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Abstract

The current emphasis on global climate studies has led the scientific community to set up
a number of sites for measuring long-term biospheric fluxes, and to develop a wide range
of biosphere-atmosphere exchange models. This paper presents a new model of this
type, which has been developed for a pine forest canopy. In most coniferous species the
canopy layer is well separated from the understorey and several cohorts of needles
coexist. It was therefore found necessary to distinguish several vegetation layers and,
in each layer, several leaf classes defined not only by their light regime and wetness
status but also by their age. This model, named MuSICA, is a multilayer, multileaf
process-based model. Each submodel is first independently parameterized using data
collected at a EUROFLUX site near Bordeaux (Southwestern France). Particular care is
brought to identify the seasonal variations in the various physiological parameters. The
full model is then evaluated using a two-year long data set, split up into 12 day-type
classes defined by the season, the weather type and the soil water status. Beyond the
good overall agreement obtained between measured and modelled values at various time
scales, several points of further improvement are identified. They concern the seasonal
variations in the stomatal response of needles and the soil/litter respiration, as well as
their interaction with soil or litter moisture. A sensitivity analysis to some of the model
features (in-canopy turbulent transfer scheme, leaf age classes, water retention, distinc-
tion between shaded and sunlit leaves, number of layers) is finally performed in order to
evaluate whether significant simplifications can be brought to such a model with little
loss in its predictive quality. The distinction between several leaf classes is crucial if one
is to compute biospheric fluxes accurately. It is also evidenced that accounting for in-
canopy turbulent transfer leads to better estimates of the sensible heat flux.

Nomenclature
A = Net photosynthesis rate (umolm 2s")
Adry,shd, «,j = Net photosynthesis rate of a dry shaded needle of age Y, (umol m2s7h
Adry,sun,«,j = Net photosynthesis rate of a dry sunlit needle of age Y, (umol m s )
Awet,shd, »,j = Net photosynthesis rate of a wet shaded needle of age Y, (umol m 2sY)
Awet,sun,o,j = Net photosynthesis rate of a wet sunlit needle of age Y, (umol m 2sY)
Ca(Cqjjor Cq,r) = Air CO, concentration (at level z; or z,) (umolm )
Cs = Air CO, concentration at leaf surface (umolm°)
af]- (fi{]!) = Far-field (near-filed) neutral normalized dispersion matrix (sm ')
Do =Parameter for the stomatal conductance model (hPa)
Ds = Air vapour pressure deficit in leaf boundary-layer (hPa)
D; = Dispersion matrix for turbulent transfer (sm ")
E=Water vapour flux at reference level z, (kg m?)
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F.,0 =Forest floor CO, efflux (umolm 2s™?)
g0 =Parameter for the stomatal conductance model (mmolm ?s™?)
¢s=Stomatal conductance (mmolm ?s™ ')
h = Canopy height (m)
Jm = Potential electron transport rate (umol m2s7h)
K¢=Far-field diffusivity (m?s™h
L =Obukhov length scale (m)
Le 10t = Canopy leaf area index (m*m?)
L,=Whole-sided leaf area of all needles of age Y, (m*m?)
m = Parameter for the stomatal conductance mode (dimensionless)
P, = Rainfall rate at reference level z, (kg m~?)
Pgun,»,j=Fraction of sunlit needle sections of age Y, and at level z; (dimensionless)
Puvet,,j = Fraction of wet needle sections of age Y, and at level z; (dimensionless)
7a(qa,) = Air humidity (at level z) (g kg )
Qabs, b, j = Direct solar radiation absorbed by a shoot of age Y, (Wm?)
Qabs, d,4,j = Diffuse solar radiation absorbed by a shoot of age Y, (W m?)
Qb,j (Qb,») = Direct radiation at level z (z,) (W m?)
Qg Qqj=Downward (upward) diffuse radiation at level z; (W m %)
Qleg.j = Downward thermal radiation emitted by vegetation at level z; (Wm™?)
Qw,r = Sky thermal radiation at reference level z, (W m?)
Qt}j =Downward thermal radiation at level z (W m?)
Ryole,j = Bole respiration at level z; (umol m s 1)
Road = Dark respiration (umol m Zsh
S¢,j=CO, source/sink density at level z (umol m 3s7h
STAR, = Silhouette-to-total area ratio of a shoot of age Y, (dimensionless)
t=Time (s)
T. (Ta,)) = Air temperature (at level z) (K)
TL = Lagrangian time scale (s)
Topt = Optimal temperature for photosynthetic parameters (K)
U () = Wind speed (at level zj) (ms ™)
i = Neutral normalized wind speed at level z; (dimensionless)
U* = Friction velocity (m s
Vi =Maximum rate of carboxylation (umol m°sY)
Wq = Bulk soil water content (kgm™?)
Wref = Any leaf photosynthetic/respiratory parameter at 25 °C
Y. =Shoot/needle age (yr)
2, z; = Heights (m)
z: = Reference height (m)
z* = Roughness sublayer height (m)
Azj=Source/layer thickness (m)
I'* = Compensation point for photosynthesis (umol m )
Zsun,« = Fraction of sunlit needle sections in a shoot of age Y, (dimensionless)
%= Quantum efficiency for photosynthesis (mol(CO,) mol(photons) ')
¢n = Stability correction function for K¢ (dimensionless)
¢m = Stability correction function for horizontal wind speed (dimensionless)
¢w = Stability correction function for ¢, (dimensionless)
vu = Proportion of green leaves in the understorey (dimensionless)
xp = Extinction coefficient for solar direct radiation (dimensionless)
up = Sine of sun elevation angle (dimensionless)
vo =Parameter for stomatal conductance model (dimensionless)
Iy, ; = Fraction of direct solar radiation at level z (dimensionless)
ITj, ; = Fraction of sky thermal radiation at level z; (dimensionless)
pc = Reflectance of needles (dimensionless)
ow = Standard deviation of vertical wind speed (m s
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7. = Transmittance of needles (dimensionless)
Yo =Parameter for stomatal conductance model (MPa)
¥b = Soil predawn water potential (MPa)

Keywords: biosphere—atmosphere interaction, ecosystem evaporation, EUROFLUX, FluxNet,
maritime pine forest, net ecosystem carbon exchange, soil-vegetation-atmosphere transfer model
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Introduction

The current emphasis on global climate studies has
changed our way of considering both measurements
and models. Indeed, biosphere-atmosphere exchanges
involve a number of processes operating over a broad
range of time scales, from seconds (e.g. photosynthesis,
turbulence) to weeks (e.g. allocation, acclimation) and
years (e.g. mineralization). It has therefore become obvi-
ous that surface models, required to evaluate biospheric
fluxes for the future, should be able to cope with such a
range of scales (Law et al., 2000; Baldocchi & Wilson,
2001; Baldocchi et al., 2001a; Katul et al., 2001; Rasse
et al., 2001; Wilson et al., 2001), and also that long-term
flux measurements were necessary to analyze the sea-
sonal behaviour of vegetated surfaces and provide ad-
equate data sets for model validation (Baldocchi et al.,
2001b; Canadell et al., 2000).

In this respect process-based SVAT (Soil-Vegetation-
Atmosphere Transfer) models have better potential than
more empirical models because they are prone to be valid
under a wider range of climate conditions than the range
used for model testing. This feature is of particular inter-
est for long-term simulations. However, such simulations
can be quite sensitive to the parameterization of pro-
cesses acting over short time scales (Law et al., 2000;
Baldocchi & Wilson, 2001; Baldocchi et al., 2001a; Wilson
et al., 2001; Baldocchi ef al., 2002). Consequently, models
used for long-term purposes at a given site should also
provide an accurate and consistent representation of in-
stantaneous fluxes at all times of the year. Potentially, the
most accurate models are the so-called ‘complete” multi-
layer models (Gu et al., 1999), in which the canopy is
divided vertically into a finite number of layers, and
that calculate the vertical variation in all microclimatic
variables (radiation, wind speed, air temperature, con-
centrations in water vapour and COs....). These models
allow for an adequate description of the coupling bet-
ween canopy microclimate and physiological processes
such as stomatal function, photosynthesis and respir-
ation. Although they have been mostly developed as
research tools to investigate particular processes using
relatively short data series (often less than a few weeks),
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the question of whether they could also be good candi-
dates for long-term simulations and scenario analysis is
quite relevant in this research field.

