
in the turbulence coefficient being strongly overesti-
mated near the top of the boundary layer. To circum-
vent this problem we have therefore modified the first
part of eq. (13) following Blackadar (1962), using a
basic mixing length l0:

l =
(

s

0.40df
+ 1

lLZ
+ 1

l0

)−1

. (14)

To establish a dependence of a structure of the tur-
bulence scale not only on parameters at the top of the
boundary layer but also on structure within most of the
boundary layer is convenient in this case. We thus use
the expression for l0 offered by Mellor and Yamada
(1975), viz.

l0 = α1

∫ zi

0

√
e · z dz

/ ∫ zi

0

√
e dz. (15)

Here α1 = 0.2 is an empirical constant and zi is the
height of the convective boundary layer (CBL).
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To calculate the horizontal turbulent coefficients Kx

and Ky we used the semi-empirical formula first of-
fered by Smagorinsky (1965), viz.

Kx = Ky

= 0.402

2

∣∣∣∣∣∣
√(

∂u

∂x
− ∂v

∂y

)2

+
(

∂v

∂x
+ ∂u

∂y

)2
∣∣∣∣∣∣ δxδy.

(16)

The typical horizontal length scales δx and δy in the
finite difference model equations are replaced in the
model by the appropriate lengths of horizontal mesh
widths. This formulation has been included in our
model with the horizontal turbulent coefficients for
heat KxH, KyH and passive tracers KxV, KyV related
to that for momentum through the converse turbulent
Prandtl and Schmidt numbers, respectively, a value of
1.35 being used here for these numbers.

2.3. Radiation parameterization and energy
balance equations

Within each gridcell the description of radiation
transfer in SCADIS is based on an idealized struc-
ture where the canopy is viewed as consisting of many
single layers of a horizontally homogeneous and op-
tically isotropic turbid medium. Thereby the charac-
teristics of the stand architecture and radiation do not
vary within a horizontal layer but depend only on the
height. The penetration of radiation through a plant
stand is considered to depend on the leaf area density
(LAD): other plant parts such as trunks and branches
are disregarded. In addition, we also use a few standard
simplifications: (a) for both leaves and the underlying
ground the reflection coefficients are considered inde-
pendent of the incident angle of the incoming radia-
tion; (b) the integrated orientation of foliage is consid-
ered constant for all vertical layers and (c) the optical
properties of the abaxial and adaxial surfaces of leaves
are considered identical. Penumbras are also ignored.
However, the model considers separately direct and
diffuse components of solar (short-wave) radiation,
subdivided into two spectral bands [near-infrared ra-
diation (NIR, 700–3000 nm)] and photosynthetically
active radiation (PAR, 400–700 nm), as well as long-
wave or thermal radiation (LWR).

A full calculation of the characteristics of a radia-
tion regime within the canopy is described in detail in
Appendix A; important features are summarized here.

2.3.1. Optical properties and architecture of the
stand. We allow for the fact that the ability of radia-
tion to penetrate through a vegetative canopy depends
substantially on the canopy architecture: this being de-
fined as the distribution of plants on the ground surface
as well as the distribution of leaves, their orientations
and leaf sizes. Knowledge of the distribution of foliage
density is also necessary to describe the dynamic in-
teraction between the atmosphere and vegetation. Ra-
diation interacts with leaves through absorption and
scattering, and these processes vary widely in various
parts of the spectrum depending on the leaf and on the
underlying ground optical properties. Optical proper-
ties of the ground surface under the plant canopy are
also allowed for in the model here, and are character-
ized by their reflection coefficient (albedo). The reflec-
tion from the ground surface plays an important role in
the radiative regime of a plant stand, especially when
the vegetation is sparse or when the ground surface is
covered by snow. The major properties of forest stands
studied here are given in Table 1 (Section 3).

2.3.2. Calculation of the amount and spectral com-
position of incident solar radiation and longwave
cooling rate above vegetation. The amount and spec-
tral composition of solar radiation reaching the upper
border of a plant stand depends on astronomical
factors [eq. (A1)] and on atmospheric transparency
and cloud conditions [eq. (A2)]. This radiation con-
sists of two components: direct solar radiation as a
beam of parallel rays reaching the vegetation from
the solar disk and diffuse solar radiation scattered
in the earth’s atmosphere before reaching the veg-
etation from all directions of the sky. In many
studies of atmosphere–vegetation interactions (e.g.
Spitters et al., 1986; DePury and Farquhar, 1997;
Lloyd et al., 1995) it has been noted that for the correct
estimation of surface fluxes it is important to separate
the incoming radiation into direct and diffuse compo-
nents because of their different spectral composition
and penetration characteristics. Here, we also make
that distinction, performing separate calculations for
direct and diffuse radiation components (Table 2 in
Appendix A). Although there has been a recent ten-
dency in SVAT modelling to employ “sun/shade” mod-
els (DePury and Farquhar, 1997; Wang et al., 1998) in
which the canopy is simply divided into two (sunlit and
shaded) components, such an approach was not con-
sidered applicable here. One of the main aims of our
model is to retain the ability to evaluate the full three-
dimensional (3-D) canopy flux characteristics and as-
sociated changes within the canopy microclimate.
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The long-wave radiation flux term on the right-hand
side of eq. (3) that describes the cooling rate without
vegetation is computed with the following simplifica-
tions: (1) for each level in PBL R↓

LWR is a function of air
water content and temperature only, thus the empirical
formulae for sky emissivity [eqs. (A10) and (A11)] can
be used to estimate it; (2)R↑

LWR within PBL is constant
and equivalent to upward long-wave radiation flux at
the surface [eqs. (A8) and (A9)].

2.3.3. Estimation of radiation fluxes within vege-
tation. To estimate the distribution of short-wave ra-
diation within the plant canopy we divide the total
radiation into three components (Ross, 1975): (i) di-
rect solar radiation flux as a beam of rays penetrating
through the gaps in the foliage without appreciable al-
teration in spectral characteristics and observed in the
form of bright sunflecks; (ii) diffuse solar radiation flux
penetrating through the gaps without interacting with
the foliage (observed as part of the skylight between
plants and leaves); (iii) the flux of scattered radiation
as a result of the interaction of direct and diffuse radi-
ation with foliage and the ground surface.

The definition of the penetration functions η

[eq. (A3)] and µ [eq. (A4)] for direct and diffuse solar
radiation, respectively, is a purely geometrical prob-
lem and requires no knowledge of the optical proper-
ties of foliage elements. Of the three radiation com-
ponents forming the radiation field within a canopy,
the complementary flux of scattered radiation is the
most difficult to estimate [eqs. (A5)–(A7)]. In con-
trast to the first two components, scattered radiation is
strongly influenced by the optical properties of leaves,
and its pattern is therefore wavelength-dependent. We
feel it is necessary to describe this component accu-
rately for the following two reasons: firstly, the effect
of scattered radiation on the energy balance of leaves in
the middle and lower layers of the canopy is great; and
secondly, the calculation of the canopy albedo requires
the correct description of the upward flux of scattered
radiation. The definition of a vegetation albedo a priori
is theoretically not correct for our model (with hori-
zontal resolution 20–100 m). This is because the influ-
ence of the spatial distribution of plants with different
optical properties as well as the effect of understory
vegetation are not taken into account. The description
of the ground albedo below the canopy has a sounder
physical basis.

The long-wave radiation flux can influence air tem-
peratures not only in the vertical but also in the hori-
zontal direction depending on the horizontal structure
of the model vegetation. The transfer properties for

long-wave radiation in a canopy differ from those ap-
plicable for short-wave radiation. In the model here, a
single differential equation suffices for the description
of this process, since the scattering of long-wave ra-
diation may effectively be neglected. This equation
is divided into upward and downward components
[eqs. (A8)–(A11)]. For an accurate description of a
long-wave radiation regime within a canopy, the pres-
ence of leaves with different temperatures and hence
with different rates of thermal emission, poses the
greatest problem.

To calculate temperature of the foliage in each ver-
tical layer we have used energy balance equations for
sunlit [eq. (B1)] and shaded [eq. (B2)] foliage, respec-
tively (Appendix B). The air humidity in the stomata
cavities is assumed to have the saturation vapour pres-
sure at the given leaf temperature [eq. (B3)].

2.4. Boundary and initial conditions

The system of model equations is closed and can
be used for calculation of the meso-meteorological
regime inside the vegetation as well as above it. Tak-
ing into account variations in the PBL height, which
seldom exceeds 2500 m, we therefore assumed the top
border of our model to be about 3000 m height (z00).
This height generally corresponds to an atmospheric
pressure of about 700 hPa, for which basic meteoro-
logical parameters are generally provided from syn-
optic maps. The boundary conditions on the top and
bottom are described in detail in Appendix C
[eqs. (C1)–(C12)]. Here we limit our discussion to
problems associated with boundary conditions at the
lateral borders and to the initial conditions for the equa-
tions of our model.

