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SUMMARY

The SLODSVAT consists of interrelated submodels that simulate @ the transfer of radiation, water
vapour, sensible heat, carbon dioxide and momentum in two canopy layers determined by environmen-
tal conditions and ecophysiological properties of the vegetation ; uptake and storage of water in the
‘root-stem-leaf” system of plants ; interception of rainfall by the canopy layers and infiltration and
storage of rain water in the four soil layers.

A comparison of the results of modeling experiments and field micro-climatic cbservations in a
spruce forest(Picea abies [L].Karst) in the Solling hills(Germany) shows, that the SLODSVAT can
describe and simulate the short-term(diurnal) as well as the long-term(seasonal) variability of water
vapour and sensible heat fluxes adequately to natural processes under different environmental condi-
tions. It proves that it is possible to estimate and predict the transpiration and evapotranspiration rates
for spruce forest ecosystems on the patch and landscape scales for one vegetation period, if certain
meteorological, botanical and hydrological information for the structure of the atmospheric boundary
laver, the canopy and the soil are available.
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INTRODUCTION

Soil - Vegetation Atmosphere Transfer(SVAT)
models are main tools for mathematical repre-
sentation of the critical processes controlling the
energy, water, and carbon transfer among soil,
vegetation and atmosphere. All these models use
approximations for the natural reality and include
many simplifications of the real processes and of
their dependencies on the various characteristics
and processes,

Most of the models for energy and mass trans-
fer in a vegetation canopy treat the canopy as a
single horizontal layer("Big leaf models”) or as
several closely interacting layers through which
pass vertical fluxes of radiation, momentum, sen-
sibie and latent heat determined by vertical diffe-
rences of the relevant potentials and by quantities
specifving the exchange properties,

Obviously, different scale models require diffe-
rent degrees of details to describe land-atmosphere
interface. Complex two- and three-dimensional
multi-layer SVAT models can provide a much
more realistic description of land surface proper-
ties and a much greater precision for particular
vegetation sites than one-dimensional one- or
two-layer models. However, the serious problems
first of all for
modelling processes of energy and mass transfer

of their practical application,

in landscape and regional scales, are that com-
plex SVAT models are much more demanding in
detailed, usually not available, information about
the vegetation canopy and the soil structure(Geyer
and Jarvis, 1991). Therefore, the developing of
not over-complex SVAT models as one of main
gozls of the modern researches of processes of
ground surface and atmosphere interaction for
realistic representation of natural processes at the
vegietation-atmosphere interface using the some
essential input parameters obtained from generally
available data including remote sensing(Cienciala
et al., 1994). Obviously, each developed SVAT
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model must be tested using reliable field data.

The main aim of this paper is to describe the
Six-Layer One-Dimensional SVAT model(SLOD-
SVAT) that has been developed in order to
estimate surface-atmosphere heat(7]), water va-
pour(LE) and carbon dioxide(F) fluxes between a
plant canopy and the atmosphere in patch and
landscape oriented scales(Oltchev and Stavisky,
1990, Oltchev, 1992). In contrast to other models
the SLODSVAT allows to dynamically couple
stomatal functioning and CO: assimilation of
plant canopy layers with the microclimate of the
atmospheric boundary layer, with the canopy
architecture and the canopy and soil hydrology.
It enables to accurately predict and interpret the
response of a plant canopy on environmental
stresses.

The SLODSVAT has been applied to a quasi-
homogeneous stand of spruce trees(Picea abies
[L1Karst) in Solling mountains(Central Germany)
for the purpose to study the processes of interac-
tion of a spruce forest and the atmosphere on a
local scale and to determine the role of environ-
mental factors and ecophysiological properties of
spruce trees to regulate and control the COo
exchange and the simultaneous loss of water
through their stomata.

The first section of this paper outlines the
structure of the developed SVAT model and
includes the main approximations and govemning
equations for energy and water budgets in the
plant canopy and the soil.

In the second section the results of model
simulations are compared with field measurements
in a spruce forest in the Solling. A particular
attention is given to the parametrisation of the
response of needle stomatal conductance to varia-
tion of environmental conditions. The predicted
diurnal trends of sensible and latent heat fluxes
are compared with results of field measurements
in spruce forest in Solling for three 2 day repre-
1994.
These selected periods provided a variety of

sentative periods during June-August
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environmental conditions including clear as well
as partly cloudy and rainy weather. For these
periods the sensitivity of the transpiration rate
reacts to changing the values of model input
parameters is estimated.

MATERIAL AND METHODS

1. Model description

The SLODSVAT consists of interrelated sub-
models which simulate the following processes :
- radiation transfer(visible, near infrared and

thermal radiation) in the plant canopy ;

- aerodynamic transfer of water vapour, sensible
heat, carbon dioxide and momentum between
two canopy layers and some reference height
in the atmospheric boundary layer ;

- interception of rainfall by the plant canopy and
infiltration, storage and drainage of rain water
in four soil layers ;

- uptake and storage of water in the "root - stem
- leaf” system of the plants governed by the
soil, plant and leaf water potentials ;

- transpiration and photosynthesis of two canopy
layers determined by the micro climate of the
atmospheric boundary layer, the soil and plant
water status and the ecophysiological properties
of the vegetation,

The transfer pathways for sensible heat, water
vapour and carbon dioxide between vegetation
and the atmosphere are schematically presented
in Fig, 1.