Several multilayer SVAT models are now available in
the literature (Baldocchi & Harley, 1995; Leuning et al.,
1995; Williams et al., 1996; Gu et al., 1999). Most forest
canopy models have been developed for deciduous
species. We found it preferable to develop our own
model because the present work is part of a research
programme on maritime pine (Pinus pinaster Ait.), an
Atlantic coniferous species covering 4 Mha in Southwest
Europe. Indeed, the leaves (needles) of coniferous cano-
pies are clumped in shoots that exhibit strong spatial
variability in their shape (Bosc, 2000; Oker-Blom &
Smolander, 1988; Cescatti, 1998), age and photosynthetic
capacity (Porté & Loustau, 1998; Wang et al., 1995). This
variability induces noticeable consequences on light
interception and radiation use efficiency of the whole
canopy (Wang & Jarvis, 1990; Wang & Jarvis, 1993). As
most existing models assume intralayer homogeneity it
was felt necessary to account for these characteristics,
and in particular to distinguish several leaf age classes.
In addition, our forest ecosystem is made of two well-
separated vegetation layers (understorey and canopy),
with a large canopy air space, so that the model has to
account for canopy air storage and must distinguish
canopy from understorey species.

The resulting model, MuSICA (Multi-layer simulator
of the interactions between a Coniferous stand and the
atmosphere), is a multilayer, multileaf process-based
biosphere-atmosphere gas exchange model. A two-year
(1997-1998) data set of continuous flux measurements
performed at ‘Le Bray’ site, that has been part of the
EUROFLUX network since 1996, is used to evaluate the
performance of MuSICA.

Until recently, model validations have been performed
by comparing either all available instantaneous modelled
and measured values, or cumulative values when the
data set was long enough. Although such validations
are useful since they provide overall quality tests of
the model, they have limited potential since they do not
give much information on the reasons for the observed
discrepancies. The growing availability of long-term
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instantaneous flux data sets at more than 100 vegetative
sites (Aubinet ef al., 2000; Baldocchi et al., 2001b) offers
new possibilities for validation purposes, because they
allow the seasonal behaviour of the model to be analyzed
under a whole range of environmental conditions. This is
what we attempt to do in this paper, in addition to more
classical validation procedures, by splitting the two-year
data set into 12 classes based on the combination of
season, cloud cover, air humidity and soil water status.
We show that this makes it easier to evaluate the per-
formances of the model and formulate various modelling
hypothesis.

Using complex, multilayer models for long-term inves-
tigations may not always be feasible. They require many
parameters and may not be, for instance, easily interfaced
with Global Circulation Models. The question then nat-
urally arises as to whether simplifications could be
brought to the model without causing significant degrad-
ation to the overall quality of the results. Simplifications
to the model characteristics can affect for example the
description of the canopy structure and the number of
canopy layers; the distinction between sunlit and shaded
leaves, or wet and dry leaves; the need to account for
scalar concentration gradients in the canopy air space. It
is difficult to address these questions when only a few
days worth of measurements are available, since the
range of climatic conditions or soil water status is inevit-
ably small. We therefore found it sensible to take advan-
tage of the present modelling exercise to investigate the
adequacy of some possible simplification schemes.

This paper is organized as follows. Firstly we briefly
describe the MuSICA model. Secondly we show how the
various submodels were parameterized from independ-
ent eco-physiological and micrometeorological measure-
ments. We then present a comparison of modelled and
measured biospheric fluxes at various time scales. Finally
the sensitivity of the model to various simplifications is
analyzed.

Model description

Vegetation representation

As mentioned above MuSICA is a multilayer, multileaf
process-based biosphere-atmosphere gas exchange
model. In each layer several classes of plant parts are
distinguished according to their water status (wet or
dry leaves in the understorey and the canopy), light
regime (sunlit or shaded leaves in the understorey and
the canopy) and age (0, 1 or 2-year-old-shoots in the
canopy, since maritime pine needles have a lifetime of
about three years). In other words, a canopy layer dis-
plays 12 ‘big shoots’ and the understorey layer 4 ‘big
leaves’. The model is one-dimensional because all trees

have the same age and similar crown depth and height
(Berbigier et al., 2001). An extensive description of
MuSICA can be found in Ogée (2000). We give here its
main characteristics (see also Table 1).

Radiative transfer model

The radiative microclimate of each ‘big leaf” or ‘big shoot’
is given by incident (upward and downward) photosyn-
thetically active radiation (PAR), incident near-infrared
radiation (NIR) and incident thermal infrared radiation
(TIR). At any level within the stand PAR and NIR are
split up into direct and diffuse components.

One difficulty is to distribute the radiation absorbed by
each canopy layer between big shoots of different ages.
For this purpose we use the concept of silhouette-to-total
area ratio (STAR, Oker-Blom & Smolander, 1988; Bosc,
2000). A shoot of age Y, located at level z; in the canopy
and with silhouette-to-total area ratio STAR, absorbs
direct and diffuse solar radiation (Qaps, b, «,j ad Qabs, d,4,j,
respectively) according to:

Qabs,b,w,j = STAR(Y Qb,r/,ub X (1 —Pc— TC)

. . (1a)
for direct radiation

Qubs.d.0j =2 STAR,  (Q3+ Q) x (1 - pe — 7o)

for diffuse radiation

(1b)

where Q), , is the incident direct solar radiation (PAR or
NIR) at a reference level z, above the canopy and py, is the
sine of the sun elevation angle, Q:{, i and Qg‘j are the
incident downward and upward diffuse solar radiation
at level z; and p. and 7. are the needle reflectance and
transmittance (for PAR or NIR), respectively. Throughout
the paper index « refers to needle age.

In these expressions we assume that p. and . are equal
for all needles and use PAR and NIR values measured by
Berbigier & Bonnefond (1995) for maritime pine. We also
assume that STAR only depends on shoot age. In particu-
lar we do not account for any variation with height or
projection angle, because our ‘big shoots’” represent an
ensemble average of several shoots whose twigs have
different inclination angles. Assuming that the inclin-
ation angle distribution is close to the spherical distribu-
tion at all heights within the crown we obtain Eqns (1a)
and (1b). However it was found necessary to account for
variations of STAR with shoot age (Bosc, 2000). The pro-
cedure is described in the parameterization section.

In order to compute Q;j and Qg ; within the canopy
we use a two-stream radiative transfer model (Sellers,
1985). Such a model has been successfully tested at our
site against global radiation and PAR measurements
performed just above the understorey (Berbigier &
Bonnefond, 1995; Hassika et al., 1997). Short-wave global
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Table 1 General features of the MuSICA model

SVAT process Strategy

Key reference

Radiative transfer

radiation are treated separately
Scattering within shoots and needles is accounted for when

Direct, diffuse and upward and downward scattered

Berbigier & Bonnefond (1995)

Bosc (2000)

computing the surface area of sunlit needle sections

Turbulent transfer

Scalar transport is treated as either diffusive (far-field) or

Raupach (1989b)

non-diffusive (near-filed) assuming steady weakly inhomogeneous

turbulence

Momentum transport is treated as steady and dependent on plant

Massman & Weil (1999)

area density and degree of clumping

Rain interception
proportional to leaf area

Photosynthesis

Vegetation interception factor and storage capacity are taken

Biochemical model expressing photosynthesis rate limited either

Bouten et al. (1996)

Farquhar et al. (1980)

by RuBP regeneration or by RuBISCO kinetics

Stomatal conductance

Phenomenological model using the linear dependency of stomatal

Leuning (1995)

aperture towards net photosynthesis

Boundary-layer conductance
or free convection

Drought
on soil water content

Soil heat and moisture transfer Litter is treated as a separate and insulating medium from the

soil underneath

Soil respiration
temperature only

Drag coefficient is computed assuming turbulent flow and forced

Stomatal aperture is reduced by an empirical factor depending

Soil respiration is assumed to depend on soil surface

Nikolov et al. (1995)

Nikolov et al. (1995)

Ogée & Brunet (2002)

Loustau ef al. (2003)

radiation at the reference level is decomposed into direct
and diffuse components following Bristow et al. (1986)
and split up into PAR and NIR components as 1 W m 2 of
global radiation is equivalent to 2.02 umolm 2s ™! of PAR
(Hassika et al., 1997). Understorey albedos for PAR and
NIR and diffuse and direct radiation are distinguished
(Sellers, 1985).

