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[1] Vegetation attributes impact the Earth’s carbon, water, and energy budgets by
controlling the exchanges between the lower atmosphere and the continental

biosphere. One of the most important factors is the distribution of the absorbed

fraction of solar radiation within vegetation as it constrains the photosynthesis rate. The
Interactions Surface-Biosphere-Atmosphere, CO,-responsive (ISBA-A-gs) interactive
vegetation model developed at Meteo-France is particularly well designed to simulate the
vegetation fluxes. A new radiation transfer scheme for the canopy has been designed and
implemented in ISBA-A-gs, which adopts a self-shading approach. This means that the
incoming solar fluxes at the top of the canopy will hit a number of canopy layers prior to
reaching the soil background. The photosynthesis model calculates the net assimilation of
CO; of each canopy layer using the absorbed photosynthetically active radiation (PAR)
flux of the layer. Integration is carried out to obtain a quantitative estimate of the total
net assimilation for the whole canopy layer by summing the contribution of each canopy
sublayer. Assessment of the vegetation transmittance and canopy light response is then
performed. Quantitative estimates of the impact on gross primary production (GPP) in
local stations are presented. Also, global estimates of the fraction of absorbed PAR
modeled with ISBA-A-gs are shown. This study demonstrates the added value of the
upgraded canopy radiation transfer model for the simulation of GPP.

Citation: Carrer, D., J.-L. Roujean, S. Lafont, J.-C. Calvet, A. Boone, B. Decharme, C. Delire, and
J.-P. Gastellu-Etchegorry (2013), A canopy radiative transfer scheme with explicit FAPAR for the interactive vegetation
model ISBA-A-gs: Impact on carbon fluxes, J. Geophys. Res. Biogeosci., 118, 888-903, doi:10.1002/jgrg.20070.

1. Introduction

[2] Vegetation surfaces play a key role in the Earth’s
energy balance and have a major impact on the global car-
bon cycle. For instance, photosynthesis is responsible
for the conversion of about 50 PgC yr~—' of atmospheric
CO, into biomass, which represents about 10% of the
atmospheric carbon. Current estimates suggest that land
use changes lead to the emission of 1.7 PgC yr! in
the tropics [Laurila, 2002], mainly due to deforestation,
and to a small amount of uptake (about 0.1 PgC) in tem-
perate and boreal areas—thereby producing a net source
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of around 1.6 PgC yr~' [Houghton, 1995]. Despite the fact
that these aforementioned numbers exist, the distribution
by latitude of carbon sources and sinks remains a core
question, being matter of debate for a broad scientific com-
munity. In this regard, a better representation of vegetation
processes in the ecological modeling is desirable.

[3] The fraction of solar radiation that is absorbed by a veg-
etation canopy constrains the rate of photosynthesis and the
amount of carbon flux either fixed or released to the
atmosphere by this same canopy layer. Radiation absorption
is inferred from the knowledge of the characteristics of a colli-
mated radiation beam impinging on the surface, which is then
scattered in several directions. Clearly, such phenomenon
results from complex nonlinear radiation transfer processes
determining the amount of radiation that is transmitted through
the vegetation. The radiation regime depends primarily on the
structural properties of the vegetation, i.e., the leaf orientation
and distribution, the leaf area density, the gap size within the
canopy, the crown or plant stand shape. Also, the physiology
of the leaves associated with the magnitude of the single-scat-
tering albedo determines how much light a single leaf ingests
after it was hit by a series of photons. This depends on the
growing stage of the vegetation and can be formulated in terms
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of wavelength dependence. The partitioning of solar radiation
between diffuse and direct components is crucial because dif-
fuse conditions let more sunlight strike the inner part of the
canopy. As a result, this means more light absorption by the
entire canopy. However, days with high diffuse radiation are
cloudy days, associated with less thermal stress on plants.
The component of diffuse radiation within the canopy is a
blended contribution from the atmospheric particles (clouds,
aerosols) and leaf scatters, the latter depending on the structural
organization of the vegetation canopy and on the spectral prop-
erties of the leaves. It was established that the prescription of a
diffuse radiation component is critical for properly capturing
the photosynthesis rate of plant stands [Mercado et al., 2009].

[4] The process of carbon assimilation by vegetation is
driven by the atmospheric CO, concentration, the characteris-
tics of incident photosynthetically active radiation (PAR), the
photosynthetic capacity of the leaves, and also some other
factors that control the distribution of solar radiation over
the leaves [DeWit, 1965; Jarvis, 1976]. The CO, fluxes
exchanged between the surface and the atmosphere are closely
linked to the surface energy and water budgets of the surface.
For this reason and bearing in mind that the atmospheric CO,
concentration influences the canopy conductance [Calvet
et al., 2008; Ceulemans and Mousseau, 1994; Fitter and
Hay, 2002; Schlesinger, 1997, and references therein], soil
vegetation atmosphere transfer (SVAT) models used in
climate and weather prediction models are by necessity
becoming increasingly complex [e.g., Dai et al., 2003;
Sellers et al., 1996].

[s] It is worthwhile to mention here the lessons learned
from the RAMI4PILPS initiative, which consists in an
intercomparison of various radiative transfer (RT) codes in or-
der to give rise to meaningful approaches [Widlowski et al.,
2011]. One of the main outcomes of this intercomparison
effort is that both simplified and detailed 3D modeling closely
satisfies the criterion of energy conservation for homogeneous
canopies having uniform foliage orientation. This satisfactory
model-to-model agreement generally deteriorates as the plant
canopy contains a more complex structure [Duthoit et al.,
2008; Widlowski et al., 2011]. For a given canopy, the largest
deviations occur for the simulated canopy absorption and
transmission terms in diffuse illumination conditions.
However, the necessity for including complex 3D RT codes
into SVAT models devoted to global scale studies still appears
questionable as the exact structure of the canopy is not explic-
itly known [e.g., Ni-Meister and Gao, 2011]. These outcomes
seem to be in favor of a pragmatic approach for which future
SVAT models will incorporate RT codes simple to calibrate
in trading accuracy for speed.

[6] The RT code within the canopy of the ISBA-A-gs
(Interactions Surface-Biosphere-Atmosphere, CO,-respon-
sive) land surface model (LSM) was defined according to a
self-shading approach [Calvet et al., 1998]. Both expressions
of direct and diffuse terms of transmittance corresponded to
a random canopy and were available from visible until
midinfrared radiation [Roujean, 1996]. Originally, a relatively
low atmospheric turbidity was prescribed, and the diffuse frac-
tion had no dependence on the cloudiness. At each level of the
canopy, attenuated PAR was computed and a photosynthesis
model derived from Jacobs [1994] served to estimate the leaf
net assimilation (4n). Furthermore, integration was performed
in order to obtain an average quantity for the entire vegetation

canopy. The complex nonlinear photosynthesis response of
the exposed leaves justified such an approach in the original
version of ISBA-A-gs. Gaussian quadrature weights were
fixing the contribution of each canopy sublayer [Goudriaan,
1986]. Consequently, this way of handling modeled canopy
photosynthesis did not necessarily match the corresponding
PAR absorption for the whole canopy. A detailed description
of the original vegetation RT scheme within the canopy can
be found in Appendix B of Calvet et al. [1998].

[7] The objective of the present study is to yield coherent
improvements in the ISBA-A-gs radiative modeling along
several directions and to evaluate their impact on photosyn-
thesis. In this respect, this work resembles a recent study
conducted with the Community Land Model version 4
(CLM4) [e.g., Bonan et al., 2011] aimed at investigating the
use of a better description of the radiation beam within the
canopy to reduce the substantial overestimation of carbon
uptake of CLM4 at the global scale. The results from a
multilayer canopy model on the photosynthesis module are
considered because it prevails in the estimates of gross primary
production (GPP). Moreover, this paper presents a proof-of-
concept for the Land Surface Model (LSM) simulation of the
fraction of absorbed PAR (FAPAR), which could have many
applications for LSM benchmarking and in the field of assim-
ilation of satellite-derived products in upcoming years.

