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Abstract. This paper presents the model SCOPE (Soill Introduction
Canopy Observation, Photochemistry and Energy fluxes),
which is a vertical (1-D) integrated radiative transfer and en-Knowledge of physical processes at the land surface is rele-
ergy balance model. The model links visible to thermal in- vant for a wide range of applications including weather and
frared radiance spectra (0.4 to 50 um) as observed above thdimate prediction, agriculture, and ecological and hydrolog-
canopy to the fluxes of water, heat and carbon dioxide, as &al studies. Of particular importance are the fluxes of en-
function of vegetation structure, and the vertical profiles of ergy, carbon dioxide and water vapour between land and at-
temperature. Output of the model is the spectrum of outgo-mosphere.
ing radiation in the viewing direction and the turbulent heat During the last decades scientific understanding of physi-
fluxes, photosynthesis and chlorophyll fluorescence. A specal processes at the land surface has grown, as a result of the
cial routine is dedicated to the calculation of photosynthesisincreased availability of data, both from ground based and
rate and chlorophyll fluorescence at the leaf level as a funcremote sensors. The implementation of a network of flux
tion of net radiation and leaf temperature. The fluorescenceowers (FLUXNET) has increased the knowledge about pro-
contributions from individual leaves are integrated over thecesses at plot level in different ecosystems and different cli-
canopy layer to calculate top-of-canopy fluorescence. Thanates (Baldocchi, 2003). The knowledge from FLUXNET
calculation of radiative transfer and the energy balance isand earlier tower experiments has been widely incorporated
fully integrated, allowing for feedback between leaf tempera-in detailed coupled models for energy, carbon dioxide and
tures, leaf chlorophyll fluorescence and radiative fluxes. Leafvater transport between soil, vegetation and atmosphere
temperatures are calculated on the basis of energy balange.g. Sellers et al., 1997; Verhoef and Allen, 2000; Tuzet et
closure. Model simulations were evaluated against observaal., 2003).
tions reported in the literature and against data collected dur- pata from high resolution optical imagers, multi-spectral
ing field campaigns. These evaluations showed that SCOPEadiometers and radar on satellite platforms are nowadays
is able to reproduce realistic radiance spectra, directional ragyvajlable to retrieve spatial information about topography,
diance and energy balance fluxes. The model may be appliegoil and vegetation (CEOS, 2008). For example, Verhoef
for the design of algorithms for the retrieval of evapotranspi- and Bach (2003) derived vegetation parameters by inverting
ration from optical and thermal earth observation data, fory radiative transfer model on satellite derived hyperspectral
validation of existing methods to monitor vegetation func- reflectance data. Attempts have also been made to estimate
tioning, to help interpret canopy fluorescence measurementssvaporation from thermal images (Bastiaanssen, 1998). Fur-
and to study the relationships between synoptic observationghermore, remote sensing (RS) data have been used as input
with diurnally integrated quantities. The model has been im-for spatial soil-vegetation-atmosphere-transfer (SVAT) mod-
plemented in Matlab and has a modular design, thus allowings|s for estimation of the surface energy balance (Kustas et al.,
for great flexibility and scalability. 1994; Su, 2002; Anderson et al., 2008).

The potential of remote sensors operating at different spa-
tial, temporal and spectral resolution is not yet fully ex-

Correspondence toC. van der Tol ploited, for various reasons. First, remote sensing data is of-
BY (tol@itc.nl) ten of too coarse spatial resolution for SVAT models, which
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are detailed and require field-scale data (Hall et al., 1992). The purpose of SCOPE is to facilitate better use of remote
Second, the relation between radiative transfer parametersensing data in modelling of water, carbon dioxide and en-
and SVAT parameters is often indirect, due to their differentergy fluxes at the land surface. SCOPE can support the in-
scholarly background. For this reason it is not possible to di-terpretation of earth observation data in meteorological, hy-
rectly translate, for example, an optical leaf area index whichdrological, agricultural and ecological applications. The cal-
was successfully retrieved from a radiative transfer modelculation of a broad electromagnetic spectrum (0.4 to 50 pm)
into a one-sided leaf area index that is used in a photosynallows for the simultaneous use of different sensors to bridge
thesis model (Norman and Becker, 1995). the observational spectral gaps. The model can be used at

In order to make effective use of the available RS data, cothe plot scale as a theoretical ‘ground truth’ for testing sim-
herent models are needed for the interpretation of observegler models, and as such to evaluate relationships between
radiance spectra with respect to physical processes on th&urface characteristics and (parts of) the reflected spectral ra-
ground. These models should incorporate fluxes of waterdiation, such as the relation between indices (e.g. NDVI) and
carbon and energy at the land surface, as well as radiativether vegetation characteristics (e.g. LAIl). Because itis a 1-
transfer. The model of Goudriaan (1977) and the CUPIDD vertical model which assumes homogeneity in horizontal
model (Norman, 1979; Kustas et al., 2007), to our knowl- direction, the model may not be applicable for heterogeneous
edge, have been the first models for both radiative transareas.
fer and heat, water (vapour) and €€éxchange in canopies. The aim of this paper is to describe the model structure
With these models, brightness temperature can be calculateahd technical and implementation aspects. In this paper
for multiple-source canopies where leaves and soil have difthe model is described (Sect. 2), the output of the model
ferent temperatures. The models calculate radiation and eris presented including a validation of spectra and fluxes
ergy fluxes in forward mode, which means that for the inter-(Sect. 3), and potential applications of the model are dis-
pretation of observed spectra, they have to be inverted. cussed (Sect. 4). A full validation of the model against field

This paper presents a new model; SCOPE (Soil Canopyexperiments will be presented in a following paper.
Observation of Photochemistry and Energy fluxes), which is
a vertical (1-D) integrated radiative transfer and energy bal-
ance model. It calculates the spectral radiation regime an@ Model description
the energy balance of a vegetated surface at the level of sin-
gle leaves as well as at canopy level, and the spectrum of thd.-1 Model structure
outgoing radiation in the viewing direction at a high spectral ) o .
resolution over the range from 0.4 to 50 um, thus including The model SCOPE is based on existing theory of radia-
the visible, near and shortwave infrared, as well as the therlive transfer, micrometeorology and plant physiology. The
mal domain. The spectral resolution in these regions can easifrength of the model is the way in which interactions be-
ily be adapted to simulation requirements and spectral inpufeen the different model components are modelled. Three
data, and is typically of the order of 10 nm. The model cal- unique feat_ure; of the model make it particularly relevant for
culates the energy balance of the surface (unlike CUPID, duture applications:

Z[te W:?\ter bala'nce is no't calculated at present, thus requiring ;- the use of the model PROSPECT (Jacquemoud and
irect information on soil water content). The model also in- Baret, 1990) for optical properties of leaves in combi-
cludes the computation of chlorophyll fluorescence and leaf o . )
S . - . nation with a photosynthesis model,
and canopy level, which is relevant for investigations in the
framework of the FLuorescence EXplorer (FLEX) mission
of the ESA (Rascher et al., 2008).

Radiative transfer is described on the basis of the four-
stream SAIL extinction and scattering coefficients (Verhoef, 3. the calculation of chlorophyll fluorescence as a func-
1984), but the solution method of SCOPE is of a more nu-  tjon of irradiance, canopy temperature and other envi-
merical nature to allow for a heterogeneous vertical tem- ronmental conditions (|n previous models, Ch|0rophy||
perature distribution. The model shares its abstraction of fluorescence was 0n|yafuncti0n of irradiance)_
canopy structure with the one applied in the FluorSAIL
model (Miller et al., 2005). Regarding the modelling of ther-  The model consists of a structured cascade of separate
mal fluxes, in SCOPE the sunlit leaves are discriminated bymodules. These modules can be used stand alone, or, as in
their orientation with respect to the sun and their vertical po-the integrated model, they can be connected by exchanging
sition in the canopy layer, whereas in 4SAIL (Verhoef et al., input and output. Depending on the application, some mod-
2007) only a differentiation between sunlit and shaded leavesiles can be left out or replaced by others.
was made. Figure 1 shows schematically how the main modules inter-

act. The model distinguishes between modules for radiative
transfer (of incident light, and internally generated thermal

. the calculation of heterogeneous canopy and soil tem-
peratures in combination with the energy balance;
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Fig. 1. Schematic overview of the SCOPE model structure.

radiation, and chlorophyll fluorescence), and the energy bal- Iteration between the thermal radiative transfer module
ance. The modules are executed in the order from top tdRTMt) and the energy balance module is carried out to
bottom of the figure: match the input of the radiative transfer model with the out-
: . L put of the energy balance model (skin temperatures), and vice
L .RTMO’ a semi-analytical rf_;ldl_atlve transfer module for versa: the input of the energy balance model with the output
incident solar and sky r.adlatlon, based on SAIL (ver- of the radiative transfer model (net radiation). For computa-
hoef and Bach, 200.7 )'. calculates the TOC (top of tional efficiency, the radiative transfer of chlorophyll fluores-
canopy) outgoing rgdlgtlon spectrum (0.4 to 50 um), 3Scence (RTMf) is carried out at the end of the cascade, which
well as Fhe ne? “f"d'a“"” and absorbed photosynthethlmp"es that the contribution of chlorophyll fluorescence to
cally active radiation (PAR) per surface element. the energy balance is neglected. Its contribution to the out-

2. RTMt, a numerical radiative transfer module for ther- 9oing radiance spectrum is finally added to the reflectance.
mal radiation generated interna”y by soil and Vegeta_NOte that this Only holds for the radiative transfer and the
tion, based on Verhoef et al. (2007): calculates the TOccalculation of the TOC spectrum of chlorophyll fluorescence
outgoing thermal radiation and net radiation per surface(RTMf), which is computationally demanding. The chloro-

e|ement, but for heterogeneous leaf and soil temperaphy” fluorescence at leaf level is calculated every iteration
tures. step as a by-product of the photosynthesis model (step 3).