The model boundary conditions at some refer-
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Fig. 1. The transfer pathways for heat, water
vapour and carbon dioxide in a plant
canopyv(indexes up., low. s correspond to
the upper and lower canopy layer and to
the soil, respectively).
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ence height above the plant canopy are measured
or predicted values for air temperature(7,), water
vapour pressure(e,), concentration of carbon di-
oxide(C,), wind speed(u.), incoming solar radia-
tion(Fo(4)) and intensity of precipitation(P). At
the bottom of the lowest soil layer the SLOD-
SVAT assumes steady-state conditions for tem-
perature and soil moisture,

The SLODSVAT requires the specification of
morphological structure and ecophysiological and
optical parameters of leaves for each canopy
layers, morphological and optical parameters of
the soil.

1.1 Microclimate submodel

Microclimatological processes considered here
include the radiation transfer in the plant canopy,
canopy and soil surface energy budgets, the tur-
bulent vertical transfer of momentum, sensible
heat, water vapour and carbon dioxide between
the two canopy layers and the atmosphere.

1.1.1 Radiation transfer in plant canopy

The description of radiation transfer in SLOD-
SVAT is based on an idealized structure of the
plant canopy as two layers of horizontally homo-
geneous and optically anisotropic turbid medium
and the two-stream approximation. Let us follow
this approximation and write the general system
of differential with
definite leaf angle distribution as(Sellers et al.,
1986) :

equations for a canopy

R E B R Ry I
w-p K Bye
o)
e ‘ffL" +1=0=B o)1 ~w- 81
o g K (1= 8) e M

where :

I1 .1} are upward and downward diffuse radia-
tion fluxes, respectively, normalised by the inci-
dent flux ; & is cosine of solar zenith angle ;
K=G(u)/u is optical depth of the direct solar
beams per unit leaf area; Gfu) is the relative
projected area of leaf elements in direction u . u
is averaged inverse diffuse optical depth per unit
leaf area ; B, By are up scatter parameters for the
diffuse and direct solar radiation, respectively ; &
is scattering coefficient of phyto-elements: L is
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projected plant area index in m’ m~.

The short-wave radiation absorbed by the two
layers of the canopy including the soil surface is
given by

Fld) =V (1=1- = IV, - (1= AL42))
—e M (L= A)  Fy (4l

FrldA)=(1=V,) (1-AL4N+V,,- @
(17 (1—AL40)~

v dow

e M (1-AL40)) - Fy(4d)

where :

Fy4d) is the
wavelength interval 441 ; F,,(44) is solar radiation
absorbed by upper layer of the canopy ; Fu.(44)
is solar radiation absorbed by lower layer of the
canopvy and soil surface; Vi, is fractional area
covered by upper layer of the canopy ; /.. I}

incident solar radiation of

“,. are upward and downward normalised

diffuse fluxes for upper layer of the canopy :
el 1 is the direct radiation flux penetrating
the canopy ; L. ¢ is the local projected plant area
index of the upper laver of the canopy ; Asd4),
Aa(44) are the soil albedo values for direct and
diffuse solar radiation.

The long wave radiation balance of two layers
of canopy under clear and cloudy sky conditions
are expressed in term of temperatures of the
canopy layers and the estimated down welling
atmospheric infrared flux(Kondratyev, 1969, Smith
et al., 1993, Sellers et al., 1986) :

F IR =V, -0, (e Thure,- Thd -
(e fTH“ (1+e - N —2-e. T

FdIlR~(1-V,) e, 0. Th-dile,T)" @

(Lrc N+ Ve -0, T
—Eq 0 Lo

where :

Twp, Tww are temperature of the upper and
lower canopy layer in K ; 7, is the air tempera-
in K;o, is Stefan-
Boltzmann constant ; £,, & are apparent emissi-

ture at reference height

vity of the atmosphere and the canopy . di, do,
¢’ are empirical constants and N is the amount
of cloud cover.

Finally, the net radiation fluxes(Ruu., R#iow)
are calculated as the sum of short-wave and

long-wave radiation absorbed by canopy layers :

R yp= F (A2 + F ,(IR) @
Rn = F i, (43) ~ F,,(IR)

1.1.2 Canopy and ground surface-soil energy

budgets.

The radiation energy absorbed by the canopy
and the soil is partitioned between latent and
sensible heat fluxes, storage of heat in the two
canopy and four soil layers. The temperature of
each canopy layer(7T.s, Tw.) can be estimated by
the iteration method for energy balance equations
which can be written in generalised forms as

CM/’ ) TW,/ Jt—= Rn,m "fi,w“‘LEu[, (5)
Ciw 0 Tiul 6t Rupp—Hy . — LE,,,~G,

where :

Cup, Cine are heat capacities in J m° K ' H,,
Hy. are sensible heat fluxes in W m?”: LEy,
LEp. are latent heat fluxes in W m” for upper
and lower canopy layers, respectively ; G, is soil
heat flux in Wm?®.