The projected canopy leaf area index (L. o) and the
extinction coefficient for direct radiation (k) are com-
puted from the whole-sided leaf areas (L,) and the sil-
houette-to-total area ratios (STAR,) of each cohort of
needles according to:

1 1 T
Le tot = 2 Za: L,= Ezy: Jo l,(z) dz (2a)

Kb Letot = »_ STAR, L, (2b)
o

where /,(z) represents the whole-sided leaf area density
of needles of age Y, and / is canopy height. The 1/2
factor is needed to convert whole-sided to projected leaf
areas (Chen & Black, 1992). In fact, Eqn (2b) is applied to
each canopy layer so that direct radiation attenuates
within the canopy according to:
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h
Qb.j = Qp,rexp (— Z STAR, / J , dz' ¢, (z’))
= Qp, Iy 3)

where Qy, ; is the direct radiation at level z; and Iy, ; is the
penetration function for direct radiation. The penetration
function for solar diffuse radiation is computed as in
Berbigier & Bonnefond (1995), i.e., with Eqn (3) and as-
suming a standard overcast sky.

Following Bosc (2000), shoot surface fluxes (CO, as-
similation, transpiration and sensible heat flux) are com-
puted as the sum of two fluxes corresponding to two
needle areas, Zgn,, (With absorbed radiation Qaps,b,j, o/
Zsun, o+ Qabs, d,j,2) and 1 — Zgp, , (With absorbed radiation
Qabs, d,j,=)- Zsun,« is equal to the area of the needle seg-
ments that have a face directly illuminated by the sun,
normalized by the total shoot area. We use Zg,, , to
account explicitly for shoot clumping and internal
rediffusion of the direct beam within the needles (Bosc,
2000).

As for STAR, we consider in each layer an ensemble
average of even-aged shoots so that g, , can be con-
sidered independent of height and sun elevation angle.
The fraction of sunlit needle segments between levels z;
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and z+ Az within the canopy is then given by the
fraction of sunlit shoots multiplied by Zqup 4

Psun,ac,j = Esun,oz
Zj+Az; h
X J dz x exp(— Z STAR, /i, de(z’) dz')
z * z

(4)
Downward thermal infrared radiation at level z; within
the canopy is computed as:

Qi = Queg * (1= M) + Qur x 10, (5)

where Qy,  is the sky thermal infrared radiation at refer-
ence level and H:[L  is the penetration function (Berbigier
& Bonnefond, 1995). Qjeg j represents the downward
thermal infrared radiation emitted by vegetation at level
zy: it is a function of the surface temperatures of all
needles above z with weighting factors depending on
1y(z) (Gu et al., 1999; Ogée, 2000). Upward thermal infra-
red radiation within the canopy is computed in a similar
way with Qu , replaced by thermal infrared radiation

emitted by the understorey and the ground.

Turbulent transfer model

The non-radiative microclimate of each ‘big leaf” and ‘big
shoot’ is given by air temperature (T,), air mixing ratio
(9a), air CO; concentration (C,) and mean wind speed (U).

In the roughness sublayer the stability parameter is
usually considered as constant and equal to 11/L (Pereira
& Shaw, 1977; Shaw et al., 1988; Leclerc & Beissner, 1990;
Jacobs et al., 1992) or alternatively to z*/L, where z* is the
roughness sublayer height and L is the Obukhov length
scale, computed with above canopy turbulence data. The
latter definition is used and the mean wind speed is
computed as:

U]- = 11]' x U x (bm (Zf*) (6)

where 1; is the neutral wind speed profile normalized by
the friction velocity U* and ¢y, is the stability correction
function for momentum transfer (independent of level z).
Within the canopy #; attenuates exponentially (Massman
& Weil, 1999) and above the canopy, but still in the
roughness sublayer, it is computed according to Cellier
& Brunet (1992).

Scalar concentration C, (alternatively T, or gq,) at all
levels z; is computed with a Lagrangian turbulent trans-
fer scheme summarized in the equation (Raupach,
1989a):

Cai—Cor = ZDij Sej Azj+ Dy Fe o (7)
j

where C, , is the CO, concentration at the reference level
above the canopy, S j is the CO, source/sink strength of
vegetation layer j with thickness Az, F, o is the forest floor
CO; efflux and Dj; is the turbulent dispersion matrix. The
latter depends on turbulence statistics and is computed
as a sum of far-field and near-field components
according to the localized near-field theory of Raupach
(1989b). Stability effects are accounted for as in Leuning
(2000), except that we use here a constant stability
parameter (z*/L), which provides the following linear
equation:

‘iifj z &irjl (z
Diy=monl o)t (T (8)

where ¢, and ¢, are the stability correction functions for
the (far-field) scalar turbulent diffusivity (Kf) and the
standard deviation of vertical velocity (gy,), respectively.
Matrix elements d~f] and df]‘ are then independent of the
turbulent variables U* and L; they only depend on the
neutral normalized profiles of o, and Ky, expressed as a
function of canopy structure (see the parameterization
section).

Scalar source densities

The CO, source/sink density in Eqn (7) is the sum of the
CO, assimilation rates of all the ‘big shoots’ or ‘big leaves’
and the respiration rates of the trunk and branch sections
found within this layer. For a layer j with thickness Az;
within the canopy we write:

Scj= Z J 7,(2) dzx

o

Az
{(1 - Psun.i,j) X [(1 - Pwet.fx,j)X Adry,shd,a(,j + Pwet,oc,j X Awet, shd,mj]
J"pst.ln,a,j X [(1 - cht,a,j) X Adry‘ sun, o, j + cht.:t,j X cht, sun, \7]}}
J"Rbole.j (9)

Pyet, o, represents the fraction of wet needles of age Y,
within the vegetation layer j. Aary, sun,«,j Adry, shd, o, j Awet,
sun,o,j ANd Awet, shd, «,j are the CO, assimilation rates at the
surface of needle sections of age Y, that are, respectively,
dry and sunlit, dry and shaded, wet and sunlit and wet
and shaded. Ry, j represents the respiration rate of all
trunk and branch sections of layer j. In the understorey
the expression is simpler because we assume that all
leaves belong to a single age class.

Rain interception model

To compute Py, ,,; we use a multilayer rain interception
model inspired from Whitehead & Kelliher (1991) and
Bouten et al. (1996). The evaporation rates within each

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 697-717
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layer are given by an equation similar to Eqn (9), the
summation being restricted to wet leaves. The fraction
of intercepted rain and the maximum storage capacity
are assumed proportional to leaf area for each vegetation
layer and each cohort of needles (Whitehead & Kelliher,
1991). In our model the CO, diffusion pathway at the leaf
surface is assumed to be blocked by droplets whenever
leaves are wet.

Leaf gas-exchange model

The fluxes (evaporation, transpiration, CO, assimilation,
sensible heat flux) at the surface of each ‘big shoot” or ‘big
leaf” are computed with a simple leaf model accounting
for photosynthesis (Farquhar et al., 1980), stomatal con-
ductance (Leuning, 1995), boundary-layer conductance
(Landsberg & Powell, 1973; Grant, 1984) and including
a leaf energy budget (Gu et al., 1999; Paw, 1987). The
boundary-layer conductance submodel accounts for
clumping of needles and leaves, as was done by Grant
(1984) and Landsberg & Powell (1973), respectively. The
stomatal conductance submodel is slightly different from
that of Leuning (1995): in order to account for soil water
stress the stomatal conductance of a leaf ( g;) is multiplied
by an empirical function of the soil predawn water po-
tential (y,), following Nikolov et al. (1995). This gives:

g0 = {g N mA }x 1
T (G —T)A+Ds/Do) [ " T+ (/)"

where g, m and D, are parameters of the stomatal con-
ductance model of Leuning (1995), A is net CO, assimila-
tion, Dy and C, are the air water vapour deficit and the
CO, concentration in the leaf boundary layer, respect-
ively, I'* is the CO, compensation point, and y, and v,

(10)

are adjustable parameters.