The radiative transfer modules serve two purposes: first,
3. A new energy balance module for latent, sensible andio predict the TOC radiance spectrum in the observation di-
soil heat flux per surface element, as well as photosynrection, and second, to predict the distribution of irradiance
thesis, chlorophyll fluorescence and skin temperature ahnd net radiation over surface elements (leaves and the soil).
leaf level. The latter is input for the energy balance module. The en-
ergy balance module serves two purposes as well: first to
calculate the fate of net radiation (i.e. the turbulent energy
fluxes and photosynthesis), and secondly to calculate surface
temperature and fluorescence of the elements of the surface.
The latter are input for the radiative transfer model. Sharing

4. RTMf, a radiative transfer module for chlorophyll fluo-
rescence based on the FluorSAIL model (Miller et al.,
2005): calculates the TOC radiance spectrum of fluo-
rescence from leaf level chlorophyll fluorescence (cal-
culated in step 3) and the geometry of the canopy.
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input, output and parameters makes it possible to study thealculation of chlorophyll fluorescence, optical and thermal
relationship between TOC spectra and energy fluxes in a conradiation and the calculation of different components of the
sistent way. For example, the energy balance is preserved aurface, without violating energy conservation. This princi-
all times (except for the small contribution of chlorophyll flu- ple is exploited at several places in the model to enhance the
orescence). computational efficiency and to create a transparent code.
For the calculation of radiative transfer, the description In the following sections, the model is described in more
of the geometry of the vegetation is of crucial importance.detail. The modules are presented in an order which facil-
Leaves and soil are divided into classes which receive a simitates the conceptual understanding of the model, which is
ilar irradiance. These classes are the elements of the modelith very few exceptions also the order in which they are
This distinction of elements is a stochastic technique to de-executed by the model (Fig. 1). We shall start with a de-
scribe the effects of the geometry of the vegetation on thescription of the input at the top of the canopy (Sect. 2.2),
outgoing spectrum and on the heterogeneity of net radiationfollowed by the radiative transfer models (Sect. 2.3 and 2.4),
The geometry of the canopy is described as follows. It isthe calculation of net radiation (Sect. 2.5), the energy balance
assumed that the canopy has a homogeneous structure, and$ect. 2.6), leaf biochemical processes (Sect. 2.7), and top-of
1-D only, which means that variations of macroscopic prop--canopy outgoing radiance (Sect. 2.8).
erties in the horizontal plane as well as clumping of twigs
and branches are neglected. For the purpose of numerical r@.2 Atmospheric optical inputs
diative transfer calculations, we define 60 elementary layers,
with a maximum LAl of 0.1 each, so that numerical approxi- The model SCOPE requires top-of-canopy incident radiation
mations to the radiative transfer equations are still acceptablas input, at a spectral resolution high enough to take the at-
up to a total canopy LAl of 6. For the description of canopy mospheric absorption bands properly into account. For the
architecture, the same as the one used in the SAIL modeltop of the canopy the incident fluxes from the sun and the
(Verhoef, 1984, 1998) is applied, which requires a total LAI, sky can be obtained from the atmospheric radiative transfer
two parameters describing the leaf angle distribution and thenodel MODTRAN (Berk et al., 2000). The calculation of
hot spot parameter. Numerically, 13 discrete leaf inclinationsTOC incident fluxes is ideally done with MODTRAN before
are used as in SAIL, and the uniform leaf azimuth distribu- each simulation with SCOPE, using the actual values of so-
tion is now also discretised to 36 angles of 5,.15355 lar zenith and azimuth angle and atmospheric conditions. An
relative to solar azimuth. The numbers of elementary layersalternative is to create a library of incoming spectra, from
leaf inclinations and leaf azimuth angles are actually vari-which SCOPE can extract a typical spectrum for specific
ables, but these were set fixed at the given values to facilitateonditions. In this study, only one example spectrum was
comparison with earlier models like FluorSAIL. This is es- created with MODTRAN4. The shape of this example spec-
pecially useful for verification of the model’s functioning in trum is used throughout the paper, while the magnitudes of
an early stage. the optical and thermal part of the spectrum are each linearly
The elements of the model are defined as follows. Forscaled according to local broadband measurements of inci-
shaded leaves, 60 elements are distinguished (correspondintgnt irradiance.
to the 60 leaf layers), since for the assumed semi-isotropic From MODTRAN the following outputs are needed:
diffuse incident fluxes the leaf orientation is immaterial for
the amount of flux that is intercepted. For sunlit leaves, TRAN = direct transmittance from target to sensor,
60x13x 36 elements (60 leaf layers, 13 leaf inclinatiof\ss, = SFEM = radiance contribution due to thermal surface

and 36 leaf azimuth angleg,) are distinguished, since the emission,

interception of solar flux depends on the orientation of theGSUN = ground-reflected radiance due to direct solar
leaf with respect to the sun. The soil is divided into two ele- radiation,

ments: a shaded and a sunlit fraction. GRFL = total ground-reflected radiance contribution.

In the model, the principle of linearity of the radiative
transfer equation is exploited by combining the solutions forAn important quantity for the interaction between surface
various standard boundary conditions and source functionsand atmosphere is the spherical albedo for illumination from
such as the ones related to the optical domain, the thermdlelow, especially at the shorter wavelengths. Two MOD-
domain, and the ones related to direct solar radiation, skyTRAN4 runs, for surface albedos of 50% and 100%, are suf-
radiation, leaves in the sun, and leaves in the shade. The laficient to estimate the spherical albedo of the atmosphere and
ter distinction is particularly important for the biochemistry the diffuse and direct solar fluxes incident at the top of the
components of the model (photosynthesis and fluorescenceganopy. These MODTRAN runs should be done for a low
Calculations for different parts of the spectrum, sources ofsensor height (1 m above the surface is recommended) under
radiation, and elements of the surface are carried out sepatadir viewing angle, in order to keep the atmospheric trans-
rately, and total fluxes are obtained afterwards by adding themittance from target to sensor as high as possible. With nu-
different contributions. This makes it possible to separate thanerical subscripts indicating the surface albedo percentage,
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all relevant atmospheric and surface quantities can be deter
mined as follows: " P —Ean
107 —E_ |
GRFLy00— 2 x GRFLs M m sky
Pdd = 5 (1) D’ //,/ﬁWWmen,,\\
GRFLyp0— GRFLsp— SFEMsg e % ~
S 0 i ’ \\‘\
700 =TRAN, @ o1 P J 7
=
Ly =2 x SFEMso/TRAN, A3) 2 /
g 10% :
O+T = (1-pyq) (GRFLigo— 2 x SFEMsp) /TRAN,  (4) g
o
Esun= 1 x GSUN;go/ TRAN. (5) = 10t |
Here, p44 is the spherical albedo of the atmosphere for illu-
mination from belowg,, is the direct transmittance (TRAN) 10° ‘ ‘
from ground to sensor. Note, that TRAN has no numeri- 10° TS
cal subscript since it is independent of the surface albedo. Wavelength (um)

The double subscripts appended to optical propertiesdike

(reflectance) and (transmittance) indicate the types of in- Fig. 2. Downward direct Esyr) and diffuse Esy) irradiances (for
going and outgoing fluxes, whesestands for direct solar zero albedo) on logarithmic scales. Plotted wavelength range is 0.4
flux, d for upward or downward diffuse flux anglfor flux ~ to 50 um. The solar zenith angle is°30

(radiance) in the observation direction (Verhoef and Bach,

2003). See also the list of symbols, Table 1. Other symbols » _ _

in Egs. (1)—(5) ard.,, the blackbody surface radiance due to V\{avelengt_hs_longer than 8 um it is the dominant source of in-
thermal emissionEs,n, the solar irradiance on the horizon- cident radiation. In spectral regions of low atmospheric ab-

tal ground surface (or the top of the canopy), and the terS0TPtion (high transmittance) the thermal sky radiance is less
O+ T, which stands for a certain combination of optical and than in absorption bands. This is caused by the correspond-

thermal quantities that is independent of the surface albeddndly lower atmospheric emissivity and the fact that higher
The importance of this term is related to the fact that it can@d thus colder layers of the atmosphere contribute to the

be derived from the MODTRAN outputs and it is required "adiance at surface level.
for the estimation of the sky irradiance. Note that Egs. (5) and (6) are used to calculate the atmo-

The sky irradiance onto the surfacBeyy, is a derived spheric spegtral inputs of SCOPE, but they are not part of the
quantity, which depends partly on the surface albedo in thdn0del code itself.

surroundings. For arbitrary atmospheric conditions it can be2 3 Direct and diffuse radiation fluxes
estimated by '

O+T In the first radiative transfer module of SCOPE, the effects of
Esky=m [1— +Ls:| — Esun, (6)  thermal emission by surface elements are ignored and in this
—TI'sPdd . . . .
case the analytical solutions for the diffuse and direct fluxes
wherer is the surface albedo, as obtained from the SAIL model are used to calculate the

vertical profiles of these fluxes inside the canopy layer. In
(7) addition, net radiation and absorbed PAR are calculated for
soil and leaf elements.