The partitioning of the absorbed radiation
energy strongly depends on environmental and
canopy conditions. The LE is driven by the
gradient of water pressure between air within
Model
assumes that air in stomatal cavities is satu-

stomatal cavities and surrounded air.
rated, and the temperature of this air is equiva-
lent to leaf surface temperature. The H is driven
by the difference of potential temperatures of
plant surface and canopy air. Using the resis-
Hie and
LE.,, LE,, can be written as follows(Sellers et
al., 1986) :

tance analogue the equation for Hy,

m-(T,— T,
Hy pcpr - ,,,,;;J,,,,,,,
P (T ey (N o VN
LE, O me T (00 - S
o (Tp—T,)
Hyp 0 ¢y g ©
. o .- , N
LEu O @ —e) - (Vi ()
1 "N[ou‘ + fs : (]. - ‘//zm-)
rb+ i Vo™ Vsurr
where :

7 and 7; are bulk boundary layer resistance
and aerodynamic resistance between the lower
canopy layer and some effective height in the
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upper canopy layer in s m b respectively ; Vi

1s tne fractional cover of lower canopy laver
(ground -surface layer) ; Ny, Nuo are fraction of
wetted leaves in upper and lower canopy layers,
respectively ; £ is a factor for air humidity ; m is
the ratic of total and projected plant areas for
the upper canopy laver.

The total sensible and latent heat fluxes(H,,
LE) at some reference height in the boundary
layer are given by

H HpvHiy 0 ¢y (T,—T )7, oD

LE,~LE ,~LE;,~p-c,  (e,—e)/(y 4+,
where :

7, is aerodynamic resistance between canopy
air space and reference height in atmospheric
boundary layer n s m L

1. 1.3 Turbulent transfer and aerodynamic

resistances.

The modelling of the vertical turbulent regime
above and within the plant canopy and calcula-
tion of aerodynamic resistances are based on the
numerical solution of the system of hydrodynamic
and semiempirical equations with following app-
roaches :

- the canopy is considered as a continuous me -
dium ;

- the phytoelements are distributed randémly in
canopy layers ;

- the behaviour of the individual eddies is not

considered.
Equation of motion within the horizontally
homogeneous canopy is :

L dr - c.p

o 5 CorS UL ®
where :

S is plant area density in m° m”, p is air
density in kg m?>, 7 is shearing stress in kg
m" sz, Cs 1s drag coefficient and {/ is the
horizontal wind speed ;

or

d al oL R

g M2 Cin S U 9
where :

k(z) is the vertical turbulent exchange coeffi-

: : . 2 1
cient of momentum in m” s .

To solve the equation of motion Monin and

Jaglom(1967) suggested to use the balance equa-
tion for the turbulent kinetic energy :

(1)
C-b
Kz

—Cy- S U°

- (1) oy L ad
_cow
)

where :

C is constant (C=0.46) ;

b is kinetic energy of fluctuations,

b=(U*+ Vi+Why2 .

ar=k(2) | B(2) =0.73 ;

ki(z) is the vertical turbulent exchange coeffi~
cient for kinetic energy in m* s ' :

C ¥/kz) is the dissipation rate of turbulent
kinetic energy to thermal energy.

The method of closure for a system of two
equations with four unknown variables is based
on the hypothesis about the self-similarity of the
turbulence for kinetic energy () and the mixing
length()(Dubov et al., 1978, Boyko and Siro-
tenko, 1985, Mengulin et al., 1989) :

H)=C" o2 p=x.2/{14 2.5 2 (Co. S/ Y3

where :

h is averaged height of the plant canopy in m.

The modelled profiles of {Az) and Kz) can be
used to obtain aerodynamic resistances 7., #» and
7.

The aerodynamic resistance for momentum,
heat, water vapour and carbon dioxide transfer
between the some reference height in atmo-
spheric boundary layer above uniform surface(zg)
and the effective height for the sink in upper
layer of the canopy{zs=d+zy) at neutral atmo-
spheric conditions 7., is defined in the SLOD-
SVAT as

ru | el )

To take into account the influence of atmo-
spheric thermal stability on the turbulent transfer
the model used a diabatic stability funtion(F)
which according to Thom(1986) and Brutsaert
{1982) can be written as

F=(1-52Ri)"*
F=(1-16Ri) ¥

Jor stable conditions
Jor unstable conditions



HEMEE 850K, 1996% 6H 215

Finally, the equation for 7, can be written as

FomTat FL (12)

For the estimation of effective values of tempe-
rature, water vapour pressure and carbon dioxide
concentration in air surrounding foliage of upper
canopy layer, it is necessary to find out the mean
boundary layer resistance » between foliage sur-
face and surrounding air space within the upper
canopy layer, which is a function of local wind
speed and geometrical size of the surface
(Brutsaert, 1982, Monteith and Unsworth, 1990),
and aerodynamic resistance between the plants of
lower canopy layer and surrounding air space
within the upper canopy layer(ss). The SLOD-
SVAT follows Choudhury and Monteith(1988) and
parameterises the boundary layer resistance for
exchange of some substance between a single
leaf and surrounded air(7,. ») as :

Vi a (U2 w0y {13)

where :
a is empirical constant . w is leaf width in m
{X2) is local wind speed at height z in m &'
For canopy layer consisting of many sublayers
with a local PPAI(dL). the mean boundary layer
resistance layer resistance »5 can be determined

in general form as ;

LAl )t
" J Yo / J L i (14)
where :

Liwe 1s the integrated PPAI estimated down-
ward from the top of the canopy(L..=PPAI at
tottom of the canopy laver) in m®> m™".