The lateral boundary conditions necessary for a fine
grid model are obtained from a background model. In
order to obtain them for the area of interest we have
used the method of zooming. For the lateral bound-
ary conditions for u, v, T, q, C from the background
model being realized for a coarse grid we have used:

u = f1(y, z, t), v = f2(y, z, t), T = f3(y, z, t),

q = f4(y, z, t), C = f5(y, z, t) for x = ±X,

u = f1(x, z, t), v = f2(x, z, t), T = f3(x, z, t),

q = f4(x, z, t), C = f5(x, z, t) for y = ±Y,

(17)

where the functions f j , j = 1, 5 are given by measure-
ments or defined from the large-scale model (Penenko
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and Aloyan, 1985; Kunz and Moussiopoulos, 1997)
and x = ±X and y = ±Y are the limits of the inte-
grating domain over x and y directions respectively. In
the present version we apply the method of one-sided
interaction. This method considers the effects of pro-
cesses described for surrounding areas on the coarser
grid on the processes modelled to occur on the finer
grid within our model’s domain. The reverse effect is
neglected. It is for this reason that variables are defined
only on gridpoints where an external influence occurs
(windward points).

The initial conditions at t = 0 can be obtained from
observational data. However, detailed observed infor-
mation on all meteorological parameters is difficult to
obtain for a domain of non-uniform vegetation types.
Thus, the following initial conditions have been used
in most of our numerical experiments:

w(z) = 0, u(z) = ug, v(z) = vg, e(z) = 0,

l(z) = 0.40z0, C(z) = C(z00), q(z) = q(z00),

T (z) = T (z00) + γa(z00 − z) (18)

2.5. Computational domain and numerical aspects

Figure 1 shows the general structure of the model,
illustrating the link between the background and fine
numerical grids and the characteristic dimensions used
within each grid. Also shown are the main boundary
condition variables and representative vertical profiles
of the wind velocity components, air temperature, spe-
cific humidity and CO2 concentration typically ob-
tained from the model calculations. Using the data on
the turbulence coefficient profile obtained during cal-
culations, it is possible to deduce the fluxes of all nec-
essary variables. The relationships between separate
processes described in each grid cell and characteris-
tic horizontal grid cell size are shown in Fig. 2; in this
case specifically for a grid box within the vegetative
layer. In the simulations described here, the number
of gridpoints on the horizontal plane has been allowed
to vary according to the particular task required, but
the vertical irregular grid (with a minimal step at the
surface 0.17 m and a maximum at the upper bound-
ary of 200 m) remains constant, with 75 levels being
present. The lowest 35 m of the model are divided
into 42 computational levels which provide the neces-
sary accuracy for a detailed description of the canopy
structure and the processes occurring within it.

The system of non-linear differential equations
of turbulent flow inside and above the non-uniform

vegetation canopy is solved using a finite-difference
method to split the equations into a set of algebraic
equations with tri-diagonal matrices, with forward dif-
ferencing for the time terms and upstream differenc-
ing for advection terms. The equation for the scale
of turbulence has been integrated by Runge–Kutta
techniques.

Although the atmospheric processes within the
model domain are clearly related to those occurring
in adjacent areas, there are no special processes oper-
ating at the lateral borders that are not described by the
model equations. Therefore, it is possible to calculate
all dependent variables at the lateral boundaries us-
ing inward directed finite differences on x and y. This
means that only function values at gridpoints of bound-
ary and at internal gridpoints closest to the boundary
are necessary for such calculation (Belov et al., 1989).
We have used this approach during model verification
and numerical experiments in order to reduce the com-
putational requirements.

3. Description of the test sites

The model was evaluated with data sets from three
experimental sites. These are described in some detail
below.

3.1. Experimental site 1

We used a data set of surface measurements made
in Scots Pine forest located on the western bank of
the Yenesey River, about 35 km west of the village
of Zotino in central Siberia, Russia (61◦N, 90◦E). The
trees are 20 m tall and about 120 yr old. The pro-
jected leaf area index at the site was estimated to be
2. There are few understorey shrubs and the ground is
covered by lichens and mosses which became progres-
sively more desiccated and brittle during the observa-
tion period, since no significant rain fell during this
time (O. Kolle, personal communication, 2001). The
measurements were made during the time period from
24 June 1999 until 15 July 1999 at the meteorolog-
ical tower equipped with an eddy-correlation system
similar to that described for a nearby site by Llyod et al.
(2002). Two of the sonic anemometers (one above the
canopy at 25.7 m, the other at 1.4 m above the ground)
were supplemented with fast-response LICOR 6262
infrared gas analyzers (IRGA) to measure eddy fluxes
of water vapour and CO2 at the two heights. Sonic
virtual temperature was used to measure sensible heat
fluxes. Concentrations of carbon dioxide and water
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Fig. 1. The schematic representation of the model domain and boundary conditions as well as the coupling between back-
ground and fine grid models.

Fig. 2. The relationships between separate processes within a grid cell of the model.

vapour were measured in air sampled continuously at
nine heights (six within canopy space, three above)
and then passed sequentially via a gas-switch through
the IRGA. Fine thermocouples were used to measure
temperatures at the same heights as the air intakes (1.3,

6.1, 12.1, 13.9, 15.7, 17.5, 19.9, 22.9 and 26 m). Pro-
files of wind components were measured using five
Gill sonic anemometers placed above and within the
canopy at 1.4, 12.3, 16.2, 19.8 and 25.7 m (O. Kolle,
personal communication, 2001).
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In addition to these measurements, during the pe-
riod from 28 June to 30 June at morning, noon and af-
ternoon hours vertical profiles of air temperature and
humidity and of CO2 concentration were performed
above the area of the experimental plot using an AN-2
aircraft. The airplane was instrumented with a simple
system for the analysis of the concentrations of various
gases in the atmosphere as well as for the measure-
ment of ambient air temperature and pressure. Profiles
of air temperature, water vapour and carbon dioxide
concentrations were made within and above the CBL
near the surface measurement site (See Lloyd et al.,
2002; Styles et al., 2002).

3.2. Experimental site 2

The measurement site 2 was situated close to that
of experimental site 1, also being located on the west-
ern bank of the Yenisey River about 40 km south-
west of the village of Zotino. The vegetation of the
plot is represented by a 215 yr-old stand of. Pinus-
sylvestris . The 100 ha stand was established after fire
that, by its recurrence, maintains a P. sylvestris mono-
culture. In the study stand, average tree height was
16 m, although some canopy emergent trees were as
high as 22 m. Tree and lichen (Cladonia and Cladina
spp.) understorey leaf area indices were 1.5 and 6.0,
respectively, based on biomass measurements. From
8–25 July 1996 total forest and understorey latent heat
flux densities were determined by the eddy covariance
technique (Kelliher et al., 1998). Regional topography
was gently undulating and the upwind forested fetch
for measuring tower was adequate at around 1 km. On
a larger scale, the region’s vegetation is a mosaic of
P. sylvestris forest and wetland. To estimate regional
fluxes an airborne measurement technique was used.
On 15 and 16 July 1996, a local Antonov-AN2 bi-plane
was hired and three flights were undertaken on each
day. Lloyd et al. (2001) present the aircraft data in more
detail.

3.3. Experimental site 3

The third site is situated within the Central Bio-
sphere Forest Reserve (CBFR) located about 300 km
north-west of Moscow, Russia (56◦27N, 32◦55E)
(Karpov, 1983; Varlagin and Vygodskaya, 1993). The
main types of vegetation in this area are spruce (49%)
and pine (12%) forests. Due to the numerous com-
mercial thinning operations, forest fires and wind-
breaks over the last century, there are considerable

areas of secondary forests present, these typically be-
ing dominated by birch, aspen and alder, which occupy
28%, 14% and 1% of CBFR area, respectively. As de-
scribed in Section 4, the structure and spatial distribu-
tion of vegetation in CBFR is well studied and docu-
mented. Such information, along with a measurement
data set of surface fluxes and meteorological variables
(Naegler et al., 2002), is very valuable for model de-
velopment and validation.

4. Results and discussion

Model validation and testing was undertaken in sev-
eral stages. Initially the capability of the model to
simulate the daily course of the main meteorologi-
cal parameters of the atmospheric boundary layer was
tested. For simplicity, the leaf aerodynamic resistance
was assumed to be the same for all vegetation types
in this model version, with cd taken as 0.2. The in-
tegrated orientation of tree and understorey foliage
was assumed as spherical and horizontal, respectively.
The main parameters describing vegetation structure
and properties, as well as that of the underlying soil
are given in Table 1. The boundary conditions used
in each experiment are described specifically for each
case.