Soil/litter gas-exchange model

To compute evaporation and sensible heat flux at the
forest floor we used the soil and litter model of Ogée &
Brunet (2002) that was successfully tested at our site.
Forest floor CO, efflux is given by a simple Qqg-law
depending on the soil-litter interface temperature (Ogée
& Brunet, 2002).

Resolution scheme

At the start of each day the information on plant structure
and physiological capacity is updated and the normal-
ized profiles of df], d~§ and #; are computed accordingly.
At each time step the model first reads the site meteoro-
logical data (global and sky thermal radiation, rainfall,

wind speed, air pressure, air temperature, air mixing

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 697-717

ratio and air CO, concentration at z,). Global radiation
is then split up into PAR and NIR, as well as direct and
diffuse components, and the short-wave radiation field is
solved within the vegetation.

As for turbulent transfer, the model is initialized with
the values obtained for L and the scalar gradients at the
previous time step. As a first guess leaf surface tempera-
tures are taken equal to the air temperature at the same
level. This allows the long-wave radiation field to be
computed in the vegetation. Then the leaf gas-exchange
fluxes are computed for each ‘big shoot’ and ‘big leaf’,
thereby leading to new estimates of leaf surface tempera-
tures. A first iteration is performed on these temperatures
through the long-wave radiative transfer model. This
iterative scheme has already been tested by Su et al.
(1996). Convergence is achieved when the difference be-
tween two iterations, for all long-wave absorbed radia-
tive fluxes, is less than 1072W m 2. This usually takes no
more than 4-5 iterations.

From the leaf gas-exchange fluxes of each ‘big shoot’
and ‘big leaf’ we are now able to compute the scalar
source densities (Eqn (9)) and the corresponding turbu-
lent fluxes. This provides a new estimate of L, used in
turn to get updated estimates of the wind speed profile,
U* (Eqn (6)) and the scalar profiles (Eqns (7) and (8)).
A new iteration loop then starts. The computation is
stopped whenever sensible heat flux at z, differs from
less than 10~ times net radiation between two iterations.
In general 3 or 4 iterations are sufficient.

Experimental data set and submodel
parameterization

Site description

The experimental site is located at about 20km from
Bordeaux, France (44°43'N, 0°46'W, altitude 62m) in a
homogeneous maritime pine stand (Pinus pinaster Ait.)
seeded in 1970. The climate is characterized by a strong
seasonal contrast in water conditions between winter and
spring on the one hand, when rainfall exceeds evapor-
ation, and summer and autumn on the other hand, when
water deficit (often accompanied by soil drought) may
last for weeks to months. The trees are distributed in
parallel rows along a NE-SW axis with an interrow dis-
tance of 4m. In 1997-1998 the stand density was 520 trees
ha™!, the mean tree height varied between 17.7 and
18.9m and the projected leaf area index varied between
2.6 and 3.2. The crowns are on average within the top 6m
(Porté et al., 2002) and are therefore well separated from
the understorey. The latter mainly consists of grass (Moli-
nia coerulea), whose roots and stumps remain throughout
the year. The leaves are only present from April to late
November, with maximum leaf area index and height of
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1.4-2.0 and 0.6-0.8 m, respectively (Loustau & Cochard,
1991). A 5-cm thick litter made of compacted grass and
dead needles is present all year long. The water table
never goes deeper than about 200cm. During the
(1997-1998) winter its level went up to the soil surface
but no runoff was observed, as the terrain is very flat.

Experimental set-up

The experimental set-up that provided the data used
here was installed following the requirements of the
EUROFLUX network. At 25m aboveground, considered
here as our reference level z,, the following data was
measured every 10s and averaged every 30min: net
radiation with a Q7 net radiometer (REBS, Seattle,
USA); incident and upward solar radiation with two
C180 pyranometers (Cimel, France); incident and diffuse
photosynthetically active radiation; air temperature and
specific humidity with a 50Y temperature-humidity
probe (Vaisala, Finland). Wind speed, friction velocity
and sensible heat flux were measured at the same level
with a 3D sonic anemometer (Solent R2, Gill Instruments,
Lymington, Hampshire, UK) and water vapour and
carbon dioxide fluxes with the sonic anemometer
coupled with an infrared gas analyzer (LI-6262, LICOR,
Lincoln, Nebraska, USA). Rainfall was measured at 20 m
with an ARG100 rain gauge (Young, USA). Incoming
long-wave radiation was deduced from net and solar
radiation measurements. All other details can be found
in Berbigier et al. (2001).

Sub-model parameterization

Phenological and structural parameters Crown height and
depth, as well as the vertical distribution of the three
cohorts of needles, are given by Porté et al. (2000). The
whole-sided leaf area of each cohort (L,) is computed
with a phenological model developed by Loustau et al.
(1997) after a study of Desprez-Loustau & Dupuis (1994)
on the date of needle emergence (Fig. 1a). In winter the
vertical profile of needle area density is expressed for
each cohort as a beta function of the relative height within
the crown (Porté et al., 2000). During the rest of the year
the profiles are computed by letting the beta coefficients
change linearly throughout the year, while ensuring nor-
malization of the beta function.

Bosc (2000) developed an analytical model to compute
the shoot silhouette-to-total area ratio (STAR) and the
fraction of sunlit needle sections in the shoots (Zgun)-
This model makes use of several inputs such as the
number of needles on the shoot and their mean insertion
angle and diameter. We applied this model to a set of 17
shoots and adjusted simple equations only depending on
shoot age (Fig. 1b, c):
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Fig. 1 Modelled age-related variations of whole-sided needle
area (a), shoot silhouette-to-total area ratio STAR (b), fraction of
sunlit needle sections in the shoots X, (c), maximum carboxyla-
tion velocity V,, at 25°C (d) and maximum electron transport
rate |, at 25°C (e). Needle area variations are taken from Porté
(1999), STAR and X, variations are modelled after measure-
ments performed by Bosc (1999), V,,, and ]y, variations are given
by Medlyn ef al. (2002) for needles between 3-months and 1-year-
old and by Porté & Loustau (1998) for older needles. For young
growing needles, a rapid linear increase is assumed during
growth as observed by Wilson et al. (2000).

STAR, = 0.06 + (0.21 — 0.06)
x {1 — exp[—max(0 (Y, —0.21)/0.88)]} (1la)
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Seuns = 0.20 + (0.52 — 0.20)
x {1 — exp[—max(0 (Y, —0.21)/0.88)]} (11b)

Regarding now the understorey, the leaf area index is
modelled from the measurements of Loustau & Cochard
(1991). The leaf angle distribution is allowed to vary
along the growing season from a vertical to a nearly
spherical distribution. Also the proportion of green
leaves in the understorey (y,) used in the computation
of the understorey albedo is computed in order to equal
unity during leaf emergence and full development, then
decrease rapidly after the beginning of leaf senescence.

Hydrological parameters Canopy and understorey water
storage capacity and throughfall are given by Loustau
et al. (1992), and the soil and litter structural and hydro-
logical parameters by Ogée & Brunet (2002).

Photosynthetic parameters The photosynthesis model of
Farquhar et al. (1980) uses four main parameters: the
potential electron transport (J,,), the maximum rate of
carboxylation (V,), the quantum efficiency for photosyn-
thesis (%) and the dark respiration rate (Rd). For both
canopy needles and understorey leaves these parameters
are likely to vary temporally during leaf ageing (Wang
et al., 1995; Porté & Loustau, 1998; Wilson et al., 2000) and
spatially according to leaf nitrogen content (Wilson et al.,
2000; Wilson et al., 2001). They also depend on leaf tem-
perature with an optimum temperature Topt that may
vary seasonally due to leaf acclimation (Law et al., 2000;
Medlyn et al., 2002).