[8] The present manuscript is organized as follows: section
2 presents the coupling between the ISBA-A-gs photosynthe-
sis module and a new multilayer vegetation RT model. This
latter will be referred hereafter as NEW, whereas the refer-
ence version of the RT module used hitherto in ISBA-A-gs
will be named REF. The experimental designs for the differ-
ent simulations are detailed in this same section. Vegetation
transmittance functions and various canopy light-response
curves of the new multilayer canopy model are assessed in
section 3, which also contains a presentation of annual
estimates of globally modeled FAPAR with ISBA-A-gs.
Evaluation of GPP at the global scale with the ISBA-A-gs
model is shown for the first time. Section 4 discusses these
results according to previous related studies. This points out
the value-added brought by the use of a multilayer vegetation
radiative transfer model for GPP modeling and the outcomes
issued from a diagnostic analysis of the variable FAPAR.
Section 5 summarizes and concludes the study in stressing
its future perspectives.

2. Materials and Methods

2.1. Radiative Transfer Model

[o] This section is devoted to the presentation of a vegeta-
tion canopy embedded in a multislice model for the purpose
of its implementation in the RT scheme of the ISBA-A-gs
model. Light diffusion of solar radiation within a vegetation
canopy is the outcome of complex interactions of a
group of photons traveling deeply in the whole foliage
slab bypassing through it or hitting phytoelements. The
bottom part is bounded by the soil background, which
forms a semireflective and impervious surface. The outputs
of such vegetative systems depend merely on four ingredi-
ents [e.g., Ross, 1981]: (i) the architecture of individual
plants and the canopy shape; (ii) the optical properties of
phytoelements; (iii) the reflective properties of the ground
underneath the canopy, and (iv) the atmospheric conditions.
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These element properties can be well depicted using the RT
theory. In order to mimic the vertical heterogeneity of
vegetation canopies (e.g., the forest crown versus trunk
layers), two sets of canopy parameters are used, one for the
top layer and one for the bottom layer. Our portrait of the
canopy is applicable for any vegetation type, inclusive low
vegetation, as far significant vertical profiles of leaf density
and properties are present [Lantinga et al., 1999]. Each
stratum is sliced into several layers of leafy material. The
calculation of the associated vegetation transmittance func-
tions is detailed here below.

2.1.1. Vertical Grid Within Canopy

[10] Theoretical studies [NVi et al., 1997] and also ground
measurements [Roujean, 1999] led to the conclusion that
the relative proportion of light transmittance decreases from
top to bottom of the canopy in a nonlinear fashion with
sharpest variations obtained at the top of the canopy.
Hence, the definition of the vertical grid for the vegetation
canopy should be thinner at the top than at the bottom. By
adopting a Gauss vertical profile [e.g., Goudriaan, 1986],
the grid definitions for 10 levels in normalized height units
are 0.99, 0.93, 0.84,0.72,0.57, 0.43, 0.28, 0.16, 0.07, and 0.00.
2.1.2. Diffuse Fraction

[11] The ratio between diffuse and direct radiation is a
fundamental attribute. At least for the top of canopy, it depends
to a large extent on the atmospheric compounds (aerosols and
clouds). Note that the angular distribution of the leaves is a less
essential variable when diffuse radiation is prominent. As a
matter of fact, larger diffuse component enhances the light
distribution within the canopy and increases the assimilation
rate [Goudriaan, 1977]. In this study, the diffuse radiation at
a given canopy level is the sum of the incoming atmospheric
diffuse component (fdy,) and the diffuse radiation arising
from multiple-scattering interactions at each canopy sublayer
(fdyeg). The influence of the atmosphere is obviously lesser
for a sublayer approaching the soil background.

[12] The initial value of the diffuse fraction is driven by a
clearness index, K¢, which shows a decay with the cloudiness
[Erbs et al., 1982]. Under clear-sky conditions, the estima-
tion of diffuse fraction is slightly different from Erbs et al.
[1982], which suggested a constant value of 0.165. Instead,
we stipulate here that the diffuse fraction will only depend on
the aerosol optical depth. This latter was arbitrarily fixed here
to 0.1 in order to enhance the impact of diffuse light on the
photosynthesis in the presence of a standard atmosphere with
a low aerosol burden. The clearness index is defined as:

Kt =Rg/(Cyuy) ()

for Kt<0.22, fdsky=1 — 0.09Kt,

0.22 <Kt < 0.8, fdsky=0.9511+(—0.1604 + (4.388
+(—16.64+12.34 x KHKHKHKH,
Kt>0.8, fdsky=(1 — exp(—0))/(1 — (1 — ps)exp(—1)),

where (4 is the cosine of the solar zenith angle, C; is the solar
constant assumed to be equal to 1368 W/m?, Rg is the global
solar radiation, and t is the aerosol optical depth.

[13] Once the radiation beam has entered the canopy, the
multiple-scattering component becomes a fast-growing

function of the foliage mass iteratively supplied by the differ-
ent sublayers. This can be formulated by introducing an
elementary leaf slab positioned at a depth x from the top.
The corresponding optical thickness is (1 — x) leaf area index
(LAI), with LAI being the ratio “Leaf area” per “Horizontal
ground area.” After it was crossed by the direct part of light,
the resulting diffuse fraction will read:

1— exp—QZ‘:"LAI( 1—x)

fdyeo (x) =
Ty

—QPLAI(1-x) )

where Q is the clumping index, a quantity to be developed in
the next section.

[14] Consequently, the total diffuse fraction fd of the light
reaching the layer below the depth x reads:

fd = min[1; (fdgy + fdveg) ®)

2.1.3. Clumping Index

[15] Q represents the level of aggregation of the
phytoelements within the canopy. It is an intrinsic property
of a canopy that may vary under environmental stress factors
and with plant growth. It is also expected to vary along a
vertical profile within the canopy. In this work, Q yields a
distinct parameterization for the direct (“dr”) and diffuse
(“df”) radiation components. Two different parameteriza-
tions of Q are used to depict the light efficiency, which will
have different impact if the considered leaf layer belongs to
the top (“sup”) or bottom (“inf”) part of the canopy. Viz:

sup/inf 1
Quue/inf —
1+ 0 gup) ing €XP Ko/t

(cos~ (1,))" sup/ inf,
s

4)
qup/inf _ 1+0.5x O sup/ inf

df
1+ T sup/ inf

where fi, is the cosine of the solar zenithal angle, and osyp/ins;
ksup/ine> dsup/ing are coefficients that are expressed as a function
of the geometry of the crown and the ratio between the height
and the diameter of the crown [Kucharik et al., 1999]
(Table 1). Note that Kucharik et al. [1999] obtained a calibra-
tion of equation (4) based on Monte Carlo simulations.
2.1.4. Completion of Transmittance Function

[16] Finally, all parameterizations contribute to the defini-
tion of direct and diffuse transmittance functions that allow
a thorough examination of the impact of the radiation regime
for the entire vegetation canopy.

[17] At this stage, distinct formulations for direct and dif-
fuse transmittance function are to be defined. The light path
within the canopy is sliced in N elementary foliage slabs
characterized by their thickness Ax. At a level indexed i,
the two transmittance factors will read:

T;;]p/ ot (A)C,) = Xp (_g sup/ infbgfp/ iﬂfgs:lp/ infLA[ Axt/:“s‘)

. 4 . )
Tj;lp/ mf(Axi) — exp (71)5;11)/ mfgj?p/meAI Ax,-)

where b is the foliage-scattering coefficient [Roujean, 1996]
of the layer (Table 1), and g is the ratio “leaf cross section,
per leaf area.” The latter depends on the incident direction
and on the leaf angle distribution. Various model distribution
functions for leaf normal inclination were proposed by De Wit
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Table 1. Values of the Coefficients Used in the Calculation of the Transmittance Function in the PAR Spectrum®

Coefficients of the Transmittance Function

sup/ inf
bdr

sup/ inf
bdf

&sup and &inf
ksup and kinf

OTsup and Oinf

_ 1*\/1*53Asup/inr
14241, /1-SSA 4/ m . . .

g /" Arbitrary fixed to 0.15 in the PAR domain

| — 1=\ /T=SSA /it

14 /T=SSA ) mr

0.5 value characterizing spherical distribution of leaves is used.