and whereE, (t) is the extraterrestrial (TOA) solar irradiance ~ For the diffuse upwardK™) and downward £~) fluxes

on a plane parallel to the horizontal plane at ground level,(Wm~2um~1), use is made of numerically stable analytical
L. (b)is the thermal emitted sky radiance at the bottom of thesolutions as provided in the more recent 4SAIL model (Ver-
atmosphere (BOA), assumed to be isotropic. Note that (thoef et al., 2007). This is further explained in Appendix A.
and (b) indicate the top and the bottom of the atmosphereThe direct solar flux is described by

O=(t5+1a) Es() /7
T=Ls(0)—(1—pga)Ls’

respectively. The transmittances and r;; are the direct E — E.(O)P 8
and the diffuse transmittances for direct solar flux from TOA s =E; O Fs (), ®)
to the ground. where E;(0) is the direct solar flux incident at the top of

As an example, and to illustrate the broad spectral rangehe canopy Esyn), and Py (x) is the probability of leaves or
involved, Fig. 2 shows the spectra &syn and Egky (in soil being sunlit (or the gap fraction in the solar direction),
Wm—2um~1) for a surface albedo of zero. From these re- which is given byP,(x)=exp(—kLx), wherex is the rela-
sults it can be concluded that at 2.5 um already the diffusdive optical height (F1, 0], where —1 is at the soil surface
sky irradiance starts to rise due to thermal emission, and aand 0 at TOC)L is the leaf area index (LAI), ankl is the
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Table 1. List of symbols.

Symbol Description Unit
a Attenuation coefficient
A Gross photosynthesis rate pumolm—2s-1
b Index for bottom of canopy
cd Drag coefficient
p Heat capacity of the air Jkg K1
d Zero-plane displacement height m
E-,ET Downward and upward irradiance Wrum—1
Eap Absorbed photosynthetically active radiation umolm—2s1
E Direct solar irradiance in the canopy Wiapm—1
Esun, Esky Solar and sky irradiance above the canopy Wzrpm*1
F1, F> Transformed fluxes W e um-1
Sfor fs Leaf area projection factors in the directions of view and the sun
f6p) Leaf inclination distribution function
G Soil heat flux W nt2
h Vegetation height m
H Sensible heat flux W e
H., Hs Blackbody emission by vegetation and soil W
J1, o Functions to establish numerically stable solutions in SAIL
Jmax Maximum electron transport capacity umolm—2s~1
k Extinction coefficient in solar direction
K Extinction coefficient in observation direction
Kn.y Eddy diffusivity mfs—1
K, Von Karman’s constant
14 Ratio of leaf width to canopy height
L Leaf area index (always without a subscript)
L Spectral radiance (always to be used with subscripts) Wpm1sr1
m Eigenvalue of two-stream diffuse radiative transfer equation
M, M Backward and forward fluorescence matrix
n Wind extinction coefficient
Ps, P,, P Gap fractions for sunshine, observation, and observation of sunlit elements
q Generic extinction coefficient (can & or k)
qs+ qa Absolute humidity of the surface and the air kg
oo Bi-hemispherical canopy reflectance for infinite LAI
TayVes Fws Th Aerodynamic and surface resistance, within vegetation and boundary resistance -1 sm
Ry Dark respiration rate umolm—2s1
Ry Net radiation W2
Ty Soil or surface reflectance
T'sor T'do Canopy-level reflectances for direct and diffuse radiation in observation direction
s, s Backscatter and forward scatter coefficient for solar incident flux in the canopy
t Time S
t Index for top of canopy
Tu, Te, T Air, vegetation and soil temperature °C
u Wind speed msi
U Friction velocity ms?
v, v Scattering coefficients for downward and upward diffuse fluxes
into observed radiance times
Vemax Maximum carboxylation rate umol m2g1
Viomo Maximum PEP regeneration rate (for C4 crops only) pmolm2s~1
w Bi-directional scattering coefficient
wy Leaf width m
X Relative depth in the canopy-L, 0]

Z,Zry ZRy 20m

o

Measurement height, height of the inertial sublayer, height of the roughness sublayer,
roughness length for momentum m
Leaf absorptance

Biogeosciences, 6, 3108429 2009
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Table 1.Continued.

Symbol Description Unit
r Thermal inertia of the soil JKIm 2512
8o Angle between leaf surface normal and observation direction
s Angle between leaf surface normal and solar direction
81, 82 Boundary constants for diffuse fluxes
ey Es Emissivity for vegetation and soil
O¢ Leaf inclination angle =leaf normal zenith angle
0y, Os Observation and solar zenith angles
K Extinction coefficient for diffuse fluxes
A Vaporization heat of water Jkd
Ae Cowan’s water use efficiency parameter
LE Latent heat w2
hes Mg Excitation and fluorescence wavelength am
A Monin-Obukhov length m
0 Leaf reflectance
a Air density kg3
Ds Soil reflectance
0,0 Diffuse backscatter, forward scatter coefficient
T Leaf transmittance
P Stability correction function (Egs. B13 and B17)
¢} Leaf fluorescence as a fraction of that in unstressed, low light conditions,
in energy units of incident PAR
oy Leaf azimuth angle (relative to solar azimuth)
©o, Ps Observation and solar azimuth angles
\\J Stability correction function (Egs. B14-B16)
W Azimuth angle of observation relative to solar azimuth rad
10 Frequency of the diurnal cycle rads

extinction coefficient in the direction of the sun. As shown another required input. In this study, a standard spectrum for
in Appendix A, the diffuse upward and downward fluxes are a loamy sand soil was used.

derived from transformed fluxe& and F», which are given

by 2.4 Internally generated thermal radiation

Fa(x) :Ble’f;zzfi;"‘roos)ﬁv (0) Ja(k,x) , (9)  The incident radiation on leaves should not only include the
Fa(x) =bze +(roos’ +5) Es (0 J2(k, x) optical and thermal radiation from sun and sky, but also all
wherem is the eigenvalue of the diffuse flux systerg, is thermal radiation that is generated internally by leaves and
the infinite reflectance (i.e. the bi-hemispherical reflectancedy the soil. In Verhoef et al. (2007) the thermal domain was
for infinite LAI), s the backscatter coefficient, the for- treated by means of an analytical solution, which assumed
ward scatter coefficient/; and J> numerically stable func-  distinct, but otherwise constant, temperatures of sunlit and
tions as described in Verhoef and Bach (2007), &ndnd shaded leaves, as well as sunlit and shaded soil. However,
82 are boundary constants. In Appendix A, more extensiveone may expect that in reality all leaves will all have dif-
information is given about the SAIL coefficients, their use ferent temperatures, depending on their orientation with re-
in the analytical solution, the boundary constants for givenspectto the sun, and their vertical position in the canopy layer
solar and sky irradiance, and the incorporation of the soil's(Timmermans et al., 2008). Therefore, a numerical solution
reflectance. allowing more temperature variation is preferred. For this,
The coefficientsm, s, s’ and r, in Eq. (9) depend the energy balance equation is solved at the level of individ-
on the transmittance and reflectance of the leaves and theal leaves, for 1236 leaf orientations (leaf inclinatiofy
leaf inclination distribution. The spectral transmittance and leaf azimutly,), and 60 vertical positions in the canopy
and reflectance of the leaves are calculated with the moddpyer.
PROSPECT (Jacquemoud and Baret, 1990), using the con- In order to compute the internally generated fluxes by ther-
centrations of leaf water, chlorophyll, dry matter, and brown mal emission from leaves and the soil, it is initially assumed
pigment, as well as the leaf mesophyll scattering parametethat the temperature of the leaves and the soil are equal to
N, as input parameters. The soil's reflectance spectrum ishe air temperature. Next, the external radiation sources are

www.biogeosciences.net/6/3109/2009/ Biogeosciences, 6, 31292009
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added, and the energy balance is solved. This gives new tem- For the fluxes at the soil level one can write
peratures of the leaves and the soil, whereby also sunlit and 4 B
shaded components are distinguished. ET(=D=rE (=D+QQ~r5)H;, (13)

For the numerlc_:al solu_tlon of th_ls prgblem_, we start Wlth wherer, is the soil's reflectance and, is the black body
the two-stream differential equations in which absorption, s mittance of the soil.

scattering and thermal emission are included. These are g emitted radiation is calculated as a weighted sum of

given by sunlit and shaded soil:

a4 pr—_ - _ +_

gk =ab ol —ecHe (10)  Hi=P(—DHy+[1—P(~D] Hya. (14)
mE =ocFE™ —aE"+¢e.H,

) ) o Equations (12) and (13) can be used as the basis for a nu-
wherea is the attenuation coefficient, the backscatter co-  merical solution of the fluxes in the case of heterogeneous
efficient, . the emissivity of the leaves (canopy), afdl  foliage temperatures. An advantage of working with trans-
the black body emittance. The attenuation coefficient is thesormed fluxes is that these can be directly expressed in those
diffuse extinction coefficient minus the forward scattering of the layer above or below the current one, and for a finite

coefficients’, soa=«—o'. This is because forward scattered gjfference numerical solution we obtain the simple recursive
radiation does not contribute to net attenuation. The blackeqyations

body emittance of the leaves is given BHy=x B(T.), where

T. is the vegetation's skin temperature, afidthe Planck  Fi(x—Ax)=(1-mLAx) F1(x)+m(1—ro) Ho(x) LAx, (15a)
blackbody radiance function. Alternatively, radiation inte-

grated over the spectrum can be calculated by using Stefanf2(x+Ax)=(1=mLAx) Fa(x)+m(1—re) He(x)LAx. (15b)