Variations with age were observed at our site for
canopy needles (Porté & Loustau, 1998), but spatial vari-
ations seem to remain small (Porté & Loustau, 1998)
although they have not yet been fully characterized. In
addition, Medlyn et al. (2002) recently described the sea-
sonal variation in the temperature response of both ],
and Vi, for adult maritime pines grown in the same area.
They evidenced a significant acclimation in ], response
to the ambient temperature, which was not observed for
Vm. We therefore decided to account for the effect of
ageing and temperature acclimation on the photosyn-
thetic parameters of the needles. For a given parameter
W, variations with needle temperature and needle age or
climate are described using:

W= Wref ><fleaftemperature ><fage/climate (12)

where W, is the parameter value at 25 °C and for an age
or climate of reference and the f’s are functions of needle
temperature and needle age or climate (Table 2). For V,,,
and J,,, seasonal changes described in Medlyn et al. (2002)
are supposed to be caused by needle ageing only and are
combined with data given by Porté & Loustau (1998) to
model the variations of the two parameters along a
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needle life (Fig. 1d,e). For the optimal ], temperature
the effects of acclimation reported by Medlyn et al.
(2002) are captured by a function of the maximum air
temperature of the previous day (Table 2). The tempera-
ture dependency (fieat temperature) Of Vim and Jn, for the
pine needles is given by Medlyn et al. (2002) and that of
Road is given by Porté & Loustau (1998).

Regarding understorey leaves the reference value and
temperature dependency for V., ], and Rd have been
characterized experimentally (Delzon et al., submitted).
No effect of age or climate is accounted for, except during
leaf senescence (Table 2).

Stomatal conductance model parameters The parameters
used in the stomatal conductance model of Leuning
(1995) were determined for shoots from stomatal con-
ductance measurements performed by Bosc (1999) on
7month-old and 19 month-old shoots over a 40-day
period at the end of summer 1997 (days 256-296). For
understorey leaves they were determined in situ from

Table 2 Reference value and leaf age or climate dependency of
model physiological parameters

Parameter and unit fage/climate

Canopy photosynthesis (Porté & Loustau, 1998; Medlyn et al., 2002)
Vi (nmolm—2s71) see Fig. 1d
Jin (umolm2s71) see Fig. le
o (mol(CO,) mol(photons)’l) 0.12

Rd (umolm™2s7%) 0.31

Topt (for Jm) (°C) 31.840.16 X Tpnax, m1*

Topt (for Vi) (°C) 38.3
Understorey photosynthesis (Delzon et al. submitted)

Jim (umolm~2s7Y) 35 X 7'

Vi (umolm—2s71) 25 X py

o (mol(CO,) mol(photons)’l) 0.109 x yu

Rd (pmolm 2571 0.17 X y,

Topt (for [ and Vi) (°C) 36
Canopy stomatal conductance (Bosc, 1999)

m (=) 12

8o (mmol m2s7h 0

Dy (hPa) 17

Vo (MPa) -11

vo () 6
Understorey stomatal conductance (Delzon et al. submitted)

m (<) 10

8o (mmol m2s7h 0

Dy (hPa) 15

Yo (MPa) -1.7

vo () 7

*Daily maximum air temperature of previous day.

"During leaf emergence and full development 7, =1 and no age
effect is accounted for.
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CO, gas-exchange measurements (Delzon et al., submit-
ted). Parameters /y and vy for both canopy and under-
storey were independently determined from several
studies on water stress made at our site (Berbigier et al.,
1991; Loustau & Cochard, 1991; Granier & Loustau, 1994).
The values are given in Table 2.

Respiration model parameters Bole respiration is para-
meterized after Bosc et al. (2003), using the biomass infor-
mation of Porté et al. (2002). Soil and litter respiration is
parameterized from soil respiration measurements per-
formed at our site in 2000-2001 (Loustau et al., 2003),
giving Q10=2.7 and a soil CO, efflux at 15°C of

1.68 pmolm 25,

Turbulence parameters Turbulent variables were ana-
lyzed and modelled by Ogée (2000), using data collected
since 1989. During this period the canopy height changed
from 13.2m to 19.5m. The experimental set-up of each
campaign can be found in Brunet & Irvine (2000),
Lamaud et al. (2001) and Berbigier et al. (2001).

Using six months worth of wind speed measurements
at two levels above the canopy we adjusted the two
parameters used in the roughness sublayer profile of
Cellier & Brunet (1992), the sublayer height z* (1.37h)
and the wind shape factor # (0.47). For comparison Cellier
& Brunet (1992) obtained for these two parameters over
maize field 1.45h and 0.45 i, respectively. The normalized
neutral wind speed at canopy top is 2.9 (Ogée, 2000),
which is consistent with the standard value of 3
(Raupach, 1989b). Within the vegetation the horizontal
wind speed model of Massman & Weil (1999) was para-
meterized with a mutual interference coefficient for
canopy needles of 2.1 (Grant, 1984; Nikolov et al., 1995).
This model allows us to reproduce well the neutral wind
speed measurements collected at our site between 1989
and 1999 (Fig. 2a). However it is unable to reproduce
correctly the vertical profile of o, collected during the

same campaigns, probably due to the assumption of the
w-variance being proportional to the turbulent kinetic
energy in a forest canopy. We therefore adjusted an em-
pirical model, independent of canopy structure (Fig. 2b).
At the top of the roughness sublayer we obtain a value of
1.33 4+ 0.13 which is consistent with the standard, neutral
value of 1.25 (Raupach, 1989b; Leuning et al., 2000). The
generic neutral profiles of the Lagrangian time scale Ty,
and the scalar far-field diffusivity K¢ are computed after
Massman & Weil (1999), using the o, profile described
above (Fig. 2¢,d).

The stability correction function ¢, are parameterized
using sonic anemometer measurements at three levels
(7,25 and 43 m) from 1997 to 1999:

e i P S LI
(14+5z/L)"0<z/L<1

The results are illustrated in Fig. 3a. The stability correc-

tion function ¢, was fitted against the same dataset

(Fig. 3b):

o, = L0~ 32 /L)* =2 <z /L <0 (14)
(1+02z/L)0<z*/L<1

The stability correction function ¢, is that used by
Leuning (2000), with z*/L as the atmospheric stability
parameter. Equations (13) and (14) are just extensions to
the roughness sublayer of the classical formulas used for
the surface boundary layer. For this reason, we did not
allow the coefficients to vary with height, although this
would have provided a better fit.

Model validation

General principles

The model was parameterized as described above, with-
out making any use of the scalar flux measurements

0 1989
2 o 1991
s 1992 Fig. 2 Normalized profiles of (a) wind
m 1997-98 speed, (b) standard deviation of vertical
§ ® 1999 Velo.c1ty, (c) LagrarTglan t.’lme.s.cale and
1 (d) inverse of far-field diffusivity. Data
from different years are indicated with
different symbols. Solid and dotted lines
indicate the profiles obtained with the
0 model of Massman & Weil (1999) for

Gu(2)IU* U*T (z)/h

0.0 05 1.0 1.500 08 16 24 0 15 30 45

1989 and 1999, respectively, except in (b)
where we used an empirical model inde-
pendent of canopy structure (see text).

U*hK(z)
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Fig. 3 Stability corrections at different heights (7,25 and 43-m)
for (a) normalized mean wind speed and (b) normalized stand-
ard deviation of vertical velocity. Data from different heights are
indicated with different symbols and solid lines are the functions
given by Eqns (13) and (14).

performed during the EUROFLUX campaign. A direct
comparison of the modelled and measured scalar fluxes
can therefore be considered as a proper validation test of
the model. A grand total of 29232 half-hourly runs is
available for this validation. Occasional missing data for
each flux leave 28876 values for the sensible heat flux,
28 877 for the latent heat flux and 26 525 for the CO, flux.

For reasons discussed in the introduction the two-year
data set was split up into several seasonal types. It was
first felt necessary to distinguish spring-summer days
from autumn-winter days. For the sake of simplicity
‘summer days’ were defined so as to coincide with the
period with an active understorey and therefore refer to
the period between late spring and early autumn. ‘Winter
days’ refer to the rest of the year. As our site often experi-
ences summer drought, with dramatic consequences on
the physiology, we defined two summer classes based on
soil water availability. From past experience (Berbigier
et al., 1991; Granier & Loustau, 1994) a threshold value of
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65 mm for bulk soil water content (Wy) is used for this
purpose. Wy was measured bi-weekly throughout the
experimental period and daily values were interpolated
using the following equation (Ogée & Brunet, 2002):

dw,

d—td =P, —E—0.012 x (W4 — 80) (15)
where P, and E are the measured rainfall rate and water
vapour flux above the canopy, respectively, and ¢ is time.
We therefore have three main seasonal types: winter,
well-watered summer and water-stressed summer.