2.tan(zc)with zc =50° angle of inclination of the crown] value is used.
QL —Q(0)
Q(0) exp(—k(0)")

where SSA is the single-scattering albedo of the leaf of the layer.

where SSA is the single-scattering albedo of the leaf of the layer.
Arbitrary fixed to 0.15 in the PAR domain

where values of Q. and Q(0=0) potentially permit to derive

this ¢ coefficient.Values between 1 (crop type) and 4 (forest type) are used.

~0.461.74,, +3.8
with g, = 2.

dsup

ratio between height and diameter of the crown

—0.461.%;,r + 3.8
with e = 7.

dinf

ratio between height and diameter of the crown

A detailed description of the equations is given in Kucharik et al. [1999].

[1965] and Bumnnik [1978] for mostly horizontal leaves
(planophile), mostly erectophile leaves (erectophile), mostly
leaves at 45° (plagiophile), mostly horizontal and vertical
leaves (extremophile), or for all possible inclinations
(uniform). We opted for a uniform distribution, as it appears
appropriate for satellite applications from moderate to coarse
scale resolution where randomness is probably prevalent. For
this leaf angle distribution, g does not depend on the incident
light direction.

[18] Accounting for the diffuse fraction seems particularly
relevant for vegetation functional models. The diffuse illu-
mination tends to amplify the photosynthesis due to an
enhanced efficiency of light absorption since more leaves
will be hit by photons in this case. The transmittance at depth
i could be derived as being equal to the product of the trans-
mittance of each depth / of thickness 4x;=x(l) — x(I — 1) from
the top of the canopy to the attained depth i:

7o =TT [ = G )T ™ (A + (e )T ™ ()| (6)

2.2. Photosynthesis Integration

[19] Light absorption by the photosynthetic pigments
shows peaks mostly in the blue and in the red spectral bands,
which are located at the extreme positions of the PAR range
[400—700 nm]. The energy contained in the PAR represents
about half the solar energy (Rg) received at the Earth’s
surface [Ross, 1975; Goudriaan, 1977]. The coupling
between the photosynthesis module and the NEW multilayer
vegetation RT model is detailed hereafter.

2.2.1. Vegetation Radiative Transfer Modeling

[20] The absorbed PAR radiation (aPAR) from the top of
the canopy to the depth i (N being the lowermost canopy
level) reads:

if i#N aPAR; = (1 —oyeg)(1 — T;) 0.48Rg
if i=N aPAR._y = (1 — o) (1 — Timy) 0.48Rg
ot (1-0neg)*(1-Ta) Ticy % 0.48Rg  (7)

where o, and o stand for the vegetation albedo and bare
soil albedo, respectively. The value of 0.48 adopted here rep-
resents a widespread value of PAR/Rg at midlatitudes. It
must be noted that McCree [1966] and Stigter and
Musabilha [1982] reported that PAR/Rg can be greater than
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0.6 under very cloudy skies. Similarly, Tsubo and Walker
[2005] showed that PAR/Rg tends to increase as the clear-
ness index (Kt) decreases. Ty¢is the diffuse transmittance cor-
responding to the upward radiation flux from the surface to
the top of the canopy.
2.2.2. Sunlit/Shaded Leaves

[21] Ata given a level within the canopy, all the leaves do
not necessarily absorb the same amount of light. Considering
the existence of sunlit leaves and shaded leaves, then the pho-
tosynthesis rate by leaves is a nonlinear function [Duncan
et al., 1967]. Hence, the fractions of aPAR absorbed by the
sunlit and shaded leaves, aPAR,,;;; and aPARg;.4c, T€SpeEC-
tively, must be distinguished [e.g., Dufiéne et al., 2005]:

. 1 — fd) AaPAR; fd AaPAR;
aPAR;unlit = ( ) I l
ALA]lpsun ALAL (8)
. fdA aPAR,;
aPARshade = ALAI,

with 4aPAR;=aPAR(x;) — aPAR(x; _ 1), ALAL;=4x; x LAI,
and pg,, is the mean proportion of sunlit leaves in layer i.
Dufréne et al. [2005] suggest to approximate pg,, by the total
transmittance 7 at layer i (total means from the top to the
layer 7). The values of aPAR,);; and aPARg;, .4 are the cor-
rect quantities for light to be used by the photosynthesis
model. Finally, the daily modeled FAPAR is computed from
the instantaneous ISBA-A-gs estimates as:

FAPAR = 3 [1t:x(aPAR puge + aPAR i) | /3 [1¥0.48Re] (9)

2.2.3. Leaf Net Assimilation

[22] Photosynthesis models are based on ecophysiology
studies and described the properties of a single leaf. We use
here the photosynthesis model of Jacobs based on the
approach proposed by Goudriaan et al. [1985]. The integra-
tion of a photosynthesis model from leaf to canopy scale is
not straightforward. This is why we will try to describe
“mean leaves” that are representative of each canopy level
(described in section 2.1).

[23] In order to assess the net assimilation resulting from
an idealized leaf representative of a given layer of the can-
opy, we consider N layers of leaves mimicking the N levels.
The N values of absorbed PAR are then estimated for sunlit
and shaded leaves, that is aPARg,,; and aPARg.4e,
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Table 2. List of the 37 FLUXNET Local Stations of Conifer
(“Coni”), Deciduous (“Deci”), and Tropical Forest (“Trop”)

Station Latitude Longitude Biome
AU-Tum —35.66 148.15 Trop.
AU-Wac —37.43 145.19 Trop.
BR-Sa3 —3.02 —54.97 Trop.
CA-Man 55.88 —98.48 Coni.
CA-NS1 55.88 —98.48 Coni.
CA-NS2 55.91 —98.52 Coni.
CA-NS3 5591 —98.38 Coni.
CA-NS4 55.91 —98.38 Coni.
CA-NS5 55.86 —98.49 Coni.
CA-Qcu 49.27 —74.04 Coni.
CA-Qfo 49.69 —74.34 Coni.
CA-SF1 54.49 —105.82 Coni.
CA-SF2 54.25 —105.88 Coni.
DE-Tha 50.96 13.57 Coni.
FI-Hyy 61.85 24.29 Coni.
ID-Pag 2.35 114.04 Trop.
IL-Yat 31.34 35.05 Coni.
IT-Cpz 41.71 12.38 Trop.
IT-Rol 42.41 11.93 Deci.
IT-Ro2 42.39 11.92 Deci.
NL-Loo 52.17 5.74 Coni.
SE-Fla 64.11 19.46 Coni.
SE-Nor 60.09 17.48 Coni.
SE-Sk2 60.13 17.84 Coni.
US-Bar 44.06 —71.29 Deci.
US-Blo 38.90 —120.63 Coni.
US-Hal 42.54 —72.17 Deci.
US-Hol 45.20 —68.74 Coni.
US-Ho2 45.21 —68.75 Coni.
US-Me4 44.50 —121.62 Coni.
US-MMS 39.32 —86.41 Deci.
US-PFa 45.95 —90.27 Deci.
US-Syv 46.24 —89.35 Deci.
US-UMB 45.56 —84.71 Deci.
US-WBW 35.96 —84.29 Deci.
US-WCr 45.81 —90.08 Deci.
Hesse 48.67 7.06 Deci.

respectively. These N levels within the canopy serve to for-
mulate N average equivalent leaves having N different
absorbed radiation properties. A transposition of the net as-
similation from a single leaf and given level to the entire can-
opy has to be performed. For a given layer 7, the leaf net
assimilations of sunlit (An. ) and shaded (An,.) leaves
are calculated through the use of the asymptotic exponential
light response function [Goudriaan et al., 1985]:

| - PAR! .
An;unlit = (Am + Rd) (1 — exp <H>) _Rd

' (10)
: & x aPAR!
A, .. = (Am + Rd) (1 — exp (M)) _Rd

Am + Rd

where Rd is the leaf respiration, Am is the maximum net assim-
ilation, and ¢ denotes the initial quantum use efficiency, quanti-
fying the slope of the light response curve. Finally, the average
leaf net assimilation (An) representative of the entire canopy is
assessed after multiplying by the thickness of the layer:

N ; .
An = Zi:l |:psunA:1 sunlit T (1 _psu“)Ail shade Ax; (l 1)

[24] Further, the canopy net assimilation will become
A.=A,. LAI after an integration over the whole canopy layer.

