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Abstract. Dynamic global vegetation models (DGVMs) are
an essential part of current state-of-the-art Earth system mod-
els. In recent years, the complexity of DGVMs has increased
by incorporating new important processes like, e.g., nutrient
cycling and land cover dynamics, while biogeophysical pro-
cesses like surface radiation have not been developed much
further. Canopy radiation models are however very important
for the estimation of absorption and reflected fluxes and are
essential for a proper estimation of surface carbon, energy
and water fluxes.

The present study provides an overview of current imple-
mentations of canopy radiation schemes in a couple of state-
of-the-art DGVMs and assesses their accuracy in simulating
canopy absorption and reflection for a variety of different sur-
face conditions. Systematic deviations in surface albedo and
fractions of absorbed photosynthetic active radiation (faPAR)
are identified and potential impacts are assessed.

The results show clear deviations for both, absorbed and
reflected, surface solar radiation fluxes. FaPAR is typically
underestimated, which results in an underestimation of gross
primary productivity (GPP) for the investigated cases. The
deviation can be as large as 25 % in extreme cases. Devia-
tions in surface albedo range between−0.15≤ 1α ≤ 0.36,
with a slight positive bias on the order of1α ≈ 0.04. Poten-
tial radiative forcing caused by albedo deviations is estimated
at−1.25≤ RF≤ −0.8 (W m−2), caused by neglect of the di-
urnal cycle of surface albedo.

The present study is the first one that provides an as-
sessment of canopy RT schemes in different currently used
DGVMs together with an assessment of the potential impact
of the identified deviations. The paper illustrates that there
is a general need to improve the canopy radiation schemes
in DGVMs and provides different perspectives for their im-
provement.

1 Introduction

Land surface models are one of the required tools for un-
derstanding land surface dynamics, land–atmosphere interac-
tions and climate–carbon feedbacks, and are an essential part
of dynamic global vegetation models (DGVMs). DGVMs are
widely used to assess climate change impacts on vegetation
distribution and terrestrial carbon, water and energy fluxes
and feedbacks of the biosphere in the Earth system as well as
climatic consequences of land cover change (Friedlingstein
et al., 2006; Brovkin et al., 2013a). Given the major policy
implications for climate change mitigation, much attention is
placed on the performance and realism of these models, re-
sulting in an increased overall complexity. At the same time,
among land surface models, there is no consensus on impor-
tant aspects of the carbon cycle in a future climate (Sitch
et al., 2008).

Published by Copernicus Publications on behalf of the European Geosciences Union.



1874 A. Loew et al.: DGVM canopy radiation

DGVMs typically represent the land surface dynamics in
a simplified manner. For practical reasons they represent
small-scale processes using large-scale variables. In doing
so, different models make different approximations in their
representation of processes. The relevance and realism of
several approximations and their potential implications for
the range of projections found have been discussed else-
where as far as it concerns the ecology (Harrison et al.,
2010; Van Bodegom et al., 2012) and soil carbon dynam-
ics (Ostle et al., 2009). However, also in their representation
of exchanges of energy (radiation and heat), models differ
widely and occasionally have been implemented differently
for albedo and fraction of absorbed photosynthetic active ra-
diation (faPAR) calculations. Most models are confined to
one-dimensional (vertical) exchange of radiation, mostly re-
lying on solutions derived from two-stream approximations
based on plane-parallel turbid media assumptions, like those
of Sellers(1985).

The transfer of radiation within canopies is complicated
by multiple scattering of radiation, mutual shadowing, varia-
tions in leaf orientations and crown closure, as well as vari-
able optical properties.Sprintsin et al.(2012) have shown
that neglecting, e.g., the differences between sunlit and shad-
owed leaves in canopy radiative transfer (RT) schemes re-
sults in a significant underestimation of the canopy-level
gross primary production (GPP). A similar study analyz-
ing the impact of a revised canopy RT scheme in the ISBA
land surface model has been documented byCarrer et al.
(2013). In addition, full 3-D radiative transfer models ex-
ist for canopies as well as landscapes (Gastellu-Etchegorry
et al., 2004; Kobayashi and Iwabuchi, 2008), but these cannot
be used directly in DGVMs due to their high computational
demand and the high number of required (vegetation struc-
tural) parameters. Numerically fast 1-D models with a lim-
ited number of required input parameters are therefore still
preferably used.

These 1-D models simplify radiative complexities caused
by vegetation clumping, representing the concentration of
vegetation and thus canopy scattering and absorption within
a given area. This leads to so-called effective variables (Wid-
lowski et al., 2005; Rochdi et al., 2006; Pinty et al., 2006).
However, neither 1-D approach has been incorporated con-
sistently within the currently state-of-the-art DGVMs. Alter-
native 1-D models have been developed that assume large-
scale canopy elements as having simple shapes (e.g., spher-
ical crowns) and give analytical solutions for the calculation
of surface fluxes using a 1-D model (Dickinson et al., 2008;
Haverd et al., 2012).

Given these complications, there is increasingly a call
to systematically evaluate and benchmark DGVMs
(Abramowitz et al., 2008; Luo et al., 2012; Hagemann
et al., 2013; Brovkin et al., 2013b). Benchmark analysis
is essential for identifying uncertainties in predictions as
well as for guiding priorities for further model development
(Blyth et al., 2011). Despite the importance of heat and

energy exchange in DGVMs as major drivers of surface
temperatures and carbon productivity, current benchmark
analyses do not yet account for energy budgets. Where
benchmark initiatives consider albedo and faPAR, sepa-
rately – and thus from an RT point of view, potentially
inconsistently – Earth observation products are proposed as
candidate benchmarks (Luo et al., 2012; Hagemann et al.,
2013).

There is thus a need to assess the consistency and accu-
racy of radiative transfer schemes in DGVMs and to assess
the potential impact of uncertainties in the widely used radia-
tive transfer models on surface energy fluxes and carbon pro-
duction estimates, which so far have not been quantified for
widely used DGVMs. Such assessment requires physically
consistent three-dimensional radiative transfer formulations
as a reference. Such reference simulations are provided by,
e.g., the Radiative Transfer Model Intercomparison Initiative
(RAMI) (Pinty et al., 2001; Pinty, 2004; Widlowski et al.,
2007).

Here, we aim at a show case to (i) assess the capabilities of
canopy RT formulations, used in state-of-the-art DGVMs, to
simulate consistently canopy absorption and reflectance for
idealized reference cases, (ii) assess at which conditions the
used canopy RT schemes (and their simplifications) might
lead to major biases in faPAR and/or albedo estimates, and
(iii), importantly, to assess the potential implications thereof
for net irradiance and carbon productivity estimates.

The present study therefore does not aim at global-scale
evaluation of DGVMs. Global-scale model benchmarking
activities mainly focus on the evaluation of models in sim-
ulating the spatial and temporal patterns of land surface dy-
namics at climatological timescales (Brovkin et al., 2013b;
Hagemann et al., 2013). The current study is complemen-
tary to these global scale evaluation studies as it explicitly
assesses the accuracy of different canopy RT schemes un-
der different, well-defined conditions. It therefore aims at an
evaluation of the models on a process scale, rather than look-
ing at large-scale, global impacts.

The study does not however provide a full assessment of
the impact of deficits in canopy RT schemes on global carbon
and energy fluxes in coupled Earth system models on longer
timescales, as this would require a much more comprehen-
sive analysis than the one provided in the present study.

Thus the overall objective of this paper is to raise aware-
ness of the relevance of canopy radiation and surface albedo
schemes in globally applied land surface schemes being used
in a wide range of applications.

2 Data and methods

2.1 Representation of canopy RT in DGVMs

Global DGVM simulations are typically performed on coarse
spatial resolutions with model grid cell sizes on the order of
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102 to 108 km2 and long time periods (decades to millenia).
To represent surface processes – including radiative transfer
– at the sub-grid scale, a tiling (mosaic) approach is widely
used where surface processes are simulated on tiles ofN in-
dividual plant functional types (PFT) and where results are
combined to a model grid box average by area-weighted av-
eraging. Plant functional types provide a means of using a fi-
nite set of model parameters to simulate plants with simi-
lar ecological behavior (Diaz and M., 1997; Prentice et al.,
2007). The analysis of the present study focuses on the per-
formance of canopy RT models and assumes that a grid cell
is covered by a single land cover type (N = 1).

The applications of DGVMs demand a numerically sta-
ble and fast canopy radiative transfer scheme. Simple 1-D
canopy RT schemes or parametric approaches are therefore
used in DGVMs instead of more computationally demand-
ing 3-D RT schemes. A 1-D model is understood here as
a model where the surface state variables (e.g., leaf area,
leaf reflectance and absorption properties) vary only along
a single coordinate axis (typically thez direction). Note
that this is not related to the spatial integration needed for
flux calculations. When integrating over the upper and lower
hemispheres, the model is called a two-stream model. How-
ever, angular integrations can also be made only for parts
of spheres, resulting then in a four-stream model for half
spheres and anM stream solution forM numbers of sub-
spaces. IfM is large, a bidirectional reflectance model (BRF)
is obtained (Gobron et al., 1997).

A turbid medium assumption is widely used for 1-D
canopy simulations, where foliage elements are assumed to
be point like scatterers – leaves are assumed to have an in-
finitely small size – randomly and uniformly distributed, and
typically stems and branches are neglected. The gaps within
canopies can be expressed by the gap probability (Pgap),
which is defined as the probability of a beam at the sun zenith
angleθ hitting the ground without interacting with canopy
elements. In other words, it is the ratio between the uncol-
lided radiation flux and the incident radiation (Haverd et al.,
2012) and represents the domain-averaged direct transmis-
sion. In the case of a horizontally homogeneous canopy with
randomly distributed leaves (and no foliage),Pgap follows
a Poisson distribution and is given by

Pgap(θ,3) = e−G(θ)·3/µ, (1)

whereµ = cos(θ), 3 is the leaf area index (LAI) (m2m−2)
andG(θ) is the mean projection of unit leaf area in the direc-
tion perpendicular to the incoming beam. Often a spherical
leaf angle distribution is assumed, which results inG(θ) =

0.5.
This representation ofPgap is widely used in DGVMs and

applies to all models investigated in this study. While Eq. (1)
is a good approximation ofPgap for closed canopy cases, it
has been recognized that it overestimates canopy absorption
for open (non-uniform) canopies (Pinty et al., 2006; Chen
et al., 2008; Haverd et al., 2012). To account for non-uniform

distributions, a so-called clumping factor 0< � < 1 has been
introduced for use in a one-dimensional radiative transfer
model. The gap probability is then calculated as

Pgap(θ,3) = e−�(θ)G(θ)·3/µ
= e3̃(µ), (2)

where3̃(µ) is an effective leaf area index that reproduces
the correct canopy RT fluxes using a 1-D formulation instead
of a 3-D model (Pinty et al., 2006).

The fraction of absorbed photosynthetic radiation (faPAR)
is a crucial variable in DGVM carbon flux simulations. Ig-
noring horizontal fluxes (Widlowski et al., 2006), faPAR is
defined as the fraction of radiation absorbed by the canopy
elements (foliage and woody parts) in the photosynthetic ac-
tive electromagnetic spectrum (= VIS) and is defined by con-
sidering the energy balance as

faPAR= 1−
PARα

PARi
− (1− αs)

PART

PARi
, (3)

where PARi is the incident down-welling PAR at the top of
the canopy, PARα is the reflected component, PART is the
total transmission through the canopy andαs is the albedo
of the soil. A first-order approximation to faPAR is given
by assuming that the leaves and soil are completely black
(i.e., all radiation incidents on them is absorbed). In this case
PARα = 0 and PART/PARi = Pgap, which yields:

faPAR(θ,3) = 1− Pgap= 1− e−�(θ)G(θ)·3/µ. (4)

However, if the optical properties of the canopy elements
are non-zero, then the exact solution becomes more complex
as it must consider multiple scattering within the canopy, and
between the crown and the ground if the soil albedo is also
non-zero. Among the various currently used faPAR approxi-
mation schemes Eq. (4) was shown to provide the least sys-
tematic bias (Widlowski, 2010).

Ideally, a 1-D RT scheme would also consider the pro-
portion of direct illumination and shading at different levels
in the canopy, as this has potentially significant impacts on
photosynthesis (Mercado et al., 2009). This entails splitting
the incoming solar radiation into direct and scattered compo-
nents (Spitters et al., 1986) and calculating the amount of en-
ergy intercepted at each canopy layer that is from the direct
component that has not previously been scattered (i.e., the
sunlit fraction), and the diffuse and multiply scattered com-
ponents (i.e., the shaded fraction). Multiple scattering is typ-
ically neglected in simple canopy RT schemes employed in
DGVMs. Two of the three models investigated in the present
study consider however multiple scattering within the canopy
and between the ground and vegetation layers.

Most DGVMs use a parametric 1-D RT scheme that
is somewhere within the range of complexities described
above. However, more complex 1-D schemes are available.
In general the added complexity is in the form of extra detail
in the description of canopy structure. These models range
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from Monte Carlo ray tracing, which explicitly computes the
path of a large number of photons through the vegetation
canopy (Disney et al., 2000), to geometric optic techniques
that treat the tree crowns as a distribution of geometric prim-
itives and calculate the proportion of illuminated and vege-
tated parts of the scene (Li and Strahler, 1986). Ray tracing
models are unlikely to be practical for directly embedding
them in DGVMs, although they are useful tools for validat-
ing simpler models. Some models based on geometric op-
tics are viable however. An example is the ACTS (Analyti-
cal Clumped Two-Stream) model (Ni-Meister et al., 2010),
which is derived from the GORT (Geometric Optic Radia-
tive Transfer) model (Ni et al., 1999). The approach used is
to consider the canopy as a forest of randomly distributed
spheroids filled with leaves. The probability of a photon en-
tering a crown is calculated from geometric optic theory and
then scattering is treated as a 1-D RT problem similar to those
described elsewhere in this section.

2.2 Handling sparse vegetation (open canopies)
in DGVMs

Despite the existence of concepts to account for vegeta-
tion clumping using geometric optics, more simplified ap-
proaches to handle sparse vegetated canopies have been im-
plemented in DGVMs and are widely used. Figure1 shows
a model grid cell with unit areaA, which is assumed to be
fully covered by a particular PFT. The areaA corresponds to
the reference ground area for the leaf area index of the PFT.
In the case of sparse vegetation types like, e.g., savannas, the
vegetated area is typically covered by a dominant plant func-
tional type (e.g., trees), understory vegetation (e.g., shrubs,
grass) or bare soil. In the process of converting land cover
information, as is available from satellite products, a parti-
tioning between these different components is made (Poulter
et al., 2011). The total areaA is thus defined as

A = fveg+ funder, (5)

wherefveg is the fractional coverage of the major PFT and
fundercan correspond to a different PFT or soil surface. It is
important to recognize thatfunder is different from the gap
probabilityPgap(θ = 0), as gaps within the dominant canopy
are not considered infunder, thereforePgap(θ = 0) ≥ funder.
In other words, a common concept in DGVMs is to approxi-
matePgap as

P̃gap(3) ≈ funder+ g(3(t)), (6)

whereg(3) is a function that estimates the gaps within the
canopy of the dominant vegetation type and might change
over timet as a function of leaf area index3, while funder is
static (examples of the investigated models are given in the
following section). Note that whilePgap in Eq. (1) is a func-
tion of illumination conditions (θ ), this is not the case for
P̃gap in Eq. (6).