4.1. Experiments with the one-dimensional
model version

Experimental site 1. To estimate the model’s abil-
ity to simulate surface layer processes we used the
measurement data from Scots Pine forest obtained in
June 1999. This numerical experiment consisted of
two components. In the first stage (analogous to a
SVAT model) the calculations were made for a 26 m
surface layer with the boundary conditions (BC) at
the upper border corresponding to a real BC as mea-
sured at the top of the measurement tower at 26 m
height. In the second stage, the calculations were car-
ried out for the entire boundary layer based on bound-
ary conditions at 3025 m height. To realise the first
stage of the experiment the upper layers of the model
were retrenched and the boundary conditions on un-
known parameters were adapted accordingly. For the
upper border of the domain (h = 26 m) we thus as-
sumed a dependence of wind shear on friction velocity
u∗ and an impenetrability for turbulent energy flux as
follows:
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Table 1. Stand structures and input parameters used in model simulations for three sites
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Kz
∂
√
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∣∣∣∣∣
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= u2
∗
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∂e

∂z
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z=26 m

= 0. (19)

Although there were observational data on the wind
speed for a given height, the first condition in eq. (19)
provided better agreement with measurements for both
friction velocity and wind speed.

We used the half-hourly measurement data (with
linear interpolation for each model step within that
time interval) of downward short- and long-wave ra-
diation fluxes, friction velocity, air temperature and
humidity and of CO2-concentration at the upper level
corresponding to the height of sensors as input infor-
mation for the SVAT model. At the lower border, the fit
parameter a10 in the Lloyd–Taylor equation [eq. (C7),

Fig. 3. Modelled and observed temporal course of the available energy, Rn–G, and the sum of sensible and latent heat fluxes,
H + LE, (A) and separate sensible (H) and latent (LE) heat flux densities (B) above the forest at site 1 in Central Siberia
during 28–29 June 1999.

Appendix C] for soil respiration was set to 2.5 µmol
m−2 s−1. The time-dependent calculations were made
from 00:00, 28 June to 24:00, 29 June with a numer-
ical time step of 20 s. The temperature of the lowest
soil layer was assumed constant and equal to 6 ◦C as
observed at 0.5 m depth.

The model estimations of outgoing short- and long-
wave radiation fluxes showed good agreement with
measurement results, and the calculated net radia-
tion above the plant canopy was close to that ob-
served (Fig. 3A). The calculated values of vertical
heat and water fluxes were also in good agreement
with the measured data (Fig. 3B). The differences be-
tween the modelled and measured energy fluxes were
most pronounced on the first day. There are two pos-
sible reasons: (1) the light rain (about 1 mm) which
occurred in the morning of the first day was disre-
garded in the calculations here. This may have lead to
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Fig. 4. The sum of sensible and latent heat fluxes, H + LE,
versus available energy, Rn − G, for modelled and observed
data above the forest at site 1 in Central Siberia during 28–29
June 1999. The 1:1 line is also shown.

underestimation of evaporation from the foliage sur-
face; (2) some problems in the measurements can
be seen when comparing the energy balance closure
(Fig. 4). Our model implicitly closes the radiation bal-
ance, but a simple plot of Rn − G versus H + LE for
the measurement data yielded a departure from the 1:1
line on the first day. By contrast, on the second day the
experimental energy balance closure was much better
(Fig. 4), and the model estimates of both H and LE
were in much better agreement with the observed data
(Fig. 3A).

Fig. 5. Comparison between observed and modelled (with two different heights of upper boundary conditions) vertical fluxes
of carbon dioxide above the forest at site 1 in Central Siberia during 28–29 June 1999.

Figure 5 shows the modelled and measured fluxes
of carbon dioxide above the plant canopy for the same
two days as Fig. 3. The model seems slightly to over-
estimate CO2 fluxes around solar noon, especially for
the second day. This may have been caused by the
inertness of the chosen parameterization of photosyn-
thetic response to the incoming solar radiation. On
the other hand these deviations could be caused by
problems with the parameterization of soil respiration
or the fact that the model disregards stem respiration.
Observations by Shibistova et al. (2002) in a nearby P.
sylvestris stand showed that midday stem respiration
rates can be of the order of 2 µmol m−2 s−1 in June/July
during the period of intense cambial activity.

Measured and modelled CO2 concentrations in the
26 m surface layer are presented in Fig. 6A and B,
respectively. One can see that the model places the
locations of main maxima and minima of CO2 con-
centration within the canopy with sufficient accuracy.
For the first day the model correctly calculated the first
minimum of within CO2 crown concentration between
9:00 and 10:00 related to the beginning of photosyn-
thesis. The following minima at 13:00, 15:00, 18:00
and 22:00 correlated with peaks of incoming radiation
are also described adequately. Some differences be-
tween measurements and model results observed for
the second day were caused both by an increase of
incoming radiation and by a higher friction velocity
on this day. These features in turn resulted in an in-
crease of errors in one-dimensional modelling. Nev-
ertheless the model correctly reconstructed the main
tendency of the CO2 sink in the canopy. The minima
around 9:00 and 12:00 are also correctly reconstructed;
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Fig. 6. Measured and modelled CO2 concentrations. (A) Measured; (B) modelled with upper boundary conditions at a height
of 26 m; (C) modelled with same upper boundary condition CO2 sink profiles as a function of time within 26 m surface layer
at site 1 in Central Siberia during 28–29 June 1999; (D) modelled with upper boundary conditions at a height of 3025 m for
the same layer and time period. The dashed lines indicate bottom and upper borders of the needle area.
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however, the minimum at 14:00 is somewhat underes-
timated when compared with the measurements. The
difference fades out towards 17:00. This suggests that
the LAD distribution assumed in the model needs a
correction, or that the influence of advection during
the daytime is considerable under the conditions of
a sufficiently strong wind. The soil respiration is de-
scribed adequately in general; however, the maxima
of concentration occurred between 20:00, 29 June and
6:00, 30 June and are not reflected in the observed
fluxes (Fig. 5) (our model gave a similar relation for
the night fluxes as the measurements). This might also
be explained by advective fluxes of CO2 in the atmo-
sphere, leading to increased CO2 concentrations.

The comparisons suggest to us that the physical
canopy model adequately describes the observed pro-
cesses and, moreover, provides additional information.
Such information is given in Fig. 6C showing the dis-
tribution of the CO2 sink function for the same layer
and time period. The vertical distribution of the sink
function in the model allows us to determine the max-
imum of the CO2 sink function in the canopy. It is
interesting to note that there is inertia in the CO2 con-
centration changes in the canopy. Figures 6B and 6C
show that the maxima of the sink function and the min-
ima of the carbon dioxide concentration are shifted rel-
ative to each other in time, especially during the first
overcast day. The CO2 concentration decreases grad-
ually with increasing temperature; the CO2 flux from
the soil also increases. The inertia is not so noticeable
during the second day because of the strong turbulent
mixing.

To carry out the second component of the first exper-
iment we used data from the National Centre for En-
vironmental Predictions Reanalysis Project (NCEP)
(Kalnay et al., 1986). The necessary data on wind
speed, air temperature and humidity were interpolated
from the numerical grid of this model onto the up-
per border (about 3000 m) of the model for 00:00,
06:00, 12:00 and 18:00 h Universal Standard Time,
UST. Carbon dioxide concentrations at 3025 m were
estimated using data from aircraft measurements, and
were held constant (369 µmol mol−1) for the two days
of the experiment. Downward radiation fluxes were
estimated from ground measurements. Because of the
complicated pattern of incoming radiation fluxes we
used the measured data to estimate the emissivity of
the atmosphere first in order to estimate the cloudiness
from eq. (A11) (Appendix A). Then the information
on cloudiness was used to describe the pattern of in-
coming radiation.

The CO2 flux modelled during this time period was
very close to the one obtained from the surface layer
model (Fig. 5). A smoothed course of geostrophic wind
also provided a smooth course of modelled values of
wind speed and friction velocity above the vegeta-
tion compared to the measurements (Fig. 7A). This
in turn caused the smoothing of the modelled CO2

concentration in (Fig. 6D) and above the plant canopy
(Fig. 7B). As mentioned above the differences between
the modelled and measured CO2 concentrations during
the night may have been caused by neglecting some
sources of carbon dioxide such as advection.

Smoothing almost all modelled parameters above
the canopy, including the air humidity, affected the
humidity of the soil surface as well. Figure 7C shows
the values of this parameter estimated during the mea-
surements as well as from the models with an upper
grid level of 26 and 3025 m. It should be noted that in
spite of some differences, the method chosen for the
description of soil moisture appears to be sufficiently
adequate for our purposes.

Experimental site 2. For the first experiment infor-
mation was obtainable on downward radiation fluxes
and thus – on cloudiness. Without this information it
would be impossible to describe the complicated me-
teorological conditions adequately. However, such de-
tailed information is not always available. Sometimes,
for example, there may only be information provided
on the flux of available energy (Kelliher et al., 1998).
In order to estimate the capability of our model to re-
construct the structure of an entire boundary layer with
only limited data, a second numerical experiment was
carried out.