Note that a similar upscaling strategy is adopted to calculate
the average stomatal conductance.

2.3. Material and Design for the Simulations

2.3.1. Modeling Platform

[25] For this study, we use the original three-layer soil
version of the ISBA model [Noilhan and Mahfouf, 1996;
Boone et al., 1999]. ISBA is embedded in the Surface
Externalisée (SURFEX) modeling platform [Martin et al.,
2007; Le Moigne, 2009] of Météo-France. This version of
the ISBA model is used together with its upgraded carbon
flux version, ISBA-A-gs. In the ISBA-A-gs model, 12
patches are considered in order to represent generic surface
types, such as various forest types, grasslands, crops, and
bare soil. Most of the ISBA-A-gs parameters are assigned
at the patch level. The aggregation of the subgrid model
simulations is based on the patch fractions derived from the
ECOCLIMAP land cover map [Masson et al., 2003]. The
standard values of ISBA-A-gs parameters for different
vegetation types can be found in the literature [Gibelin
et al., 2006]. The ISBA-A-gs photosynthesis module can be
driven by a satellite-derived LAI climatology using
ECOCLIMAP lookup tables. The version that uses climatol-
ogy of LAl is called “AST” as opposed to the “NIT” version,
which is able to dynamically simulate LAI. In the modeling
experiments performed in this study, initial states are
obtained after a spinup period in order to reach the equilib-
rium state. SURFEX can be used for both operational and
research applications in off-line mode [e.g., Gibelin et al.,
2006] or coupled with an atmospheric model [e.g., Sarrat
et al., 2009]. In off-line mode, SURFEX can be forced by
atmospheric analyses or by local meteorological observa-
tions. In this study, the ISBA-A-gs model is used offline,
and there is no feedback from the surface to the atmosphere.
We consider the version 7.2 of SURFEX. The required
atmospheric forcing fields are: air temperature, air-specific
humidity, wind speed, atmospheric pressure, liquid and solid
precipitation, and incoming direct and diffuse shortwave and
longwave radiation. The observed in situ forcing at one local
scale station (Hesse in France—temperate deciduous forest),
WFGEI data (Freely Accessible Sources of Meteorological
Data) at 36 other local stations (21 sites of conifer, 10 sites
of deciduous, and 5 sites of tropical forest, see Table 2) and
the global atmospheric forcing from Princeton University
[Sheffield et al., 2006] are used to evaluate the NEW RT
model. WFGETI data result from a recent analysis of surface
atmospheric variables based on the ECMWF ERA-Interim
Reanalysis (Weedon et al., 2011; Weedon et al., 2010; Dee
et al., 2011; Mitchell and Jones, 2005; Rudolf et al., 2011).
The impact of using a NEW multilayer canopy model in
ISBA-A-gs will be investigated in section 3 through the anal-
ysis of the carbon fluxes.
2.3.2. Local Scale Simulations

[26] The RT transmittance functions are here compared
with advanced theoretical RT models involved in the
RAdiation transfer Model Intercomparison (RAMI) initiative
but also with the DART 3D model. The RAMI initiative
benchmarks canopy reflectance models under well-
controlled experimental conditions [Widlowski et al., 2007].
In the RAMI initiative, validated 3D Monte Carlo models
constitute reference simulations of radiation fluxes (absorp-
tion, reflection, and transmittance). They are used to assess
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Table 3. Description of the RAMI Experimental Conditions
Called “HOMOO03_TURB”

Set of Parameters (RAMI Experiment Called “HOMOO03_TURB”)

Solar zenithal angle 20° or 50°
Leaf area index 3m"/m
Height of the canopy Im

Scatter normal distribution Uniform

Leaf scattering law Bi-Lambertian
Leaf scatterer reflectance 0.0546

Leaf scatterer transmittance 0.0149

Soil scattering law Lambertian
Soil reflectance 0.127

the accuracy and limitations of more simplified RT formula-
tions [Widlowski et al., 2011]. RAMI offers the possibility to
select spectral, structural, and illumination conditions, to-
gether with the leaf inclination (erectophile, planophile, or
uniform). We opted here for a standard configuration (see
Table 3) where a homogeneous turbid uniform canopy is
characterized by a constant probability of foliage intercep-
tion irrespective of the direction of propagation in that
medium. The evaluation of the proposed transmittance
functions is carried out for the RAMI case study called
“HOMOO3 TURB.” The set of parameters for this exper-
iment is presented in Table 3: the canopy has a LAI of
3, the zenith angle is equal to 20° or 50°, and the leaf
orientation is uniform. In addition, the sensitivity to the
leaf orientation and the vertical grid resolution is investigated
using the DART 3D model. DART is designed for scientific re-
search, in particular related to numerical remote sensing exper-
iments [Gastellu-Etchegorry et al., 1996]. It simulates radiative
transfer in the Earth-Atmosphere system, for any wavelength in
the optical domain (visible, near infrared, and midinfrared). It

1.0

0.8

relative height
e
o

o
~

0.2 yi)i

Ref
== New
- - difference

0.0 ! ! I |
(a) 0.0 0.2 04 0.8 0.8 1.0
transmittance

Figure 1.

must be noticed that DART took part of the RAMI experiment
like other advanced theoretical RT models. The reliability of the
RT transmittance function is also appraised through comparison
with the vertical profile of PAR measured by Baldocchi et al.
[1985] at several levels in the oak-hickory forest located near
Oak Ridge, Tennessee. In a second step, in order to evaluate
the performance of the NEW vegetation RT scheme in ISBA-
A-gs, no less than four photosynthesis light-response studies
are carried out, with respect to the number of layers within the
canopy, to the diffuse fraction, to the illumination condition (so-
lar zenith angle), and to the canopy density (LAI). Also, the sen-
sitivity to uncertainties in the representation of leaf orientation
and clumping index is discussed. In a third step, simulated
GPP are compared against measurements at 37 ground stations
belonging to the Flux Network (FLUXNET, (http://daac.ornl.
gov/FLUXNET/fluxnet.shtml).
2.3.3. Global Simulations