Boltzmann’s equation for black body radiation. If the f ¢ dflux is ai h .
The emitted radiation fluxes are calculated at the level of the tirst ransiormed 1lux Is given at the canopy top, it can

single leaves. In order to mod&l~ and E* on the basis of bedpropa%ated gc;?/vnwardst,) to the sdoil Ie\éel. NIeIXt' tlhe s((jeg—
Eqg. (10), one needs the emitted radiation at the level of legPd transiormed flux can be started at the soll level, and it
can be propagated upwards to the top-of-canopy (TOC) level.

layers. The layer-level fluxes are calculated by applying aH h q ; il h il level i
weighted averaging, taking into account the leaf inclination oweve_r,_t_ € secon transtorme Tux atthe soll level is not
known initially, so it has to be derived from the boundary

distribution, f (6,), and the probability of sunshin&;, in or- ion. Ea. (13). This ai
der to differentiate between leaves in the sun (subscsipt “ equation, Eq. (13). This gives

and leaves in the shade (subscrigt)* _ 1,2
Py = 8 gy BT gy e
H.(x) (1—rsreo) (1—rsreo)
= Ps(x)z_f(eg)Hm (x,6¢,90) /36+[1— Ps(x)] Hea(x). (1) This relation can be used to link the downward and upward
13, sequences of the difference Eqs. (15), and finally both trans-
360 formed fluxes at the TOC level will be available.

The initial guess offF1(0) is made under the assumption

The emittancedi.;and Hq are the thermal emitted fluxes that there is no downward incident flux at the top of the
from individual leaves in the sun and in the shade, reSpeCCanopy_ Since in the thermal infrareg, is also small, we
tively. In order to numerically solve Eq. (10), we use the simply assume that initially7(0) is zero. Note that only
corresponding differential equations for the transformed dif-thermal radiation emitted by leaves and soil is considered
fuse fluxesF1=E~ —r ET andFp=—rE~ + E*,where  here. Thermal radiation from the sky, which is not negligible,
reo=(a —m)/o . It can be shown that the associated differen- has been treated with the semi-analytical solution described
tial equations for the transformed fluxes are given by: in Sect. 2.3.

After the downward and upward sequences have been
(12)  completed, also the second transformed flux at TOC level,
F»(0), is known. At this moment one can correct the initial
guess ofFy(0), since it was based on the assumption of an

wherem = ,/(a® — o) is the eigenvalue of the diffuse flux | h\ard flux of zero. For this, use is made of the equation
system. These differential equations have the advantage that

(if thermal emission were absent) vertical propagation of theF; (0) + 7o, F2(0) = (1— rgo) E~(0)=0, a7)
transformed fluxes would be simplified to purely exponential

decays in downward and upward directions and that only onevhich is rewritten ag (0)=—rq F2(0) .

independent variable is involved at a time, which leads to a

quick convergence.

4 Fr=mF1—m(1—ro) He

e

T Fa=—mF2+m(l—reo)H'
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Summarized, the algorithm works as follows: The numerator of the above expression is the projection of
the leaf onto a plane perpendicular to the sunrays. Its abso-
1. AssumeF;(0)=0. lute value is maximal if the leaf’s normal points to the sun

or in the opposite direction. The division by the cosine of

2. Propagate Eq. (15a) down to the soil level, giving the solar zenith angle is applied because the solar irradiance

FED. is also defined for a horizontal plane. If the leaf’s normal
3. Apply Eq. (16), givingFa(—1). points to the sun, it receives more radiation than a horizon-
tal surface would. The leaf’s emittances (emitted fluxes) are
4. Propagate Eq. (15b) up to TOC level, giviag(0). defined for leaves in the shade and in the sun. For leaves in

the shade the emittance depends only on the vertical posi-
5. Apply F1(0)=—roo F2(0), and go back to step 2, unless tion. Leaves in the sun will all have different temperatures
the change is less than a given threshold. and emittances, depending on their orientation and vertical

. . . - position (Sect. 2.4).
In practice, a couple of iterations are usually sufficient to ar-

rive at the correct fluxes at both boundaries. 2.6 The energy balance

The emissivity parametess ande, are input of the model.
In this study, uniform a priori values over the thermal spec-The fate of net radiation is calculated per element with the
trum were used. In future versions of the model, more knowl-energy balance model. The energy balance model distributes
edge about the spectral distribution of emissivity in the ther-net radiation over turbulent air fluxes and heat storage.
mal range might be incorporated. The energy balance equation for each elenigatgiven

by:

R,—H—-\E—-G=0, (20)

Net radiation includes the contributions of all radiation from
0.4 to 50 um. Here, the principle of linearity of the fluxes is whereR, is net radiationHis sensible and E is latent heat
exploited to integrate the energy fluxes, over the spectrumflux, whereasG is the change in heat storage (all in W fi.
over the source of radiation and over elements. This impliedn this equation, energy involved in the melting of snow and
that the solution obtained from the semi-analytical modulefreezing of water is not considered, and energy involved in
for solar and sky radiation (Sect. 2.3) and the solution for in-chemical reactions is neglected, since it is usually one or two
ternally generated thermal radiation (Sect. 2.4) can be addearders of magnitude smaller than net radiation. Heat storage
Net radiation of a layer is the weighted sum of the contribu- G is considered for the soil only (the heat capacity of leaves
tions from shaded and sunlit leaves with different leaf anglesis neglected).
Similarly, net radiation of the canopy is the sum of the con- The turbulent fluxes of an elementare calculated from
tributions of the individual layers. the vertical gradients of temperature and humidity for soil

The net spectral radiation on a leaf is equal to the absorp{indexk=1 in the next equations) or foliage=2) in analogy
tion minus its total emission from the two sides, or, for leavesto Ohm'’s law for electrical current:
in the shade

I, —T,

2.5 Netradiation

H=p,cp ) (21)
Ri(x)=[E~(x)+E*(x) = 2Hq(x)|(1—p—1). (18) Tak
In this equation,E~ and E™ are the sum of the externally E _)qu(Ts) —4a 22)
(solar and sky) and internally generated fluxes. Itis assumeé’ T ractre

that leaf emissivitye equals leaf absorptanee=1—p—1t
(Kirchhoff's Law), wherep and are the reflectance and the where p, is the air density (kgm®), ¢, the heat capacity
transmittance of the leaf. For leaves in the sun with a given(J kg ! K—1), 1 the evaporation heat of water (JKyg, 7 the

orientation relative to the sun we obtain temperature of an elemeni(q), 7, the air temperature above
the canopy {C), ¢; the humidity in stomata or soil pores
Ry (x,0¢,90) = (kg m—3) andg, the humidity above the canopy (kg), r,

[|fs|Esun+E*(x)+E+(x)—2Hcs (x,@g,gog)](l—p—t). (29) aerodynamic resistance andstomatal or soil surface resis-
tance (s mY). Both H andx E are calculated for each surface

Here, element separately. Equation (22) holds for leaves of which
COSS;,  COSH; CO; -+ Sind, Sindy Cospy only one side is contributing to transpiration (abaxial or hy-
fs= = ) postomateous leaves). In case both sides (top and bottom) of

cos cos the leaf contribute to transpiration, thep in Eq. (22) is half

whered; is the solar zenith angle and the leaf azimgths of the one-sided value fot, (Nikolov et al., 1995; Guilioni
taken to be relative with respect to the solar azimuth. etal., 2008).
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Aerodynamic resistance, is calculated with the two- et al., 1992), stomatal resistance (Cowan, 1977) and chloro-
source model of Wallace and Verhoef (2000). The modelphyll fluorescence. The fluorescence module is based on
only differentiates between soil and foliage, and does not use€onceptual understanding of the relationship between photo-
separate values for aerodynamic resistance for individual leagystem response and carboxylation. The output is the spec-
elements. The scalafs andg are calculated at the soil and trally integrated level of fluorescence.
leaf surfaces, at the in-canopy mixing point and the top of In principle, the fluorescence level (W) only needs
the roughness sublayer only. The aerodynamic resistances be distributed over the spectrum (W#éum~1) in or-
between these levels are calculated from the integrated reder to obtain the required input for the radiative transfer
ciprocal of the eddy diffusivity between the levels. The aero-model: spectrally distributed leaf level fluorescence. How-

dynamic model is further explained in Appendix B. ever, the matter is complicated by two issues. First, the con-
Soil heat flux at the surfao®@ is calculated with the force ceptual model is defined at organelle level. At leaf level, re-
restore method (Bhumrakhar, 1975): absorption of fluorescence takes place, which may reduce the
fluorescence signal by an order of magnitude (Miller et al.,
ATs () _ @G(t) —o[T()-T,]. (23)  2005). The re-absorption varies with wavelength and with
ot r ‘ ‘ the thickness and chemical composition of the leaf. Second,

wherew is the frequency of the diurnal cycle (radiangs the model relies on an a priori value of chlorophyll fluores-
I the thermal inertia of the soil (J® m=2s-Y/2), and7, cence (as a fraction of absorbed PAR) in low light conditions.