The mean resistance per unit ground area is
written as ;

vooo vl (15)

The aerodynamic resistance between the plants
cf lower canopy laver and surrounding air within
upper canopy layer under neutral conditions of
the atmosphere can be formally defined as(Sellers
et al., 1986) :

Vb LZ dz/ K 2) U6)

To take into account the effects of atmospheric
non-neutrality within a plant canopy the equation
for 4, can be modified as :

Fai P Fy amn

where :

For taking into account the effects of atmo-
spheric non neutrality the equation for 74 can be
modified as :

Fu Yt Fy (18)

where :

Fyis a diabatic stability function for momentum
transfer hetween lower(ground surface) and upper
canopy layers.

1.2 Interception of precipitation.

The interception of precipitation by canopy
layers is determined by an adaptation of the para-
metrisation describing the exponential attenuation
of radiation when the flux is vertical and the
leaves are black(Sellers et al., 1986). The rate
of interception and outflow of intercepted water
to the ground for the upper and lower canopy
layers are given by

PP (1 e A,J) Vi 19)
Piu= (P~ Pyt Uy (1 —e ) Vi
U { =0 when M, <S,
up " o N ) _
P, when M, ,—S, 20)
oo { =0 when M;,.<S..
M Pre when Mo Si

where :

P.. Pue are rate of precipitation interception
inms'; Uwp, Ui are rate of outflow of inter-
cepted water m 5! s Mup, M. are water inter-
ception capacity for upper and lower canopy
layers in m, ; S, Sww are maximum values of
My and Mp, in m: L. 1, Liuw ¢ are projected
leaf area for upper and lower canopy layers in
m’ m?, respectively.

When there is intercepted water on the leaf
surface the transpiration is assumed to continue
from those parts of leaves which are still dry.

1.3 Soil and plant water dynamics.

The vertical water transport in four soil layers
is modelled on the basis of Darcy's law(Brutsaert,
1982, Sellers et al., 1986). For partly saturated
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soil it can be written as

1S

Quii= — k- (‘) gt ~1) @1

i (A

>l

where :

k= (Dk,+D, b, )(D;+D,.)) is effective hy-
draulic conductivity between layvers 7 and i+ in
m s ' ;w .+ are soil water potentials in m ; Dij;
are depth of #h and :/+Zth soil layers in m,
respectively.

Soil hydraulic conductivity % is dependent on
soil water content and texture. According to
Campbell(1974) % is modelled in the #h soil layer
for unsaturated conditions as

b=k, (00, (22)

where :
kv is saturated hydraulic conductivity in m s’
. B; is empirical constant depending on texture
of &h soil layer ; 8, 8; are volumetric and satu-
rated volumetric soil moistures in layer 7, respec-
tively,
The governing generalised equation for water
budget in soil layers is given by
Q.

s W (@1,
gt
where :

W=8;/8, is soil moisture in #h soil laver;
Qi 1i, Qi+ are water flow between /~1 and i,
and between 7 and i+ soil lavers, respectively
nms'; E=E.s+ Eie is water uptake by roots
for the upper and lower canopy layers in kg m !
1

5

Eq is direct evaporation of soil water into

the atmosphere in kg m' s'; puis water density
n kg m 4

For upper soil layer & :. is equal to the
effective precipitation rate on the soil surface P,

that can be defined as(Sellers et al., 1986)

Py P~ (Pt P + (Uit Up) (24)

The pathway of water from soil to air space
within the plant canopy is represented by four
resistances : the soil-root(#, w. o), stem(#s .
o), branch(#sr «. w«) and leaf stomatal(zus. i)
and Stavisky, 1990). The
Eun) across the

resistances(Oltchev
water uptakes by roots( Eip,

resistances of the soil-roots(z,) and the stem(sy)
are given by

_ D V=¥ pp— 255
Eiwp O ) ~pw

Zrup Ysrup + Ypieh

(25)
Fane P ( gif?’ﬁﬂ:ﬁﬁ!&) Cow

Zrtorw Vortow+ Vplow

where :

Up wp. 1w are plant water potentials, determined
by available water reservoirs in plants which are
supplied through root uptake ; Z, . 1w« are root
depths ; Zs .p. e are effective heights of transpi-
ration sources for upper and lower canopy lavers,
respectively.

Since in each canopy layer there is only one
reservoir of water the leaf water potentials are
assumed the same for all leaves in canopy layer,
These effective leaf water potentials are extracted
by iterative solutions of budget equations for the
available plant water :

(9 VVut} Elup* E\'luﬁ
dt B oW
(26)
J ”/Iyuu' EI!{/M" Eu/{m
a ¢ B s+ oW
where :

8., are volumetric and saturated volumetric
soil moistures in the canopy layers.

For the lower canopy layer the root water
uptake(E . is equal to transpiration rate(Fu.) in
kgem's'

1.4 Canopy stomatal resistance.

The leaf stomatal resistances(7uy. ) depend
on the incoming photosynthetically active radiation
(PAR), the leaf temperatures( Tis, tew), the atmo-
spheric water vapour deficit(D,) and the leaf
water potentials(iig, v

1/ Vi U ¥ b+ H1CPAR) = £5(T )
ffi(Da) ) f1( ?zun)

1/ 7t 1 ¥ twertan * FUPAR) - f3 (T )
(D) - ()

27

where :
Fup MIN. 1w My are minimal stomatal resistances
A(PAR) £, (T).£(D,)-f($) are factors
duced by Jarvis(1976) and determining the

intro-
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influence of 7;, D., ¥ and incoming PAR on
leef stomatal resistance(#).
limited to the range from {(the transpiration

The factors are

totally suppressed by adverse environmental
conditions) to 1{under optimal conditions).