Model testing against instantaneous and accumulated flux
data

For each flux four linear regressions between measured
and modelled values were performed using the full data-
set and the three seasonal subsets. The results are dis-
played in Table 3. The total root mean square error
(RMSE) is decomposed into systematic (RMSE,) and un-
systematic (RMSE,) components (Willmott, 1981): large
RMSE; means that the model is biased in a systematic
way and leads to large discrepancies between measured
and modelled accumulated flux values.

Table 3 shows that MuSICA behaves generally well
with 72 values around 0.75 on average. However we
notice relatively large intercepts and systematic errors
on the latent heat flux in all cases. This result in an
increasing difference between the accumulated measured
and modelled curves (Fig. 4). The intercepts and the
systematic errors are much smaller (less than 7 W m™?)
for the sensible heat flux, even if the total RMSE has the
same magnitude than in the former case. The discrep-
ancies are therefore mainly non-systematic, which ex-
plains the very good agreement in Fig. 4 between
accumulated measured and modelled sensible heat
fluxes. The CO, flux seems to be better captured by
MuSICA in winter than at any other period. Indeed
the slope and intercept in winter are very satisfactory
(095 and —0.22pmolm 2s~}, respectively) and the
systematic error is small (0.31 umol m ?s Y. In summer
the intercept and the systematic error are large, especially
for water-stressed conditions (1.8pumolm2s~' and
2.1pumolm ?s™", respectively). In fact the model can
also give good results in summer: in Fig. 4 the agreement
between daily modelled and measured CO, fluxes
is good during the full period except in summer 1997,
and the two accumulated CO, flux curves are in good
agreement until day 200 where they steadily diverge
until day 300; then they remain separated by a nearly
equal distance until the end of the two-year period.

The statistics presented in Table 3 and the accumulated
fluxes plotted in Fig. 4 are useful to get a general feeling
on the model behaviour. However, once the fluxes and
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seasons for which the model systematically diverges
from the measurements have been identified, it is neces-
sary to further analyze the reasons for these discrepan-
cies. For example we conclude from Fig. 4 that MuSICA
underestimates the CO, sink strength during summer
1997 but seems to behave well during summer 1998.
Yet, both years are marked by low soil water levels. To
better understand this interannual variability it appears
sensible to characterize days not only in terms of seasons
and soil water availability but also in terms of weather

types.

Model behaviour according to seasonal and weather types

For each seasonal type described above we set a thresh-
old value of 40% for diffuse radiation in order to separate
cloudy and overcast days from clear days and days with
passing clouds, and a threshold value of 5hPa on mean
daily vapour pressure deficit (VPD) in order to separate
moist air conditions from dry air conditions. This proced-
ure leads to four weather types (sunny-moist, sunny-dry,
cloudy-moist and cloudy-dry). Combined with the three
seasonal types, we end up with 12-day types. The distri-
bution of these types throughout the two-year experi-
mental period is shown in Fig. 5. The number of days
per type is generally larger than 30 (Fig. 6). The most
common types (more than 100days each) are ‘cloudy
moist winter’, ‘well-watered sunny dry summer’ and
‘well-watered cloudy moist summer’. Three types are
poorly represented (‘cloudy dry winter’, ‘water-stressed
sunny moist summer’ and ‘water-stressed cloudy dry

summer’), but they were kept for the analysis because
they represent ‘extreme’” weather conditions.

Measured and modelled 30-min fluxes are displayed in
Fig. 6 for each day type. It can be seen that the model
reproduces reasonably well the daily variations in the
three fluxes for most weather types. However systematic
discrepancies are visible, that can be listed as follows.

1. Under sunny dry conditions during winter the model
predicts higher rates of transpiration and photosyn-
thesis, although this only contributes to a small extent
to the divergence between modelled and measured
accumulated fluxes, as is visible in Fig. 4. This behav-
iour may be due to an inadequate description of the
stomatal response of the needles to VPD and low air
temperature. Indeed, at this time of the year, only
canopy needles are active and their stomatal response
to VPD has been parameterized from gas exchange
measurements performed in summer. A unique set
of parameters has therefore been used but several
studies have evidenced variations in the response to
VPD with the season (Whitehead ef al., 1984; Medlyn
et al., 2002).

2. In dry summer conditions CO, assimilation is under-
estimated (at least in well-watered summer). This
explains why the modelled accumulated CO, flux
curve in Fig. 4 goes over the measured curve in
summer 1997 (around day 170) and then increases up
to day 259 (excluding days 231-239, that belong to
‘water-stressed summer’). The divergence between
the two curves is mainly visible in 1997, partly because

Table 3 Statistical results of the linear regression between half-hourly measured and modelled fluxes

Slope Intercept RMSE RMSE, RMSE, n

Latent heat flux (Wm™?)

All 0.86 17 0.76 43 41 15 28877

Winter 091 11 0.70 35 34 9.5 10434

Well-watered summer 0.84 22 0.77 50 47 19 13344

Water-stressed summer 0.82 18 0.70 39 35 16 5099
Sensible heat flux (Wm™?)

All 0.97 1.7 0.78 44 44 24 28876

Winter 091 —0.40 0.76 40 40 6.7 10434

Well-watered summer 0.99 4.2 0.76 47 47 4.0 13343

Water-stressed summer 1.01 -23 0.85 42 42 21 5099
CO;, flux (umolm?s~1)

All 0.83 0.39 0.70 3.8 3.6 1.3 26525

Winter 0.95 -0.22 0.78 2.6 2.6 0.31 10004

Well-watered summer 0.79 0.39 0.72 44 3.9 1.9 12103

Water-stressed summer 0.83 1.8 0.53 44 3.9 2.1 4418

Slopes and intercepts are computed using an orthogonal regression (Press et al., 1992), * is the linear correlation coefficient, RMSE is the root
mean square error that is decomposed into unsystematic (RMSE,,) and systematic (RMSE;) components and 7 is the number of data points.
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Fig. 4 Daily and cumulative fluxes of latent heat (a), sensible heat (b) and CO; (c) at ‘Le Bray’ from March 1997 to October 1998. Both
measured (closed circles and dotted line) and modelled (open circles and solid line) values are shown. In (d) soil water content is
displayed, as computed from Eqn (15) (dotted line), along with the threshold value used to distinguish well watered from water-stressed
periods in summer (solid line). Well-watered summer periods are indicated in grey.

summer 1997 has a larger proportion of days with at the beginning (around day 117, when young
very dry air than summer 1998 (see Fig. 5). However, needles are emerging), in the middle (around day
1997 is also characterized by much lower levels of soil 170) and at the end (from day 225). In contrast, in
water, as compared with 1998: in summer 1997 soil 1998, W4 takes low values only at the end of summer.
water content always remains at low levels, especially For this reason we think that the stomatal response
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Fig. 5 Daily mean fraction of diffuse radiation (a) and daily mean water vapour deficit (b) measured at ‘Le Bray’ from March 1997 to
October 1998. Winter days (e), well watered summer days (0) and water-stressed summer days (+) have been distinguished. Horizontal
solid lines indicate the threshold values used to classify days by weather type for each seasonal type. Well-watered summer periods are
indicated in grey.

to VPD should not be incriminated here, but rather 3. In dry water-stressed summer conditions soil respir-

the stomatal response to soil water content, or a
possible interaction between soil water content and
stomatal response to VPD or photosynthesis. Indeed
the disagreement between model and measurements
in Fig. 4 starts around day 145, whereas high levels
of VPD also occur at the beginning of summer 1997
(Fig. 5). This suggests that, over the period between
days 117 and 145, the stomatal response of needles
or leaves to high VPD levels is well accounted for in
MuSICA, despite the low to intermediate values
taken by Wy. From day 145 onwards VPD values are
not particularly larger but Wy decreases again just
above the threshold value of 65mm. Obviously
the modelled stomatal conductance in MuSICA is
too strongly reduced at this time of the year, when
W4 takes intermediate values. This reduction in
stomatal conductance mainly affects the CO, flux, as
leaf transpiration is little sensitive to g, at such high
VPD levels. As noted above the functions used to
relate the stomatal conductance and soil water avail-
ability are empirical. They are valid at the lowest range
of W4 but need some refinement at intermediate
levels.