average annual temperature. The force-restore equation iLhis a priori value can be obtained from the literature (Genty
discretised to: etal., 1989), but it is unknown whether the value is universal.
To overcome these limitations, the fluorescence level is

V2w = expressed as a fractiapl, of that of a leaf in unstressed

Ts(t+At)—Ts(t) = ——AtG(t) —w At | T (1) — T | . (24 . o S .
sC+AN=T:(0) r O —wAr[T()~T]. (24) low light conditions. This fraction is later (in the radiative

This equation is used to calculate soil temperature from thdfansfer model) used to linearly scale an empirically obtained

temperature at the previous time step. The fact that heat cdnatrix which converts an expitation spectrum into a fluores-
pacity of the soil is not negligible makes it necessary to sim-CENCE spectrum.  The matrix was measured for unstressed,
ulate a time series of the fluxes in order to obi&in low light conditions. In the current version of SCOPE, two

The energy balance is closed by adjusting skin temperamatrices are required as input: one for the upper and one

tures of leaf and soil elements in an iterative manner. It is'0" the lower side of a leaf (Sect. 2.8). In future versions

initially assumed that the skin temperatures of the element®f the model, the matrices might be calculated by a model
equal the air temperature. After each iteration step, the term§imilar to PROSPECT. By using the biochemical model only
H.).E, G and a new estimate df, are calculated for each to describe the response to enwronment and not_the_ ab_solute
element, using the four energy balance equations (Egs. odevel of chlorophyll fluoresc_ence or its spectral d|§tr|bl_Jt|on,
21, 22 and 24). The aerodynamic and stomatal resistancé@e problems of re-absorption and parameter estimation are
are included in the iteration, since atmospheric stability andcircumvented.

biochemical processes are affected by leaf temperatures. For CUrrently, the parameters of the biochemical model may
numerical stability, a weighted average of the estimates foi?€ chosen independently from PROSPECT parameters. The

T, of the two previous iteration steps is used in the next iter-Parameters space could be restricted by relating PROSPECT
ation step. lteration continues until the absolute difference inParameters for the optical domain, such as chlorophyll con-

net radiation between two consecutive iterations is less thafent: t0 biochemical parameters such as photosynthetic ca-
the required accuracy for all surface elements. pacity. This would make it possible to extract information

about photosynthetic capacity from the optical domain.
2.7 Leaf biochemistry The four most important parameters of the biochemi-

cal model are the carboxylation capacity max electron
Leaf biochemistry affects reflectance, transmittance, trantransport capacitymax the dark respiration rat®,; (all in
spiration, photosynthesis, stomatal resistance and chloroxmol m—2s-1), and the marginal water cost of photosynthe-
phyll fluorescence. Reflectance and transmittance coeffisis).. The first three parameters are temperature dependent
cients, which are a function of the chemical composition of (accounted for with Arrhenius functions; see Farquhar et al.,
the leaf, are calculated with the model PROSPECT (Jacque1980 for the exact formulation). Various studies have shown
moud and Baret, 1990). The other variables not only dependhat the three parameters are correlated, and usually a con-
on the chemical composition of the leaf, but also on envi-stant ratio ofV, max/ Jmax=0.4 is used (Wullschleger, 1993).
ronmental constraints such as illumination, leaf temperatureThe parameteV, max varies with depth in the canopy (Kull
and air humidity. Their nonlinear responses to environmen-and Kruyt, 1998), with day of the year @keh et al., 2004)
tal constraints are calculated with the model of Van der Tol etand with plant species (Wullschleger, 1993). Dark respira-
al. (2009). This model simultaneously calculates photosyn-ion and carboxylation capacity both correlate with leaf nitro-
thesis of C3 (Farquhar et al., 1980) or C4 vegetation (Collatzgen content, but at a global scale, the correlation coefficients
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are low (Reich et al., 1999). The marginal cost of photo-sun and in the shade, so one obtains Egs. (29) and (30) for
synthesis is a parameter to describe the compromise betwedhe contributions from leaves in the shade and in the sun, re-
the loss of water by transpiration and uptake of carbon diox-spectively:

ide through stomatal cavities. Parametgedepends on plant

species and soil water potential. Weak global correlations beZ Led = Z{[UE_(X) +0'ET(0)] P, (x)[1— Py (x)]+

tween ecosystem type, soil water potential apdhave been 139,
found (Lloyd and Farquhar, 1994). 360
60x

2.8 Top-of-canopy radiance spectra

. . »K~’3cl'1c'd(x)[Po(x)_Pso(x)]}f(96)/36X£ (29)

From leaf temperature, fluorescence, and the direct and dif- 60
fuse fluxes at all levels in the canopy, one can calculate
the top-of-canopy spectral radiances all over the spectrum. [WEs(0)+K (O, @) ec Hes (x,00,¢¢)] Pso(x)
These are obtained from the spectral radiance of singler Ly =
leaves, by integrating the latter over canopy depth, and leaf 13, TIVET (O+VET ()] Po(x) Py ()
orientation. One can also express this directly into incident 360,
fluxes, and use scattering and extinction coefficients defined 60x
for single leaves. L

- , 1 (00)/36x —. (30)
2.8.1 Contributions from scattering and 60

thermal emission This assumes there are 36 leaf azimuth angles and 60 layers.

o . N The above equations can be decomposed in quantities that
For individual leaves, the SAIL scattering and extinction co- N P q

fficients in the directi £ viewi b ised depend either on the leaf orientation or the level. The
feolllg:zg-s I the direction of viewing can be summarise asweighted averaging over the leaf inclination and azimuth

could be done first, and next the mean values (these are the

COS3; = COYy COY; + Sinby SINB, COSpy analytical SAIL coefficients) could be used in the summation

€05, = COY; COP),, + Sindy Sinb, CO(y — ) (25) over levels. HoweverK in Eq. (30) must still be differenti-
. : . ated according to leaf orientation, since the leaves’ thermal
y=relative azimuth sun-view emittances vary with leaf orientation as well.
fo= cosly . €Oy, (26) The bidirectional gap fraction, which is the probability of
T cow; T’ cod, observing a sunlit leaf at depihin the canopy is given by
vK = :;:: pET 4 £ P27 cog, Py (x) =exp[(K +k)x+«/ﬂ£ (1—&’3)} , (31)
/ pFT pgr ’ (27)
v =|fol 2 - foTCOSQZ . . . .
w = | fi fol % + f L5 where/ is the ratio of leaf width to canopy height, and
whereK is the extinction coefficient in the observation di- g z\/tanz@S +tark6, — 2tand, tand, cosy . (32)

rection,v andv’ are the scattering coefficients in the obser-
vation direction due to the contributions from downward and Finally, the contributions from the soil background (sunlit
upward diffuse flux, respectively, andis the bi-directional and shaded) should be added. They are given by
scattering coefficient for solar incident radiation. The sub-
scripto in the above equations refers to the observation di-7 Lss = trs [E~(=1) + Es(0)]+&3Hys } Pyo(—1) (33)
rection, and the subscriptto the solar direction. 7 Lsg=|rsE~ (=) +&sHsa ][ Po(—1) — Peo (D]

The TOC radiance contribution from a leaf (tinyesn the

direction of viewing is: The sumiis given by

7Ly = wE(0) Pyo(x)+ wLs = [rsE™(=1)+&5Hya]| Po(—1)
[VE~(x) + v ET(x) + Kec He (x,6p,00) | Py (x), (28) +[rs Es(0) + &5 (Hys — Hya)] Pso(—1). (34)

where P, (x) is the gap fraction in the observation direction In Eq. (34), P,(x) is the probability of observing a leaf at
(the probability to view a leaf or soil element at lewefrom depthx. In the final result, frequent use is made of the an-
outside the canopy), ang, (x) is the bi-directional gap frac-  alytical expressions for the scattering coefficients from the
tion (the probability of viewing sunlit leaf or soil elements at SAIL model, so that in the numerical calculation mostly only
level x). The above equation should be averaged (weightedp summation over the 60 layers needs to be done, as can be
over all leaf orientations and split into leaf fractions in the seen from Eq. (35). There is only one term left for which a
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summation over leaf orientations as well as depth level has 00
to be made. Eapdif(x) = /[E_(x,k)+E+(x,)»)]
7L, (0)= 400
_ [1—p)—T()]dA. (37)
VY ET(xX)Py(x)+v' Y ET(x)Py(x)+
KBS:Z H., (x)[po(x)G_Qme(x)] The second expression can be used directly to obtain the ab-
60x sorbed PAR radiation by leaves in the shadig,(;). For
+wE(0) Y Pyo(x)+ L leaves in the sun, also their orientation must be taken into
60x 60 account, and one so obtains
£e 2K (00, 00) Hes (x.00.00) f (60) Peo(x)/36 | 60
139,
360, Eap,s (x,00,00) = | f51 Eapdir + Eapdif(x) . (38)
60x

Application of the photosynthesis-fluorescence model of Van

der Tol et al. (2009) yields fluorescence amplification factors

¢, (x,60,9¢) and qb}d(x) for leaves in the sun and in the
(35) sfqade, respectively, that should be treated as correction fac-
tors applied to the EF-matrices, which determine the spec-

alytical SAIL model is used for the contributions from solar tral dist_ribution of the fluorescent flux. The EF-matrices are
and sky irradiance, excluding the internally generated therSymbolised as/ (A2 r)and M’ (%, A 5) for backward and
mal radiation. The terms in Eq. (35) containing the SAIL forward fluorescence, respectively.