The light response function of 7wy e IS
expressed by a factor fif PAR) that can be

defined as ;
fI{PAR) =1 —exp(—§8, - PAR) 28)

where :

Bs is an empirical parameter determining the
slope of the light response curve at PAR—(.

The stomata will cease functioning at tem-
peratures of freezing(T<{0C) and of rapid protein
denaturation(T»35T). Following Jarvis(1976) the
factor £ T) describing the
temperature on 7; can be expressed as ;

influence of leaf

(T~ Tig) - (T = TD"

(T
T = ) T T ™

h.1 = ( Tlmzu - Tlnpz)/( T[,,D;“ T/min)

29

where !

Ti opt. ¢ min. | max are optimum and lower and
upper temperature limits for stomatal conduc-
tivity, respectively.

The stomatal conductance of many plant species
decreases as air water vapour deficit increases
Schulze and Hall, 1982). The role of air water
vapour deficit on stomatal regulation is compli-
cated due to feedback effects and interdependen-
cies among the transpiration, water vapour deficit
of air and needle temperature. The humidity con-
trol on stomatal functioning is simultaneously
changed by temperature feedback. A reduction of
transpiration can lead to an increase of the
needle temperature and a saturation water vapour
pressure in the stomatal cavities. Following
Lohammar et al.(1980) the form of the factor
used to account the effects of water vapour
deficit /(Do) is given by :

£(D)=1/{1+a- D,) &)

where :

o is an empirical constant.

The factor fi¥) describing the influence of ¥
on # is given by Sellers et al.(1989)

1, then ¥ (¥,
f1( ') (&,— Wd;)/( v.— wfg), then ¥V <UL,
0, then ¥ ¥,
3D
where :

Wer. 2 are the values of ¥ when the stomata
start to close and when they are completely
closed in m, respectively.

The integral stomatal resistances of the canopy
1/ %) to the transport of water
vapour into the atmosphere are assumed to be
equal to the effect of all stomata.

layers(1/ #up,

| (32)

L
Flow™ L dL [nw[/ ¥ itow

where !

Ly i and Lpw 1 are the leaf area indexes for
upper and lower canopy layers.

1.5 Canopy photosynthesis and soil respi-
ration.

Net photosynthesis(F.) for two canopy layers
is calculated in a similar way as LE. The resis-
tance of the carbon dioxide transfer is however
extended by an additional mesophyll resistance
(#m) for the CO: transfer between the substoma-
tal cavity and the site of fixation(the equivalent
for biochemical resistance of fixation)(Fig. 2). In
generalised form the equations for CO:> fluxes
between canopy layers and the atmosphere are
given by

Foy-m-(C,—C,) ((1-N,)/

oo = Tap t 7p D) Fostom 33)
F = Coptre— Ca) - (L =Ny )/

Fate ™ Viou t Pontone D F F st F evonnan

where :

Con wp. m i are the CO» concentrations at the
intercellulars of upper and lower canopy lavers :
C. is CO: concentration at air space of upper
canopy layer.» . «+ . are aerodynamic resis-
tances for CO» exchange in s m'; Fo wom, Fe i
and F. .« . are branch, soil biome and root
respiration rate in mol m” s ', respectively,

The mesophyll resistance(#.) to CO- diffusion
is assumed to depend on incoming PAR and on
leaf temperature(Lohammar et al., 1980) :

1/7;;1:, ow ™ 1/7’ mminup, low ” ﬂPAR) ' f( Tlup, [(/u) (34)
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where :

Ymmin up.iow ar€ minimal value of #m up. iow.

Leaf and stem respiration rates(F. ;.es) which
consist of maintenance and growth respiration are
mcdelled as

F‘z ’M/ ) ( ¢ tnain " E igr” f( T[)) (3;)
F(stmn = Mslcm ‘ ( E omaint € ar f( Tslym)) ’

wlere :

M sem are the dry weight of leaves and plant
stems in kg m”: Omun 4 are maintenance and
growth respiration coefficients that correspond to
maximal maintenance and growth respiration per
unit of drv leaf and stem weight in mol m” <!
s AT wm) are functions describing the depen-
dence of growth respiration on leaf and stem
temperatures( 77 up. ioe, Tsterd Ttem = Tip))

ar explb (T; gom—Trp)) s
Ty o™ Trer (36)

W0 T 1 stem ™ Tw/

f( TL wm) 5

where :

a, b are empirical parameters ; T} is the refe-
rence temperature.

The CO: flux from the surface of the soil into
produced mainly by the
respiration of soil biota and plant roots. Some

the atmosphere is

CCs can be produced chemically by the com-
bination of acid rain with limestone soils. More-
over, the soil pore space taken up by rainwater
displaces also some COu(Norman et al., 1992).
The SLODSVAT partially
proaches and as a first approximation uses the

follows these ap-
adopted empirical relationship of Norman et al.
(1992) to calculate the respiration of soil biota
and plant roots in the lower canopy layer :

F oit™ Foginax + (W= W)/ (37
( I/Vma,‘-: - Vme) . f( T\)

where :

Fe yax is a maximal COsz soil flux at H20 field
capacity and reference soil temperature(7; . in
umol m™ s ' AT =arexplby (Tv— T+ .s)) repre-
sents the influence of soil temperature ; W is
averaged soil moisture ; Wiy, amax are extreme
values of W.