𝑓𝑣𝑒𝑔 

𝛼𝑠𝑜𝑖𝑙 

𝛼𝑙𝑒𝑎𝑓 

𝐴  

𝑓𝑢𝑛𝑑𝑒𝑟 𝑃𝑔𝑎𝑝 

Fig. 1. Illustration of the difference between vegetation fraction
(fveg) and gap probability (Pgap(θ = 0)) for a model grid cell that
is assumed to be totally vegetated.

2.3 Models

The present study uses three different DGVMs, which are
used in renowned Earth system models that all contribute to
the Coupled Model Intercomparison Projects on a regular ba-
sis (Meehl et al., 2007; Taylor et al., 2012). These models use
different canopy radiative transfer schemes that are represen-
tative of the canopy RT models widely used in DGVMs. It
is therefore expected that results from this study can also be
generalized to other models which are using similar canopy
RT schemes.

2.3.1 JULES

JULES is the Joint UK Land Environment Simulator, a land
surface model designed to predict the fluxes of heat, water
and carbon between the land surface and the atmosphere. It
originates from the Met Office Surface Exchange Scheme
(MOSES) and is designed to be linked to the UK Met Of-
fice Unified Model. The fundamental equations underlying
the model are common to many land surface schemes and are
described in detail elsewhere (Best et al., 2011; Clark et al.,
2011). In addition, JULES allows for a coupling with a gen-
eral circulation model (GCM) and provides optional mod-
ules that allow longer term processes such as succession of
plant functional types to be taken into account. These allow
it to be used to simulate the response of the land surface to
changing climatic conditions. In particular this includes the
TRIFFID (Top-down Representation of Interactive Foliage
and Flora Including Dynamics) dynamic vegetation model
(Cox, 2001).

The canopy radiative transfer scheme in JULES is based
on the two-stream approximation proposed bySellers(1985),
which translates into consistent calculations of surface
albedo and canopy absorption.Sellers(1985) provides an
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analytical solution for the two-stream model given as

− µ
dI↑

dL
+ [1− (1− β)ω] I↑

− ωβI↓
= ωµτβ0e

−τL

µ
dI↓

dL
+ [1− (1− β)ω] I↓

−ωβI↑
= ωµτ(1− β0)e

−τL, (7)

where I↑ (I↓) are the upward and downward diffuse ra-
diation fluxes normalized by the incoming radiative flux,
τ = G(µ)/µ is the optical depth andω = r + t the single
scattering albedo.β andβ0 are upscatter parameters for the
diffuse and direct beams, respectively,µ is the average in-
verse optical depth per unit leaf area andL corresponds to
the cumulative leaf area index. For details on the solution of
Eq. (7) seeSellers(1985).

JULES is the only one of the analyzed models that does
a consistent simulation of absorbed and scattered radiation.
Direct and diffuse radiation fluxes are computed individually.
The leaf scattering and extinction properties are prescribed
by the leaf reflectance (r), and single scattering albedo (ω)
and multiple scattering within the canopy as well as between
the soil and vegetation is considered. JULES uses a number
of layers, as defined by the user, with equally distributed LAI
density to simulate the canopy radiative transfer for the direct
and diffuse flux components. Here ann = 20 layer model
has been used, which is the default for JULES. A sensitiv-
ity analysis of the JULES canopy RT model revealed that
the simulated surface reflectance is not sensitive to the num-
ber of layers. The simulated faPAR shows some sensitivity
to the number of canopy layers. Forn < 10, larger devia-
tions in estimated faPAR occur forθ > 50 and large values
of LAI ( 3 > 4). Usingn = 20 layers results in similar simu-
lation results as usingn = 100 layers and is therefore a good
compromise between stability and numerical performance.

The scheme of Sellers (1985) used here is from JULES
version 3.2. An earlier version (2.1) was used in the
RAMI4PILPS exercise (Widlowski et al., 2011) and was
found to give analogous results (not shown here).

2.3.2 JSBACH

The DGVM JSBACH (Raddatz et al., 2007; Brovkin et al.,
2009; Reick et al., 2013) is implicitly coupled to ECHAM6,
the atmospheric component of the Max Planck Institute for
Meteorology Earth System model (Stevens et al., 2013). It
simulates all relevant land surface water, energy and car-
bon fluxes. The present study uses version 2.03 of JSBACH,
which is comparable to the model version that was used for
the Coupled Model Intercomparison Project (CMIP5) exper-
iments (Taylor et al., 2012). A validation of global-scale en-
ergy and water flux components of MPI-ESM CMIP5 simu-
lations is given inHagemann et al.(2013) andBrovkin et al.
(2013b). The JSBACH model has two independent schemes
for calculating surface albedo and canopy absorption.

Albedo

The surface albedo of a vegetated area (αveg) is calculated as
a weighted sum of the leaf albedo (αle) and soil background
albedo (αs) as

αveg(3,αs,αle) =
(
1− �sky(3)

)
αle + �sky(3)αs. (8)

Soil albedoαs depends on soil color and the soil litter
content (Vamborg et al., 2011). A PFT-specific leaf albedo
(αle) as well as the soil background albedo was derived from
MODIS observations (Otto et al., 2011).

The sky-view factor (�sky), which weights between
canopy and soil albedo, is calculated assuming a random
leaf-angle distribution as

�sky(3) = 1−

(
fvegmax·

(
1− e−0.53

))
, (9)

where 0≤ fvegmax≤ 1 is the fraction of a model grid cell
with vegetation for3 → ∞, which is similar tofveg in
Fig. 1. Note that�sky is independent of the sun zenith an-
gle in this parameterization, which therefore does not allow
us to simulate mutual shadowing in the canopy or its effect
on surface albedo, neither the diurnal dependency of surface
albedo nor multiple scattering effects.

Canopy absorption

FaPAR is calculated in JSBACH using the 1-D two-stream
approximation based onSellers(1985), similar to JULES.
The faPAR is calculated for direct and diffuse radiation com-
ponents separately usingn = 3 canopy layers with equally
distributed leaf densities. Further assumptions are that the
leaf reflectivity and transmissivity are equal (r = t = const).
The canopy single-scattering albedo is assumed to beω =

const= 0.12. Note that this is independent of the leaf albedo
used for the albedo calculations. A spherical leaf angle dis-
tribution (G(θ) = 0.5) is also assumed in JSBACH, which is
similar to JULES. Multiple scattering effects are taken into
account, similar to JULES.

To account for sparse vegetation, faPAR is corrected
for the vegetation fractionfveg. This vegetated fraction is
parametrized for each plant functional type as

fveg(3max) = 1− exp

(
−

3max

γ

)
, (10)

where3max andγ are PFT-specific parameters representing
the maximum leaf area index for a particular PFT and an em-
pirical clumping parameter, respectively. The calculation of
fveg(3max) for faPAR calculations is therefore slightly dif-
ferent than for the calculation of the surface albedo but also
independent of the solar zenith angle.

While the assumptions for the canopy radiative transfer
simulations and technical implementations are different be-
tween JSBACH and JULES, it can be shown that both models
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provide nearly identical results for faPAR when parametrized
in the same way.

The JSBACH RT scheme allows to account explicitly for
gaps within the canopy. It is assumed that, due to canopy
gaps, only a fractionfclump < 1 of the canopy area is actu-
ally covered with leaves. The radiative transfer simulations
are then calculated with an effective LAI (3eff = 3/fclump).
Note that the leaf area index used for the canopy radiative
transfer simulations is therefore larger than the original leaf
area index (3eff > 3). The simulated radiation fluxes are
therefore rescaled by multiplying byfclump after the 1-D RT
calculations have been performed. To assess the impact of
this clumping on the simulations in the present study, two
different JSBACH model versions (with/without clumping)
are evaluated.

2.3.3 ORCHIDEE

ORCHIDEE (ORganizing Carbon and Hydrology In Dy-
namic EcosystEms) is a land surface model that simulates the
energy and water fluxes of soil and vegetation, the terrestrial
carbon cycle, and the vegetation composition and distribu-
tion (Krinner, 2005).

ORCHIDEE is used as the land surface scheme of the
IPSL Earth system model. A global model validation is de-
scribed inDufresne et al.(2013) for the CMIP5 simulation
experiments. We use ORCHIDEE version 1.9.5.2 (revision
816). No changes have been introduced to the calculation of
albedo and faPAR since the version that was used for the
CMIP5 simulations (Dufresne et al., 2013). The calculation
of the light absorbed by vegetation and vegetation albedo is
calculated in two independent schemes.

Albedo

The albedo calculation in ORCHIDEE is the same as in JS-
BACH (Eq. 8). Only the PFT-specific canopy albedo dif-
fers slightly compared to JSBACH. The soil background
albedo has been derived from a database of soil colors in
the standard setup of ORCHIDEE according toWilson and
Henderson-Sellers(1985).

Canopy absorption

The faPAR is not a standard output variable in ORCHIDEE.
The light absorbed by the canopy is calculated by means
of Beer’s law assuming a constant extinction coefficient
(G(θ) = 0.5) for all PFTs and assuming an exponential pro-
file of leaf area index (3∗) within the vertical canopy profile.
FaPAR is calculated once and stored in a look-up table. The
calculation is independent of the solar zenith angle

faPAR(3∗) = 1− e−0.53∗

. (11)

The vertical distribution of LAI is calculated usingn =

20 different canopy layers. The LAI for a given layeri is

calculated as

3∗(i) = 3max
e0.15(i−1)

− 1

e0.15n − 1
, (12)

whereas3max = 12 [m2m−2], independent of the PFT used.
The parameter3max is empirical and the value of 12
(m2 m−2) gives the value of LAI for the last index of the tab-
ulated LAI. This value has been chosen as a maximum value
that is unrealistic to occur in reality. Thus all possible LAI
values can be covered.

The actual LAI, as calculated dynamically by a phenology
model, is compared to this precomputed profile to determine
the number of canopy layers, which is thus not fixed in OR-
CHIDEE. The LAI for this layer is then used to compute fa-
PAR using Eq. (11). A maximum number of 20 canopy layers
is reached at the theoretical LAI of3∗(20) = 12 (m2m−2).

2.4 RAMI4PILPS experiments

The RAMI4PILPS suite of virtual experiments was de-
signed to evaluate the accuracy and consistency of short-
wave RT formulations (as used in DGVMs) under per-
fectly controlled experimental conditions. More specifically,
RAMI4PILPS prescribed a series of virtual canopy sce-
narios having accurately described structural, spectral and
illumination-related characteristics. For these test cases, RT
model simulations have been generated as a reference using
a Monte Carlo approach. The Monte Carlo model in ques-
tion had been extensively verified during previous RAMI
phases, e.g.,Widlowski et al.(2007). Models participating in
the RAMI4PILPS benchmarking exercise (Widlowski et al.,
2011) had to simulate the canopy albedo, transmission and
absorption in both the visible and near-infrared spectral do-
mains. The resulting data were evaluated against the 3-D
Monte Carlo reference solution.

Contrary to efforts comparing model simulations against
in situ observations at specific test sites, the RAMI4PILPS
approach eliminates uncertainties arising from incomplete
or erroneous knowledge of (1) the structural, spectral, and
illumination-related characteristics of the canopy target, and
(2) the uncertainties introduced into the reference solution by
calibration, sampling and upscaling errors (Fig.2).

The complexity of the RAMI4PILPS scenes was adapted
to the typical capability of available shortwave RT formu-
lations. More specifically, RAMI4PILPS proposed two ho-
mogeneous plant canopy types, i.e., grasslands (GRA) and
closed forest canopy (CFC) scenes that differ only in their
predominant leaf orientations as well as in the height of the
canopy. This corresponds to the idealized case of a 1-D tur-
bid medium, where 1-D canopy radiative transfer schemes
are expected to perform best.

In addition, RAMI4PILPS proposed two heterogeneous
canopy scenarios where tree crowns were approximated by
woodless spheres, i.e., a shrubland (SHR) and an open for-
est canopy (OFC) scene that differed only in their size of
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Fig. 2. Schematic depictions of RAMI4PILPS scenes: closed forest canopies, grasslands, 3-D shrublands and 3-D open forest canopies (left
to right).

the spheres, the height of the canopy, and the degree of
mutual shading between neighboring crowns (Fig.2). De-
tails of the RAMI4PILPS experiments used in the present
study are summarized in Table1, while further details of the
RAMI4PILPS experiments can be found inWidlowski et al.
(2011). For each scenario, simulations for different leaf ar-
eas and varying soil brightness are performed, assuming di-
rect insulation for three different sun zenith angles as well as
isotropic illumination conditions.

2.4.1 Interfacing with RAMI4PILPS

To enable all three models to simulate the RAMI4PILPS
scenes, the experiment parameters were implemented as fol-
lows:

– Single scattering albedo:JULES uses the vegeta-
tion single scattering albedo (ω) as an input. It was
calculated from the RAMI4PILPS leaf reflectance
and transmittance asω = r + t = 0.1301. JSBACH as-
sumesω to be constant for calculation of canopy ab-
sorption. The standard value used in JSBACH simu-
lations (ω = 0.12) was also used in the present study.
The impact of this assumption was however tested by
comparing JSBACH simulations withω = 0.12 and
ω = 0.1301. A minor impact on the results of this
study was found, indicating the minor importance of
ω for the present study. The leaf albedo (αle) and soil
albedo (αs) were both obtained from Table1. OR-
CHIDEE does not use any information about the single
scattering albedo.

– Snow-covered areas:One of the RAMI4PILPS sim-
ulations assumes snow below the canopy (SNW). In
these cases, the soil albedo was replaced by the snow
albedo. No snow on the canopy was simulated as this
was not foreseen in the RAMI4PILPS experiments.

– Open vs. closed canopies:Open canopies consist of
vegetated and non-vegetated (soil) patches, as dis-
cussed before. The RAMI4PILPS experiment descrip-

tion contains information on the fractional area cov-
ered by vegetation (fveg) as well as the amount of un-
collided radiation (Pgap(θ = 0)).