A one-dimensional (1-D) model version was tested
against measurements made in Siberia during the sum-
mer of 1996 (Section 3.2). The structural characteris-
tics of the vegetation are given in Table 1. Two days
with “clear-sky” conditions – (15 and 16 July) were
chosen for the numerical experiment. The informa-
tion on radiation fluxes above the vegetation was taken
from the literature (Kelliher et al., 1998). Ground mea-
surements showed that soil moisture was low, despite
the fact that on average 55% of total water flux were
contributed by the flux from the underlying surface
covered by lichen. The six-hourly data from NCEP
for this region was used as input information for the
upper border of the boundary layer. The humidity data
from NCEP did not, however, agree well with the data
of aircraft measurements (Llyod et al., 2001). For this
reason we assumed the mean value of two-days of air-
craft measurements (1.6 mmol mol−1) as the upper
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Fig. 7. Comparison between observed and modelled values of friction velocity and wind speed (A) as well as of CO2
concentration (B) above the forest at site 1 in central Siberia during 28–29 June 1999. Upper boundary conditions set at the
height of 3025 m. (C) Observed and modelled values of ground surface humidity for two different heights of upper boundary
conditions.

boundary condition for air moisture. The carbon diox-
ide concentration at the upper border was also assumed
as constant for two days and equal to 359 µmol mol−1

(Llyod et al., 2001). The coefficient a10 in the Lloyd–
Taylor equation for soil respiration under forest was
set to 1.0 µmol m−2 s−1.

Llyod et al. (2001) showed that during two chosen
days the descending air movement typical for anticy-
clonic weather was observed, with values varying from
−2.1 to −5.0 mm s−1 at the 925 hPa level and from

−5.5 to −11.0 mm s−1 at the 825 hPa level. To describe
the vertical velocity in the model according to these
conditions we chose a linear interpolation from 0.0 mm
s−1 on the surface to −8.0 mm s−1 at the upper border
of calculation layer. The calculations at 00.00, 15 July
were initialized under the following conditions:

T = 10 ◦C, q = 8 mmol mol−1,

C = 350 µmol mol−1 for z ≤ 800 m
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T = T (z00) − 0.0063(z00 − z) ◦C,

q = 1.6 mmol mol−1, C = 359 µmolmol−1

for z > 800 m

where z00 is the highest level of the model (z00 =
3025 m). These values are based on reasonable as-
sumptions and on data from the first measurement
flight of that day, which was made around 07.30 h.

In Fig. 8A measured and modelled net radiation as
well as sensible and latent heat fluxes are presented for
the second day of the experiment, 16 July. For an agree-
ment between modelled and measured net radiation
above the forest we assumed the atmospheric trans-
parency as 0.7 and with cloud-cover fraction changing
from 0.3 on the first day to 0.2 on the second one. In this
experiment we ignored broken clouds, although some
effects of these were clearly implied by the observa-
tional data. The comparisons between modelled and
measured wind speed above the vegetation (Fig. 8B)
suggest that the model adequately reconstructs the dy-
namic regime above the plant canopy.

Taking into account that the measured data of the
boundary layer structure, against which our model was
tested, were obtained above the vast area with a mo-
saic swamp distribution, the approximate area ratio
of forest to bog being 5:1 (Llyod et al., 2001); the
second-stage calculations were carried out with the
same values of incoming short-wave radiation, but
with an underlying surface in this case represented
by bog vegetation (Table 1). The parameter a10 was
taken as 3.0 µmol m−2 s−1.

Figure 8A also shows that under the conditions of
almost unchanged net radiation the modelled Bowen
ratio above bog was changed for midday consider-
ably (−0.7 instead of 3 above the forest) according
to observed Bowen ratio (Valentini et al., 2000). This
gives rise to significant differences in the modelled
boundary layer development for the different surfaces.
Figure 8B shows the observed and modelled values of
air saturation deficit above the forest and at 2 m height
above the bog. The overestimated model values of air
saturation deficit above the forest (Fig. 8B) may be the
result of one-dimensional modelling under the given
conditions. For example, when the model surface is
covered by bog completely, this deficit does not ex-
ceed 1.2 kPa.

It is clear that the energy exchange characteristics
of a vegetative surface may exert significant feedback
effects on its atmospheric environment. The variability
range of boundary layer characteristics for two chosen

underlying surfaces are clearly shown in Figs. 8C and
8D. We are not, therefore, implicitly trying to correctly
reconstruct the observed boundary layer characteris-
tics by means of the one-dimensional model employed
here. Modelled and measured CO2 concentrations may
deviate due to the exclusion in the model of some veg-
etation types. There are six main vegetation types in
the region, with tree stands of LAI varying between
1.5 and 2.5 m2 m−2 (Schulze et al., 1999). When the
underlying surface is assumed to consist of two veg-
etation types only, the preliminary conclusion could
be drawn (Fig. 8E) that the boundary layer structure
is influenced mainly by bog during night and morning
hours and by the drier forest surface during the af-
ternoon hours under the conditions of well developed
turbulence.

In general it can be seen from Figs. 8C–E that the
model slightly overestimates the height of influence
of the underlying surface irrespective of whether that
surface is considered to be “all forest” or “all bog”.
However, this estimation is less profound when the
low Bowen ratio of bog surface is employed as the
surface flux driver. This can be explained by an inabil-
ity of the model to reconstruct the counterfluxes at the
upper borders of the boundary layer as well as by pos-
sible errors in the assumed subsidence rates. However,
the observed differences between measured and mod-
elled data are, in fact, not so significant. The deviations
for each surface type are presented in Fig. 9A. Here
the temperature variations in the atmospheric bound-
ary layer and in the soil of a forest-covered surface
are shown for the two experiment days. Also the esti-
mated boundary layer heights for both surface types,
based on observational data and on data from a para-
metric model with a hypothetical surface, which is a
mix of forest and bog areas in a relation of 5:1 (Llyod
et al., 2001), are shown. Since the first experiment day
might be considered as “adaptational”, the height at
pre-dawn is slightly overestimated as a consequence.
However, for the second day the observed boundary
layer height is within the range of model estimations
for the two hypothetical uniform surfaces. It can be
seen that boundary layer height is larger for the forest
than for the bog, but that the growth of the bound-
ary layer starts earlier above the bog. The tendency of
boundary layer development in our model is in good
agreement with modelled data of Llyod et al. (2001).
However, the question is still open what ratio between
different surfaces should be taken, to provide better
agreement with measurements. Thus, one of the tasks
for which the model could be applied is to estimate

Tellus 54B (2002), 5



CANOPY – PBL SIMULATION MODEL 801

Fig. 8. Observed above-forest stand (symbols) and modelled above-forest (black lines) and bog (blue lines) surface me-
teorological variables and energy balance components at site 2 in central Siberia for 16 July 1996; (A) available energy,
Rn–G, sensible heat, H, and latent heat, LE, flux densities; (B) air saturation deficit, D, and wind speed, u; (C) water vapour
concentration; (D) carbon dioxide concentration; (E) virtual potential temperature during 15–16 July 1996 within PBL above
the site 2 (AM around 06.00, Midday = 12.00 and PM = 18.00 local time). The dashed areas in panels C and D indicate
variations of water vapour and CO2 concentrations during the day, respectively.
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Fig. 9. Modelled variations of air and soil temperatures (A) and CO2 concentration (B) above forest-covered surface at site
2 in central Siberia during 15–16 July 1996. The observed and modelled boundary layer heights for two experimental days
as well as the boundary layer height estimated by the model of Lloyd et al. (2001) for 16 July 1996 are also shown (A) (for
detail see text). The dashed areas in both panels indicate the canopy.

Tellus 54B (2002), 5



CANOPY – PBL SIMULATION MODEL 803

the contribution of each surface component in the for-
mation of the boundary layer structure as a whole.
However, in the present article we will not discuss this
problem in detail, as it requires more specialized in-
vestigations and additional experiments.

The variations of the CO2 concentration in the PBL
above the forest during two days are presented in
Fig. 9B. It could be noted that despite deviations from
the observed vertical profiles of CO2 mentioned above
(Fig. 8D), the general tendency of the carbon dioxide
transport within the PBL seems to be described ad-
equately. During the first morning hours (day 2) the
photosynthetic activity of the leaves in combination
with weak turbulent exchange causes strong vertical
difference in CO2 concentration. Low CO2 concen-
trations developed above the forest fade later due to
a dramatic growth of the convective boundary layer.
In daily course the concentration within the CBL re-
mains constant because of intensive mixing. Towards
the evening of 16 July as the turbulence attenuates, a
small area of low concentration appears again but is
quickly filled up by CO2emitted by the soil. Limited
nocturnal build-up of CO2 occurs, however, due to the
short night length and the low overall soil CO2 efflux
rates (Shibistova et al., 2002).