The respiration of the fine roots(Fe oo ) of

plants in the upper canopy layer consists of
maintenance and growth respirations and is des-

cribed simular to Fe yem as

I“rnm!‘u/; - M, rootup © ( @ rmain t

¢ o AT - AW (38)

where :

Moot wp is the dry weight of roots of plants in
the upper canopy layer in kg m'; @ min, » o are
maintenance and growth respiration coefficients
that correspond to maximal maintenance and
growth root respiration per unit of dry root
weight in mol s'; ATV, AW are functions des-
cribing the depa>ndencies of growth respiration on
temperature and moisture of the soil,

1.6 Soil thermal dynamics.

Over land surface covered with vegetation the
daily mean values of soil heat flux(G) is one or
two orders of magnitude smaller than major other
terms of the energy budget(Brutsaert, 1982).
However, over a short period it can be a very
important term. It plays important roles not only
in energy and mass exchanges between land
surface and the atmosphere but also in bio-
chemical and biophysical processes in soil, such
as soil respiration, root growth etc.

In the SLODSVAT the soil thermal dynamics
are modelled by solving the equation of the
thermal conductivity :

C. LV S B ( Ky 97—7:\ ) 39

where :

C.=py ¢; is the volumetric heat capacity, g is
the density, ¢ is specific heat and K7 is the
thermal vertical conductivity of the soil.

The volumetric heat capacity C is a function
of soil texture and soil water content and esti-
mated according to Brutsaert(1982) :

Cm 00Oty 08007 0.0 ,0,70,0,c, (40)

where :

indexes m, ¢, w and a correspond to fractions
of mineral soil, organic matter, water and air,
respectively,

At the soil surface the soil heat flux G is
given by
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2. Model calibration and validation.
The developed SVAT model has been applied
10 a quasi-homogeneous spruce stand(Picea abies
L] Karst)

many) for the purpose to test it using available

in Solling's mountains(Central Ger-
data of continuous long term micrometeorological
This part of
paper shortly discusses the results of quantifica-

and hvdrological measurements,
tion of leaf stomatal conductance as a function of
The modelled LE and
H compare with results of field measurements
for three 2-day

environmental conditions.

representative periods during
June  August 1994. Moreover, this part of paper
examines how sensitive the transpiration rate
reacts to changes of model input narameters.
Tables 1 and 2

parameters of the plant canopy and soil used by

include the principal input

the SLODSVAT.
2.1 Experimental site and equipment.

The experimental site is located on large plat
eau in the Solling’s mountains in Central
Germany(51° 46" N, 09° 35" E, 505m above sea-
level). The plateau is mainly covered by a spruce
forest(Picea abies) of 31lm height, planted in
1884(Ellenberg et al., 1986). To the south and
south-west of the measurement site the spruce
forest is relived by a beech stand(Fagus sylvatica)
of 24m in height.

The H and LK above the forest canopy were
calculated from profile measurements with Bowen
ratio -energy balance method. The psychrometers
(THIES, Clima, Germany) for temperature and
water vapour pressure measurements were in-
stalled on a microclimatological tower at five
levels above the forest canopy. The radiation
balance was measured at 39m by a Radiometer

Table 1. The principal morphological and optical parameters of the plant canopy used by the SLOD-

SVAT.
Upper Lower
Parameters Symbols canoppyPelater canopy laver

Morphological parameters
Projected plant area index Lo s LA o 6.8m° m°> J.0m" m*
Fractional cover Vi Vi 0.88 0.30
Leaf angle distribution - spherical spherical
Height of the top bz B b 30.0m 0.50m
Height of bottom TR TR 1.50m 0.00m
Effective rooting depth 2y wi L ton 1.1m 0.2m
Root length density Diwi Do 783m 125

Optical parameters
Leaf(needle) reflection coefficient for PAR Pu P Obow P 0.060 0.050
Leaf(needle) reflection coefficient for NIR Ou NG P N 0.340 0.300
Leaf(needle) transmission coefficient for PAR Cw P Tiow p 0.002 0.020
Leaf(needle) transmission coefficient for NIR e NG T N 0.020 0.150
Stem reflection coefficient for PAR Oust 15 O lowst P 0.050 0.050
Stem reflection coefficient for NIR Ooust Nv O lowst N 0.200 (.020

Table 2. The principal hydraulic parameters of soil layvers used by the SILODSV AT(According to Clapp

and Homnberger(1978) and Benecke (1984)).

Soil layer in m Texture O (m’f m’) K{cm/ min) B-) llf,(rm ) R
0.00-0.20 Loam 0.451 0.06950 5.39 14.6
0.20-0.60 Loam 0.45]1 0.01750 5.39 14.6
0.60 - 1040 Silt Loam 0.485 0.00350 5.30 56.6
1.40-3.00 Loam 0.451 0.00008 5.39 14.6
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(Dr. B. Lange, Berlin, Germany). Two pyrano-
meters(Kipp & Zonen CM-11, Netherlands) and
two quantum sensors(LI-190SZ, LI-COR, USA)
were used to determine the total upward and
short-
active radiation. The needle(twig) stomatal con-

downward wave and photosynthetically
ductance was measured with the Steady-State
Porometer(LI-1600, LI- COR, USA).