All models rely on the assumption of a plane-parallel
turbid media, which prohibits direct application to
open canopies. Open canopies are challenging to simu-
late for 1-D RT models and require effective RT model
parameters, as discussed in Sect.2.1. The applied mod-
els try to mimic open canopies by correcting by the
area fraction covered by vegetation, as discussed be-
fore.

The vegetation fractionfveg was therefore obtained
from the RAMI4PILPS experiment setup (Table1).
The soil albedoαs was used for the understory. For JS-
BACH we setfvegmax= fveg. The surface albedo for
open canopies was calculated for JSBACH and OR-
CHIDEE by using Eq. (8), while for JULES the sur-
face albedo was calculated as

αveg(αs,αle,fveg) = fvegαle + (1− fveg)αs, (13)

where αle is calculated by the JULES RT model.
The total faPAR was calculated in a similar way by
weighting the faPAR calculated by the RT models
(faPARcanopy) by the actual area fraction covered by
vegetation as

faPAR= fveg · faPARcanopy. (14)

The spectral definition in all models and in RAMI4PILPS
is consistent. The solar spectrum was divided into two broad
spectral bands (VIS: 400 to 700nm, NIR: 700 to 3000nm).
Both bands were analyzed for albedo in this study, while only
the VIS band was used for the faPAR analysis.

2.5 Impact assessment – does it matter?

This paper aims at identifying systematic deviations for
albedo and faPAR for well-established DGVMs and to pro-
vide guidance for estimating the impact of these deviations
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Table 1.Summary of experiment parameters (see Wildowski et al., 2011, for details); different soil backgrounds are specified as BLK = black,
MED = Medium, SNW = snow, difference canopy types are specified as GRA = grassland, CFC = closed forest canopy, SHR = shrubland,
OFC = open forest canopies.

Experiment GRA CFC SHR OFC

Vegetation type Homog. grass Closed forest Shrubs 3-D Open forest
LAI canopy(m3m−3) 1/2/4 1/2/4 2.5/2.5/2.5 5.0/5.0/5.0
LAI scene(m3m−3) 1/2/4 1/2/4 0.25/0.50/1.00 0.5/1.5/2.5
αs,VIS/αs,NIR BLK: 0., 0./MED: 0.1217, 0.2142/SNW: 0.9640, 0.5568
αle,VIS/αle,NIR 0.0735/0.3912
tleaf,VIS/tleaf,NIR 0.0566/0.4146
Sun zenith angle (deg) 27.4643/60.0/83.5289/isotropic
fveg 1/1/1 1/1/1 0.1/0.2/0.4 0.1/0.3/0.5
1− Pgap(θ = 0) 1/1/1 1/1/1 0.068/0.136/0.273 0.088/0.26244/0.437

on global climate simulations and carbon flux estimates.
A comprehensive impact assessment would, however, re-
quire detailed knowledge of the spatial distribution of fa-
PAR and albedo deviations and their consideration in cou-
pled models, with all else being the same including LAI and
all other vegetation variables. This is far beyond the scope of
the present paper.

It is however of major importance for further model devel-
opment to raise awareness of potential impacts of the identi-
fied deviations. We will detail in the following how we per-
formed straightforward calculations for a first assessment of
potential impacts caused by deviations in RT schemes. These
are likely to affect net photosynthesis first by differences in
absorbed radiation through the canopy at a given LAI and
second through heat exchange between the land surface and
the atmosphere through albedo. Whereas DGVM behavior
with respect to energy, water and carbon exchange will be
affected in multiple other ways, we constrained our assess-
ment to these two prime targets. This impact assessment is
expected to provide an initial estimate of direct and poten-
tial impacts for surface energy and carbon fluxes. More com-
plex analyses using coupled climate models would however
be needed for a proper impact assessment on global spatial
and century time scales.

2.5.1 Potential impacts of RT scheme differences
on the C cycle

In order to evaluate the potential implications of differences
in canopy faPAR profiles, induced by different canopy RT
schemes, we determined net photosynthesis rates for each of
the virtual experiments of the closed forest canopy case only
(CFC). We made this constraint because the photosynthesis
calculations in combination with the representation of faPAR
for different layers of the canopy are likely only valid for
the closed forest canopy case, given the assumptions made
in the photosynthesis schemes adopted in most DGVMs. To
determine net photosynthesis estimates, we chose the Far-
quhar scheme as described byvon Caemmerer(2000), which

is representative of the photosynthesis schemes in current
DGVMs. According to this scheme, net photosynthesis is
the minimum of CO2-limited photosynthesis and photosyn-
thesis as limited by the availability of ribulose bi-phosphate
(RuBP), the latter being driven by absorbed radiation, cor-
rected for dark respiration.

We evaluated this scheme for two representative closed
canopy situations under typical clear sky conditions in sum-
mer, followingWidlowski et al.(2011). The two selected sit-
uations coincide with a tropical forest with a solar zenith an-
gle at local noon (2noon) of 15◦ and a boreal (presumably
evergreen needle-leaved) forest with2noon= 50◦. For these
situations, and the given sun zenith angles of the virtual ex-
periment, the total incident shortwave radiation at noon was
calculated according toWang et al.(2002). When combined
with the faPAR profiles through the canopy, this provided
the absorbed photosynthetic active radiation (aPAR) in each
canopy layer. Coupling aPAR to the Farquhar scheme pro-
vided a CO2-limited and light-limited photosynthesis rate
in each canopy layer. The minimum of these represents the
net photosynthesis rate, which was summed across all layers
to provide the net photosynthesis rate (µmolCm−2s−1) for
a given virtual experiment. Absolute differences between net
photosynthesis rates between the RAMI4PILPS scenes and
each of the DGVMs were compared.

The Farquhar scheme was parameterized according to
Sharkey et al.(2007), which currently provides the most
comprehensive analysis of the variables involved. Estimates
of the maximum rates of Rubisco carboxylase activity
(V cmax) and the maximum rates of photosynthetic electron
transport (Jmax), were however taken to represent the mean
observed values at a reference temperature of 25◦C for tropi-
cal broadleaved evergreen forests and boreal (needle-leaved)
evergreen forests, according to the TRY database ((Kattge
et al., 2011) andDomingues et al.(2010)), as compiled by
Verheijen et al.(2013). Dark respiration was scaled toV cmax.
The used calculation scheme neglects effects of water, ther-
mal or nutrient limitations. Maximum canopy productivity
rates (Jmax, V cmax) are, however, based on observed mean
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values that may implicitly take some of these limitations into
account.

2.5.2 Surface radiation budget

Surface albedo directly affects the net surface radiation bud-
get and thus indirectly also near surface temperature. To
quantify the influence of a factor that changes the balance of
incoming and outgoing energy in an Earth–atmosphere sys-
tem, the concept of radiative forcing (RF) has been devel-
oped (IPCC, 2007). Radiative forcing has been widely used
to quantify the global impact of regional changes in surface
albedo (Hall and Qu, 2006; Pongratz et al., 2009; Lenton and
Vaughan, 2009; Bright et al., 2012) and can be calculated in
various ways. Here, we applied a simple method to estimate
RF (Bright et al., 2012; Cherubini et al., 2012).

Effect of albedo biases

The radiative forcing calculated in this study is understood
as a disturbance of radiation fluxes caused by variations in
surface albedo. The estimates calculated in this study must
therefore not be compared directly with estimates of radiative
forcing from different forcing agents like those used, e.g.,
in coupled climate model assessments (IPCC, 2007). The
albedo-induced radiative forcing RFαp is related to a change
in planetary albedoαp as

RFαp = −R
↓

TOA1αp, (15)

whereR
↓

TOA (Wm−2) is the incoming solar radiation flux
at the top of the atmosphere (TOA). The change in plane-
tary albedo is linearly related to a change in surface albedo
(Lenton and Vaughan, 2009). The corresponding radiative
forcing is then given by

RFαs = −R
↓

TOA0l
a1αs, (16)

where0l
a is the two-way atmospheric transmissivity for solar

radiation that is given as the product of the downward (0↓)
and upward (0↑) atmospheric transmissivities.0↑ was pa-
rameterized in two ways. Similar to previous studies focusing
on radiative forcing (Lenton and Vaughan, 2009; Cherubini
et al., 2012), we assumed a constant value of0↑

= 0.854.
This global mean value is based on the assumption that the
outgoing shortwave flux leaves the atmosphere given clear
sky conditions. Alternatively, we assumed that under cloudy
sky conditions, the upward and downward atmospheric trans-
missivities are equal (0↑

= 0↓).
The TOA solar radiation flux can be calculated for a par-

ticular point on Earth using simple formulations (Widlowski
et al., 2011; Bright et al., 2012). The atmospheric one-way
downward transmissivity0↓

a can be derived from shortwave
surface all-sky (R↓

surf) and TOA flux (R↓

TOA) estimates as
available from satellite data products (Rossow and Zhang,

1995; Posselt et al., 2012; Loeb et al., 2012) as

0↓
= R

↓

surf/R
↓

TOA (17)

Let us now assume that we observe a surface albedo bias
(1αs) for a particular plant functional type (PFT) and that
this PFT covers a fractionfpft of a model grid box; then the
total radiative forcing for the Earth with surface areaA =

510× 106 (km2) is given using Eq. (16) by integrating over
the surface area as

RFtot=−
1

A

∫
A

fpft(a)R
↓

TOA(a)0↓
a (a)0↑

a (a)1αs(a)da, (18)

where “a” is a spatial index. If1αs is assumed to be con-
stant (time/space independent) for a particular PFT, then the
sensitivity to surface albedo changes can be defined as

∂RFtot

∂1αs
= λ = −

1

A

∫
A

fpft(a)R
↓

TOA(a)0↓
a (a)0↑

a (a)da (19)

which can be calculated for each combination of PFT frac-
tion fpft and0

↑
a and0

↓
a .

Table 2 provides global mean estimates of the one-way
atmospheric transmissivity (0↓) as well as global means of
R

↓

TOA andR
↓

surf based on various data sources over land areas.
The one-way atmospheric transmissivity ranges from 0.41≤

0↓
≤ 0.58, dependent on the data set.

FigureA4 shows the mean fields ofR
↓

surf and the estimated
one-way transmissivity over land as derived from CERES
EBAF (v2.6) (Loeb et al., 2012). Using Eq. (19) and values
in Table2 one can estimate the radiative forcing caused by
an albedo change for a given distribution of plant functional
types.

Impacts of neglecting the diurnal cycle on radiative
forcing

The surface albedo can change substantially throughout the
day due to its dependency on the solar zenith angle. The JS-
BACH and ORCHIDEE surface albedo models are represen-
tative of a wide range of albedo models applied in DGVMs.
These models do not simulate the surface albedo diurnal be-
havior, which may affect the surface radiation budget.

The surface albedo can be expressed as a weighted average
between the so called black-sky albedo (BSA) and the albedo
for complete isotropic diffuse radiation (white sky albedo,
WSA) (Lewis and Barnsley, 1994; Schaepman-Strub et al.,
2006) as

αblue(fdir,θ) = fdirαBSA(θ) + (1− fdir)αWSA, (20)

wherefdir (–) corresponds to the fraction of the direct surface
solar radiation flux.

The surface albedo models of JSBACH and ORCHIDEE
are based on the white sky albedo (αWSA). To assess the
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Table 2.Summary of atmospheric one-way or two-way transmissivity as derived from different sources. Input fluxes used for the transmis-
sivity estimates are provided. Values are for land areas only.

Data set 0
↓
a R

↓

TOA R
↓

surf Reference
(–) (Wm−2) (Wm−2)

Trenberth et al.(2009) 0.47 341 161 Trenberth et al.(2009)
ISCCP-FD 0.45 330.1 147.2 Trenberth et al.(2009)
ERA-40 0.41 330.3 134.3 Trenberth et al.(2009)
JRA 0.47 328.2 154.9 Trenberth et al.(2009)
Bright et al.(2012) 0.45 – – Bright et al.(2012)
CERES EBAF2.6 0.58 324.7 188.1 This study

potential impacts of neglecting the diurnal cycle in sur-
face albedo calculations, we used the difference between the
albedo given by Eq. (20) andαWSA, which is given as

1α(fdir,θ) = αWSA − αblue = fdir (αWSA − αBSA(θ)) (21)

Assuming clear sky conditions, we calculated the surface
solar radiation fluxR↓

surf for each latitudeφ and day of the
year using the MAGIC atmospheric RT code (Mueller et al.,
2012; Posselt et al., 2012). Required atmospheric aerosol and
water vapor content were taken from climatological mean
values (Kinne et al., 2013).

The temporal average RF disturbance due to neglecting
the diurnal cycle ofα, averaged over a time periodT , is then
given as

RFtot=−
1

T

1

A

∫
A

fpft(a)

T∫
0

R
↓

surf(t,a)0↑
a (t,a)1α(t,a)dtda. (22)

We calculated Eq. (22) by using either0↑
a = const=

0.854 (Lenton and Vaughan, 2009) or by assuming that
0↑(t,a) = 0↓(t,a), where the one-way downward transmis-
sivity was obtained from Eq. (17) assuming clear sky condi-
tions and as calculated by MAGIC. The fraction of direct sur-
face radiation flux (fdir) was calculated from monthly clima-
tologies of direct and total radiation fluxes as obtained from
satellite radiation products and provided by the NASA At-
mospheric Data Center (https://eosweb.larc.nasa.gov/). The
global radiative forcingRFtot was calculated for each day
(T = 24h) and two different PFT distributions (tree, grass)
as derived from MODIS vegetation. Continuous fields were
used (DiMiceli et al., 2011) that providefpft for each grid
cell.

2.5.3 Consistency of canopy absorption and reflection
calculations

The canopy radiative transfer needs to fulfill the law of con-
servation of energy. Following Eq. (3) this is defined as

1− αveg− (1− αs)0can− faPAR= 0, (23)

where 0≤ 0can≤ 1 is the one-way canopy transmission. The
canopy RT schemes in the used DGVMs differ in how they
simulate canopy absorption and reflection as discussed be-
fore. Two models (JSBACH, ORCHIDEE) use separate ap-
proaches for the simulation of canopy absorption and reflec-
tion, which might lead to a lack of energy conservation in
these models.

To test the energy conservation, the canopy one-way trans-
missivity would be needed as model output. This is however
not available from all of the investigated models. We there-
fore adopted a simpler approach to test in general for energy
conservation of the used canopy RT schemes. From Eq. (23)
it follows that

0can=
1− faPAR− αveg

1− αs
. (24)

To test if the models are in general energy conserving, we
investigated if0can from Eq. (24) is within its physically de-
fined limits (0≤ 0can≤ 1), which is the most conservative
approach.