The above results illustrate the ability of the model
to reconstruct the characteristics of PBL within and
above the vegetation canopy, assuming homogeneity
of the underlying surface. At the same time the nu-
merical runs with the one-dimensional model indicate
that an accurate description of the structure of the PBL
requires detailed data on preceding conditions as well
as on cloudiness, for improved description of incom-
ing radiation fluxes. However, as a whole this lack of
information does not affect the relationships between
the different types of underlying surfaces, and thus
the model could be used to estimate these relations
and regularities. In the following experiments to fur-
ther outline possibilities to apply the model, we do not
consider complicated meteorological conditions. All
calculations are made under the simplifying assump-
tion that stable anticyclonic weather prevails.

4.2. Experiments with the two- and
three-dimensional model version

In this part of the paper we focus on the variables
that are directly related to the transport of passive trac-
ers: in particular carbon dioxide. Our key emphasis
here is the determination of effective flux “footprints”
above a heterogeneous vegetation and the evaluation of

environmental effects on CO2 concentration and flux
variability.

Experimental site 3. For numerical experiments
with two- and three-dimensional versions of the
model, the region around the monitoring station
in CBFR near Moscow was chosen (Section 3.3).
Figure 10 shows an aerial photograph of the test area
(Fig. 10A) with the classification of the vegetation
types (Fig. 10B) obtained from ground-based forest
inventory data. Characteristics of these different veg-
etation types, used in the numerical experiments here,
are given in Table 1. From these parameterizations,
Figs. 10C and D show the spatial distribution of veg-
etation height and total LAI, respectively. For model
runs, the horizontal resolution was set to 64 m for both
the x- and y-coordinates of the model grid. A time step
of 2 s was used to satisfy the CFL (Courant, Friedrichs
and Levy) condition.

For the experiments with the 2-D model version,
the vegetation distribution along the east–west transect
a−d (Fig. 10A) was taken. The spatial distribution of
leaf area density (LAD) along this transect is shown
in Fig. 11A. In these simulations the air temperature
at the upper model border was taken as 0 ◦C, the wa-
ter vapour mole fraction was set to 2.4 mmol mol−1,
the velocity of the geosptrophic wind = 10 m s−1 and
the CO2 mole fraction was equal to 360 µmol mol−1.
An atmospheric transparency of 0.65 was assumed.
Since the soil respiration rate estimated in CBFR by
different methods had a high level of temporal and
spatial variability (Naegler et al., 2002), we, for sim-
plicity, assumed this value to be constant 4.5 µmol m−2

s−1. The water content of the soil was taken as half of
the full capacity for both layers. To reduce computing
time, eq. (C2) (Appendix C) was used for calculations
with the 1-D model version only. For the 2-D and 3-D
modelling we used the parameterization of Nickerson
and Smiley (1975) to describe the heat flux into the
soil:

G = −0.19Rgnet for Rgnet < 0

G = −0.32Rgnet for Rgnet ≥ 0


 . (20)

The comparison of results of the numerical ex-
periments performed with 1-D model for various
Gl -parameterizations showed that the implementation
of eq. (20) is realistic especially when reasonably
dense vegetation is present above the ground surface.

Figure 11 also shows the results of the numeri-
cal experiment for the transect a−d (Fig. 11A) for
the surface layer at two points in time: just before
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Fig. 10. The aircraft (aerial) photography of test area (A) and the model approximation of the vegetation type distribution
(B), spatial distribution of vegetation height (C) and leaf area index (LAI) (D) of the area in west Russia (site 3). The tower
location is indicated by the circle [point c (A)].

commencement of photosynthesis (3:00) and near the
time of the maximum intensity of turbulence within
the PBL (15:00). The local velocity scale

uL = [
(Kz∂u/∂z)2 + (Kz∂v/∂z)2

]0.25
,

chosen here as a parameter representing the properties
of the air flow above the surface (Fig. 11B), and the
vertical turbulent flux of CO2, as a measure of pho-
tosynthetic activity, (Fig. 11C) are also presented for
both cases. The results show the surface to be relatively
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Fig. 11. The vegetation and its leaf area density (LAD) (m−1) distributions along the east-west transect a−d over the
experimental site 3 (A). The results of the numerical experiment for the surface layer at the same transect for local velocity
scale (B) and CO2 fluxes (C) at two time points: before the start of photosynthesis 03:00 LT (dotted lines) and at the time of
well developed boundary layer turbulence 15:00 LT (solid lines). Zero at x axis is the location of the tower.
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homogenous in the sense of atmospheric dynamics,
but with considerable temporal, vertical and horizon-
tal differences being caused mainly by the variations
in the photosynthetic activity of the vegetation.

In addition, we used the 2-D model version to eval-
uate the distance at which vertical CO2 fluxes at the
locations of eddy-correlation sensors on the measuring
tower (point C in Fig. 10A) (34 m) and above it at the
heights of 50 and 95 m are influenced. This is anal-
ogous to the so-called “footprint” question (Leclerc
and Thurtell, 1990). The calculations carried out in
this simulation are analogous to those results which
are shown in Fig. 11C, but with the following modifi-
cations: (i) the spatial distribution of all meteorological
parameters has been kept unchanged; (ii) the integral
coefficients of the CO2 exchange between the foliage
as well as the soil and the surrounding air were set
to zero everywhere except for the gridpoint along the
x-axis, for which the influence on the measured tower
fluxes we were interested to estimate. Moving through
all grid points and knowing the distance of each point
from the tower, it is possible to estimate the contribu-

Fig. 12. CO2 flux footprint estimation at 03.00 LT and 15.00 LT as a function of upwind distance for the three different levels
above the measuring tower (see point c on Fig. 8A) (thick solid lines) as well as the cumulative normalized flux for same
levels, obtained by integration of the footprint curves (thin solid lines). Zero at x axis is the location of the tower.

tion of each grid point to the entire CO2 flux at the site
of the tower. After that the actual distribution of the
tower footprint can be represented in its conventional
form by taking the flux at the tower point as 1.

The results of such a calculation for different times
are shown for the height of the measuring tower, for
50 m and for 95 m in Figs. 12A, B and C, respec-
tively. The curves describing the footprints are similar
to those obtained by analytic methods (Leclerc and
Thurtell, 1990), and correctly reconstruct the move-
ment of the footprint maximum when measurement
height and time are changing. The position of the max-
imum influence on vertical fluxes shifts closer to the
point of the flux measurements with decreasing mea-
surement height and with increased turbulence in the
afternoon. For example, during the afternoon hours
the contribution of all CO2 sources and sinks that
are within a 800 m range upwind from the tower to
the entire CO2 flux measured at a height of 34 m is
about 92% (Fig. 12A). This is only about 50% of the
flux measured at a height of 95 m (Fig. 12C). Un-
like the analytical footprint models usually applied,
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the method implemented in our model allows one to
take into account the surface heterogeneity associated
both with dynamic aspects (different resistance of dif-
ferent trees to airflow leads to a complex distribution of
turbulent characteristics) and with variations in source
and sink composition (different photosynthetic activ-
ity for different trees). That is why, even under such
a rough model resolution (64 m is far from ideal for
detailing the influence of horizontal heterogeneity) the
footprint curve derived here is not smooth. Its oscilla-
tions at about 300 m upwind distance are the result of
a non-uniform vegetation distribution (Rannic et al.,
2000).

The results of 3-D modeling for the entire domain
indicated in Fig. 10 are shown in Fig. 13. This figure
illustrates the results obtained for 03:00 h and 15:00 h
under conditions of a west–east surface wind direction
(Figs. 13A and B, respectively) and for 15:00 h un-
der conditions of north–south surface wind direction
(Fig. 13C). It is clear that under the simulated con-
ditions of constant illumination with the equal pho-
tosynthetic activity of different vegetation types and
constant soil respiration, the CO2 flux at the height
of the sensor depends mainly on the peculiarities of
the airflow. This dependence appears stronger during
night-time (Fig. 13A). The upward airflow in front of
the more aerodynamically dense birches leads to an
intensification of the soil–atmosphere exchange and
then to an increase of CO2 concentration in higher
layers (the blue area in Fig.13A). At the same time as
the exchange weakens and CO2 accumulates under the
birch canopy, the CO2 mixing ratio decreases above it
(red areas in Fig. 13A).

Because of higher turbulent mixing such an aero-
dynamical contribution to the CO2 flux at the sensor
height is not significant during noon. It is appeared
best under the conditions of west–east surface wind
direction (red areas Fig. 13B).

The experiments with the 3-D model were carried
out under the same upper and lower boundary con-
ditions as with the 2-D model. The direction of ge-
strophic wind in one case was defined so that in the
surface layer the wind was approaching the west–east
direction. Calculation results of the local velocity scale
and the vertical CO2 flux obtained for transects a−d
(2-D version) and b−d (3-D version) are compared in
Fig. 14. It can be seen that the velocity scale and the
vertical CO2 fluxes generally agree very well, small de-
viations being possibly explained by transverse trans-
port in the case of the 3-D model smoothing the fields
of the wind speed and CO2 mixing ratio.