RESULTS AND DISCUSSION

1. Parameterisation of leaf stomatal conduc-

tance functions.

The parameters of the needle(leaf) stomatal
conductance(gn,) functions(Egs. 27-30) were mea-
sured over a period of 10 days(24 June-4 July
1994). The gie.(inverse form of the needle stoma-
tal resistance(guny, =1/7up) was used to avoid
high values in the fitting procedure. For a first
approximation the gn, functions were parame-
terised in a generalised form for all needles with
different ages and with different sun exposures.

Fig. 2(a-c). shows the results of least-squares
approximation for dependencies of maximal g,
(gup »a0) on incoming PAR, on needle temperature
and on water vapour deficit in air. An estimation
of gnp mar 18 based on the well-known method of
"Rourding curve”. This method, applied to esti-
mate the guy me functions, assumes that the
rounding curve drawn around all gy, values and
built as a function of some independent variable
(PAR, 77 or D),
Zup »av function of the corresponding independent

could be considered as the

variable under optimal conditions for the stomatal
functioning. In order to increase the reliability of
approximated gup o functions and to exclude
possinle missing values the rounding curves
were derived for g., that corresponds to gus in
the 90 percentage
probability distribution function Pguns) calculated
for each interval of PAR, Tu,, D..

In the first approximation the rounded curves

point of the cumulative

were obtained on the basis of analysis of initially
measured g, without preliminary corrections. The
second step includes the analysis of corrected
values of g, which have been modified by taking
into account the influence of the adjustment fac-

60 Measuremeﬂ[sl .
gl —
_ 50 . Le ‘ appr. —
E 40 . a4 . . D o
.
E 30 . ’ 8 b ICRES
2 Of q L
10 I i JUEFHE ]+
[} 1 .
0 50 100 150 200 250 300 350
a) PAR (umol/m’s)
60 .
A Measurements
. M gl —
3. = Least-squares appr. —
& 3
E SENERAEGE
2 3NRRAR IR
E peto b bl [of 2] o1
Y \ . - L2
L 4 4 L.
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Fig. 2(a-c¢). Dependencies of guy on incoming PAR,
needle temperature and water vapour
deficit in air. The functions(solid
curves) were fitted using a least-
squares procedure for 90 percentage
points(boxes)(g’) of cumulative pro-
bability distribution function gy
calculated for each interval of PAR,
’I‘.’up, [),

tors fif PAR)" - (A T - S DJ(Fig. 2(a-c)).

An initial analysis of environmental dependen-
cies of needle stomatal conductance shows that
the regulation of water loss from spruce is
strongly controlled by the guard cells of the
needle stomata. The gu, increases very rapidly
with PAR when it is less than 120 umol m® s
and wvirtually independent on PAR when it is
greater than 120-150 umol m~ s'. An increase
of temperature and a decrease of water vapour
deficit tends to increase gu,. When the tempera-
ture exceeds some critical temperature value
(which corresponds to the optimal temperature
for stomatal functioning Ty =26.7C) guy rapidly
falls. The constants of the regression lines and

their standard errors are given in Table 3.
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Table 3. The values of the parameters of needle stomatal conductance(gu, functions(Egs. 27-30) and
their standard variability are determined at the spruce forest in Solling.

Values of parameters and

Parameters Symbols
standard errors
Empirical parameter determining the slope 8w 0.02670.0056 #mol' m* s
of the light response curve
Lower temperature limit for stomatal functioning Ti in 0.00 —0.00 T
Optimal temperature for stomatal functioning Ti ope 26.71 —0.76 T
Upper temperature limit for stomatal functioning Ti snax 37.44 ~0.60 T
Empirical parameter determining the slope of f{D.) @ 0.0635+0.0113 mbar '
LE H
600 600
00 500
400
300
200
100
0 o
a) -100
H
600
500
400 §
300 }
200 =
100 3
0>
b) -100
T
600
500 500
400 400 1
300 300 :
200 200 i
vkl } M
100 3 A 100 NN
o i Ly M\ AL i
L Vertyeriar N4, V.
¢) 0o 9 15 oo b\/ 9 15 r Vo 15 W

Fig. 3(a-c¢). Comparisons between simulated (solid curves) and measured(dotted curves) LE and H in
spruce forest for three 2-day validation periods(27-28 June, 28-29 July and 23-24 August

1994, respectively).