3 Results

3.1 Canopy absorbed radiation

The investigated models generally underestimate the radi-
ation absorbed in the canopy for the RAMI4PILPS exper-
iments analyzed (Fig.3). Especially for the open canopy
cases (SHR, OFC), a strong underestimation of faPAR is ob-
served with increasing negative bias for an increasing solar
zenith angle. The 1-D canopy RT models without clumping
(JULES, JSBACH no-clumping) perform best for the closed
canopy cases (CFC, GRA), as expected.

Some positive biases are observed for the isotropic
(ISO) illumination conditions for JULES and JSBACH no-
clumping. In general, results of these models are almost iden-
tical due to the same basis for the canopy RT simulation code
as discussed in Sect.2.3.
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Fig. 3. Differences in faPAR between canopy RT models and
RAMI4PILPS for different experiments (RAMI4PILPS model);
columns correspond to different leaf areas or vegetation frac-
tions and soil brightness (see Table1), while rows corre-
spond to different illumination sun zenith angles (degree);
ISO = isotropic illumination (θ ); triangles correspond to differ-
ent models: left = ORCHIDEE, right = JULES, top = JSBACH, bot-
tom = JSBACH without clumping.

3.1.1 Does it matter?

Deviations in net photosynthesis due to differences in the fa-
PAR canopy profile for the RAMI4PILPS reference scene
vs. each of the models strongly depend on the virtual experi-
ment (Fig.4). On average, deviations are largest forθ = 60◦,
where deviations in faPAR are considerable, while incident
radiation is still high enough to support net photosynthe-
sis (in contrast toθ = 83◦). Moreover, the differences in net
photosynthesis strongly increase with increasing LAI, when
more leaf surface is available for photosynthesis. Finally, the
impacts are also larger for the boreal forest (2noon= 50) and
slightly increase with increasing albedo, although the latter
effects are minor.

Depending on the model and even within a given model
setting, differences in calculated net photosynthesis can be
both negative and positive. The largest deviations occur for
ORCHIDEE, with both overestimations as well as underes-
timations of net photosynthesis rates, although overestima-
tions by ORCHIDEE predominated. Net photosynthesis esti-
mates according to JSBACH are on average lower than those
for the RAMI4PILPS reference profiles. The deviations in
net photosynthesis for JSBACH no-clumping and JULES are
minor overall, indicating a good performance of the canopy
1-D RT schemes in these cases. This is expected, because the
closed canopy corresponds to the idealized case where the 1-
D RT schemes are supposed to perform best. Overall, JULES
performed the best of all the models, although even for this
model substantial deviations occur.

These deviations in net photosynthesis rates can be consid-
erable, up to 10 µmolCm−2s−1, corresponding to up to 25 %
of the photosynthesis rates. These conditions (with high LAI
andθ = 60◦) commonly prevail. Therefore, the impacts for
the total calculated carbon budget are likely to be similarly
large, which implies that the deviations in faPAR profiles
detected in the current study are of critical importance for
global carbon cycle studies. At lower incident radiation con-
ditions, e.g., forθ = 83◦, deviations even amount to more
than 75 %. However, given the lower incident radiation and
consequently lower net photosynthesis, their impacts on the
global carbon balance will be less.

3.2 Surface albedo

Figure5 shows deviations of simulated surface albedo com-
pared to RAMI4PILPS reference solutions for the entire so-
lar spectrum (0.3 to 3.0µm). Deviations in the entire solar
spectrum are of particular importance as these determine the
net effect on the surface radiation budget. More details on the
separate deviations in the visible and infrared spectral bands
are provided in the Appendix (Figs.A1 andA2).

The closed canopy experiments (CFC, GRA) show very
similar results, as expected given that they only differ in their
leaf orientation (random vs. erectophile). The largest devia-
tions from the RAMI4PILPS references solutions are found
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Table 3. Radiative forcing sensitivity (∂RF/∂∆α) for different radiation datasets as derived from eq. (19) for different global radiation
datasets used to estimate the one-way atmospheric transmissivity and different assumptions on the calculation of Γ↑

Radiation data λtree [Wm−2] λgrass [Wm−2]
Γ↑ = 0.854 Γ↑ = Γ↓ Γ↑ = 0.854 Γ↑ = Γ↓

(Trenberth et al., 2009) -7.0 -4.2 -16.0 -10.3
ISCCP-FD -6.7 -4.0 -15.4 -9.9

ERA-40 -6.1 -3.7 -14.0 -9.0
JRA -7.0 -4.2 -16.0 -10.3

Bright et al. (2012) -6.7 -4.0 -15.4 -9.9
CERES EBAF (v2.6) -7.6 -4.7 -18.7 -12.4

Mean ± 1σ -6.86 ± 0.45 -4.13 ± 0.30 -15.91 ± 1.41 -10.30 ± 1.03
Mean per PFT -5.50 -13.11

Global mean (tree & grass) -9.31

on RFtot, also a different choice in the parameterization of
Γ↑ results in deviations of ≈ 15%.

3.3 Consistency of surface energy fluxes

Energy conservation was evaluated for the different exper-930

iments following section D. Results are illustrated in Fig-
ure D.1. The JSBACH and ORCHIDEE models are not en-
ergy conservative for high leaf area and bright background
(SNW). The JSBACH model shows clear deviations for the
closed canopy cases (CFC,GRA) for almost all experiments935

with bright background.
The JULES model is the only model which is simulating

the canopy RT fluxes in a consistent manner. No obvious vi-
olation of the energy conservation is found for JULES.

It needs to be emphasized however that the energy conser-940

vation might be violated also in the cases where the calcu-
lated canopy transmission is within its physical limits (0≤
Γcan ≤ 1). It can however not be quantified in this study as
the canopy transmission information is not available for the
different models. JSBACH and ORCHIDEE estimates for945

Γcan often differ from those of JULES by a factor of two
or more. If we assume that JULES simulations are closest to
energy conservation it is rather likely these models would not
be energy conserving for experiments where a large deviation
from the transmission estimates of JULES is observed.950

Fig. 4. Deviations in GPP for closed forest canopies as derived from differences in canopy radiation profiles between the RAMI4PILPS and
canopy RT schemes. Columns correspond to different leaf areas and soil brightness, while rows correspond to different sun zenith angles for
tropical (2noon= 15) and boreal (2noon= 50) conditions. Triangles correspond to different models.

for bright surface background (SNW) for the JSBACH and
ORCHIDEE models. Deviations for these two models are
between 0.18≤ 1α ≤ 0.25 for SNW experiments. In con-
trast, the JULES albedo simulations show much smaller de-
viations for all closed canopy experiments (−0.03≤ 1α ≤

0.02). Also here, largest deviations are observed for bright
backgrounds.

For soils with medium albedo (MED), the deviations are
smaller for JSBACH and ORCHIDEE. Positive biases are
obtained for isotropic conditions and small solar zenith an-
gles (−0.01≤ 1α ≤ 0.06). For large solar zenith angles,
JULES shows minor deviations, while JSBACH and OR-
CHIDEE show a negative bias of1α = −0.06. While the de-
viations for JSBACH and ORCHIDEE become smaller with
an increasing leaf area index for bright surfaces, due to an
increased masking of the bright background,1α increases
with increasing LAI for the medium bright soils.

Open forest canopies (OFC) and shrubland (SHR) simu-
lations show larger deviations than the closed canopy cases.
Large positive deviations (0.07≤ 1α ≤ 0.36) are observed
for the snow-covered cases, with increasing deviations with
increasing solar zenith angle. The larger deviations result
from a lack of the representation of canopy shadowing ef-
fects in all of the canopy RT models, resulting in an overes-
timation of the simulated surface albedo. For medium soils,
a positive bias is observed for all models. The deviations are

larger (0.01≤ 1α ≤ 0.06) than for the closed canopies and
an increase in1α with increasing leaf area index is observed.

3.2.1 Does it matter?

Effect of systematic albedo biases

It was shown in the previous section that the investigated
models show albedo biases of−0.27< 1α < 0.36. The ex-
treme deviations however occur typically either at very large
sun zenith angles or at open forest canopies with snow as
a background. In the case of snow-free and closed canopies,
the typical albedo biases for isotropic illumination condi-
tions and small solar zenith angles are on the order of 0.02<

1α < 0.05 for closed canopies.
The impact of albedo biases on the calculated radiative

forcing sensitivity (λ) is summarized in Table3. The mean
radiative forcing sensitivity for trees (grassland) is−5.5
(−13.11) (Wm−2). Thus a change in surface albedo of, e.g.,
1α = 0.04 would correspond to a radiative forcing of−0.22
(−0.52) (Wm−2). The use of different global radiation data
sets as input has a minor impact on the radiative forcing es-
timates. The standard deviation of RF caused by different
radiation data is 0.3 ≤ σ ≤ 0.45 (1.03≤ σ ≤ 1.41) for trees
(grassland). However, much larger differences are observed
for different assumptions for0↑. For clear sky conditions
(0↑

= const), the radiative cooling effect is 50 to 60% larger
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Fig. 5. Deviations of simulated surface albedo from RAMI4PILPS
reference solutions (αmodel− αref) for the solar spectrum (0.3 to
4.0µm). Details of the figure are the same as for Fig.3.

than for cloudy skies (0↑
= 0↓). It is therefore expected that

the radiative forcing for the two investigated PFT types will
be somewhere in between these two extremes.

Figure 6 shows the spatial distribution of the temporal
mean radiative forcing sensitivity for tree and grassland for
both assumptions of0↑. The much larger RF sensitivity for
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Fig. 6. Impact of a systematic albedo difference of ∆α= 0.04 on radiative forcing for tree cover (top) and grassland (bottom), using CERES
solar radiation flux (R↓surf ) and different upward atmospheric one-way atmospheric transmissivity: Γ↑ = const (left), Γ↑ = Γ↓ (right)

4 Discussion

DGVMs are widely used to simulate land surface dynamics
in coupled Earth System models, to assess the role of the
biosphere in the Earth System and to study global water, en-
ergy and carbon fluxes. This paper aims to raise awareness955

of potential problems and impacts associated with different
canopy radiative transfer schemes and their impacts on car-
bon fluxes and global climate simulations.

Large deviations in faPAR were found. In most cases, fa-
PAR was underestimated with up to 60% underestimation960

in open canopy cases with high solar zenith angles and/or
snow as a background. Only in a few instances higher fa-
PAR than in the RAMI4PILPS reference were found (typ-
ically in closed canopy cases with low zenith angles or
isotropic insulation). Moreover, deviations were strongly965

model-dependent. JSBACH and ORCHIDEE consistently
had the highest (negative) biases. This suggests that a two-
stream approximation such as proposed by Sellers (1985) or
other consistent treatments of radiative transfer are essential
for obtaining unbiased faPAR calculations Pinty et al. (2006).970

For surface albedo, largest deviations in surface albedo
were observed in case of bright background albedo (SNW),
for both open and closed canopies. High deviations (∆α >
0.2) were diagnosed for the simplified surface albedo
schemes implemented in JSBACH and ORCHIDEE. The975

albedo model of JULES only shows minor deviations
(−0.03≤∆α≤−0.01) for closed canopy cases, but also
large deviations for the open canopy cases. For surfaces with
a typical soil background and a closed canopy, the 1D canopy
RT model of JULES is superior compared to the simple980

albedo schemes of JSBACH and ORCHIDEE which have
an albedo bias which is twice to five times larger than the
JULES albedo bias.

The simplified surface albedo schemes of JSBACH and
ORCHIDEE do not take into account the diurnal variabil-985

ity in surface albedo. Isotropic insulation conditions are as-
sumed instead. The impact of this assumption on global scale
was therefore analyzed. While the applied assessment of ra-
diative forcing is simple, we use state-of-the art observations
to get a most realistic assessment of RFtot and its uncer-990

tainties. The developed framework can be used in general to
estimate radiative forcing effects of temporally invariant as
well as changing surface albedo biases.

While we have identified faPAR and albedo biases by
comparing to RAMI4PILPS experiments, it needs to be em-995

phasized that the RAMI4PILPS experiments provide ideal-
ized cases of canopies and that real surfaces and vegetation
patches are much more complicated. For instance, none of
the analyzed canopy RT schemes is capable to take into ac-
count large scale vegetation structural effects, like e.g. mu-1000

Fig. 6. Impact of a systematic albedo difference of1α = 0.04 on
radiative forcing for tree cover (top) and grassland (bottom), us-

ing CERES solar radiation flux (R
↓

surf) and different upward at-

mospheric one-way atmospheric transmissivity:0↑
= const (left),

0↑
= 0↓ (right).

grassland is mainly due to its larger spatial coverage glob-
ally as well as due to the higher abundance in tropical areas
with large insulation. For trees, the highest radiative cooling
is observed in the tropics, with a secondary maximum in bo-
real regions, which is mainly during the boreal summer.

Given the similarity in albedo bias for closed forest and
grassland canopies, compared to RAMI4PILPS references,
the radiative forcing of the forest and grassland PFTs might
be summed. The global mean RF sensitivity is therefore
−9.31 (Wm−2), assuming equal probability for the two pa-
rameterizations of atmospheric transmissivity. For a typi-
cal albedo bias of1α = 0.04, this would result inRFtot =

−0.37 (Wm−2).

Diurnal effects

Figure7 shows the seasonal cycle of the changes in radia-
tive forcing caused by neglecting the albedo diurnal cycle for
grassland and tree-covered areas for different leaf areas and
parameterizations of the upward atmospheric transmissivity
(0↑).

The maximum radiative cooling effect is−1.25< RFtot <

−0.8 (Wm−2). The radiative cooling is mainly caused by
large albedo biases in tropical areas and changes substan-
tially throughout the year.

With increasing leaf-area index, the radiative forcing effect
increases, which can be explained by different reflectances
in the VIS and NIR domains as a function of LAI. While the
albedo decreases in the VIS with increasing leaf area index
(darkening), the albedo in the NIR increases, which results in
an overall increase in the surface albedo and thus the radia-
tive effect with an increasing LAI. In general, the radiative
cooling by grassland areas is higher than for tree-covered
areas due to their different spatial distribution. The annual
mean radiative forcing is−0.61 (−0.53) and−0.84 (−0.73)
for a leaf-area index of one and four, respectively, assuming
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Table 3.Radiative forcing sensitivity (∂RF/∂1α) for different radiation data sets as derived from Eq. (19) for different global radiation data
sets used to estimate the one-way atmospheric transmissivity and different assumptions about the calculation of0↑.