The results of the 2-D and 3-D modelling indicate
the strong influence of the windward lateral bound-
ary conditions on modelled CO2 concentration and
fluxes. Even at a height of 34 m the 90% fetch dis-
tance is nearly 800 m (Fig. 12A). These experiments
point out the limits for implementation of bound-
ary conditions with inward directed finite differences.
These conditions could be used to obtain preliminary
characteristics only. For most accurate simulations
it would be best to use the method of zooming, al-
though this would require much higher computational
costs.

Finally, the dependence of CO2 flux variability on
solar radiation is demonstrated in Fig. 15. In this nu-
merical experiment we have introduced clouds into the
model at several grid points (Fig. 15A). The clouds
were kept constant for a 20 min period between 15:00
and 15:20. The spatial distribution of the vertical CO2

fluxes at the beginning of the cloudy period is set at
the height of the measuring instrument (34 m), as is
shown for the previous simulations in Figs. 13B and C.
As a consequence of the relative decline in incoming
solar radiation because of the clouds (Fig. 15B), the
CO2 flux is modelled to increase in some regions by
more than 5% (Figs. 15C and D).

This increase is a consequence of three factors: (i)
the relative decrease in incoming PAR caused by cloud
cover is less than the decrease in global radiation. This
is because of a relative increase in the diffuse PAR
fraction as a consequence of scattering by clouds; (ii)
the diffuse radiation penetrates deeper into the vege-
tation canopy than does the direct radiation. This re-
sults in lower vegetation layers getting more PAR un-
der cloudy sky conditions than in full sunlight: and
(iii) there is a decrease in leaf temperatures, especially
for the sunlit portion of the canopy. Under conditions
of a relatively high temperature of the ambient air
(about 28 ◦C in this experiment) and an associated high
canopy-to-air vapour pressure difference, the lowering
of leaf temperatures results in an increase in stomatal
conductance and by virtue of this, in canopy photo-
synthetic rates.

It should be noted that CO2 fluxes change most
downwind relative to the location of the clouds and,
for both wind directions, simulated areas of maximal
change are within the region where the combination
of different vegetation types is shaded by clouds (up-
per right quarter of Figs. 15C and D). This suggests
that along with the physiological factors mentioned
above, changes in the turbulent regime under condi-
tions of broken clouds also change CO2 fluxes. The
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Fig. 13. The modelled carbon dioxide fluxes and CO2 concentration distributions near the measuring tower for the west–east
surface wind direction at two instances, 03.00 LT (A) and 15.00 LT (B), and for the north–south surface wind direction at
15.00 LT (C). The results are shown for the horizontal plane at the height of the measuring tower (34 m). Arrows indicate the
wind directions above the canopy. The tower location is indicated by the circle.

answer to the question of what is the influence of each
particular factor requires more detailed investigation
and is outside the scope of this present article. How-

ever, it should be noted that the CO2 flux around the
tower was also changed in the simulation, even though
the radiation field, there, remained unaffected. In
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Fig. 14. The smoothing effect of the 3-D modelling against 2-D modelling. Comparison of modelled results for the local
velocity scale (A) and the vertical CO2 flux (B) obtained for transects a−d (2-D version) (dotted lines) and b−d (3-D version)
(solid lines) at 15.00 LT.

reality such an underestimation of the broken clouds
effect could lead to some errors when interpreting
the factors determining the values of measured CO2

fluxes.

5. Conclusions

In this paper we have introduced a three-
dimensional model, SCADIS (scalar distribution),
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Fig. 15. The dependence of CO2 flux variability on the radiation conditions. The modelled distribution of broken clouds
(cloud-cover fraction) (A) and the relative decrease of incoming solar radiation (B) during a cloudy period (15.00–15.20
LT) as well as the changes in modelled CO2 fluxes (%) just after this period (15.20 LT) for west–east (C) and north–south
(D) surface wind directions. The changes in CO2 fluxes are shown for the horizontal plane at the height of measuring tower
(34 m). Arrows indicate the wind directions above the canopy. The tower location is indicated by the circle. The vegetation
types distribution used in the model is also depicted in panels (C) and (D).

developed for simulation of processes in the canopy–
planetary boundary layer. Despite of simplifications
used to simulate natural processes, the first version
of the model has demonstrated a reasonable agree-
ment between modelled and observed data under dif-
ferent environmental conditions. Because of the sim-
plicity of input parameters, the model only requires
information on the LAD distribution and the syn-
optic meteorological data for initialization. An ad-
ditional benefit is that it requires low computing
time. Thus, it can be applied as a practical tool

for many scientific tasks. A number of applications
have been shown in the paper, such as (1) estima-
tion of diurnal and spatial dynamics of CO2 in the
PBL in the presence of vegetation and under various
synoptic conditions; (2) evaluation of environmental
effects (aerodynamic and photosynthetic heterogene-
ity of vegetation) on CO2 concentration as well as
on CO2 vertical fluxes at certain locations for var-
ious wind directions and for different times; (3)
investigation of the influence of broken clouds on veg-
etation illumination and on resulting changes in the
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intensity of photosynthesis and spatial distribution of
CO2 concentrations.

Other applications of the model could be: (i) inves-
tigations of the spatial aggregation of energy fluxes
across a heterogeneous landscape (the upscaling prob-
lem). (ii) investigations of the footprint for different
tracer source distributions and for different weather
conditions. A method analogous to the one used to
calculate the upwind source influence on CO2 flux at
a certain point above the forest and shown here could
also be applied to estimate footprints in a 3-D space.
(iii) an investigation of the effect of spatial variations in
illumination on the energy and CO2 fluxes above a for-
est canopy. Equations of the leaf energy balance could
be rewritten taking into account heat storage in order
to consider the system’s inertia. Defining the temporal
and spatial distribution of cloud cover would make it
possible to determine local patterns of heat, moisture
and CO2 fluxes and their common contribution to the
flux from an entire experimental area or as measured
at a fixed tower location. If at the same time the mod-
elled illumination were to be kept constant above the
point of measurement, it would be possible to evaluate
the uncertainty of energy balance occurring there.

The solutions of such problems are of great interest
to a wider scientific community. However, these inves-
tigations and their discussion were outside of the scope
of the present study. We aim in the future to carry out
these experiments as well as to improve our model us-
ing more complex parameterizations for some natural
processes.

6. Acknowledgements

This research was partly EUROSIBERIAN CAR-
BONFLUX project funded by the European Commis-
sion. We are sincerely thankful to Dr. O. Panferov of
Institute of Bioclimatology, University of Göttingen,
for the help in the development of the radiation mod-
ule and for his support during the preparation of the
manuscript. Special thanks to Olaf Kolle of the Max
Planck Institute for Biogeochemistry, Jena, who pro-
vided us with data and useful information from the
Scots Pine stand. We particularly acknowledge two
anonymous reviewers for their useful remarks and
comments.

Appendix A. Radiation parameterization

The natural changes in radiation external fluxes in
the model are calculated using both empirical and as-

tronomical formulas. Firstly we define the incoming
radiation outside the atmosphere as

Q0 = Is sin hs, (A1)

with

sin hs = sin ϕ sin δ + cos ϕ cos δ cos ts.

In these expressions Is is the solar constant, ϕ is
the geographic latitude, δ is the solar declination and
ts is the solar hour angle. δ can be calculated from
(Tjernström, 1989), viz.

δ = 0.4145 sin

(
2π

365.24
J

)
,

where J is the calendar day with J = 1 at March 23.
The total radiation above the plant (Qh) is calculated
taking in account the atmospheric transmittance (τ ),
the optical mass of atmosphere (m) and clouds as has
been described by Campbell and Norman (1998) and
Kondratev (1954):

Qh = Q0(0.3 + 0.7τm)(1 − 0.8nLow − 0.5nMid

− cHighnHigh), (A2)

where n represents the cloud-cover fraction, and where
subscripts Low, Mid, and High signify low, middle,
and high clouds, respectively. The empirical coeffi-
cient cHigh depends on zenith angle of the sun: cHigh =
0.2 for hs > 20◦ and cHigh = 0.4 for hs ≤ 20◦. m is
given by Sivkov (1968) as:

m = 796
(√

sin2 hs + 0.002514 − sin hs

)
.

Separating incident solar radiation into downward di-
rect solar radiation flux Ih and downward diffuse sky
radiation flux Dh on the upper boundary of vege-
tation (h) can be made by empirical formulas us-
ing information about the total radiation flux density;
Qh = Ih + Dh . We have used for this the estimation
of the diffuse radiation proportion relative to the to-
tal incoming radiation outside the atmosphere (Q0) as
described in Spitters et al. (1986). The ratio between
diffuse radiation (Dh) and total radiation (Qh) is re-
lated to the ratio Qh/Q0 as shown in Table 2 (from
Spitters et al., 1986).