[27] Global modeled FAPAR and GPP are compared to
observation-based estimates [Beer et al., 2010] and to
MODIS satellite-derived estimates. Concerning MODIS,
we used the annual product MOD17A3 that includes a cumu-
lative annual composite of GPP values based on the light use
efficiency concept. As for FAPAR, the 4 day MYDI5A2
product was handled. ISBA-A-gs is forced by the
atmospheric variables provided by Princeton University at
1° resolution at global scale for the year 2006. The seasonal
cycle of LAI is provided by ECOCLIMAP-II. This set of
simulations will be referred as “AST” in the remaining. The
same simulations are then performed with a time-evolving
LAI, derived directly from ISBA-A-gs simulations of carbon
exchanges. These simulations will be referred to as “NIT,”
which stands for nitrogen dilution—based representation of
leaf biomass in addition to the “AST” capability. The same
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Vertical profile of the transmittance function for a canopy with LAI=>5 for various values of the

solar zenith angle (from right to left 0°, 20°, 40°, 60°, and 80°) in case of a (a) direct illumination or (b)
diffuse illumination. In blue color: NEW. In green color: REF. In black color: the absolute difference be-
tween NEW and REF (“difference”). Transmittance monotonically decreases with the zenith angle except

with NEW for the diffuse case (Figure 1b).
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Table 4. Comparison of FAPAR and Transmittance Quantities
Between RAMI Models for a Homogeneous Turbid Uniform
Canopy and the NEW Radiative Transfer Model in ISBA-A-gs

Solar Zenithal Angle

20° 50°
Model RAMI ISBA-A-gs RAMI ISBA-A-gs
FAPAR 0.80 0.72 0.89 0.82
Transmittance 0.21 0.26 0.10 0.14

representation of biophysical processes is used in “AST” and
“NIT” simulations, except for constrained (from
ECOCLIMAP) and unconstrained LAI

3. Results

3.1. Evaluation of the Vegetation
Transmittance Functions

[28] The wvalues of transmittance for different levels
through the canopy under different angular conditions of illu-
mination are displayed in Figure 1a. A sigmoid-like shape is
noticeable at large values of the solar zenith angle, as it could
be expected. In this example, the incident beam impinging
the top of the canopy is assumed to be direct, and LAT is fixed
at a large value of 5 in order to display a large range of LAI
distribution. In comparison, the attenuated beam in diffuse
conditions (fdg, =1) is sizable except for high solar zenith
angles (see Figure 1b). Transmittance functions in the origi-
nal version of ISBA-A-gs [Calvet et al., 1998] are plotted
in green (Figures la and 1b).

[29] The dependability of NEW is now verified through a
comparison with the RAMI advanced theoretical models of
radiative transfer. Table 4 presents these results of compari-
son between RAMI and the NEW RT model for the fields
of FAPAR and transmittance. These radiative quantities sim-
ulated by NEW do not match completely the results of RAMI
experiments. For example, the RAMI FAPAR for the consid-
ered homogeneous turbid medium is 0.80 for a zenithal angle
of 20° against 0.72 derived from NEW. The accuracy assess-
ment of our model, with respect to RAMI, could probably be
improved by optimizing the set of parameters. However, the
overall objective here is to verify the adequacy of the model
for further use at global scale when the properties of the
canopy (geometry, structure) must be determined somewhat
arbitrarily. Moreover, this comparison exercise is solely real-
ized with a direct illumination of the canopy, whereas in
practice, the diffuse atmospheric component should be
accounted for. In this regard, it was noticed that the RAMI
model-to-model agreements generally deteriorate as the plant
canopies switch toward a more complex structure, with larg-
est biases observed for canopy absorption and transmission
simulations dealing with diffuse illumination conditions
[Widlowski et al., 2011]. Moreover, Knyazikhin et al.
[2005] have shown that the radiation penetrating through
the lateral sides of the canopy is influenced by the neighbor-
ing environment, especially on cloudy days. For example, a
transmittance of 0.05 measured at the soil background level
for a forest stand surrounded by an optically black lateral
boundary could turn to 0.4 if this same forest is now isolated
and receives solar light through a cloud filter. However, in

practice, such illumination effects are clearly difficult to be
accounted for with a high level of precision.

[30] Also, a measurement of the impact of the leaf inclina-
tion on the transmittance is sought here with the use of
DART 3D RT model. For such, the “HOMOO03 TURB”
experiment presented during the RAMI exercise with
LAI=3 for a canopy lit by a solar zenithal angle of 20° has
been reproduced from the DART model for vertical, uniform,
planophile, erectophile, horizontal, and ellipsoidal leaf orien-
tations, giving respective transmittance values of 0.53, 0.24,
0.32,0.54,0.07, and 0.42. We consider the first 10 vegetation
layers for DART. The obtained transmittance values with
NEW for a uniform leaf orientation is equal to 0.26 against
0.24 here below with DART with a 10-layer configuration.
Considering now 100 layers, the DART simulations give a
value of 0.21 for the total canopy transmittance as already
found with the RAMI initiative for the same numerical
experiment. This simple exercise shows that 10 layers in
the canopy are likely not sufficient if high accuracy is
searched on the transmittance factors. The sensitivity of
DART to the grid size resolution is illustrated in Figure 2
for the configuration test described in Table 3. The accuracy
decreases if the grid sharpness is reduced or if the solar
zenithal angle amplifies. Hence, it can be affirmed that at
least 10 layers seems to be required in the model if an accu-
racy threshold of 25% is targeted.

[31] Inorder to complete the evaluation of the RT transmit-
tance function, a comparison between measured and modeled
vertical profiles of PAR in the oak-hickory forest of Oak
Ridge is performed at several levels within the canopy at a
fully leafed period (30 September 1981). The following for-
est properties measured by Baldocchi et al. [1985] are used
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Figure 2. Relative error of the vegetation transmittance es-
timation given by the DART radiative transfer model versus
its vertical grid size in meter for two solar zenith angles [20°,
50°]. The vegetation properties are defined according to
RAMI experiment “HOMOO03 TURB” (see Table 2). A tur-
bid uniform medium of 1m height is considered with a
LAI=3. The number of layers within the medium varies
from 100 to 2 with 100, 10, 5, and 3 indicated on the upper
curve.
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Figure 3. (top) Comparison of calculated and measured
mean daily vertical profiles of PAR function of the cumulative
LAI in the broadleaf forest of Oak Ridge in Tennessee,
30 September 1981: measured by Baldocchi et al. [1985]
(black dashed line with triangles), computed with the
models of Norman (black line) and de Wit (black dashed
line) given by Baldocchi et al. [1985], and modelled with
NEW using observed leaf orientations (grey line) and a
constant g=0.5 (grey dashed line). (bottom) The corre-
sponding differences (OPAR =modeled-measured).

as inputs to our RT scheme: LAI leaf orientation below and
above the crown closure at different hours, transmissivity, re-
flectivity, and scattering coefficient of Quercus alba and for-
est floor in the PAR domain and atmospheric conditions
(solar elevation, incident PAR). Mean daily vertical profiles
of simulated and measured total PAR are reported in
Figure 3. Vertical profiles of PAR computed by Baldocchi
et al. [1985] for the models of Norman [1979] and de Wit
et al. [1965] are also superimposed. Following the example

, vave 3 1‘ayversv .

New - IOV vlayersv ,

of these later two models, our RT model underestimates
values of transmitted PAR in the upper canopy by about
40 W m~2. In the lower canopy, our RT model shows a rea-
sonable comparison with in situ measurements, while the
two other models both slightly underestimate the measured
values by 10-20 W m~2. The measured variations of the leaf
orientation function, g, along the day is introduced in the re-
sults of Figure 3 which also displays for the sake of compar-
ison the constant value of g =0.5 adopted by default in our
RT model. In fact, the collected data sets indicate canopy
layers to be more erectophile in the upper levels (crown do-
main) than in the lower levels, ie., g=0.61 against
2=0.57, respectively, in terms of daily means. Indeed, g
may vary during the day [Baldocchi et al., 1985, Table 2].
However, Baldocchi et al. [1984] also showed that the leaf
orientation distribution exhibits a nonlinear evolution with
depth, departing from mostly planophile in the bottom
canopy strata (more than 50% of the leaves are inclined at
an angle less than 10°), to more erectophile in the top canopy
strata, with leaf inclination up to 70°. In this case, using our
generic parameterization of the vertical PAR interception
tends to underestimate the measurements, as it is clearly not
designed to capture such detailed variations.