Radiation data λtree (Wm−2) λgrass(Wm−2)

0↑
= 0.854 0↑

= 0↓ 0↑
= 0.854 0↑

= 0↓

Trenberth et al. (2009) −7.0 −4.2 −16.0 −10.3
ISCCP-FD −6.7 −4.0 −15.4 −9.9
ERA-40 −6.1 −3.7 −14.0 −9.0
JRA −7.0 −4.2 −16.0 −10.3
Bright et al.(2012) −6.7 −4.0 −15.4 −9.9
CERES EBAF (v2.6) −7.6 −4.7 −18.7 −12.4

Mean± 1σ −6.86± 0.45 −4.13± 0.30 −15.91± 1.41 −10.30± 1.03

Mean per PFT −5.50 −13.11

Global mean (tree and grass) −9.31
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Fig. 7. Difference in radiative forcing (cooling) due to neglecting the diurnal cycle for surface albedo schemes for global tree and grass cover
and different leaf area (columns). Different rows correspond to different parameterizations of the shortwave upward one-way atmospheric
transmissivity (Γ↑). Values in parentheses correspond to global mean values.

tual shadowing or the scattering between multiple canopy el-
ements.

4.1 Do we (need to) care?

Existing representations of shortwave radiative flux esti-
mates in DGVMs have been developed throughout the last1005

decades. Developing a DGVM always requires prioritization
of resources between different model components. Recent
DGVMs become more and more complex and incorporate
complex carbon fluxes and nutrient cycling. In the past, a
lot of attention has been devoted towards an improvement1010

of especially the biochemical components in DGVMs (Goll
et al., 2012; Zaehle and Friend, 2010; Brovkin et al., 2012),
whereas biophysical components, like the canopy RT have
been neglected because no study had analyzed systematically
the major caveats of existing schemes so far. While model1015

benchmarking and evaluation studies detail particular devia-
tions of model results compared to observations and assess a
(relative) model skill (Gleckler et al., 2008; Luo et al., 2012;
Brovkin et al., 2013b; Hagemann et al., 2013), they typically

don’t provide an assessment of potential impacts of the ob-1020

served model deficits.
It was therefore one of the objectives of the present study

to provide an assessment of the implications due to a choice
for a particular canopy radiative transfer scheme. Answering
the question “Does it matter?” is of particular importance1025

when decisions on further DGVM development need to be
made with limited resources.

The differences in faPAR discussed in the previous sec-
tion do not translate straightforwardly into differences in net
photosynthesis, and depend on total radiation and the extent1030

to which CO2 or light is limiting photosynthesis in different
canopy layers (which again depends on the maximum capac-
ity of the light and CO2 limited photosynthesis pathways and
on faPAR profiles through the canopy). Here, we only eval-
uated the impacts on net photosynthesis for some of the best1035

(i.e. least deviating) cases, i.e. for closed forest canopies. We
chose this setting, because the assumptions of the implemen-
tation of the Farquhar-photosynthesis scheme in DGVMs
only apply to closed (forest) canopies. In that sense, it is im-
portant to recognize that some impacts on net photosynthesis1040

Fig. 7. Difference in radiative forcing (cooling) due to neglecting
the diurnal cycle for surface albedo schemes for global tree and
grass cover and different leaf areas (columns). Different rows corre-
spond to different parameterizations of the shortwave upward one-
way atmospheric transmissivity (0↑). Values in parentheses corre-
spond to global mean values.

0↑
= const (0↑

= 0↓). While the LAI and seasonal cycle
have the largest impacts on RFtot, a different choice in the
parameterization of0↑ also results in deviations of≈ 15 %.

3.3 Consistency of surface energy fluxes

Energy conservation was evaluated for the different exper-
iments following AppendixD. Results are illustrated in
Fig. A5. The JSBACH and ORCHIDEE models are not en-
ergy conservative for high leaf areas and bright backgrounds
(SNW). The JSBACH model shows clear deviations for the
closed canopy cases (CFC, GRA) for almost all experiments
with bright backgrounds.

The JULES model is the only model that simulates the
canopy RT fluxes in a consistent manner. No obvious viola-
tion of the energy conservation is found for JULES.

It needs to be emphasized however that the energy con-
servation might also be violated in the cases where the cal-
culated canopy transmission is within its physical limits (0≤

0can≤ 1). It can however not be quantified in this study as the
canopy transmission information is not available for the dif-
ferent models. JSBACH and ORCHIDEE estimates for0can
often differ from those of JULES by a factor of 2 or more.
If we assume that JULES simulations are closest to energy
conservation, it is rather likely that these models would not
be energy conserving for experiments where a large devia-
tion from the transmission estimates of JULES is observed.

4 Discussion

DGVMs are widely used to simulate land surface dynam-
ics in coupled Earth system models, to assess the role of the
biosphere in the Earth system and to study global water, en-
ergy and carbon fluxes. This paper aims to raise awareness
of potential problems and impacts associated with different
canopy radiative transfer schemes and their impacts on car-
bon fluxes and global climate simulations.

Large deviations in faPAR were found. In most cases, fa-
PAR was underestimated with up to 60 % underestimation
in open canopy cases with high solar zenith angles and/or
snow as a background. Only in a few instances were higher
faPAR than in the RAMI4PILPS reference found (typically
in closed canopy cases with low zenith angles or isotropic in-
sulation). Moreover, deviations were strongly model depen-
dent. JSBACH and ORCHIDEE consistently had the highest
(negative) biases. This suggests that a two-stream approxi-
mation such as proposed bySellers(1985) or other consistent
treatments of radiative transfer are essential for obtaining un-
biased faPAR calculationsPinty et al.(2006).
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For surface albedo, the largest deviations in surface albedo
were observed in the case of bright background albedo
(SNW), for both open and closed canopies. High devia-
tions (1α > 0.2) were diagnosed for the simplified surface
albedo schemes implemented in JSBACH and ORCHIDEE.
The albedo model of JULES only shows minor deviations
(−0.03≤ 1α ≤ −0.01) for closed canopy cases, but also
large deviations for the open canopy cases. For surfaces
with a typical soil background and a closed canopy, the 1-
D canopy RT model of JULES is superior compared to the
simple albedo schemes of JSBACH and ORCHIDEE, which
have an albedo bias that is twice to five times larger than the
JULES albedo bias.

The simplified surface albedo schemes of JSBACH and
ORCHIDEE do not take into account the diurnal variabil-
ity in surface albedo. Isotropic insulation conditions are as-
sumed instead. The impact of this assumption on a global
scale was therefore analyzed. While the applied assessment
of radiative forcing is simple, we use state-of-the art observa-
tions to get the most realistic assessment of RFtot and its un-
certainties. The developed framework can be used in general
to estimate radiative forcing effects of temporally invariant
as well as changing surface albedo biases.

While we have identified faPAR and albedo biases by com-
paring them to RAMI4PILPS experiments, it needs to be em-
phasized that the RAMI4PILPS experiments provide ideal-
ized cases of canopies and that real surfaces and vegetation
patches are much more complicated. For instance, none of
the analyzed canopy RT schemes is capable of taking into ac-
count large-scale vegetation structural effects like, e.g., mu-
tual shadowing or the scattering between multiple canopy el-
ements.

4.1 Do we (need to) care?

Existing representations of shortwave radiative flux esti-
mates in DGVMs have been developed throughout the last
decades. Developing a DGVM always requires prioritiza-
tion of resources between different model components. Re-
cent DGVMs become more and more complex and incorpo-
rate complex carbon fluxes and nutrient cycling. In the past,
a lot of attention has been devoted towards an improvement
of especially the biochemical components in DGVMs (Goll
et al., 2012; Zaehle and Friend, 2010; Brovkin et al., 2012),
whereas biophysical components, like the canopy RT, have
been neglected because no study had analyzed systematically
the major caveats of existing schemes so far. While model
benchmarking and evaluation studies detail particular devia-
tions of model results compared to observations and assess
(relative) model skill (Gleckler et al., 2008; Luo et al., 2012;
Brovkin et al., 2013b; Hagemann et al., 2013), they typically
do not provide an assessment of potential impacts of the ob-
served model deficits.

It was therefore one of the objectives of the present study
to provide an assessment of the implications due to a choice

of a particular canopy radiative transfer scheme. Answering
the question “Does it matter?” is of particular importance
when decisions on further DGVM development need to be
made with limited resources.

The differences in faPAR discussed in the previous section
do not translate straightforwardly into differences in net pho-
tosynthesis, and depend on total radiation and the extent to
which CO2 or light limits photosynthesis in different canopy
layers (which again depends on the maximum capacity of the
light and CO2-limited photosynthesis pathways, and on fa-
PAR profiles through the canopy). Here, we only assessed the
impacts on net photosynthesis for some of the best (i.e., least
deviating) cases, i.e., for closed forest canopies. We chose
this setting because the assumptions about the implementa-
tion of the Farquhar photosynthesis scheme in DGVMs only
apply to closed (forest) canopies. In that sense, it is impor-
tant to recognize that some impacts on net photosynthesis
(discussed below) may be even worse for open shrub or for-
est canopies, let alone for situations where one PFT literally
grows on top of another, affecting the light regime of the one
below.

Moreover, given that the differences in faPAR are situa-
tion and model specific, the impacts are also expected to dif-
fer for various regions and models. Thus, we selected two
commonly closed canopy cases (boreal forests and tropical
forests), which we parameterized with representative radia-
tion at the top of canopy and maximum photosynthesis ca-
pacities. In contrast to faPAR, net photosynthesis was most
affected at medium zenith angles (when radiation at the top
of the canopy was still high) and high LAI (while faPAR was
almost unaffected by LAI). While in this study net photo-
synthesis rates and their biases were not integrated to diurnal
values, conditions of medium zenith angle occur commonly
and large deviations in net photosynthesis estimates are thus
expected. These deviations were on average stronger for the
boreal forest than for the tropical forest case.

Likely, these deviations have been partly captured by tun-
ing maximum photosynthesis rates (which may explain their
deviations from the observed means (Kattge et al., 2011; Ver-
heijen et al., 2013)). Even so, given that the magnitude and
direction differ between different model experiments, tuning
will not allow capturing of regional biases. While other fac-
tors like biases in precipitation also likely contribute to re-
gional differences in GPP estimates between DGVMs and
flux observation-derived estimates (Beer et al., 2010), our re-
sults suggests the importance of incorporating consistent and
adequate radiative transfer schemes.

Likewise a typical surface albedo bias on the order of
1α = 0.04 results in a mean radiative forcing of RFtot =

−0.22(−0.52) (Wm−2) for trees (grasslands). In addition
it was shown in Sect.3.2.1 that neglecting the diurnal cy-
cle results in a radiative cooling of between−1.25 and−0.8
(Wm−2), dependent on the leaf area index and atmospheric
opacity model chosen. While an actual assessment of the
radiative forcing effect would require simulations with a
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coupled (land–atmosphere) climate model, the provided val-
ues are likely to provide a realistic range of RFtot estimates.
These radiative forcing effects correspond to considerable
cooling, which is mainly caused by tropical land areas. This
emphasizes that the diurnal cycle cannot be neglected for
albedo calculations. Especially in tropical areas, where the
insulation conditions change strongly throughout the day and
solar insulation is high, a large effect on RFtot is observed.

It needs to be emphasized that these results for net photo-
synthesis and radiative forcing are only valid for some vege-
tation settings and are tailored to provide only the order of
magnitude of the impact of faPAR and surface albedo bi-
ases on net photosynthesis and radiative forcing. They should
therefore be considered as a first step towards a more thor-
ough analysis of the impact of biases in canopy RT schemes
in DGVMs. To quantify the impact on global and regional
scales as well as for longer timescales it would be required
to couple different canopy RT schemes in an Earth system
model and perform dedicated simulations to assess differ-
ences in global energy, water and carbon fluxes. While this is
beyond the scope of the present study, we outline some ways
forward that could lead to an improvement in DGVM canopy
radiation flux estimates.

4.2 A way forward?

A combination of different approaches could lead to a gen-
eral improvement in the representation of canopy radiation
fluxes in DGVMs.

– Model evaluationis essential for any model develop-
ment. Only once the target is clearly defined and ac-
curate reference solutions are available, can the poten-
tial biases in canopy RT schemes be rigorously iden-
tified. In the case that tolerance criteria are specified
that allow us to judge the relevance of deviations be-
tween models and a defined reference, model evalu-
ation studies can determine the urgency of new de-
velopments to improve relevant model formulations
(Widlowski et al., 2013). Specific test cases like those
provided by RAMI4PILPS are required for that pur-
pose as well as large-scale model evaluation stud-
ies (Hagemann et al., 2013; Brovkin et al., 2013b).
The current RAMI4PILPS experiments provide a very
idealized setup that does not represent real canopies
in a realistic manner. To approach a fully quantita-
tive and realistic assessment of canopy RT schemes
in climate models, several aspects are of particular
importance: (a) snow cover strongly affects the sur-
face albedo. Current RAMI4PILPS experiments as-
sume snow only below the canopy, while the surface
albedo of a model grid cell is largely determined by
snow on top and within the canopy. It is therefore
recommended to represent snow cover dynamics in
a more realistic way in RAMI4PILPS. (b) To allow for
an appropriate assessment of the impact of biases in

surface albedo and faPAR, it is important to provide
reference solutions that cover a large variety of illu-
mination conditions (representation of diurnal cycle)
and that provide information on the reflected and ab-
sorbed fluxes, also within distinct canopy layers. This
is required, e.g., for the quantification of the effect of
the faPAR bias on net photosynthesis as discussed. (c)
RAMI4PILPS neglects the woody part of the vegeta-
tion (stems, branches). These have a major effect on
the surface albedo at high latitudes, especially when
the leaf area index is negligible and the solar zenith an-
gle is large and the ground is covered by snow. In these
cases, stems contribute a large part to shadowing of the
bright background (snow). An accurate representation
of this masking effect in models is important for the
sensitivity of surface temperature to surface albedo.
(d) Vegetation types within RAMI4PILPS that more
closely resemble plant functional types as defined in
DGVMs would allow easier translation of results.

– Model re-parameterizationcould be used to compen-
sate (partly) for some of the biases observed between
models and references. Structural deficits in canopy
RT schemes are not likely to be overcome with a re-
parameterization of models, but could reduce their
effect on model simulations. Some of the observed
faPAR and albedo biases may be reduced by sim-
ply changing model parameters like, e.g., leaf albedo
(αleaf), canopy single scattering albedo (ω) or specific
leaf area (SLA) to artificially converge model simu-
lations towards mean reference data. This might re-
duce considerably potential biases and thus potential
impacts on, e.g., global radiative forcing, although it
will not allow alleviating of regional biases.