The model estimates Q0 and, as the values of inci-
dent (Qh) are given, it is therefore possible to calcu-
late the diffusive incoming radiation flux density (Dh)
from Table 2. Then direct radiation (Ih) can be calcu-
lated as Ih = Qh − Dh . However, the comparison of
this method with others (Sivkov, 1968; Campbell and
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Table 2. Relationship between the ratio Dh/Qh and the ratio Qh/Q0 for hourly radiation values (Spitters et al.,
1986)

Dh/Qh = 1 For Qh/Q0 < 0.22
Dh/Qh = 1 − 6.4[(Qh/Q0) × 0.22]2 For 0.22 < Qh/Q0 < 0.35
Dh/Qh = 1.47 − 1.66Qh/Q0 For 0.35 < Qh/Q0 < (1.47 − R)/1.66
Dh/Qh = R For (1.47 − R)/1.66 < Qh/Q0

R = 0.847 − 1.61 sin hs + 1.04 sin2 hs

Norman, 1998) suggests that it may overestimate the
proportion of diffuse radiation present under clear-sky
conditions. To overcome this limitation, then, for all
Qh/Q0 ≥ 0.22 we correct the ratio Dh/QH by con-
version factor αD = ( 0.22

Qh/Q0
)0.37.

In this first stage of the development of our model
we use the formulas and equations for radiation prop-
agation within the canopy with spherically (Gl = 0.5)
or horizontally (Gl = sin hs) oriented phytoelements,
where hs is current sun height and Gl is the integral
function for leaf orientation (Ross, 1975). Therefore,
for the description of radiation fluxes propagating in
the canopy we assume that:

dF↓
i

dz
= s(z)(1 − τi )F↓

i (z) − s(z)ri F↑
i (z) − s(z)τi [η(z)Gl IH sec θCS,i + µ(z)DHCD,i ],

dF↑
i

dz
= −s(z)(1 − τi )F↑

i (z) + s(z)ri F↓
i (z) + s(z)ri [η(z)Gl IH sec θCS,i + µ(z)DHCD,i ]




(A5)

A.1. The penetration functions for the direct (η) and
diffuse (µ) components of incident radiation

η(z) = I (z)

Ih
= exp

(
− Gl L AI (z)

sin hs

)
, (A3)

µ(z) = D(z)

Dh

= 2
∫ π/2

0
exp

(
− Gl L AI (z)

cos θ

)
cos θ sin θ dθ.

(A4)

F↓
i (z) = Qh

a1

(
e−aLAI(z) − e−LAI(z)

) − a2e−2aLAI
(
e−aLAI(z) − e−LAI(z)

)
a1 − a2e−2aLAI

,

F↑
i (z) = Qh

b1e−a[2LAI−LAI(z)] − b2e−aLAI(z)

a1 − a2e−2aLAI




(A7)

Here LAI(z) is cumulative leaf area index (m2 m−2).
The last equation has been written for the conditions
of isotropic sky (Ross, 1975) with θ representing the
solar zenith angle.

A.2. For complementary fluxes of scattered radiation
due to the interaction of direct solar and diffuse
sky radiation in the vegetation canopy in
photosynthetic and near-infrared spectral
ranges

In our model the fluxes of downward F↓ and up-
ward F↑ scattered radiation are calculated using the
equations (Ross and Nilson, 1967):

with the following top and bottom boundary condi-
tions

F↓
i (h) = 0

F↑
i (0) = αg,i

[
CS,i IHη(0) + CD,i DHµ(0) + F↓

i (0)
]

.

(A6)

For the case of horizontally oriented leaves (Ross,
1975), the exact solution of eqs. (A5) is:
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where the parameters a, a1, a2, b1 and b2 are defined
as:

a =
√

(1 − τi )
2 − r 2

i , a1 = αg,i − (1 − τi + a)

ri
,

a2 = αg,i − ri

(1 − τi + a)
,

b1 = 1 − αg,i
(1 − τi + a)

ri
,

b2 = 1 − αg,i
ri

(1 − τi + a)
.

In the above equation LAI is total leaf area density (m2

m−2),αg,i is the soil albedo, Fi is the scattered radiation
flux and ri , τi are the leaf reflection and transmission
coefficients for the i waveband of the radiation spec-
trum (i = NIR, PAR) and CS,i and CD,i are the PAR
(0.42, 0.60) or NIR (0.58, 0.40) conversion factors for
direct solar radiation and for diffuse radiation, respec-
tively. The above formulas have been used in a number
of models (e.g. Tuzet et al., 1993).

The analysis of numerical experiments has shown
that the solution of the eqs. (A5) by means of a fourth-
order accurate Runge–Kutta scheme is rather close to
the solution of system (A7) for the case of horizontally
oriented leaves. This holds true for trees with various
LAI. For this reason we have only used one common
algorithm based on eqs. (A5) to calculate scattered
radiation fluxes for trees with different Gl .

A.3. For long-wave radiation

The downward F↓
LWR and upward F↑

LWR fluxes of
thermal radiation are calculated using the following
formulas (Ross, 1975; Dubov et al., 1978):

Here σ is the Stefan–Boltzmann constant, and δLWR is
the emissivity of a leaf. The boundary conditions for
the solution of the equation set (A8) are

F↓
LWR(h) = δaσ [T (h)]4

F↑
LWR(0) = δggσ (Tg)4 + (1 − δg)F↓

LWR(0)


 , (A9)

where δg is the ground surface emissivity and δa is de-
fined as an apparent emissivity of the atmosphere. For
clear-sky conditions, the emissivity δa depends on air
temperature and humidity above the vegetation layer
(Penenko and Aloyan, 1985)

δa = 0.526

+ 0.065
√

q(h) [1250 + 4.575 (T (h) − 273.15)].

(A10)

The atmospheric emittance on cloudy days can be
estimated by the simple relationship (Monteith and
Unsworth, 1990)

δa(n) = (1 − 0.84n)δa + 0.84n

(A11)

where n is the fraction of the sky covered by cloud.

Appendix B. Energy balance equations
for leaves

The set of unknown parameters includes two tem-
peratures of phytoelements. Therefore, it is necessary
to include equations for the leaf energy balance in our
model. If heat storage and metabolic heat production
are assumed to be negligible, the relevant equations
for sunlit and shaded surfaces of the plants for each
level are:

dF↓
LWR

dz
= s(z)

(
δLWR F↓

LWR(z) − δLWRσ
{
η(z)

[
T sn

l (z)
]4 + [1 − η(z)]

[
T sd

l (z)
]4

})
,

dF↑
LWR

dz
= s(z)

(
−δLWR F↑

LWR(z) + δLWRσ
{
η(z)

[
T sn

l (z)
]4 + [1 − η(z)]

[
T sd

l (z)
]4

})




. (A8)

sχPAR

(
I CS,PAR + DCD,PAR + F↓

PAR + F↑
PAR

)
+ sχNIR

(
I CS,NIR + DCD,NIR + F↓

NIR + F↑
NIR

)
+ sδLWR

(
F↓

LWR + F↑
LWR

)
= sHρaCpgsn

H

(
T sn

l − T
)

+ sV Lgsn
V

(
qsn

l − q
) + sHδLWR

(
σ T sn

l

)4 (B1)
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sχPAR

(
DCD,PAR + F↓

PAR + F↑
PAR

)

+ sχNIR

(
DCD,NIR + F↓

NIR + F↑
NIR

)

+ sδLWR

(
F↓

LWR + F↑
LWR

)
= sHρaCpgsd

H

(
T sd

l − T
)

+ sV Lgsd
V

(
qsd

l − q
) + sHδLWR

(
σ T sd

l

)4 (B2)

where χi = (1 − τi − ri ) is the leaf absorption coeffi-
cient for the i waveband of the radiation spectrum, and
L is the latent heat of vaporization.

As it is commonly assumed, we suppose that the air
humidity in in-leaf space (stomata cavities) is the satu-
ration vapour pressure at the leaf temperature (Cowan,
1977). In this case for qsn

l and qsd
l (kg m−3) the Magnus

empirical formula is used:

qsn,sd
l = qsat

(
T sn,sd

l

)

= 1.3318375

T sn,sd
l

exp

(
17.57

(
T sn,sd

l − 273.15
)

241.9 + T sn,sd
l − 273.15

)
.

(B3)

Appendix C. Top and bottom
boundary conditions

C.1. Air temperature and humidity at the upper
and lower boundaries

The ground surface energy balance equation

G + L Eg + Hg = Rgnet (C1)

taken together with the basic equations for heat con-
duction in the soil

G = ks
∂Ts

∂z

∣∣∣∣
z=0

(C2)

and

∂Ts

∂t
= ∂

∂z
κ

∂Ts

∂z
(C3)

is solved to obtain the ground surface temperature (Tg)
that serves as lower boundary condition

T (0) = Tg.