ation is clearly overestimated. This effect adds up with
that described above and is responsible to a large
extent for the disagreement in Fig. 4 between modelled
and measured CO, fluxes. The effect of water stress on
soil respiration, which is not accounted for in our
model, should be incriminated here. The data used to
fit our soil/litter respiration model covered periods
with low soil water levels. Yet, at the present stage, it
has not seemed possible to elaborate a proper, robust
soil/litter respiration model that could accommodate
for water stress effects for our site and data basis.
Figure 6 clearly shows that soil respiration is not re-
duced during all summer water-stressed days but only
when the air is dry, which occurs when it has not
rained for some time (sunny and cloudy dry periods
together represent only 1.6 mm of water, for a total of
61 days in the present data set). This suggests that soil
respiration reacts to litter or soil surface moisture
rather than bulk soil water. However soil respiration
includes various processes such as root growth, micro-
bial activity and CO, dissolution in soil water that
have presumably different response times to soil
water stress and soil rewetting.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 697-717



MuSICA, AMULTILAYER, MULTILEAF PINE FOREST MODEL 711

Winter Well-watered summer

Well-stressed summer

Sunny Cloudy Sunny
A A

Cloudy Sunny Cloudy
A e A

Moist Dry - Moist Dry Moist Dry

n=55 n=47 n=116 n=7 n=20

Moist Dry Moist
n=114 n=106 n=38 n=10 n=54 n=36 n=7

Dry A Moist Dry

300
200

100 ’\
0

-100

LE (Wm-2)

300
200
100

HWm2)

-100

10

Fe (umolm=2s-1)

—_

0 612180 6 12180 6 1218 0 6 1218
Time of the day

0 612180 612180 6 1218 0 6 1218
Time of the day

0 612180 612180 6 1218 0 6 1218
Time of the day

A Measured
—— Modelled
- Canopy (model)
— — Understorey (model)
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the standard deviation is indicated in grey.

4. For all seasons in cloudy moist conditions, the model
gives larger latent and sensible heat flux values. As
this weather type is most common at our site (116 days
and 106 days over the 1997-1998 period in winter and
well-watered summer, respectively), the differences
between measured and modelled accumulated values
of latent heat flux are relatively large. Regarding the
sensible heat flux, the good agreement in Fig. 4 results
to some extent from compensation between this effect
and a slight but constant underestimation during the
night. It must be pointed out that these periods are
often affected by rain. Indeed, in cloudy moist condi-
tions, the percentage of time with rain is 18, 16 and
11% in winter, well-watered and water-stressed
summer, respectively, whereas it averages around
only 2% for all other weather types. During rain events
the eddy-covariance method is prone to large errors
and gap-filling algorithms are used to produce con-
tinuous flux data files (Berbigier et al., 2001; Falge et al.,
2001a, b; Wilson et al., 2002). In fact gap-filled H-values
correspond to identified sonic anemometer break-
down periods (Berbigier et al., 2001), which do not
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always correspond to rain events. Therefore during
these events measured H-values, if not corrected,
may be underestimated, as raindrops on the anemom-
eter tend to attenuate the signal. The LE values corres-
ponding to rain events may also be underestimated.
This even affects gap-filled values because the resist-
ance to evaporation is always smaller than the resist-
ance to transpiration and gap-filling algorithms are
estimated from data collected when the vegetation is
only transpiring. This may explain why MuSICA pre-
dicts higher rates of latent and sensible heat than
measured or gap-filled values. High rates of sensible
heat flux in the model may also be due to the fact that
two separate energy budgets for wet and dry leaves
are performed in MuSICA. Watanabe & Mizutani
(1996) developed a multilayer rain interception
model with only one leaf temperature and one energy
budget in each layer. Their model correctly simulates a
nearly zero sensible heat flux for one light rain event
that occurred during the day. In contrast MuSICA
predicts negligible sensible heat fluxes only during
heavy rain events (>10mm per day), in accordance
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with the measurements. However during light
rain events the model overestimates almost systemat-
ically the sensible heat flux. The approach of
Watanabe & Mizutani (1996) may better perform
in this case. Only a direct comparison of the two mod-
elling strategies could help answer this question.

Model simplification and sensitivity analysis

All the results previously shown were obtained with the
‘full version” of MuSICA in which sunlit, shaded, wet and
dry leaves, and 0,1 and 2years-old needles are distin-
guished. A total of 12 layers are used between the ground
and the reference level, with 10 layers in the forest,
amongst which four are located in the crown space. As
mentioned in the introduction, it is highly desirable to
investigate the usefulness of distinguishing so many ‘big
leaves’ and layers. In this section we test a series of
simplifications. All results are presented in terms of root
mean square errors (RMSE) on 30-min turbulent fluxes
normalized with RMSE values given by the reference

simulation. A RMSE ratio larger than 1 means that the
model performance is reduced compared to the reference
version (in the sense of RMSE). The results are given for
the full dataset and for each of the 12-day types (Fig. 7).

Few studies have addressed such issues. The influence
of distinguishing sunlit and shaded leaves has been stud-
ied by de Pury & Farquhar (1997). They concluded that
the division of leaf area into sunlit and shaded portions is
essential as compared to using averaged radiation. As a
first sensitivity test we ran a version of MuSICA where all
needle segments at a given level z; are subject to one light
l‘egime/ equal to Qabs, b, a,j/zsun, a X Psun, o, + Qabs, d,o,j The
results, shown in Fig. 7a, confirm those found by de Pury &
Farquhar (1997), especially under clear sky conditions
where RMSE ratios are much larger than 1 for all fluxes.

A second sensitivity test consists in considering only
dry leaves or needles. For this we assume that vegetation
does not intercept rain, i.e., its water storage capacity is
zero. The summation in Eqn (9) is then performed over
dry needles only (Pyet,,j=0). Figure 7b shows that the
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average CO, flux is little affected, regardless of the
weather type. This demonstrates that the CO, flux from
wet leaves is a minor component of the total ecosystem
carbon exchange. Sensible and latent heat fluxes are
affected, but mostly under cloudy/moist conditions as
they include most of the rain events. The total root
mean square error ratios are then greater than 1 for H
and smaller than 1 for LE, because both fluxes are linked
by the energy budget. The main effect of ignoring water
storage by vegetation is to increase leaf/needle surface
temperature during rain events, which leads to higher
values of H and smaller values of LE. The increase in
sensible heat flux leads to greater RMSE for H and
smaller RMSE for LE because the sensible and latent
heat fluxes simulated with the ‘full version” of MuSICA
were already too high as compared to the measurements
(see Fig. 4). However no further analysis should be made,
because of the questionable quality of both the modelling
strategy used in MuSICA to compute the surface tem-
perature of wet leaves and the experimental data for
this type of weather (see previous section).

Considering only one age class in the canopy layers is
relevant here because a specificity of MuSICA is to ac-
count for the differences in age classes. For this we sup-
pressed the distinction between 0, 1 and 2years-old
needles, i.e.,, we considered only four ‘big shoots’” in
each canopy layer (sunlit/dry, shaded/dry, sunlit/wet
and shaded/wet). All shoots are then supposed to have
the same STAR and X, and the same photosynthetic
and respiratory parameters (Jm, Vm, % and Road) com-
puted as an average over all age classes with weighting
factors L,. The results are shown in Fig. 7c. It can be seen
that this simplification severely reduces the model per-
formance, with an increase in RMSE values of about
40-70%. This is particularly true in well-watered summer
because the shape and photosynthetic capacity of the
young shoots are quite different from those of the older
shoots. Using an average value for STAR, Zgyn, Vi and [,
leads to an overestimation of the radiation absorbed by
young shoots and an increase in the CO, assimilation of
older shoots. Wilson et al. (2001) showed that the seasonal
variation in the photosynthetic parameters in a mixed
deciduous forest is required to estimate accurately the
annual net ecosystem exchange. We extend this result
here to a coniferous species that has a larger needle
longevity (about three years).