3.2. Canopy Light-Response Curves

[32] A sensitivity study of the RT model is conducted here.
The atmospheric forcing from 2001 to 2007 in the deciduous
broadleaf forest of Hesse located in northeastern France
[Granier et al., 2008] is used. The ISBA-A-gs model is
driven by the imposed values of LAI (see section 2.3).
3.2.1. Sensitivity to the Number of Layers

[33] The sensitivity to the number of layers within the
canopy is diagnosed here with the GPP field. The GPP is
plotted as a function of the incident PAR for a canopy having
LAI=1 (see Figure 4). The dependence of GPP on tempera-
ture is avoided by limiting the variations of leaf temperature
between 20°C and 25°C. We also place a disregard to
shading effects. Again, it appears that at least 10 levels are
necessary to minimize the dependence of the radiative trans-
fer scheme on the number of layers. In the remaining, 10
levels within the canopy will be considered. Also, the impact
of the diffuse radiation on the produced photosynthesis was
investigated with results mirrored in Figure 4. Direct light
appears to be less efficient than diffuse light for photosynthe-
sis, as expected. This finding is in agreement with the
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Figure4. ISBA-A-gs-modeled light response of the GPP of a broadleaf forest to direct PAR (crosses) and

diffuse PAR (circles) for NEW with LAI=1 and sliced in different layers (3, 10, and 100 levels) with a
disregard to shading. GPP dependence on temperature is avoided by limiting the leaf temperature between

20°C and 25°C.
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Figure 5. Light response of the GPP of a broadleaf forest to direct PAR (crosses) and diffuse PAR (circles)
modeled by ISBA-A-gs with REF and NEW. LAl is fixed to 1. In contrast to Figure 4, sunlit and shaded leaves
are accounted for. The GPP dependence on temperature and on solar zenith angle is avoided by limiting the leaf
temperature between 20°C and 25°C and the solar zenith angle between 30° and 40°.

aforementioned sensitivity study conducted with the DART  both direct and diffuse incident solar beams. In contrast,

radiative transfer model (see section 3.1).
3.2.2. Sensitivity to the Diffuse Fraction

NEW indicates GPP values around 4 pmol m™
direct beam and 7 umol m~2 s~ for a diffuse beam.

[34] In this sensitivity test, LAI at the Hesse station is fixed 3.2.3. Sensitivity to LAI
[35] Another interesting point is the response of the net
temperature between 20°C and 25°C are retained in order assimilation of a leaf representing the average characteristics
to avoid temperature dependence. Because diffuse effects of the whole canopy to LAI. Here we conduct a sensitivity
are more critical for relatively high solar zenith angles (see analysis on LAI in order to check the relationship between
next sensitivity study), only GPP values obtained at solar averaged canopy net assimilation and LAI In this sensitivity
zenith angles between 30° and 40° are considered. While analysis, contrary to the other simulations, the soil water
the GPP light responses to direct and diffuse PAR are similar  content has no impact on photosynthesis (the moisture
with REF, the two curves largely differ for NEW (see stress function applied to stomatal conductance is not
Figure 5). For example, for an incident PAR of 500 pmol activated). The LAI is fixed at constant values ranging
m~2 s~ !, REF indicates a GPP close to 9 pmol m2s~! for from 0.3 to 7.0 during the 7 year period (a linear increase

to 1, and only GPP values produced by leaves having a

Ref

New

15

An [pumol.m™.g™']
An [pumol.m™.g™']

15

10+

An [umol.m™.g™]
An [pumol.m™.s™']

LAI

LAI

257! for a

Figure 6. Dependence of leaf net assimilation (An) on LAI as simulated by ISBA-A-gs using (left) REF
and (right) NEW. Only direct radiation having an incident PAR value around (top) 100 W/m? and (bottom)
200 W/m? are used. Solid and dashed gray lines represent the average and the standard deviation of the An

values obtained for a given LAIL
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Figure 7. Leaf net assimilation (An) of a broadleaf decidu-

ous forest simulated by (left) REF and (right) NEW, as a

function of the solar zenith angle for two-leaf temperature

(10°C in gray and 20°C in black). LAI is fixed to 1.

Atmospheric diffuse fraction is set to zero. Only direct radia-
tion having an incident PAR value around 100 W/m? is used.

from 1 January 2001 to 31 December 2007). The dependence
study is performed for two PAR values of 100 and 200 W/m?.
This experiment shows that the mean leaf 4, decreases
when LAI increases due to a multiplication of independent
leaves while maintaining fixed an incoming radiation
(Figure 6). The shape of this dependence is similar to the
findings of Bonan et al. [2012]. An interesting outcome is
the decrease of the dispersion of GPP values obtained for a
given LAl with NEW. The GPP standard deviation is
reduced by around 30% for low LAI values and by 50%
for LAI values beyond 5 (Figure 6). It seems that the
GPP simulation is more constrained by the incident PAR
with NEW than with REF. This feature will be confirmed
further below.
3.2.4. Dependence on Solar Zenith Angle

[36] Inorder to highlight the dependence of An on the solar
geometry, the ISBA-A-gs model is used in a configuration
avoiding all effects except anisotropy of illumination. Also,
LAI is fixed to 1, stress functions are not activated, and
finally only An values produced by leaves having a tempera-
ture around 20°C and 10°C are considered. The diffuse
fraction is forced to be zero at the top of the canopy (direct
beam only), and the incident PAR has a value of 100 W/m?>.
The dependence of photosynthesis on solar zenith angle is
presented in Figure 7. The leaf level assimilation is enhanced
early in the morning or late in the evening compared to noon-
time if the NEW radiative transfer within the canopy is
activated. Photosynthesis is more efficient at large solar ze-
nith angles. The opposite behavior is observed with REF.
Since the intercepted solar radiation should be the largest at
low zenithal angles (early in the morning or late in the
evening), the solar zenith angle impacts photosynthesis in a
more realistic way with NEW than with REF. Moreover,
the original dispersion of modeled GPP that can be due to a
marked dependence on leaf temperature is reduced with
NEW. This reduced dependency on leaf temperature appears
to be linked to the additional radiative constraint, resulting
from the use of NEW (see previous section).
3.2.5. Sensitivity to Leaf Orientation and Clumping
Index ()

[37] The geometry of the canopy is well summarized by the
leaf inclination angle distribution. However, environmental
conditions may lead to tilted leaves in case of heavy rain or

bent leaves during heat waves. These stress factors also
generally lead to transform a random canopy into a more
clumped canopy with the adoption of several levels of
aggregation. To anticipate such possible effects, simulations
of the PAR flux inside the canopy are here performed for dif-
ferent leaf orientation values (g—function values between
0 and 1) and values of zenithal angles of 30° and 60°.
Figure 8 shows that the relative error on FAPAR due to the
uncertainty on leaf orientation reaches a maximum at the
top of the canopy. Then, the error decreases rapidly with
increasing canopy depth because the diffuse component is
multidirectional. The phenomenon is more acute for higher
values of the solar zenith angle (Figure 8). Note that CLM
uses the weak planophile assumption for temperate and
boreal broadleaf forests [Bonan et al., 2011]. Further, the
uncertainty on the clumping index Q is also shown to
have a larger impact in the top layers of the canopy but
with less reduction with depth compared to leaf orientation
factor (Figure 9).

3.3. GPP Estimates Over Ground Stations

[38] In this section, the impact of the multilayer canopy
model on GPP estimations is assessed over dense vegetation
areas in comparison with in situ measurements. Two runs of
ISBA-A-gs, one with the current version of the model (REF)
and one with the new parameterization (NEW), are compared
over 37 stations (see Table 2).