coefficientsv, v/,w andr, together form the directional re- For the fluorescent radiance response to incident light for
flectance contribution from the canopy and soil. Using theleaves in the sun with a particular orientation one can write
canopy-level reflectances for direct and diffuse radiation in

+[rE™(=1) + & Ha | Po(=1)+
[rsEs(0) + &5 (Hygs — Hyq)] Pso(—1)

Equation (35) can be calculated more efficiently when the an

observation direction,, andrg,, Eq. (35) can be re-written 750
as: nL{S(x,)Lf,Qg,(pg)=¢}s(x,9(,(pg)/
7w Ly(0) =ryo Esunt rdo Eskyt+ 400

+Kec Z Heg (x)[Po(x) — Pso(x)] wf ()»e,)»fﬁe,(ﬂ/é) Esun(%e)

60x -
+vf (heshp.Op,00) E7(x,0e) | dA,. (39)
+<9cZK(QZ,‘/)(Z)HCS(X,eﬁa(pf)f(eZ)Pso(x)/?’GS £ +U}()»e,)\f,ee,W)E+(X,)\e)
36¢,

Here it was assumed that the range of excitation wavelengths
is from 400 to 750 nm. The coefficients are defined by anal-
ogy with Egs. (27) and are given by

60x
+é&5 Hsd Pu(_l) +é&5 (Hss - Hsd)Pso(_l)
(36)
2.8.2 Contribution from leaf fluorescence vf ()»e,)»fﬁz,fpe) =

Mok f)+M (e s M Oo ko £) =M (o, h
Cark )oM Gusty) | MOA) M Gaitr) oy

Fluorescence from single leaves is calculated with the bio-| f,|
chemical module (Sect. 2.7) using the absorbed fluxes over
the PAR region (400-700 nm). In addition, two excitation- Uf(ke’)‘fvefivw) =
fluorescence matrices (EF-matrices) must be given to rep- M) +M (hehp)
resent fluorescence from both sides of the leaf, which have /ol 2 -
been experimentally derived for unstressed, low light condi- _
. . - wf()"fv)"fveé’w[)_
tions. The matrices convert a spectrum of absorbed PAR into
a spectrum of fluorescence. The fluorescence matrices arFf f |M()Lm)\f)+M/()Ve»)hf) F i M (hehp)—=M' (heky)
linearly scaled for each element with a facty and with se 2 e 2
incident PAR to obtain the actual fluorescence. . :

: ; . For leaves in the shade the fluorescent radiance can be de-

Absorbed PAR of directfap gir) and diffuse light Eap dif) .

) I - scribed by
can be calculated by integrating incident radiation over the
PAR wavelength range,, as follows:

. (40)

MG )M Gtr) o,

fo

p 750

700 Ly (X hp) =) [ "

Eapdir = /Esun()»)[l—p()\)—‘[()»)] dA 400 (41)
A [uf(Ae,xf)E*(x,xe)+v_’f(xe,/\f)E+(x,)\e)]dxe,
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where both fluorescent scattering coefficients are supposed
to have been obtained by weighted averaging over all leaf+ 100

. . . & —LAI=3.22
orientations, I.e. " ——LAI=0.25
1 o 50f 1
Vi (heshp) =35 2 fO00) D vy (e hp, 0. 00) E
L N S
U} (hesrp)=35 2 f(60) X U}- (hesrr O, 90) - s 1 15 2 25
136, 36¢, A (um)
s 10
The total top-of-canopy fluorescent radiance is now obtained =
by a summation over all layers and orientations, taking into g |
account the probabilities of viewing sunlit and shaded com- °¢
ponents. This gives =3
° 0 | | | | | | | T
5 10 15 20 25 30 35 40 45 50
mL7OC= A (um)
._E: 3 T
X252 Y 00 X wLf (v ar.0000)+  (43) ) 1
60x 130, 3600 o |
[Po(r) = Pro )] Ly (x.75) . 2 ‘ |
-0 0.65 0.7 0.75 0.8 0.85

A (um)
3 Output of SCOPE , , . .
Fig. 3. Outgoing TOC optical to NIR (upper graph), thermal (mid-
3.1 Spectra dle graph) and chlorophyll fluorescence radiance (lower graph) in
' nadir direction, for two scenarios (low LAl and high LAI) of a C4
It is not necessary to run SCOPE with the same spectral res2Nopy- The relevant parameters are listed in Table 2.
olution as the input data, but the resolution of the input data
obviously affects the accuracy of the output of SCOPE. In-
put data with a high spectral resolution are not always avail- _
able In the absence Of Spectral |nput data1 Spectra Coula-able 2. The most relevant parameters used for the SCOPE sim-
be selected from a library of MODTRANA4 runs for specific Ulations for a C4 canopy. Parametefg,, Can, Cs and N are
weather conditions, and scaled in such a way that the inte” ROSPECT parameters (Jacquemoud, 1990), and refer to chloro-
L . phyll content, dry matter content, senescent material, and leaf struc-
grated radiation agrees with broadband measurements. A\s ) L
le. Fig. 2 sh . for SCOPE. cal ure, respectively. LIDE and LIDF, are leaf angle distribution pa-
an examp_e, Ig. 2 shows an input spectrum for L Calrameters (Verhoef et al., 2007). The values in the table refer to a
culated with MODTRAN4, run at a spectral resolution of gpnerical distribution of leaves. Other parameters are explained in
1cn! in wavenumbers, which gives a spectral resolutionapje 1.
ranging from 0.02 nm in the optical to 250 nm in the thermal

domain. This example has been used as input spectrum for Parameter Value Unit
the simulations presented in this paper. —

Figure 3 shows examples of model output: output radi- Cab 0%012 #gem
ance spectra in nadir direction, calculated using input data Cam : gem

. . . . . . . Cy 0.009 cm
collected during a field experiment in Sonning, United King- c 0.0
. . Ky .

dom (Houldcroft, 2004). Two scenarios are shown: a typi- N 14
cal fully grown maize crop (LAl =_3.2_2) and a sparse maize LIDF, _0.35
crop (LAI=0.25). As meteorological input, a wind speed of LIDF, —0.15
2.9ms ! was used, an absolute humidity @f=9.3 g kg ! LAI 3.22/0.25
and air temperatur&,=21.#C. Measured data were used Vemax 50 umolm—2s1
for the sake of providing realistic input values, but no val- Vomo 220 umolm—2s1
idation data for the spectra were available as these were not Jmax 120 umolm—2s1
measured. Other model parameters are listed in Table 2. Ae 700
The input spectra of Fig. 2 were used, albeit linearly scaled h 1.0 m
such that total incoming shortwave (0.4-2.5um) radiation p (thermal) 0.01
matched the measured value of 646 WAnThe upper graph T (thﬁrmal)l 0.01
shows the results for the optical range (excluding fluores- ps (thermal) 0.06

cence), the middle graph for the thermal range, and the lower
graph shows chlorophyll fluorescence.

www.biogeosciences.net/6/3109/2009/ Biogeosciences, 6, 31292009



3122 C.van der Tol et al.: An integrated model of soil-canopy spectral radiance observations

o ; * -
BRDF @ 800 nm T, (C) Fluor @ 685 nm (W m -um s+ )

LAl =3.22 80

LAl =0.25 90

Fig. 4. For the same scenarios as in Fig. 3, hemispherical graphs of top-of-canopy reflectance (left), brightness temperature (middle) and
chlorophyll fluorescence radiance (right) as a function of viewing zenith angle and viewing azimuth angle (relative to the solar azimuth).
Zenith angle varies with the radius, the azimuth angle (in italic) increases while rotating anticlockwise from north. The solar zenith angle
was 48.

The optical spectrum of the fully grown canopy is typical first over the second peak to be slightly higher in the sparse
for green vegetation (Carter and Knapp, 2001), whereas theanopy compared to the fully grown canopy. The magni-
spectrum for the sparse canopy represents a mixture of bareide of the fluorescence fluxes agrees with recent measure-
soil and vegetation. ments: Entcheva Campbell et al. (2008) found peak values of

While the optical spectrum is only a function of irradi- 2-5W nT2um=1sr~1 for a maize crop.
ance and leaf and canopy characteristics, the thermal spec-
trum also depends on canopy and soil temperatures, and thus2 Directional radiance
on the energy balance. Thermal radiation includes radiation
emitted by the soil and the vegetation as well as a small conSCOPE was designed to simulate directional effects, i.e. the
tribution of reflected sky radiation. In the presented scenardependence of the measurement on the observation angle.
ios, the thermal spectrum closely resembles Planck’s curvefrigure 4 shows the directional behaviour of reflectance,
because emissivity was not differentiated spectrally. The dif-brightness temperature and fluorescence for the two scenar-
ferences between the two scenarios are the combined resufts presented in Fig. 3. Directional simulations can serve as
of differences in emissivity, reflected thermal radiation, anda tool to study the added value of multi-angular observations.
canopy and soil temperatures. In the sparse canopy, a larger The hotspot is clearly visible for the BRDF at 800 nm and
portion of the soil is visible. The soil has a lower emissivity for the brightness temperature. Even for fluorescence it is
than the leaf, thus reducing the radiance of the sparse canopyisible. In the hot spot one observes only sunlit elements and
compared to the fully grown canopy. This is compensated bythis has a clear impact in all domains.
the fact that both soils and leaves have higher temperature in The sparse crop has higher brightness temperatures, al-
the sparse canopy than in the fully grown canopy. though the brightness temperature is lower than the actual