2. Comparison of modelled and measured
latent and sensible heat fluxes.
Comparisons between simulated and measured
LE and H of selected periods show a good
agreement for a variety of weather and soil water

conditions(Fig. 3(a-c)). The highest discrepancy
between predicted and observed LE and H was
found for periods of rainy and wet weather condi-
tions(during the early hours of the morming on 28
June after a small rain(l.2mm/day) during the
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night and on 24 August with short-lived showers
(12.2mm/day) and very high air relative humidi-
tv). For periods with dry and cloudless weather
(on 27-28 June 1994 the maximum solar radiation
was 870.4W/m° and maximal temperature reached
25.47C, and on 28-29 July 1994 the maximum
solar radiation was 818.0W/m” and maximal tem-
perature reached 29.5C) under non-limited and
limited soil water conditions(#:=92-102 mbar(27-28
June 1994), #,=422-502 mbar(28-29 July 1994))
the differences between predicted and observed
LE and H were minimal. In general for selected
periods the SLODSVAT explained 90% of the
variation of LE(r*=0.903) and 96% of the varia-
tion of H'=0.958)(Fig. 4(a-b)). The scatter bet-
ween modelled and observed fluxes can have
Obviously,
made in the model, e.g. simplified consideration

several reasons, the simplifications

of canopy architecture, ignoring the vertical
heterogeneity in responses of needle stomatal con-
ductance to changes of environmental conditions,
simplified parametrisation of the complex hydraulic
structure of spruce trees can insignificantly reduce
the accuracy of model predictions. Moreover, it
is necessary to take into account the possible
errors caused by inaccuracies of field observa-
tions. Usually, using the Bowen ratio method
urder relatively contrast weather conditions can
result in errors which are not exceed 5-10%.
Analysis of the diurnal trends of modelled and
observed LE and FH shows that during the
periods of sunny and warm weather without

rains(27-28 June, 28-29 July, 23 August) H was

600

500 1 —
o 400 .o, * ]
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? 300 . —os."'
s &L
> 200 ) Y
| S ey '&:'.C':;
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generally higher than LE. The Bowen ratios(Bo
=H/LE) tended to obtain a broad plateau of
about 1.2-1.6 between 08 :00-16:00 h.
and negative Bowen ratios were generally obtained

Lower
around sunrise and sunset. For period of rainy
weather Bo varied between (.3-0.8.

The relatively high Bowen ratios for periods of
sunny warm weather can be caused by a complex
of factors, namely, tree-water stress during a
dry aftermoon, high D, values and insufficient for
maximal stomatal conductivity 7%.

3. Sensitivity of transpiration rate to
changes in model parameters
The results show that the modelled transpira-
tion rate(%)
stomatal conductance(g.s) and to the difference of

is most sensitive to the canopy

water vapour pressure between saturated air in
the substomatal cavities and in the canopy air
space(D)(the variability of g, and D provides
63.6% and 46.2% of the variability of E, res
pectively) and to a lesser degree to the boundary
aerodynamic resistance between the foliage sur-
face and the surrounding air space within the
canopy laver(z)(about 1.0%, only). However, it
is necessary to take into account that #, is a kev
parameter determining the gradient of tempera
ture between the foliage surface and the surround-
ing air. In general, 7 is proportional to wind
speed in the canopy(Eq.13). Therefore, a low
wind speed under warm and drv weather condi
tions can lead to overheating of the canopy sur-

face and, consequently, to limiting the stomatal

600
500
400
300
200
o

0

-100 <

-100 0 100 200 300 500 600

H (Modclied)

400

Fig. 4(a-b). Scatter view between simulated and measured LEF=0.903, n=538 cases) and Hr’=0.958,

n=>538 cases).
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conductivity and transpiration rate.

The modelled g., was most sensitive to the
wvariation of incoming PAR(79% variability). The
significance of T,, D, and ¢ for g. during
selected periods was small, namely, the varia-
bility of T., D, and # results in 9.6%, 7.0% and
19.0% of the diumal variability g.,, respectively.
Additionally, it should be once more emphasised
that the influence of 7, and D, on gu. is very
complicated due to available feedback effects and
interdependencies between incoming PAR, 7, and
D.. Variation of one of these parameters leads
simultaneously to a change of other parameters
and in some cases can result in opposite effects
in stomatal responses.

CONCLUSION

Comparison of modelled results with the results
of field microclimatic observations in a spruce
forest in Solling hills for three two-day periods
shows that the SLODSVAT describes and simu-
lates the diurnal variability and long term varia-
tions of sensible heat and water vapour fluxes
adequately the natural processes under different
and hydrological conditions and
phenological states of a spruce forest. The
SLODSVAT explained 90% of variation of LFE
(r'=0.903) and 96% of the variation of H(’=
(.958). The results prove that it is possible to
estimate and predict evapotranspiration and tran-

meteorological

spiration rates for forest ecosystems in the patch
scale for one vegetation period if appropriate
input parameters for the soil and canopy struc-
tures are available,

Analysis  of environmental dependencies of
needle stomatal conductance shows that the regu-
lation of water loss from spruce is strongly con-
trolled by the guard cells of needle stomata. For
selected periods the transpiration

most sensitive to the variation of canopy stomatal

rate(E) was

conductance(g.,) and to the gradient of water
vapour pressure between saturated air in the
substomatal cavities and water vapour pressure
in the canopy air space(D)(the variability of gu,
and D provides 63.6% and 46.2% of the vari-

ability of E, respectively). The modelled gus.

was most sensitive to the variations of incoming
PAR(79% wvariability of g,.).

This article presents the results of comparisons
of modelled and measured LE and I for three
short periods during June - August 1994 only. It
should be emphasised that the correspondence
between measured and modelled LE and X for
other periods was also comparatively good. The
results of model tests already made for radiation
transfer, canopy water uptake through the roots,
soil water dynamic, CQO: assimilation are not
included in this paper. We hope that they will
be presented in one of the following essay.
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