[39] Figure 10 and Figure 11 present for the Hesse Forest
(France) the GPP time series from 2001 to 2007 and the
GPP response to the incident PAR, respectively, for REF
and NEW in comparison to ground measurements.
Statistical scores (r/bias/rmse) over the entire period are
improved (by 2.5%/40.9%/13.9%, respectively) with NEW.
The observed GPP increases sharply in a few days in May,
at the beginning of the growing season, in relation to
budburst. This rapid growing phase is hard to simulate with
a radiative photosynthetic model [Gibelin et al., 2006].
When the observed LAI goes beyond 5, which means
vegetation has reached maturity, the daily GPP response to
the incident PAR is better simulated with NEW than REF
in comparison to ground measurements (Figure 11). Also,
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Figure 8. Relative error on FAPAR function of cumulative
LAI due to leaf orientation uncertainty. Computation of
FAPAR at different level inside the canopy is performed with dif-
ferent leaf orientation values (g function values between 0 and 1)
and zenith angle of 30° and 60° (g=0.5 serves as reference).
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Figure 9. Relative error on FAPAR function of cumulative
LAI due to Clumping Index (CI). Computation of FAPAR at
different level inside the canopy is performed with CI values
(between 0.3 and 0.9) and zenith angle of 30° and 60°
(CI=0.6 serves as reference).

in agreement with a previous remark (see the above sensitiv-
ity study to LAI), the NEW scheme simulates less dispersed
values of GPP for a given incident radiation, which is in
agreement with ground measurements. Standard deviation
bars of simulated GPP are reduced (3.5pumol m=2 s~!
compared to 4.3 with REF for a mean observed standard
deviation of 3.2pumol m2 s~!). These findings are also
manifest if the mean daily cycle of GPP is examined. A
monthly average of GPP for June is presented in Figure 12.
June was chosen as it represented a long period of time asso-
ciated with the absence of stress, while the Hesse forest haf
already reached its maturity. In comparison with the observa-
tions, NEW better describes the daily course of GPP with a
reduction of the standard deviation in comparison
with observations.

[40] Figure 13 displays the comparison of statistics
between simulated and observed GPP for the two model

versions (REF versus NEW), over coniferous, deciduous
and tropical forests (see Table 2). The statistics are computed
from daily values. Each symbol represents 1 year of data at
one site. The NEW scheme shows a consistent but moderate
increase in correlation for all sites and years. As canopy
photosynthesis is the product of 4, and LAI (section 2.2)
and because the seasonal cycle of LAI is constrained in the
two sets of simulations (REF and NEW), a large increase in
the yearly statistical correlation scores was not expected.
The RMSE between model and observations decreases with
NEW. Also, the average bias is significantly reduced with
NEW, especially over tropical forests (see the circles). Note
that discarding data sets for stressed periods of time does
not affect drastically the results (not shown).

3.4. Global FAPAR and GPP

[41] FAPAR is a biophysical variable that is directly
related to photosynthesis. Figure 14 displays a global map
of FAPAR from ISBA-A-gs “AST” simulations and
MODIS at summertime. The ISBA-A-gs FAPAR estimates
are compared to 4-daily MODIS data. We can notice the
overestimation of FAPAR computed by ISBA-A-gs with a
bias of 0.17 in winter, and 0.16 in summer in comparison
with MODIS (see Table 5).

[42] The present work offers the opportunity to present for
the first time an estimation of GPP with ISBA-A-gs at the
global scale, herein for the year 2006 (see Table 6). ISBA-
A-gs overestimates global annual GPP in comparison to a
satellite-based product like MODIS and the observation-
based estimate of Beer et al. [2010] using eddy covariance
flux data and various diagnostic models. The small bias of
GPP between MODIS and Beer et al. [2010] is in agreement
with the findings of Ryu et al. [2011]. It is worth mentioning
that this GPP overestimation is not an exclusive behavior of
ISBA-A-gs. Bonan et al. [2011] also outlined similar features
in using CLM4. They suggested that updated photosynthesis
formulation due to radiative effects (shading effects) reduces
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Figure 10. Daily GPP modeled by ISBA-A-gs (dark line) for the Hesse broadleaf forest using REF
and NEW. Daily ground measurements of GPP are represented by the gray circles (moving averages,

n = 10 days).
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Daily GPP values of the Hesse forest as a function of the incident PAR based on ISBA-A-gs

simulations (horizontal tick for mean, grey filled bar for standard deviation) and observations (triangle for
mean, black vertical line for standard deviation. Only days having an observed LAI beyond 5 are
considered. Standard (stdev) deviations are indicated for both simulations (“sim”) and observations
(“obs”) by bins of 100 pmol quanta per square meter per second.

the 164 PgC yr~! of CLM4 global GPP estimate by 10 PgC
yr~!. To obtain a reduction down to 132 PgC yr—!, for
instance, an update of the formulation for stomatal conduc-
tance is needed, which enhances the impact of the stress
factors. Coming back to ISBA-A-gs model, overestimation
is decreased by more than 30 PgC yr~! with NEW but the
bias is still significant (around 60 PgC yr~'). For REF, the
bias is higher with the unconstrained LAI than with the
constrained LAI, that is 100 PgC yr~' with NIT against
90 PgC yr~ ! with AST. With NEW, the biases are about
the same values (whatever NIT or AST) and the annual
GPP becomes equal to 180 PgC yr—'. Table 6 summarizes
these findings and shows a comparison per biome between
the modeled GPP and the estimations proposed by Beer
et al. [2010]. In these latter, tropical forest and savannahs
are the most meaningful biomes in terms of global GPP.
The ISBA-A-gs estimate for tropical forest is around
60 PgC yr~! for REF against 49 PgC yr—' for NEW. For
the sake of comparison, Beer et al. [2010] indicate esti-
mates comprised between 40.8 and 43.8 PgC yr~!

4. Discussion

[43] This study proposed a new canopy RT model aiming
at improving the quality of the simulations of carbon flux
with ISBA-A-gs for coarse grid scales. However, this
upgraded RT model contains a number of underlying
assumptions to comply with global applications. The attenu-
ation effect of light due to the presence of woody material is
not accounted for. The PAR/Rg ratio is fixed at 0.48, while
other values may be found in the literature. For instance,
Baldocchi et al. [1984] showed that this ratio could decrease
from 0.49 above the canopy to 0.27 at the forest floor.
Moreover, the canopy is considered as a turbid medium
although the option is given here for leafy material to be
organized in aggregates through prescribed clumping indi-
ces. Besides, we assume the leaves to be randomly oriented
and inclined. This offers a simplified vision of the canopy
architecture, whereas variations of leaf inclination along the
day and depth may be observed [e.g., Baldocchi et al.,

1984]. Furthermore, with NEW, we attempt to combine the
clumping due to gap occurrence in the canopy with the
shading effects. The clumping index (€) may respond to
environmental stress factors (e.g., extreme air temperatures,
deficit of light) and could also vary with ancillary factors like
LAI dynamic, the fraction of diffuse illumination, and the
vegetation type. For these reasons, an accurate assessment
of the clumping at the global scale seems to be a difficulty
considering the structural differences among covers types
that cannot be captured well. Chen et al. [2003, 2012]
showed that Q has a significant impact on the global distribu-
tion of GPP. They found that the amount of shaded leaves is
impacted by the degree of clumping and that shaded leaves
contribute up to 35% to the global total GPP, with 50%
reported for trees. Indeed, a misunderstanding of the effect
of canopy architecture due to Q could easily result in a

Hesse

45
June [2002-2006]

20 PR

QPP [pumol.m™.s™']
BN
"~

0 12 24
hour

Figure 12. June averaged daily cycle of GPP in Hesse from
2002 to 2006. GPP modeled with ISBA-A-gs REF and NEW
are in black and gray, respectively. Solid lines represent the
monthly average; dashed lines represent the standard devia-
tion around the mean. Ground measurements of GPP are
plotted in grey circle. Statistical scores (bias/rmse) with
REF, and NEW are 2.6/0.63, and 1.2/0.43 umol m~2 s~ !,
respectively.
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Figure 13. Annual statistical score for a comparison of simulated and observed daily GPP for 36 forested
sites (see Table 2). From left to right: correlation, root mean square error, and bias. Each point represents a
year for a given station (plus sign, deciduous; asterisk, conifer; open circle tropical).
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Figure 14. Mean FAPAR at summertime (JJA). From top to bottom: ISBA-A-gs, MODIS (MOD15A3),
and difference between the ISBA-A-gs and MODIS estimates.
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Table 5. Statistics of Difference (Bias, RMSD, and Temporal
Correlation R) Between FAPAR Products From MODIS and
ISBA-A-gs (“AST”)?