The chlorophyll fluorescence spectra show two peaks, onéemperatures of leaves and soil (Fig. 3) due to the relatively
in the red (690 nm) and one in the far red (730 nm). The ratiolow emissivity of the soil (0.94 compared to 0.98 for leaves).
between the first and the second peak usually decreases wirightness temperature observed with angles perpendicular
increasing chlorophyll content due to re-absorption withinto the solar azimuth angles are relatively low compared to
the leaf (Buschmann, 2007). In the current simulations, thethose measured in the principal plane. While increasing
re-absorption within the leaf is not included, as the matri- the viewing angle (from vertical to horizontal) the bright-
ces for the upside and downside of a leaf were prescribeghess temperature increases in concert. The reason is that
as input. However, the (minor) effect of re-absorption of at horizontal viewing angles, the largest fraction of (rela-
other leaf layers is included, which causes the ratio of thetively warm) sunlit vegetation is visible. This effect is most
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Fig. 5. For the same scenarios as in Fig. 3, vertical profiles of con-Fig_ 6. The effect of increasing wind speed from 2 9rrsto

tact temperatures of leaves and soil (averages per layer). The to&)5 msL (blue line and triangles), and the effect of replacing all
of the graph reprgsents the top of canopy; the bqttom of the grapr('ji[rect radiation by diffuse radiation -while total radiation remains
represents the soil. Temperatures are contact (skin) temperatures 8nchanged- (green line with circles), for the fully grown maize
the canopy, except for the values at the bottom of the graph: these :

. - . : canopy of Fig. 3. The graphs show the difference in the vertical
are contact temperatures of the soil. The vertical axis scales l'near%rofiles of leaf and soil temperatures, net photosynthesis and latent
with leaf area index. '

heat flux compared to the reference scenario.

pronounced in the sparse vegetation, because there the differ-

. X .~ The vertical profiles are sensitive to variations in irradi-
ences in temperature between sunlit and shaded vegetation : . :
. ance regime as well as weather conditions. Different ver-
are the largest (Fig. 5).

S : . tical profiles of the fully grown maize field resulted by (1)
The directional effect is quite pronounced for chlorophyll fivefold higher wind speed (15m%), and (2) replacing
fluorescence. The upper leaves contribute most to total '

hi byl i q it ob 4 Il direct radiation by diffuse radiation (Fig. 6). Not only
chiorophy uorescE,-nce, an asfa resu t:['o IS?NE X uorte?’he vertical profiles of temperature change, but also those of
cence increases when moving from vertical to horizon aphotosynthesis and latent heat.

viewing angles. ) . Wind speed has a significant effect on temperature, but
Note that clumping of leaves, twigs and branches may alsq,,y, minor effect on the fluxes: the decrease in aerodynamic

affect the directional effects in forest canopies (Smolandetqgistances as wind speed increases is counterbalanced by a

and Stenberg, 2003). This effect is not included at presentg;n, raneous decrease in the vapour and carbon dioxide gra-

but it may be a feature of future versions of the model. dients. The distribution of radiation over direct and diffuse
. i radiation has a significant effect on both the temperature and
3.3 Vertical profiles the fluxes. This results confirms that photosynthetic light use

. ) ) ~_efficiency is higher for diffuse than for direct radiation (Gu
One of the best ways to illustrate the integration of radiativegy 51| 2002).

transfer with the energy balance is by plotting vertical pro-

files of the canopy. Figure 5 shows, for the two scenarios of

Fig. 3, vertical profiles of leaf and soil surface temperatures  applications of SCOPE

in the canopy. Values represent the average per layer, for the

sunlit fraCtion, the shaded fraCtion, and the Welghted averagen this Section’ a number of simulations are presented to ad-

temperature. The bottom layer is the soil. dress the potential and the limitations of the SCOPE model.
The temperature of both sunlit and shaded leaves iniiost of the individual components of the model have been

creases with depth in the canopy (from top to bottom of thevalidated before, such as the optical radiative transfer model

graph), whereas the weighted mean temperature decreasgicquemoud et al., 2000) and the leaf physiological model

with depth, due to the fact that the shaded fraction progres{Von Caemmerer and Baker, 2007). A validation of all com-

sively dominates while moving to lower layers. The sparseponents of the model against field data will be the topic of a

canopy has higher leaf temperatures than the fully grownfollow-up paper.

canopy, both for the shaded and the sunlit fraction. This ef-

fect is caused by the high net radiation on the soil, result-4.1 Plant physiology

ing in higher soil contact temperatures, which also affect the

canopy layer above through a higher emittance received fron8COPE has potential applications for plant physiology and

below. The weighted average of leaf and soil temperatures igarbon uptake. This is illustrated in Fig. 7, showing mea-

also higher for the sparse vegetation, because the fraction afured (with an ASD radiometer) and simulated reflectance

sunlit leaves is higher. spectra of a Pine forest in The Netherlands. Data were

www.biogeosciences.net/6/3109/2009/ Biogeosciences, 6, 31292009



3124 C.van der Tol et al.: An integrated model of soil-canopy spectral radiance observations

‘ A E— tions due to differences in scale between ground and remote
— A priori

. sensing images and issues of atmospheric correction are cir-
| Calibrated ]
0.5 M cumvented.
. easured . . . . L
An example is given in Fig. 8. This figure shows on

o 04 the left, simulated input, and on the right, simulated output
2 for the model SEBS. The left graphs shows the difference
£ 03l between brightness temperature (calculated from outgoing
% long wave radiance), and air temperature measured above
T ol the canopy. The input data for this simulation were collected

during a field experiment in Barrax (Spain) on 17 July 2004

015 (Su et al., 2008). Field measurements for validation are also
shown in the graph. Brightness temperature is the most im-

N ‘ ‘ ‘ ‘ ‘ ‘ portant input variable of SEBS, but other variables such as

04 06 08 1 12 14 16 NDVI can be simulated with SCOPE as well.

Wavelength (um)
4.3 Interpolation between satellite overpasses

Fig. 7. Measured and simulated spectrum of radiance ver-

sus wavelength for a Pine forest in The Netherlands, 13 JunéA related possible application of SCOPE is to interpolate

2006 at 11:45local (winter) time (GMT+1). Measurements were fluxes between satellite overpasses. The model can run in
taken with an ASD spectrometer from a 46 m tower raising 16 mthe absence of remote sensing information, which makes it
above the canopy (solar zenith angle=30.6, solar azimuth an-  possible to not only scale from instantaneous data to diurnal
gle ¢;=345, observer zenith anglé,=30°, observer azimuth  cycles put also to calculate the fluxes for clouded days, for

angle ¢":.1850).' A priori parameter values O.f Table 2 were ' picp reliable remote sensing data are not available.
used. Calibration was carried out using a non-linear least squares

solver. Calibrated PROSPECT parameters wefg=47 j.g cm2,

4.4 Th f chlorophyll fluor n
Cym=0.025gcnr2, €,,=0.0195 cm(s=0.114,N=1.07. € use ot chiorophyll fiiorescence

The use of chlorophyll fluorescence signal is another promis-
ing application. The SCOPE model contains parameters
which control the amount of fluorescence per leaf as a func-
tion of leaf physiological parameters liké. max andax, the

: . L . . optical parameters of the PROSPECT model, such as the
collected during an m'Fenswe. field campaign (EAGLI,E) In chlorophyll content, and light and temperature conditions in-

J_une 2006, de_scrlbed in deta_ul by S'.“' e_t Ef"' (2009). SImUIa'side the canopy. Since leaf photosynthesis is included in the
tions were carried out both using a priori, literature values for odelling as well, one could investigate the relationships be-

the PROSPECT parameters _(Taple 2), and using calibrqte een light use éfficiency and fluorescence at the canopy
PROS.PECT pargmeters (calibration of SCO.P!E was Carmegy | under different simulated conditions (stress, canopy

out using a_non-lmear Iea}st square solver). Fitting the mode tructure, weather, etc.). This could be of great help for the

to observations resulted in PROSPECT parameter vglues fo(Eorrect interpretation of fluorescence measurements from a
chlorophyll content and leaf water content that were d'ﬁeremsatellite mission like FLEX (Rascher et al., 2008)

from the a priori values. Although currently no model exists ' '

to relate PROSPECT parameters to plant physiological pro-

cesses such as photosynthesis, it is theoretically possible ® Conclusions

limit the parameter space of SCOPE by linking calibrated

optical parameters of PROSPECT to parameters of the bioSCOPE integrates radiative transfer and energy balance cal-
chemical leaf model. Such approach would greatly improveculations at the level of individual leaves as well as the

the remote sensing of physiology and carbon uptake. canopy. Potential applications are in plant physiology, re-
mote sensing of the energy balance, and the preparation of
4.2 Testing of surface energy balance models future satellite missions such as the fluorescence explorer

mission FLEX. The modular structure of SCOPE makes it
A different application is to use SCOPE to evaluate and im-possible to add new features by simply sharing input, out-
prove simpler, operational remote sensing based surface effut and parameters with other models. Future developments
ergy balance models, such as SEBAL (Bastiaanssen, 1998)clude the adding a library of MODTRAN output spectra
or SEBS (Su, 2002). The use of SCOPE as a hypothetifor various weather conditions, as well as a library of soil
cal ground truth not only provides the necessary validationspectra.
data, but also simulates the input data, notably the TOC ra-
diative spectra. By using these simulated spectra, complica-
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Fig. 8. Measured and simulated diurnal cycles of brightness temperature, latent and sensible heat flux for a Vineyard in Barrax, Spain,
17 July 2004. Measured brightness temperature was based on measurements of a radiometer above the canopy, latent and sensible heat f
on measurements with a sonic anemometer and open path gas analyser.