In eq. (C1) Rgnet is net short-wave and long-wave ra-
diation flux at the ground surface and is calculated

according to

Rgnet = IHη(0) + DHµ(0) + F↓
PAR(0) − F↑

PAR(0)

+ F↓
NIR(0) − F↑

NIR(0) + F↓
LWR(0) − F↑

LWR(0),

(C4)

LEg and Hg are latent and sensible heat fluxes at the
ground surface, respectively (positive when directed
upward), and G is the soil heat flux at the surface
(denoted positive when directed into the soil). For
eqs. (C2) and (C3) ks, κ, Ts(z) are the thermal con-
ductivity, thermal diffusivity and temperature of the
soil, respectively. The thermal conductivity of the soil
is approximated by

ks = max[418 exp(− log10 |ψp| − 2.7), 0.172]

(McCumber and Pielke, 1981), where ψp is the mois-
ture potential of soil tension. Clapp and Nornberger
(1978) parameterized the moisture potential as

ψp = ψp,sat

(
wsat

w2

)b

where ψp,sat is the moisture potential when the soil is
saturated, w2 is the volumetric water content of the
soil, wsat is the maximum volumetric water content
that a given soil type can hold, and b is the slope of
the retention curve. The thermal diffusivity is param-
eterized as

κ = ks

(1 − w2)ρscs + w2ρwcw

where ρs is the density of the solid soil, cs is the spe-
cific heat of the solid soil, and Cw is the specific heat
of liquid water. Values of ψp,sat, wsat, b and ρscs for
different soil types can be found in Jacobson (1999).

The value of the air moisture at the lowest level of
the model is

q(0) = Huqsat(Tg) (C5)

where qsat(Tg) is the saturation specific humidity at
temperature Tg. Hu is the relative humidity related to
the near-surface volumetric moisture content by:

Hu =




0.5

[
1 − cos

(
π

wg

wfc

)]
if wg ≤ wfc

1, otherwise,

where wfc is the field capacity of the soil which cor-
responds to an hydraulic conductivity of 0.1 mm d−1
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it has been estimated for each texture from the soil
properties given by Clapp and Nornberger (1978).

The upper boundary conditions have generally been
taken from synoptic maps, observations or larger-scale
models. In most cases the values for T and q are as-
sumed constant during the day.

T (z00) = const, q(z00) = const. (C6)

where z00 is the highest level of model (z00 = 3025 m).

C.2. Boundary conditions for carbon dioxide

The lower boundary condition for carbon dioxide
is determined primarily by the features of the upper-
most soil layer and defined as a flux at the soil sur-
face (upward positive). We used the parameterization
for soil respiration according to Lloyd and Farquhar
(1994):

F↑
CO2

(0) = a10 exp{308.56[1/56.02

−1/(Tg − 227.13)]}, (C7)

where F↑
CO2

is the CO2 flux in µmol m−2 s−1, and a10

is the respiration rate at 10 ◦C.
At the upper border the boundary conditions

for the CO2 concentration can be obtained from
measurements and modelling or assumed constant
as for T and q

C(z00) = const. (C8)

C.3. The components of wind speed on the lower
and upper boundaries

A no-slip boundary condition is imposed at the
lower boundary:

u(z = z0) = v(z = z0) = w(z = z0) = 0. (C9)

For the upper boundary, the wind components are as-
sumed to be equal to those of the geostrophic wind,
viz.

u(z = z00) = ug = G sin β;

v(z = z00) = vg = G cos β,

(C10)

where β is direction angle of geostrophic wind.

C.4. Turbulent energy on the lower
and upper boundaries

No momentum fluxes into the soil and a gradual
fading at the upper boundary are assumed:

αe Kz
∂e

∂z

∣∣∣∣
z=z0

= 0; e|z=z00
= 0. (C11)

C.5. The scale of turbulence on the lower boundaries

The closure of the model equations results in a dif-
ferential equation of the first order for scale of tur-
bulence scale l. Therefore, the turbulence scale needs
only one boundary condition. We considered that at
small z the scale of turbulence should be asymptoti-
cally expressed by the Prandtl formula, hence it is a
linear function of height:

l(z = z0) = 0.40z0. (C12)

Appendix D. Coefficients of water vapour,
carbon dioxide and heat exchange
at leaves surfaces

To calculate the integral coefficients of water vapour
exchange between the surface of phytoelements and air
between leaves gsn,sd

V following expression was used:

gsn,sd
V = gsn,sd

l gsn,sd
vap

gsn,sd
l + gsn,sd

vap

. (D1)

It describes the sequential addition of diffusive resis-
tances for water vapour evaporating from the leaf. In
this formula: gsn,sd

l is the sum of cuticular and stom-
atal conductivity gsn,sd

l = gcut + gsn,sd
st and gsn,sd

vap rep-
resents the water vapour conductivity of the air bound-
ary layer of the phytoelements.

Stomatal conductance is often predicted as a func-
tion of environmental factors which directly or in-
directly restrict stomata opening below a maximum
(gmax), so that

gsn,sd
st

= gmax f sn,sd
PAR (QPAR) f sn,sd

T (Tl ) f sn,sd
VPD (VPD) fw(w2).

(D2)

The variables fPAR, fVPD, fT vary from 0 to 1 and are
nonlinear functions of light (QPAR), leaf temperature
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Table 3. Values of empirical parameters in eqs.
(D7) and (D8) to calculate water vapour exchange
coefficients

Re bRe mRe PRe

0–103 0.506 0.50 0.6056
103−105 0.295 0.60
>105 0.17 0.84

Gr bGr mGr PGr

0–1.6 × 10−3 0.50 0 0.6305
1.6 × 10−3−800 1.112 0.125
800−3.2 × 107 0.48 0.25
>3.2 × 107 0.115 0.33

(Tl ), and water vapor pressure deficit (VPD), which
can be expressed as (Jarvis, 1976):

f sn,sd
PAR (QPAR) = Qsn,sd

PAR

Qsn,sd
PAR + Q50

, (D3)

f sn,sd
T (Tl ) =

(
T sn,sd

l − Tmin

) (
Tmax − T sn,sd

l

)�

(Topt − Tmin)(Tmax − Topt)�
,

� = (Tmax − Topt)/(Topt − Tmin) (D4)

f sn,sd
VPD (VPD) = 1

/ (
1 + αV VPDsn,sd

)
(D5)

where Qsn,sd
PAR is incoming photosynthetically active ra-

diation for sunlit and shaded leaves, respectively, and
Q50 is the value of QPAR when gst = gmax

st /2; Topt, Tmin

and Tmax are optimal leaf temperature and lower and
upper leaf temperature limits for stomatal conductiv-
ity; αV = 0.67 is an empirical constant. The influence
of such factors as available soil water fw has been
estimated as follow (Jacquemin and Noilhan, 1990)

fw(w2) = w2 − wwilt

wfc − wwilt
and 0 ≤ fw ≤ 1. (D6)

wwilt is the wilting point volumetric moisture for given
type of soil texture. The influences of ambient CO2

concentrations and air pollutants on stomata are not
described in the present model.

The water exchange between the leaf surface and
the between-leaves air occurs under the condition of
forced or free convection regime. The choice of the
conditions assumed in each particular case is made by
comparing Reynolds (Re) and Grasshoff (Gr) criteria.
It has been assumed in our model that the forced con-
vection is realized in the case when Re2 = Gr (Men-

Table 4. Values of empirical parameters in eqs. (D10)
and (D11) to calculate heat exchange coefficients

Re aRe nRe PRe

0–103 0.528 0.50 0.6056
103−105 0.352 0.60
>105 0.018 0.84

Gr aGr nGr PGr

0–1.43 × 10−3 0.50 0 0.6305
1.43 × 10−3 − 714 1.128 0.125
714−2.85 × 107 0.433 0.25
>2.85 × 107 0.120 0.33

zhulin, 1986). To describe gsn,sd
vap for forced convection

it is convenient to use the following formulas:

gsn,sd
vap = χV

dl PRe
ShRe, ShRe = bReRemRe . (D7)

In the conditions of free convection gsn,sd
vap is

gsn,sd
vap = χH

dl PGr
ShGr, ShGr = bGrRemGr . (D8)

In these expressions dl is the characteristic linear
size of the phytoelements and χV is the molecular
diffusivity of water vapour. The empirical parame-
ters included into the formulas for gsn,sd

vap are given in
Table 3.

To calculate the integral exchange coefficients for
CO2 between the surface of phytoelements and air be-
tween the leaves gsn,sd

C , we took in account differences
in conductance between CO2 and water vapour for
stomata (factor 0.625) and air boundary layer on the
phytoelements (factor 0.748) (Campbell and Norman,
1998), thus:

gsn,sd
C = 0.625gsn,sd

l × 0.748gsn,sd
vap

0.625gsn,sd
l + 0.748gsn,sd

vap

. (D9)

For the heat exchange coefficients for phytoelements
the following expressions have been used in our model:

In the case of forced convection:

gsn,sd
H = χH

dl PRe
NuRe, NuRe = aReRenRe . (D10)

In the case of free convection:

gsn,sd
H = χH

dl PGr
NuGr, NuGr = aGrRenGr , (D11)

In these expressions χH is the molecular thermal diffu-
sivity. The parameter values included in these formulas
are presented in Table 4.
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