ISBA-A-gs Versus MODIS

JFM JIA 2006

FAPAR Bias 0.18 0.16 0.17
RMSD 0.06 0.05 0.04

R 0.12 0.27 0.51

“Estimates are given for winter period (JEM), summer period (JJA), and
whole year 2006.

10% error in global GPP estimates. Moreover, the sensitivity
tests conducted in this study show that the uncertainties on
canopy vertical architecture (leaf orientation or Q) lead to
strong relative error on FAPAR estimations in the upper por-
tion of the canopy. The same conclusion was drawn through
a comparison with in situ measurements in the forest of Oak
Ridge. These canopy architecture uncertainties within the
vertical canopy profile result necessarily in uncertainties on
the photosynthesis estimation especially in this upper portion
where the light attenuation usually reach its maximum value.
In this regard, this work is only a first step toward the repre-
sentation of an heterogeneous canopy. Overall, not only the
canopy vertical architecture should be depicted but also the
different vertical atmospheric conditions within the canopy
(CO, concentration, air temperature humidity, and wind),
and the different vertical morphological (area, thickness,
and area per mass), biochemical (nitrogen and chlorophyll
concentrations), and physiological (ligh-satured photosyn-
thetic rate) attributes. All of them were found to play major
roles in the photosynthetic process [Koike et al., 2001].

[44] The NEW RT model in ISBA-A-gs tends to decrease
the simulated global terrestrial GPP. For 2006, this quantity
decreases from 221 to 180 PgC yr~'. This new GPP value
is still high with respect to other estimations. Indeed, the
GPP values that were reported in the literature range from
107 to 167 PgC yr—' [Cramer et al., 2001; Knorr and
Heimann, 2001]. Various intermediate values were
proposed: 123 PgC yr~! [Beer et al., 2010], 129 PgC yr~!
[Demarty et al., 2007], 133 PgC yr—! [Ruimy et al., 1996],
109 PgC yr~! [Zhao et al., 2005], and 111 PgC yr—! [Yuan
et al., 2010]. Refining the simulation of water stress condi-
tions or revisiting the parameters of the photosynthesis model
could lead to further improvement in the GPP simulations
of ISBA-A-gs.

[45] The photosynthesis parameters of ISBA-A-gs are also
affected by uncertainties. The recent global database of plant

traits [Kattge et al., 2011] shows that the specific leaf arca
(“SLA”) parameter, which describes the allocation of leaf
area per unit of leaf mass (closely related to canopy leaf
nitrogen), presents a large range of values for a given plant
functional type (PFT). In contrast, a single value per PFT is
used in ISBA-A-gs as it is done in most vegetation models.
Another potential source of discrepancy is the lack of an
efficient temperature limitation through the mesophyll
conductance, and the fact that there is an approximation for
the modeled temperature of the leaf due to a single energy
budget for both bare soil and vegetation in ISBA. Finally,
and as already pointed by Zhao et al. [2006], the quality of
the atmospheric forcing, could induce notable differences in
global GPP estimations, even up and beyond to 20 PgC yr—!.

5. Summary and Conclusion

[46] The use of a new multilayer canopy radiative transfer
model (NEW) was investigated in order to obtain better esti-
mates of FAPAR and GPP with ISBA-A-gs. It was shown
that at least 10 levels in the canopy are necessary to simulate
accurate vegetation transmittance functions. This finding was
in agreement with a sensitivity study conducted with the
DART radiative transfer model. The canopy light-response
curves to the diffuse radiation and to the zenithal angle
became more realistic with the use of NEW. The GPP estima-
tion was more constrained by the value of incident PAR with
NEW than with REF. The spread of the modeled GPP with
NEW was closer to the spread of in situ GPP observations.
For example, lower temperature dependence was noticed in
relation to the additive radiative constraint resulting from
the use of a multicanopy layer model. This result was
obtained by thoroughly examining daily cycles of both
modeled and in situ GPP. A consequence of these properties
triggered by the use of NEW is a reduced sensitivity of the
simulations to uncertainties in the incoming radiation.

[47] A proof of concept for LSM simulation of FAPAR
was presented. This should find numerous applications in
the upcoming years for LSM benchmarking and in the field
of assimilation of satellite-derived products. Global mapping
of clumping using multiangular satellite data [Roujean and
Lacaze, 2002; Chen et al., 2005] or those of He et al.
[2012] using MODIS data for 2006 would also certainly be
a way to calibrate the coefficients of the RT model and to
improve estimations of the modeled FAPAR.

[48] The NEW RT scheme will find an application with a
forthcoming upgraded multiple energy version of ISBA-A-
gs, in which bare soil and vegetation will be handled sepa-
rately in terms of both turbulent and radiative fluxes. The

Table 6. GPP for Biomes of the World Estimated by ISBA-A-gs With a Constrained (“AST”) or Unconstrained LAI (“NIT”),
Observation-Based Estimate by Beer et al. [2010], and for MODIS Product

REF GPP (PgC yr ) NEW GPP (PgC yr ') Beer et al.

[2010] GPP

Biome AST NIT AST NIT MODIS (PeCyr h)
Tropical savannahs and grasslands 56.5 57.9 459 42.8 31.3-29.8
Temperate and boreal forests 48.5 47.4 43.5 41.4 18.2-21.4
Tropical forests 60.3 61.4 49.5 49.3 40.8-43.8
Temperate grasslands and shrublands 14.1 14.2 13.6 13.4 8.5-14.0
Other 323 40.3 27.7 32.6 22.8-16.2

Total 211.67 221.21 180.16 179.47 114.70 121.7-125.2
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use of a multiple-energy budget would affect the leaf temper-
ature response of NEW and would consequently modify the
GPP simulations. To move onward, distinguishing estimates
of LAIyniic and LAIg,.q4 integrated over the whole vegetation
canopy layer could serve to calculate two energy budgets,
one for shaded and one for sunlit leaves, and thereby to
deliver two temperatures of the vegetation, i.e., 7vegguniit
and 7vegghaqe- Such estimates would permit a better descrip-
tion of temperature dependence of photosynthesis at the
canopy level. Dai et al. [2004] showed that previous two-
stream-big-leaf models developed by Collatz et al. [1992],
Sellers et al. [1992, 1996], Bonan [1996], de Pury and
Farquhar [1997], Dickinson et al. [1998], and Dai et al.
[2003] could be improved in treating separately sunlit and
shaded leaves, in terms of radiation absorption and calcula-
tion of leaf temperatures, stomatal conductance, and fluxes
(water, CO,, and sensible heat).

[49] Finally, a significant outcome is that the annual global
terrestrial GPP simulated by ISBA-A-gs presents a clear
overestimation. For 2006, this quantity is comprised between
210and 221 PgC yr~ !, against a value of 123 PgC yr~! given
by Beer et al. [2010]. The use of NEW decreases this
overestimation by 30-40 PgC yr~!, but annual GPP biases
remain still sizable at the global scale. Bonan et al. [2011]
pointed out the same overestimation characteristics with
CLM4 and suggested revisiting the parameters of their
photosynthesis model. In this perspective, the exhaustive
global database of plant traits from TRY [e.g., Kattge et al.,
2011] would probably be very useful.
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