Appendix A

Numerically stable fluxes in the 4SAIL model

The two-stream radiative transfer equation in matrix-vector Ldx

form reads

A(E)-2)(E)

With the eigenvaluem=./(a —o)(a+o), one can de-

(A1)

fine the so-called infinite reflectance, which is given by 147« _ 1+%5
, and by means of the left-hand eigenvector matrix 1 —r

a—m

Foo=%

( i _£°°> one can define transformed fluxes given by
—rIoo

Fi\ 1 —reo E~

(5)=(n ) (E) e

The transformation by the left-hand eigenvector matrix can

now be applied again to obtain
" m 0
0 —m

d (Fl) _ Eg(O)eka(

F>

R
F>

—5' —ToS
TooS +5

—H
+ev(1+roo)< HC)' (A5)
.
One can write
8 ota—-m  m(a+o—m)
12 T o—a+m m?2—m(a—o)
m(a+o—m) m (26)

- (a—o)a+o—m) Ta—o’

Sincea—o=a=¢, (Kirchhoff's law), wherex is the ab-

This transformation establishes the diagonalization of thesorption coefficient and. the foliage emissivity, one can

two-stream radiative transfer matrix, since

A0
(8T
Go)E) e

Addition of direct solar flux and thermal emittance by the
foliage to Eq. (A1) gives

d E~ _ kLx —S/ a —o E™
e ()~ ()4 (00 (&)

(A4)
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write (14r)e.=m(l—rs), SO finally the following differ-
ential equations are obtained:

d
——F1=mF1— (s’ +7x8)Es —m(l—roo) H,
Ldx

d
—F = —mF;
Ldx 2 mkFo+

Numerically stable analytical solutions of these differential
equations are given by

(roos’+5) Eg+m(1—ro) He. (A7)

emLx _eka
= 51emLx+(S/+”ooS)Es(o)ﬁ+(1—roo)Hc

F2 — Sze—mL(l+x)

ekL(l+x) _ ,—mL(+x)

+ (roos’+5)Es(0) ‘

k+m
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+ (1_VOO)HC» (AS)

whereéd; andd2 are constants which have to be determine

from the boundary equations.

Defining the functions
emLx _ equ

Ji(g,x) =
qg—m

eqL(l—i—x) _ e—mL(l+x)

Jo(g,x) = e L

qg+m (A9)

one can write
F1 = 816" + (5" + roos) Eg(0) J1(k, x) + (1 — roo) H,

Fp = 8¢ LA 4 (roos” +5) E (0) Ja(k, x)

+ (1—ro) He. (A10)

FunctionJ2(g, x) is numerically stable, but (¢,x) must
be approximated by a different functiongfm is small, say
less than 103. Thus we redefine

Ji(g,x) =
mLx _ ,qLx 3
BT lg —m|>10"
%J. (emLx —i—equ)Lx (All)
[1—%2(q—m)2L2x2] lg—m| <1073

The energy balance, and therefore also leaf temperatures,

C.van der Tol et al.: An integrated model of soil-canopy spectral radiance observations

If thermal emission is disregarded for the moment, the

gconstants are given by

81=E (0 —recET(0)
So= ET(=1) —reoE~(=1). (A14)

Four-stream radiative transfer for the canopy-soil system
can now be described by

Es(—1) = 15, E5(0)

E™(-1) = 1t Es(0)+ 140 E~(0) + pag ET(—1)
E*(0) = psgEs(0)+ paa E~(0)+1ag ET(—1)

ET(=1) = r,[Es(-1)+E~(-D)]. (A15)

Here, the double-subscripted intrinsic reflectance and
transmittance quantities of the isolated canopy layer are pro-
vided as output quantities of the 4SAIL model and are given

by

Tys = eikL
(-2

Tdd = 75 5.7
1—r2e=2mL
T'oo (l—e’Z’"L)

Pdd = 5 5.7
1—r§oe_2’”L

photosynthesis and fluorescence, depends on the direct angl,; =

diffuse fluxes in the canopy. The direct solar flux follows

directly from
E(x) = Es(0) Py (x),

(" +ro0s) J1(k, —1) — rooe™™E (roos’ +5) Ja(k, 0)
1—r2e2mL

whereP; (x)=exp(kLx) is the probability of sunshine (orthe FPsd =

gap fraction in the direction of the sun), is the total LA
andx the relative optical height, which runs froml at the
bottom to zero at the canopy top.

The diffuse fluxes can be calculated once the transformed
fluxes have been determined using Eq. (A8). However, this

requires solving the boundary constaéitsandd,. This can
be achieved by evaluating at the canopy top, angb, at the
canopy bottom, giving

F1(0) =81+ (1 —roo)He

Fo(—1) =62+ (1—reo)H,. (A12)
Here, use was made of the fact thatk,0)=0, and also

Jo(k,—1)=0. In terms of the normal diffuse fluxes one then E*(—1)= (tsa+7s5) E5(0) +"-'ddE_(0)r
= .

obtains
81 = Fl(o)_(l_roo)Hc

=E"(0)—roo ET(0) — (1 —ro0) He
8 =Fo(=1)—(1—re) He

= —roE (D) +ET(=1)—(1—re) He. (A13)
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—Fooe "L (5" +ro0s) J1(k, —1) 4 (roos’ +5) J2(k, 0)
1—r2e=2nL ’

(A16)

Combining the second and fourth equation of Eq. (A15)
gives

E™ (=)~ paa E" (1) = ta E;(0) + 144 E~(0)
_rsEi(_1)+E+(_1) =rsEg(—1) =rsT5 Es(0). (A17)

Solving E*(0) from these gives

(A18)
1—-rspaa

In the program FluorSAIL (Miller et al., 2005), a pre-
decessor of SCOPE, the following additional equations are
used to determine the boundary constants:

ET(0) = psaEs(0) +paa E~(0) + 140 ET(—1)

E™(=1) = 154 Es(0) + 14 E~(0) + paa ET (-1). (A19)
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Note, that only Eqyr=E;(0) and Esky=E~(0) are re-
quired as inputs for these calculations, since all other intrin-
sic canopy optical properties are provided by 4SAIL. Calcu-
lation of the internal diffuse fluxes in the canopy can now
proceed by using Eq. (A8) and applying the inverse trans-
formation to F1 and F» to obtain back the original diffuse
fluxes:

F1(x) = 816" + (5" +7008) Es (0) J1(k, x)
Fo(x) = 82¢ 7 4 (s’ +5) E(0) Ja(k, x)
E(0) = [F0) 47 B2/ (1-72)

EY0) = [ i) + Fa0]/ (1-72). (A20)

Appendix B §
Aerodynamic resistance §
For aerodynamic resistance, the schematisation of Wallace |
and Verhoef (2000) was used. A two-source model was used §
|
DS

with separate resistances for soil and canopy (Fig. B1).
Aerodynamic resistance in the inertial sublayer is:

Cc

ot [m(“_‘;)]—wh,v(zr)wh,v(m), (B1)

a K u, iR —

Fig. B1. Schematic representation of a two-source resistance model
where K,=0.41 is Von Karman's constant (the symbol§ for resistances to water vapour and heat transport in and above the
an « are more common in the literature, but these are al-canopy, after Wallace and Verhoef (2000). Lettér'‘refers to ei-
ready reserved for extinction coefficients in this paper)is ther temperatureT() or absolute humidityg). Other symbols are
the friction velocity (ms1), z, the reference height (mjg defined in Table 1.
height of the roughness sublayer (nd)s the zero-plane dis-
placement (m), and’, ,, a stability correction function (see The within canopy resistance is:
below). .

The aerodynamic resistance in the roughness sublayer is’w =

__ZR—h hsink (n onGomt+d)/h_ 1 100U _q
1 = R n )~ Vi G0+ V), ®2) U['”( )i Sroomies) |

¢ 7 Kite(zr—d) nKpo(hy) |\ enGomtd/h ] @001/ 1]

where/ is the vegetation height, andl; =~ a stability cor- (BS)

rection function (see below). Aerodynamic resistance in theHere, the value of 0.01 denotes the roughness length of soil.

canopy, above the in-canopy source heigl{+d, is: For the boundary layer resistance of soil and the surface
resistance of vapour transport in soil pores, a priori values

. hsinh n_1 nzomtd)/h _q s
po= BSIMOD T (€2 2) i (E 7"~ 1) | (gy)  ave used:
nKjy,(h) en+1 eGom+d)/h 1 1505 ands’ — 500sT L 6)
b— s —

wherezom is the roughness height for momentum (m)a  The value for-$ could be a function of soil moisture content
wind extinction coefficient (see below), ard,, the eddy (e.g. Buckley, 2005). For heat transpoft=r:=0
0. , . 4=rs =0,

diffusivity (see below). In the above equations, friction velocity (ms™) is:
For the boundary layer resistance of leaves: J N
us=Ku@|In S v, e , (B7)
r; — l) Wi (54) Z0m A
L'y uzom where A Monin-Obukhov length (m). Wind speed at height

whereuw, is leaf width (m) ande.om wind speed at=zom+d ~ <0m*dhuz0.1S:

(see below). U0 = uy e Gomtd)/(h=1) (B8)
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