– Improved consistency of existing schemes:the present
study has clearly shown that simplified albedo
schemes result in considerable biases and radiative
forcing which is not negligible. As a first step, the sim-
plified surface albedo models should be replaced by
1-D RT schemes that are consistent with those used
by the same models when computing faPAR. An adap-
tation of the 1-D RT model for a consistent calcula-
tion of canopy absorption and reflectance should re-
quire medium effort, would be physically consistent
and could also provide more accurate calculations of
the surface albedo diurnal cycle.

– Effective radiative model parameters:a replacement
of 1-D canopy RT schemes by more complex 3-D
canopy RT schemes in DGVMs is not foreseeable
in the future as the required canopy structural infor-
mation required for 3-D models is not available as
prognostic variables from DGVMs and because of the
much higher computational costs of these models. Ef-
fective radiative model parameters, however, aim to
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obtain realistic surface flux estimates and flux parti-
tioning by means of physics-based 1-D radiative trans-
fer formulations (Pinty et al., 2006). Effective radiative
model parameters therefore compensate for inherent
differences in process descriptions between simple (1-
D) and complex (3-D) radiative modeling approaches.
The key challenge, however, is to develop a deter-
ministic or empirical relationship between model state
variables and radiative model effective parameters that
satisfies the consistency of canopy RT fluxes in agree-
ment with observations.Pinty et al.(2006) have shown
that the 3-D canopy radiative transfer problem can be
approximated by a 1-D model using an effective leaf
area index as well as effective parameters for the veg-
etation optical properties. Different approaches have
been proposed to relate a leaf area index to an effective
leaf area index by defining a structural parameter that
accounts for vegetation clumping (Yang et al., 2001;
Pinty, 2004; Ni-Meister et al., 2010; Haverd et al.,
2012). A new globally available data set of effective
RT model parameters as derived from satellite obser-
vations (Pinty et al., 2011) could facilitate RT model
parametrizations of DGVMs for different plant func-
tional types. Given the fact that it has been shown that
1-D models can provide appropriate RT fluxes when
parametrized in the right way, these novel data set
provides a novel source for the re-parameterization of
canopy RT models at a global scale.

– As an alternative, effective vegetation model pa-
rameters or structural parameters may be obtained
throughre-calibration using global satellite observa-
tions. Global satellite observations provide long-term
and high-resolution estimates of surface variables, like
surface albedo, faPAR and canopy radiation flux par-
titioning (Tucker et al., 2005; Loew and Govaerts,
2010; Pinty et al., 2011). However, a direct assimi-
lation of geophysical EO products might be compli-
cated due to, e.g., different definitions of geophysical
variables among different products as well as between
a DGVM- and an EO-based observational data set. Un-
less the canopy RT schemes in DGVMs do not sat-
isfy basic principles of energy conservation and the
appropriate representation of canopy scattering pro-
cesses, an assimilation of EO-based surface albedo or
faPAR products in DGVMs might lead to erroneous
results. As an example, faPAR satellite products show
a wide range of variability due to different definitions
and algorithms applied for the retrieval. A comprehen-
sive review is given byGobron and Verstraete(2009).
Dahlke et al.(2012) compared different globally avail-
able faPAR satellite products and found considerable
biases between the different data products, whereas
the vegetation seasonality was consistently captured
by the different investigated data products. Similarly,

an assimilation of satellite leaf area indices or faPAR
products in DGVMs might be complicated or impossi-
ble due to different canopy radiation schemes applied.
While DGVMs use 1-D canopy radiation schemes, as
discussed, some satellite-based products of vegetation
variables (LAI, faPAR) are based on the inversion of
3-D canopy radiation models (Myneni et al., 2002).
As a consequence, it is not physically valid to ingest
the retrieved values of for instance LAI into 1-D rep-
resentations such as those provided by two-stream ap-
proaches. The usage of effective variables in data as-
similation schemes is required instead.

5 Conclusions

Major conclusions of the present study are:

1. Considerable biases:currently used simplified canopy
RT schemes produce considerable biases in both sur-
face albedo and faPAR calculations. Very simple
albedo schemes result in large albedo biases (1α >

0.3) in snow-covered cases and also much higher
albedo biases for surfaces with a typical soil albedo.
Our first assessment of the impacts of these biases indi-
cates that these deviations lead to a considerable radia-
tive forcing when not corrected for by an appropriate
model parameterization, while the faPAR differences
can lead to biased estimates of GPP.

2. Albedo diurnal cycle:considering the albedo diurnal
cycle in global surface albedo schemes is of major im-
portance. State-of-the-art DGVM and climate models
should therefore implement albedo schemes that con-
sider appropriately the surface albedo diurnal behav-
ior.

3. Physical inconsistency:canopy radiation schemes that
use separate approaches to simulate reflected and ab-
sorbed radiation fluxes can lead to physically mean-
ingless results. For some of the simulated experiments,
it was clearly shown that the investigated models vio-
late the conservation law of energy for the canopy RT
fluxes.

4. RAMI4PILPS continued:the current RAMI4PILPS
experiments (Widlowski et al., 2011) should be ex-
tended to provide more realistic settings for evaluat-
ing DGVMs. Such continued RAMI4PILPS experi-
ments may provide the basis for a more comprehensive
analysis to assess the impact of actual surface albedo
changes on the climate using simulations of a coupled
Earth system model.
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5. Using two-stream based 1-D canopy radiative transfer
schemes for faPAR and surface albedo calculationsis
a useful approach to minimizing faPAR and albedo bi-
ases and to obtaining consistent estimates of absorbed
and reflected canopy radiation fluxes. Such schemes
for radiative transfer in canopies are quite well under-
stood and the implementation of such accurate canopy
RT simulations in DGVMs should be comparably easy
compared to much more complicated processes like,
e.g., carbon fluxes. The major challenge will, how-
ever, be to decide how to best link model prognostic
variables like, e.g., LAI to radiative effective variables
needed for a 1-D canopy RT model.

Implementing physically consistent canopy RT schemes in
DGVMs would allow for the assimilation of satellite-based
observations of canopy RT fluxes at the global scale and open
new perspectives for DGVM model parameterization at the
regional to global scale. This paper is therefore a plea for
a more rigorous treatment of surface and canopy radiation
fluxes in DGVMs, which has been largely neglected in the
past.

Acknowledgements.Collaboration among the authors was sup-
ported by the TERRABITES COST Action ES0805 and by the
International Space Science Institute (no. 263). The main author
was supported through the “CliSAP” (EXC177) Cluster of Excel-
lence, University of Hamburg, funded through the German Science
Foundation (DFG) and the ESA Climate Change Initative Climate
Modelling User Group (contract: 4000100222/10/I-AM). Juliane
Otto was funded through ERC starting grant 242564. Atmospheric
radiation data were obtained from the NASA Langley Research
Center Atmospheric Science Data Center. Tristan Quaife was
funded by the European Space Agency (contract 4000104980/11/I-
LG) with additional support from the UK National Centre for
Earth Observation. The authors thank Julia Pongratz for reviewing
a previous version of the manuscript.

The service charges for this open access publication
have been covered by the Max Planck Society.

Edited by: P. Stoy

References

Abramowitz, G., Leuning, R., Clark, M., and Pitman, A.: Evaluating
the performance of land surface models, J. Climate, 21, 5468–
5481, doi:10.1175/2008JCLI2378.1, 2008.

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Car-
valhais, N., Rödenbeck, C., Arain, M. A., Baldocchi, D., Bo-
nan, G. B., Bondeau, A., Cescatti, A., Lasslop, G., Lindroth, A.,
Lomas, M., Luyssaert, S., Margolis, H., Oleson, K. W., Roup-
sard, O., Veenendaal, E., Viovy, N., Williams, C., Wood-
ward, F. I., and Papale, D.: Terrestrial gross carbon dioxide up-
take: global distribution and covariation with climate, Science,
329, 834–838, doi:10.1126/science.1184984, 2010.

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L. H.,
Ménard, C. B., Edwards, J. M., Hendry, M. A., Porson, A.,
Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O.,
Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The Joint
UK Land Environment Simulator (JULES), model description –
Part 1: Energy and water fluxes, Geosci. Model Dev., 4, 677–699,
doi:10.5194/gmd-4-677-2011, 2011.

Blyth, E., Clark, D. B., Ellis, R., Huntingford, C., Los, S., Pryor, M.,
Best, M., and Sitch, S.: A comprehensive set of benchmark tests
for a land surface model of simultaneous fluxes of water and car-
bon at both the global and seasonal scale, Geosci. Model Dev., 4,
255–269, doi:10.5194/gmd-4-255-2011, 2011.

Bright, R. M., Cherubini, F., and Strømman, A. H.: Climate impacts
of bioenergy: inclusion of carbon cycle and albedo dynamics in
life cycle impact assessment, Environ. Impact Assess., 37, 2–11,
doi:10.1016/j.eiar.2012.01.002, 2012.

Brovkin, V., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
Global biogeophysical interactions between forest and climate,
Geophys. Res. Lett., 36, L07405, doi:10.1029/2009GL037543,
2009.

Brovkin, V., van Bodegom, P. M., Kleinen, T., Wirth, C., Corn-
well, W. K., Cornelissen, J. H. C., and Kattge, J.: Plant-
driven variation in decomposition rates improves projections
of global litter stock distribution, Biogeosciences, 9, 565–576,
doi:10.5194/bg-9-565-2012, 2012.

Brovkin, V., Boysen, L., Arora, V. K., Boisier, J. P., Cadule, P.,
Chini, L., Claussen, M., Friedlingstein, P., Gayler, V., van den
Hurk, B. J. J. M., Hurtt, G. C., Jones, C. D., Kato, E., de Noblet-
Ducoudré, N., Pacifico, F., Pongratz, J., and Weiss, M.: Ef-
fect of anthropogenic land-use and land cover changes on cli-
mate and land carbon storage in CMIP5 projections for the
21st century, J. Climate, 26, 6859–6881, doi:10.1175/JCLI-D-
12-00623.1, 2013a.

Brovkin, V., Boysen, L., Raddatz, T., Gayler, V., Loew, A., and
Claussen, M.: Evaluation of vegetation cover and land-surface
albedo in MPI-ESM CMIP5 simulations, J. Adv. Model. Earth
Sys., 5, 48–57, doi:10.1029/2012MS000169, 2013b.

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

Chen, Q., Baldocchi, D., Gong, P., and Dawson, T.: Mod-
eling radiation and photosynthesis of a heterogeneous
savanna woodland landscape with a hierarchy of model
complexities, Agr. Forest Meteorol., 148, 1005–1020,
doi:10.1016/j.agrformet.2008.01.020, 2008.

Cherubini, F., Bright, R. M., and Strømman, A. H.: Site-specific
global warming potentials of biogenic CO2 for bioenergy: con-
tributions from carbon fluxes and albedo dynamics, Environ. Res.
Lett., 7, 045902, doi:10.1088/1748-9326/7/4/045902, 2012.

Clark, D. B., Mercado, L. M., Sitch, S., Jones, C. D., Gedney, N.,
Best, M. J., Pryor, M., Rooney, G. G., Essery, R. L. H., Blyth, E.,
Boucher, O., Harding, R. J., Huntingford, C., and Cox, P. M.: The
Joint UK Land Environment Simulator (JULES), model descrip-
tion – Part 2: Carbon fluxes and vegetation dynamics, Geosci.
Model Dev., 4, 701–722, doi:10.5194/gmd-4-701-2011, 2011.

Biogeosciences, 11, 1873–1897, 2014 www.biogeosciences.net/11/1873/2014/

http://dx.doi.org/10.1175/2008JCLI2378.1
http://dx.doi.org/10.1126/science.1184984
http://dx.doi.org/10.5194/gmd-4-677-2011
http://dx.doi.org/10.5194/gmd-4-255-2011
http://dx.doi.org/10.1016/j.eiar.2012.01.002
http://dx.doi.org/10.1029/2009GL037543
http://dx.doi.org/10.5194/bg-9-565-2012
http://dx.doi.org/10.1175/JCLI-D-12-00623.1
http://dx.doi.org/10.1175/JCLI-D-12-00623.1
http://dx.doi.org/10.1029/2012MS000169
http://dx.doi.org/10.1002/jgrg.20070
http://dx.doi.org/10.1016/j.agrformet.2008.01.020
http://dx.doi.org/10.1088/1748-9326/7/4/045902
http://dx.doi.org/10.5194/gmd-4-701-2011


A. Loew et al.: DGVM canopy radiation 1891

Cox, P.: Description of the TRIFFID dynamic global vegetation
model, Tech. rep., Hadley Centre, Met Office, London Road,
Bracknell, Berks, RG122SY, UK, 2001.

Dahlke, C., Loew, A., and Reick, C.: Robust identification of
global greening phase patterns from remote sensing vegetation
products, J. Climate, 25, 8289–8307, doi:10.1175/JCLI-D-11-
00319.1, 2012.

Diaz, S. and Cabido, M.: Plant functional types and ecosystem func-
tion in relation to global change, J. Veg. Sci., 8, 463–474, 1997.

Dickinson, R. E., Zhou, L., Tian, Y., Liu, Q., Lavergne, T., Pinty, B.,
Schaaf, C. B., and Knyazikhin, Y.: A three-dimensional analytic
model for the scattering of a spherical bush, J. Geophys. Res.,
113, D20113, doi:10.1029/2007JD009564, 2008.

DiMiceli, C., Carroll, M., Sohlberg, R., Huang, C., Hansen, M., and
Townshend, J.: Annual Global Automated MODIS Vegetation
Continuous Fields (MOD44B) at 250 m Spatial Resolution for
Data Years Beginning Day 65, 2000–2010, Collection 5 Percent
Tree Cover, University of Maryland, College Park, MD, USA,
2011.

Disney, M., Lewis, P., and North, P.: Monte Carlo ray tracing in op-
tical canopy reflectance modelling, Remote Sens. Rev., 18, 163–
196, doi:10.1080/02757250009532389, 2000.

Domingues, T. F., Meir, P., Feldpausch, T. R., Saiz, G., Veenen-
daal, E. M., Schrodt, F., Bird, M., Djagbletey, G., Hien, F.,
Compaore, H., Diallo, A., Grace, J., and Lloyd, J.: Co-
limitation of photosynthetic capacity by nitrogen and phospho-
rus in West Africa woodlands, Plant Cell Environ., 33, 959–80,
doi:10.1111/j.1365-3040.2010.02119.x, 2010.

Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O.,
Aumont, O., Balkanski, Y., Bekki, S., Bellenger, H., Ben-
shila, R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cad-
ule, P., Cheruy, F., Codron, F., Cozic, a., Cugnet, D., Noblet, N.,
Duvel, J.-P., Ethé, C., Fairhead, L., Fichefet, T., Flavoni, S.,
Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E.,
Hauglustaine, D., Hourdin, F., Idelkadi, A., Ghattas, J., Jous-
saume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahel-
lec, A., Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z. X., Lloyd, J.,
Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S.,
Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J.,
Rio, C., Schulz, M., Swingedouw, D., Szopa, S., Talandier, C.,
Terray, P., Viovy, N., and Vuichard, N.: Climate change projec-
tions using the IPSL-CM5 Earth System Model: from CMIP3
to CMIP5, Clim. Dynam., 40, 2123–2165, doi:10.1007/s00382-
012-1636-1, 2013.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W.,
Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, I., Bala, G.,
John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W.,
Lindsay, K., Matthews, H. D., Raddatz, T., Rayner, P., Reick, C.,
Roeckner, E., Schnitzler, K.-G., Schnur, R., Strassmann, K.,
Weaver, A. J., Yoshikawa, C., and Zeng, N.: Climate-carbon cy-
cle feedback analysis: results from the C4MIP model intercom-
parison, J. Climate, 19, 3337–3353, doi:10.1175/JCLI3800.1,
2006.

Gastellu-Etchegorry, J.-P., Martin, E., and Gascon, F.: DART: a 3-D
model for simulating satellite images and studying surface radi-
ation budget, Int. J. Remote Sens., 25, 73–96, 2004.

Gleckler, P. J., Taylor, K. E., and Doutriaux, C.: Performance
metrics for climate models, J. Geophys. Res., 113, D06104,
doi:10.1029/2007JD008972, 2008.

Gobron, N. and Verstraete, M. M.: FAPAR, available at:http://www.
fao.org/gtos/doc/ECVs/T10/T10.pdf, 2009.

Gobron, N., Pinty, B., Verstraete, M. M., and Govaerts, Y.:
A semidiscrete model for the scattering of light by vegetation, J.
Geophys. Res., 102, 9431–9446, doi:10.1029/96JD04013, 1997.

Goll, D. S., Brovkin, V., Parida, B. R., Reick, C. H., Kattge, J., Re-
ich, P. B., van Bodegom, P. M., and Niinemets, Ü.: Nutrient lim-
itation reduces land carbon uptake in simulations with a model
of combined carbon, nitrogen and phosphorus cycling, Biogeo-
sciences, 9, 3547–3569, doi:10.5194/bg-9-3547-2012, 2012.

Hagemann, S. and Stacke, T.: Impact of the soil hydrology scheme
on simulated soil moisture memory, in review, 2014.

Hagemann, S., Loew, A., and Andersson, A.: Combined evalua-
tion of MPI-ESM land surface water and energy fluxes, J. Adv.
Model. Earth Sys., 5, 259–286, doi:10.1029/2012MS000173,
2013.

Hall, A. and Qu, X.: Using the current seasonal cycle to constrain
snow albedo feedback in future climate change, Geophys. Res.
Lett., 33, 1–4, doi:10.1029/2005GL025127, 2006.

Harrison, S. P., Prentice, I. C., Barboni, D., Kohfeld, K. E., Ni, J.,
and Sutra, J.-P.: Ecophysiological and bioclimatic foundations
for a global plant functional classification, J. Veg. Sci., 21, 300–
317, doi:10.1111/j.1654-1103.2009.01144.x, 2010.

Haverd, V., Lovell, J., Cuntz, M., Jupp, D., Newnham, G., and
Sea, W.: The Canopy Semi-analytic Pgap And Radiative Trans-
fer (CanSPART) model: formulation and application, Agr. For-
est Meteorol., 160, 14–35, doi:10.1016/j.agrformet.2012.01.018,
2012.

IPCC: Climate Change 2007: synthesis report, Tech. rep., Intergov-
ernmental Panel on Climate Change, 2007.

Kattge, J., Díaz, S., Lavorel, S., Prentice, I. C., Leadley, P.,
Bönisch, G., Garnier, E., Westoby, M., Reich, P. B., Wright, I. J.,
Cornelissen, J. H. C., Violle, C., Harrison, S. P., Van bode-
gom, P. M., Reichstein, M., Enquist, B. J., Soudzilovskaia, N. A.,
Ackerly, D. D., Anand, M., Atkin, O., Bahn, M., Baker, T. R.,
Baldocchi, D., Bekker, R., Blanco, C. C., Blonder, B.,
Bond, W. J., Bradstock, R., Bunker, D. E., Casanoves, F.,
Cavender-Bares, J., Chambers, J. Q., Chapin III, F. S., Chave, J.,
Coomes, D., Cornwell, W. K., Craine, J. M., Dobrin, B. H.,
Duarte, L., Durka, W., Elser, J., Esser, G., Estiarte, M., Fa-
gan, W. F., Fang, J., Fernández-Méndez, F., Fidelis, A., Fine-
gan, B., Flores, O., Ford, H., Frank, D., Freschet, G. T., Fyl-
las, N. M., Gallagher, R. V., Green, W. A., Gutierrez, A. G.,
Hickler, T., Higgins, S. I., Hodgson, J. G., Jalili, A., Jansen, S.,
Joly, C. A., Kerkhoff, A. J., Kirkup, D., Kitajima, K., Kleyer, M.,
Klotz, S., Knops, J. M. H., and Kramer, K.: TRY – a global
database of plant traits, Glob. Change Biol., 17, 2905–2935,
doi:10.1111/j.1365-2486.2011.02451.x, 2011.

Kinne, S., O’Donnel, D., Stier, P., Kloster, S., Zhang, K.,
Schmidt, H., Rast, S., Giorgetta, M., Eck, T. F., and Stevens, B.:
HAC-v1: A new global aerosol climatology for climate studies,
J. Adv. Model. Earth Sys., doi:10.1002/jame.20035, 2013.

Kobayashi, H. and Iwabuchi, H.: A coupled 1-D atmosphere and
3-D canopy radiative transfer model for canopy reflectance, light
environment, and photosynthesis simulation in a heterogeneous
landscape, Remote Sens. Environ., 112, 173–185, 2008.

Krinner, G.: A dynamic global vegetation model for studies of the
coupled atmosphere-biosphere system, Global Biogeochem. Cy.,
19, GB1015, doi:10.1029/2003GB002199, 2005.

www.biogeosciences.net/11/1873/2014/ Biogeosciences, 11, 1873–1897, 2014

http://dx.doi.org/10.1175/JCLI-D-11-00319.1
http://dx.doi.org/10.1175/JCLI-D-11-00319.1
http://dx.doi.org/10.1029/2007JD009564
http://dx.doi.org/10.1080/02757250009532389
http://dx.doi.org/10.1111/j.1365-3040.2010.02119.x
http://dx.doi.org/10.1007/s00382-012-1636-1
http://dx.doi.org/10.1007/s00382-012-1636-1
http://dx.doi.org/10.1175/JCLI3800.1
http://dx.doi.org/10.1029/2007JD008972
http://www.fao.org/gtos/doc/ECVs/T10/T10.pdf
http://www.fao.org/gtos/doc/ECVs/T10/T10.pdf
http://dx.doi.org/10.1029/96JD04013
http://dx.doi.org/10.5194/bg-9-3547-2012
http://dx.doi.org/10.1029/2012MS000173
http://dx.doi.org/10.1029/2005GL025127
http://dx.doi.org/10.1111/j.1654-1103.2009.01144.x
http://dx.doi.org/10.1016/j.agrformet.2012.01.018
http://dx.doi.org/10.1111/j.1365-2486.2011.02451.x
http://dx.doi.org/10.1002/jame.20035
http://dx.doi.org/10.1029/2003GB002199


1892 A. Loew et al.: DGVM canopy radiation

Lenton, T. M. and Vaughan, N. E.: The radiative forcing potential of
different climate geoengineering options, Atmos. Chem. Phys.,
9, 5539–5561, doi:10.5194/acp-9-5539-2009, 2009.

Lewis, P. and Barnsley, M.: Influence of the sky radiance distribu-
tion on various formulations of the Earth surface albedo, in: Pro-
ceedings of the 6th ISPRS International Symposium on Physical
Measurements and Signatures in Remote Sensing, Val d’Isère,
France, 17–21 January 1994, 707–715, 1994.

Li, X. and Strahler, A.: Geometric-optical bidirectional reflectance
modeling of a conifer forest canopy, IEEE T. Geosci. Remote,
24, 906–919, doi:10.1109/TGRS.1986.289706, 1986.

Loeb, N. G., Kato, S., Su, W., Wong, T., Rose, F. G., Doelling, D. R.,
Norris, J. R., and Huang, X.: Advances in understanding top-
of-atmosphere radiation variability from satellite observations,
Surv. Geophys., 33, 359–385, doi:10.1007/s10712-012-9175-1,
2012.

Loew, A. and Govaerts, Y.: Towards multidecadal consistent me-
teosat surface albedo time series, Remote Sens., 2, 957–967,
doi:10.3390/rs2040957, 2010.

Luo, Y. Q., Randerson, J. T., Abramowitz, G., Bacour, C., Blyth, E.,
Carvalhais, N., Ciais, P., Dalmonech, D., Fisher, J. B., Fisher, R.,
Friedlingstein, P., Hibbard, K., Hoffman, F., Huntzinger, D.,
Jones, C. D., Koven, C., Lawrence, D., Li, D. J., Mahecha, M.,
Niu, S. L., Norby, R., Piao, S. L., Qi, X., Peylin, P., Prentice, I. C.,
Riley, W., Reichstein, M., Schwalm, C., Wang, Y. P., Xia, J. Y.,
Zaehle, S., and Zhou, X. H.: A framework for benchmarking land
models, Biogeosciences, 9, 3857–3874, doi:10.5194/bg-9-3857-
2012, 2012.

Meehl, G. A., Covey, C., Taylor, K. E., Delworth, T., Stouf-
fer, R. J., Latif, M., McAvaney, B., and Mitchell, J. F. B.:
The WCRP CMIP3 multimodel dataset: a new era in cli-
mate change research, B. Am. Meteorol. Soc., 88, 1383–1394,
doi:10.1175/BAMS-88-9-1383, 2007.

Mercado, L. M., Bellouin, N., Sitch, S., Boucher, O., Hunting-
ford, C., Wild, M., and Cox, P. M.: Impact of changes in dif-
fuse radiation on the global land carbon sink, Nature, 458, 1014–
10177, doi:10.1038/nature07949, 2009.

Mueller, R., Behrendt, T., Hammer, A., and Kemper, A.: A new
algorithm for the satellite-based retrieval of solar surface
irradiance in spectral bands, Remote Sens., 4, 622–647,
doi:10.3390/rs4030622, 2012.

Myneni, R., Hoffman, S., and Knyazikhin, Y.: Global products of
vegetation leaf area and fraction absorbed PAR from year one of
MODIS data, Remote Sens., 83, 214–231, doi:10.1016/S0034-
4257(02)00074-3, 2002.

Ni, W., Li, X., Woodcock, C., Caetano, M., and Strahler, A.: An
analytical hybrid GORT model for bidirectional reflectance over
discontinuous plant canopies, IEEE T. Geosci. Remote, 37, 987–
999, doi:10.1109/36.752217, 1999.

Ni-Meister, W., Yang, W., and Kiang, N. Y.: A clumped-foliage
canopy radiative transfer model for a global dynamic terrestrial
ecosystem model, 1: Theory, Agr. Forest Meteorol., 150, 881–
894, doi:10.1016/j.agrformet.2010.02.009, 2010.

Ostle, N. J., Smith, P., Fisher, R., Ian Woodward, F., Fisher, J. B.,
Smith, J. U., Galbraith, D., Levy, P., Meir, P., McNamara, N. P.,
and Bardgett, R. D.: Integrating plant-soil interactions into global
carbon cycle models, J. Ecol., 97, 851–863, doi:10.1111/j.1365-
2745.2009.01547.x, 2009.

Otto, J., Raddatz, T., and Claussen, M.: Strength of forest-albedo
feedback in mid-Holocene climate simulations, Clim. Past, 7,
1027–1039, doi:10.5194/cp-7-1027-2011, 2011.

Pinty, B.: Synergy between 1-D and 3-D radiation transfer models to
retrieve vegetation canopy properties from remote sensing data,
J. Geophys. Res., 109, D21205, doi:10.1029/2004JD005214,
2004.

Pinty, B., Gobron, N., Widlowski, J.-L., Gerstl, S. A. W., Ver-
straete, M. M., Antunes, M., Bacour, C., Gascon, F., Gastellu, J.-
P., Goel, N., Jacquemoud, S., North, P., Qin, W., and Thomp-
son, R.: Radiation transfer model intercomparison (RAMI) exer-
cise, J. Geophys. Res., 106, 11937, doi:10.1029/2000JD900493,
2001.

Pinty, B., Lavergne, T., Dickinson, R. E., Widlowski, J.-L., Go-
bron, N., and Verstraete, M. M.: Simplifying the interaction
of land surfaces with radiation for relating remote sensing
products to climate models, J. Geophys. Res., 111, D02116,
doi:10.1029/2005JD005952, 2006.

Pinty, B., Andredakis, I., Clerici, M., Kaminski, T., Taberner, M.,
Verstraete, M. M., Gobron, N., Plummer, S., and Widlowski, J.-
L.: Exploiting the MODIS albedos with the Two-stream In-
version Package (JRC-TIP): 1. Effective leaf area index, veg-
etation, and soil properties, J. Geophys. Res., 116, D09105,
doi:10.1029/2010JD015372, 2011.

Pongratz, J., Raddatz, T., Reick, C. H., Esch, M., and
Claussen, M.: Radiative forcing from anthropogenic land cover
change since AD 800, Geophys. Res. Lett., 36, L02709,
doi:10.1029/2008GL036394, 2009.

Posselt, R., Mueller, R., Stöckli, R., and Trentmann, J.: Remote
sensing of solar surface radiation for climate monitoring – the
CM-SAF retrieval in international comparison, Remote Sens.
Environ., 118, 186–198, doi:10.1016/j.rse.2011.11.016, 2012.

Poulter, B., Ciais, P., Hodson, E., Lischke, H., Maignan, F., Plum-
mer, S., and Zimmermann, N. E.: Plant functional type map-
ping for earth system models, Geosci. Model Dev., 4, 993–1010,
doi:10.5194/gmd-4-993-2011, 2011.

Prentice, I. C., Bondeau, A., Cramer, W., Harrison, S. P., Hickler, T.,
Lucht, W., Sitch, S., Smith, B., and Sykes, M. T.: Dynamic global
vegetation modeling: quantifying terrestrial ecosystem responses
to large-scale environmental change, in: Terrestrial Ecosystems
in a Changing World, edited by: Canadell, J., Pataki, D. E.,
and Pitelka, L. F., IGBP Book series, chap. Dynamic Gl,
Springer, 175–192, available at:http://www.springerlink.com/
index/r765181510882450.pdf, 2007.

Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E.,
Schnur, R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.: Will
the tropical land biosphere dominate the climate-carbon cycle
feedback during the twenty-first century?, Clim. Dynam., 29,
565–574, doi:10.1007/s00382-007-0247-8, 2007.

Reick, C. H., Raddatz, T., Brovkin, V., and Gayler, V.: Rep-
resentation of natural and anthropogenic land cover change
in MPI-ESM, J. Adv. Model. Earth Sys., 5, 459–482,
doi:10.1002/jame.20022, 2013.

Rochdi, N., Fernandes, R., and Chelle, M.: An assessment of nee-
dles clumping within shoots when modeling radiative trans-
fer within homogeneous canopies, Remote Sens. Environ., 102,
116–135, 2006.

Rossow, W. B. and Zhang, Y.-C.: Calculation of surface and top
of atmosphere radiative fluxes from physical quantities based on

Biogeosciences, 11, 1873–1897, 2014 www.biogeosciences.net/11/1873/2014/

http://dx.doi.org/10.5194/acp-9-5539-2009
http://dx.doi.org/10.1109/TGRS.1986.289706
http://dx.doi.org/10.1007/s10712-012-9175-1
http://dx.doi.org/10.3390/rs2040957
http://dx.doi.org/10.5194/bg-9-3857-2012
http://dx.doi.org/10.5194/bg-9-3857-2012
http://dx.doi.org/10.1175/BAMS-88-9-1383
http://dx.doi.org/10.1038/nature07949
http://dx.doi.org/10.3390/rs4030622
http://dx.doi.org/10.1016/S0034-4257(02)00074-3
http://dx.doi.org/10.1016/S0034-4257(02)00074-3
http://dx.doi.org/10.1109/36.752217
http://dx.doi.org/10.1016/j.agrformet.2010.02.009
http://dx.doi.org/10.1111/j.1365-2745.2009.01547.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01547.x
http://dx.doi.org/10.5194/cp-7-1027-2011
http://dx.doi.org/10.1029/2004JD005214
http://dx.doi.org/10.1029/2000JD900493
http://dx.doi.org/10.1029/2005JD005952
http://dx.doi.org/10.1029/2010JD015372
http://dx.doi.org/10.1029/2008GL036394
http://dx.doi.org/10.1016/j.rse.2011.11.016
http://dx.doi.org/10.5194/gmd-4-993-2011
http://www.springerlink.com/index/r765181510882450.pdf
http://www.springerlink.com/index/r765181510882450.pdf
http://dx.doi.org/10.1007/s00382-007-0247-8
http://dx.doi.org/10.1002/jame.20022


A. Loew et al.: DGVM canopy radiation 1893

ISCCP data sets: 2. Validation and first results, J. Geophys. Res.,
100, 1167, doi:10.1029/94JD02746, 1995.

Schaepman-Strub, G., Schaepman, M., Painter, T., Dangel, S., and
Martonchik, J.: Reflectance quantities in optical remote sensing –
definitions and case studies, Remote Sens. Environ., 103, 27–42,
doi:10.1016/j.rse.2006.03.002, 2006.

Sellers, P. J.: Canopy reflectance, photosynthesis and
transpiration, Int. J. Remote Sens., 6, 1335–1372,
doi:10.1080/01431168508948283, 1985.

Sharkey, T. D., Bernacchi, C. J., Farquhar, G. D., and
Singsaas, E. L.: Fitting photosynthetic carbon dioxide response
curves for C(3) leaves, Plant Cell Environ., 30, 1035–1040,
doi:10.1111/j.1365-3040.2007.01710.x, 2007.

Sitch, S., Huntingford, C., Gedney, N., Levy, P. E., Lomas, M.,
Piao, S. L., Betts, R., Ciais, P., Cox, P., Friedlingstein, P.,
Jones, C. D., Prentice, I. C., and Woodward, F. I.: Evaluation of
the terrestrial carbon cycle, future plant geography and climate-
carbon cycle feedbacks using five Dynamic Global Vegetation
Models (DGVMs), Glob. Change Biol., 14, 2015–2039, 2008.

Spitters, C., Toussaint, H., and Goudriaan, J.: Separating the dif-
fuse and direct component of global radiation and its impli-
cations for modeling canopy photosynthesis, Part 1. Compo-
nents of incoming radiation, Agr. Forest Meteorol., 38, 217–229,
doi:10.1016/0168-1923(86)90060-2, 1986.

Sprintsin, M., Chen, J. M., Desai, A., and Gough, C. M.: Eval-
uation of leaf-to-canopy upscaling methodologies against car-
bon flux data in North America, J. Geophys. Res., 117, G01023,
doi:10.1029/2010JG001407, 2012.

Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T.,
Rast, S., Salzmann, M., Schmidt, H., Bader, J., Block, K.,
Brokopf, R., Fast, I., Kinne, S., Kornblueh, L., Lohmann, U., Pin-
cus, R., Reichler, T., and Roeckner, E.: Atmospheric component
of the MPI-M Earth System Model: ECHAM6, J. Adv. Model.
Earth Sys., 5, 146–172, doi:10.1002/jame.20015, 2013.

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An overview of
CMIP5 and the experiment design, B. Am. Meteorol. Soc., 93,
485–498, doi:10.1175/BAMS-D-11-00094.1, 2012.

Trenberth, K. E., Fasullo, J. T., and Kiehl, J.: Earth’s
global energy budget, B. Am. Meteorol. Soc., 90, 311–323,
doi:10.1175/2008BAMS2634.1, 2009.

Tucker, C. J., Pinzon, J. E., Brown, M. E., Slayback, D., Pak, E. W.,
Mahoney, R., V., Ermote, E., and Saleous, N.: An extended
AVHRR 8-km NDVI data set compatible with MODIS and SPOT
vegetation NDVI data., Int. J. Remote Sens., 26, 4485–4498,
2005.

Vamborg, F. S. E., Brovkin, V., and Claussen, M.: The effect
of a dynamic background albedo scheme on Sahel/Sahara pre-
cipitation during the mid-Holocene, Clim. Past, 7, 117–131,
doi:10.5194/cp-7-117-2011, 2011.

Van Bodegom, P. M., Douma, J. C., Witte, J. P. M., Or-
doñez, J. C., Bartholomeus, R. P., and Aerts, R.: Going be-
yond limitations of plant functional types when predicting
global ecosystem-atmosphere fluxes: exploring the merits of
traits-based approaches, Global. Ecol. Biogeogr., 21, 625–636,
doi:10.1111/j.1466-8238.2011.00717.x, 2012.

Verheijen, L. M., Brovkin, V., Aerts, R., Bönisch, G., Cornelis-
sen, J. H. C., Kattge, J., Reich, P. B., Wright, I. J., and
van Bodegom, P. M.: Impacts of trait variation through observed
trait–climate relationships on performance of an Earth system

model: a conceptual analysis, Biogeosciences, 10, 5497–5515,
doi:10.5194/bg-10-5497-2013, 2013.

von Caemmerer, S.: Biochemical Models of Leaf Photosynthesis,
CSIRO PUBLISHING, available at:http://www.publish.csiro.
au/pid/1592.htm, 2000.

Wang, S., Chen, W., and Cihlar, J.: New calculation methods
of diurnal distribution of solar radiation and its interception
by canopy over complex terrain, Ecol. Model., 155, 191–204,
doi:10.1016/S0304-3800(02)00122-9, 2002.

Widlowski, J.-L.: On the bias of instantaneous FAPAR estimates
in open-canopy forests, Agr. Forest Meteorol., 150, 1501–1522,
doi:10.1016/j.agrformet.2010.07.011, 2010.

Widlowski, J.-L., Pinty, B., Lavergne, T., Verstraete, M., and Gob-
ron, N.: Using 1-D models to interpret the reflectance anisotropy
of 3-D canopy targets: issues and caveats, IEEE T. Geosci. Re-
mote, 43, 2008–2017, doi:10.1109/TGRS.2005.853718, 2005.

Widlowski, J.-L., Pinty, B., Lavergne, T., Verstraete, M. M.,
and Gobron, N.: Horizontal radiation transport in 3-D for-
est canopies at multiple spatial resolutions: simulated impact
on canopy absorption, Remote Sens. Environ., 103, 379–397,
doi:10.1016/j.rse.2006.03.014, 2006.

Widlowski, J.-L., Taberner, M., Pinty, B., Bruniquel-Pinel, V.,
Disney, M., Fernandes, R., Gastellu-Etchegorry, J.-P., Gob-
ron, N., Kuusk, A., Lavergne, T., Leblanc, S., Lewis, P. E., Mar-
tin, E., Mõttus, M., North, P. R. J., Qin, W., Robustelli, M.,
Rochdi, N., Ruiloba, R., Soler, C., Thompson, R., Verhoef, W.,
Verstraete, M. M., and Xie, D.: Third Radiation Transfer Model
Intercomparison (RAMI) exercise: documenting progress in
canopy reflectance models, J. Geophys. Res., 112, D09111,
doi:10.1029/2006JD007821, 2007.

Widlowski, J.-L., Pinty, B., Clerici, M., Dai, Y., De Kauwe, M.,
de Ridder, K., Kallel, A., Kobayashi, H., Lavergne, T., Ni-
Meister, W., Olchev, A., Quaife, T., Wang, S., Yang, W., Yang, Y.,
and Yuan, H.: RAMI4PILPS: an intercomparison of formulations
for the partitioning of solar radiation in land surface models, J.
Geophys. Res., 116, G02019, doi:10.1029/2010JG001511, 2011.

Widlowski, J.-L., Pinty, B., Lopatka, M., Atzberger, C., Buz-
ica, D., Chelle, M., Disney, M., Gastellu-Etchegorry, J.-P.,
Gerboles, M., Gobron, N., Grau, E., Huang, H., Kallel, A.,
Kobayashi, H., Lewis, P. E., Qin, W., Schlerf, M., Stuckens, J.,
and Xie, D.: The 4th radiation transfer model intercompari-
son (RAMI-IV): proficiency testing of canopy reflectance mod-
els with ISO-13528, J. Geophys. Res.-Atmos., 118, 6869–6890,
doi:10.1002/jgrd.50497, 2013.

Wilson, M. and Henderson-Sellers, A.: A global archive of land
cover and soils data for use in general circulation climate models,
J. Climate, 5, 119–143, 1985.

Yang, R., Friedl, M. A., and Ni, W.: Parameterization of short-
wave radiation fluxes for nonuniform vegetation canopies in
land surface models, J. Geophys. Res., 106, 14275–14286,
doi:10.1029/2001JD900180, 2001.

Zaehle, S. and Friend, A. D.: Carbon and nitrogen cycle dynamics
in the O-CN land surface model: 1. Model description, site-scale
evaluation, and sensitivity to parameter estimates, Global Bio-
geochem. Cy., 24, GB1005, doi:10.1029/2009GB003521, 2010.

www.biogeosciences.net/11/1873/2014/ Biogeosciences, 11, 1873–1897, 2014

http://dx.doi.org/10.1029/94JD02746
http://dx.doi.org/10.1016/j.rse.2006.03.002
http://dx.doi.org/10.1080/01431168508948283
http://dx.doi.org/10.1111/j.1365-3040.2007.01710.x
http://dx.doi.org/10.1016/0168-1923(86)90060-2
http://dx.doi.org/10.1029/2010JG001407
http://dx.doi.org/10.1002/jame.20015
http://dx.doi.org/10.1175/BAMS-D-11-00094.1
http://dx.doi.org/10.1175/2008BAMS2634.1
http://dx.doi.org/10.5194/cp-7-117-2011
http://dx.doi.org/10.1111/j.1466-8238.2011.00717.x
http://dx.doi.org/10.5194/bg-10-5497-2013
http://www.publish.csiro.au/pid/1592.htm
http://www.publish.csiro.au/pid/1592.htm
http://dx.doi.org/10.1016/S0304-3800(02)00122-9
http://dx.doi.org/10.1016/j.agrformet.2010.07.011
http://dx.doi.org/10.1109/TGRS.2005.853718
http://dx.doi.org/10.1016/j.rse.2006.03.014
http://dx.doi.org/10.1029/2006JD007821
http://dx.doi.org/10.1029/2010JG001511
http://dx.doi.org/10.1002/jgrd.50497
http://dx.doi.org/10.1029/2001JD900180
http://dx.doi.org/10.1029/2009GB003521


1894 A. Loew et al.: DGVM canopy radiation

Appendix A

Surface albedo deviations for VIS and NIR

Figure5 shows surface albedo deviations for the entire solar
spectrum. The following figures show the deviations of surface
albedo for the visible and near infrared shortwave bands separately.
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Fig. A.1. Deviations of simulated surface albedo from RAMI4PILPS reference solutions (αmodel −αref ) for the VIS spectrum
(0.3 . . .0.7µm). Details of figure structure are the same as Figure 3

Fig. A1.Deviations of simulated surface albedo from RAMI4PILPS
reference solutions (αmodel− αref) for the VIS spectrum (0.3 to
0.7µm). Details of figure structure are the same as Fig.3.
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Fig. A.2. Deviations of simulated surface albedo from RAMI4PILPS reference solutions (αmodel −αref ) for the NIR spectrum
(0.7 . . .3.0µm). Details of figure structure are the same as Figure 3

Fig. A2.Deviations of simulated surface albedo from RAMI4PILPS
reference solutions (αmodel− αref) for the NIR spectrum (0.7 to
3.0µm). Details of figure structure are the same as Fig.3.
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Fig. A3. PFT distribution for grassland and forests.

Fig. A4. CERES EBAF2.6 surface (left) solar radiation flux and calculated one-way atmospheric transmissivity (right).
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Fig. D.1. Canopy transmission as calculated using (24) by assuming energy conservation. Red labels indicate a clear inconsistency in the
canopy flux estimates. Details of figure structure are the same as Figure 3

Fig. A5. Canopy transmission as calculated using Eq. (24) by assuming energy conservation. Red labels indicate a clear inconsistency in the
canopy flux estimates. Details of figure structure are the same as Fig.3.
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Appendix B

PFT distributions

See Fig.A3.

Appendix C

CERES radiation and one-way transmissivity

The climatological mean one-way atmospheric transmissiv-
ity was derived from CERES top-of-atmosphere and surface
radiation fluxes using Eq. (17). The resulting distribution of
0↓ is shown in Fig.A4.

Appendix D

Energy conservation

The energy conservation was tested by estimating the theo-
retical canopy transmission (T ) under the assumption of en-
ergy conservation. The following figures show where the en-
ergy conservation is clearly violated (red). Note however that
experiments with 0≤ T ≤ 1 can also be physically inconsis-
tent, which could not however be tested, as the values forT

are not available from the models.
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