Following de Pury & Farquhar (1997) we also tested
the influence of the number of canopy layers. We ran a
version of MuSICA with only one layer in the crown
space instead of four layers in the ‘full version’. In order
to respect the vegetation geometry, a sufficient number of
layers have to remain in the nearly 12-m-high spaces
between the understorey and the canopy (Wu et al.,
2000). The total number of layers is then reduced to six
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layers with five layers within the vegetation. The results
in Fig. 7d show that the model turns out to be almost
insensitive to the number of canopy layers. This may
suggest that the number of layers in the ‘full version” is
essentially not enough. According to Norman (1979) the
number of canopy layers should be chosen so that leaf
area is less than 0.5m?m™2 in each layer. Indeed, when
using Beer’s law for light attenuation (see Eqn (3)), we
implicitly assume that the probability of leaf overlap in a
layer is small. In our case the canopy leaf area index is
around 3 so that Norman’s criteria is violated. However
radiative measurements performed at this site showed
that Eqn (3) is valid (Berbigier & Bonnefond, 1995; Has-
sika et al., 1997). In addition coniferous leaves (needles)
overlap mainly within shoots, which is accounted for in
MuSICA through the concept of silhouette-to-total area
ratio. We think that the insensitivity to the number of
canopy layers in the computation of energy and scalar
fluxes is explained by the fact that the heterogeneity
within the canopy is preserved because several ‘big
shoots” are distinguished within each layer. This result
is in accordance with de Pury & Farquhar (1997).

Our last sensitivity test consists in checking the utility
of accounting for scalar gradients within the canopy air
space (Eqn (7)). For this, we assume that the scalar vari-
ables at all levels are equal to their value at z,, while the
computation of wind speed, friction velocity and the
stability parameter is still performed. We can see in Fig.
7e that turbulent transfer is rather important for sensible
and latent heat flux but does not seem to affect the com-
putation of the CO, flux. At short time scale this effect is
particularly visible at night, when the atmosphere is
stratified. If turbulent transfer is not accounted for in
the model the nighttime sensible heat flux is underesti-
mated (it takes large negative values), which tends to
increase the latent heat flux. On a yearly basis, H is the
most sensitive flux as it is reduced by nearly 14% when
turbulent transfer is not accounted for in MuSICA,
whereas LE increases by only 2.5%. Baldocchi & Wilson
(2001) performed similar sensitivity tests with the multi-
layer biophysical model CANOAK and found the same
tendency.

Conclusion

In this paper we presented a multilayer, multileaf pro-
cess-based biosphere-atmosphere gas exchange model
(MuSICA). This model is particularly designed for conifer-
ous species because it can deal with needle clumping
and various age classes of shoots. In order to evaluate
the model performance, we used a nearly two-year dataset
of continuous water vapour, sensible heat and CO, flux
measurements collected in a maritime pine forest near
Bordeaux (France). Each submodel was parameterized
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independently, using the outcomes of several eco-
physiological and micrometeorological studies conducted
at this site. Special care was taken to capture all the sea-
sonal or acclimation changes of the different parameters.

Generally speaking, the model was able to capture
reasonably well the mean 30-min variations in all three
turbulent fluxes. However a systematic bias between
measured and modelled fluxes was noticeable for latent
heat in all seasons and for CO, in summer (Table 3 and
Fig. 4). In comparison the sensible heat flux is unbiased
and accumulated values agree very well.

Grouping days in terms of seasonal types (winter, well-
watered summer and water-stressed summer) and
weather conditions (sunny-moist, sunny-dry, cloudy-
moist, cloudy-dry), and examining the mean fluxes for
each day type allowed us to analyze the model behaviour
in more details, while keeping most of the information
contained in all time scales. Comparing simulated and
measured fluxes in relation to seasonal types and
weather conditions lead to four identified conditions in
which the model disagreed with measurements.

1. In winter we noticed a disagreement between mod-
elled and measured CO, and latent heat fluxes for
sunny conditions, which represented about 5-10% of
the yearly-accumulated fluxes. This effect was attrib-
uted to an overestimation of the stomatal conductance
of needles. A more mechanistic stomatal conductance
model that could accommodate for the seasonal vari-
ations in the stomatal response to VPD or its sensitiv-
ity to low temperature should improve the model
behaviour in winter (Medlyn et al., 2002).

2. In dry summer, and particularly in 1997, CO, assimi-
lation was underestimated by the model. In contrast
during summer 1998 the model matched the accumu-
lated CO, flux variations very well. Contrarily to
summer 1998, soil water content in 1997 remained
just above the threshold value used to define soil
water-stressed conditions. This year-to-year variability
was therefore attributed to an inadequate representa-
tion of the stomatal response to soil water content, or a
possible interaction between soil water content and
stomatal response to VPD or photosynthesis. A better
and more mechanistic description of the hydraulic
system within the plants should improve the model
behaviour in summer with intermediate to low soil
water levels.

3. In water-stressed summer we noticed a strong
overestimation of the soil (or ecosystem) respiration,
especially during dry periods which are unaffected by
rain. This suggests that respiration is subject to a high
day-to-day variability during drought periods and soil
re-wetting and that it responds mostly to litter or soil
surface moisture. However, at the present stage, it did

not seem possible to elaborate a proper, robust soil/
litter respiration model that would account for such
variability.

4. For all seasons in cloudy-moist conditions we noticed
a disagreement between modelled and measured
energy fluxes. Such conditions mainly occur during
rainy events, when the eddy-covariance method is
affected by large errors. Also, because of the question-
able quality of both the modelling strategy used in
MuSICA to compute surface temperature of wetted
leaves and the experimental data for this type of
weather, it was not possible to elucidate which value,
between model and measurements, was the most reli-
able. Watanabe & Mizutani (1996) suggested a differ-
ent approach to compute surface temperature of
wetted leaves that should be tested in the future.

It is worth pointing out that an analysis relying on
cumulative flux values only would not have made such
investigation possible, or would have led to erroneous
conclusions on the model parameterization. In fact our
study suggests that the photosynthetic and structural
parameters are correctly described by the model, which
represent reasonably well their seasonal variation. This is
not so for the stomatal response to VPD or the soil/litter
respiration model, which seem subject to variations not
accounted for by the model.

As a sensitivity test we also derived and evaluated
simpler versions of MuSICA (with less layers or without
the distinction between sunlit and shaded or wet and dry
leaves, ...). Few studies have been conducted on this
topic, which is nonetheless essential for a good modelling
strategy. One important point is that turbulent transport
within the vegetation appears to be crucial to get scalar
gradients and sensible or latent heat fluxes, whereas it
seems to play a minor role on accumulated CO, flux
estimates. Similar findings were obtained by Baldocchi
& Wilson (2001). de Pury & Farquhar (1997) state that the
distinction between sunlit and shaded leaves is of prior
importance for computing surface fluxes, and that multi-
layer models are not superior to a one layer sun/shade
model. We confirm here their finding and extend it to
coniferous species with several age classes of needles. We
found that a single canopy layer (amongst a total of five
vegetation layers) appears to be sufficient to get accurate
flux estimates, provided several leaf classes are distin-
guished. In contrast quite erroneous flux estimates are
obtained when the distinction between sunlit and shaded
leaves or needles and between the different age classes
of needles is omitted. These results indicate that in the
context of global-scale modelling studies, where SVAT
models are coupled with Global Circulation Models,
it might be more sensible to design simple one-layer
surface models with sufficient information on leaf
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distribution than multilayer models with just one ‘big
leaf’ in each layer. The question remains widely open
and should be addressed in the near future.

Finally our results emphasize the fact that SVAT
models should always be validated on more than one
flux. Indeed dealing with only one flux (e.g. the CO,
flux) can lead to erroneous conclusions regarding the
model. This should be feasible in the Fluxnet network,
where continuous measurements of several turbulent
fluxes (at least the three we used here) are performed at
each site.
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