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Abstract. The separation of global radiatiomRg) into its inclusion of both diffuse and direct radiation transfer is im-
direct (Rp) and diffuse constituentsRg) is important when  portant when modeling photosynthesis in plants. For exam-
modeling plant photosynthesis because a hRghRg ratio ple, an increased ratio of incoming diffusy(qy) to global ra-

has been shown to enhance Gross Primary Production (GPPiation (Ro,g) increases photosynthesis during clear-sky con-
To include this effect in vegetation models, the plant canopyditions (Spitters, 1986; de Pury and Farquhar, 1997; Alton et
must be separated into sunlit and shaded leaves. Howevea)., 2005; 2007; Cai et al., 2009; Mercado et al., 2009). This
because such models are often too intractable and comput#crease is caused by shaded leaves, which are normally not
tionally expensive for theoretical or large scale studies, sim-ight saturated, receiving an increased photon flux thus in-
pler sun-shade approaches are often preferred. A widely usecreasing photosynthesis (Roderick, 2001). Because the sunlit
and computationally efficient sun-shade model was develdeaves are light saturated the simultaneous decrease in direct
oped by Goudriaan (1977) (GOU). However, compared toradiation on the sunlit leaves will not cause a large enough
more complex models, this model’s realism is limited by its offset to decrease total canopy photosynthesis.

lack of explicit treatment of radiation scattering.

Here we present a new model based on the GOU model, Exist_ing canopy _radiation m(_)d_els differgreatly inthe Ieyel
but which in contrast explicitly simulates radiation scattering ©f détail used to simulate radiation profiles. More detailed
by sunlit leaves and the absorption of this radiation by theM0dels assume non-homogeneous canopies and/or calcu-
canopy layers above and below (2-stream approach). Conjate radiation interception by individual trees (e.g. Charles-

pared to the GOU model our model predicts significantly dif- Edwa}rds and Thorrﬂey, 1973; Mann et al., 1979; Chen et al.,
ferent profiles of scattered radiation that are in better agree}994; North, 1996; Bartelink, 1998). These more complex

ment with measured profiles of downwelling diffuse radia- models are able to more accurately represent radiative trans-

tion. With respect to these data our model's performance id€" in the canopy than simpler representations. However, be-
equal to a more complex and much slower iterative radiatiorc@USe these models are complex, they cannot be solved ana-
model while maintaining the simplicity and computational Iyt|cally and are.therefore nqt guﬁlplently tractable for use in
efficiency of the GOU model. theoretical studies (e.g. optimization models, e.g. Franklin,
2007). Perhaps the most important limitation of the com-
plex models is their computational demand. For example,
the new generation of large scale vegetation models include
1 Introduction height structured competition for light as one of the most im-
portant processes shaping plant communities (Albani et al.,
Realistic estimation of radiation profiles in plant canopies is2006; Scheiter and Higgins, 2009). Because this process re-
important in order to correctly simulate processes occurringsults in dynamic interactions between many plants within the
at the leaf-level, such as photosynthesis and evaporation. Theanopy, the resulting computational demands are too high to
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536 P. Bodin and O. Franklin: Efficient modeling of sun/shade canopy radiation dynamics

allow the use of complex iterative or other computationally
slow radiation interception models.

A relatively simple sun/shade model which can be used
in global vegetation models was originally developed by
Goudriaan (1977; 13-40) (GOU) and later implemented by
Spitters (1986). This model has been used in several stud-
ies (e.g. Anten, 1997; dePury and Farquhar, 1997; Wang anc
Leuning, 1998; Wang, 2003). However, a potential disad-
vantage of this model compared to similar but more com-
putationally demanding models (e.g. Norman, 1979, 1980; a- GOU model b. BF model
Sellers, 1985) is that it does not explicitly account for the Fig. 1. Di  the radiation i ion in th i
scattering of direct radiation, which leads to as distribution 9. 1. Diagram of the radiation Interception in the two different

models: GOU (Goudriaan, 1977) and our new model (BF). Both

of scattered radiation in the canopy that disagrees with Preihe GOU(a) and BF mode(b) simulate the fraction of sunlit leaves

dictions of the more realistic mechanistic radiation-scattering(v\,hite areas) to shaded leaves (grey areas) in the same way ac-
models (e.g. Norman, 1979, 1980; Sellers, 1985). cording to Lambert-Beer’s law. The absorption of incoming dif-

In this study our aim is to derive a canopy radiation modelfuse radiation (broken grey arrows) is also simulated the same way
with the simplicity and calculation speed of the GOU model with incoming diffuse radiation being absorbed by both sunlit and
combined with a more realistic representation of the scattershaded leaves also following Lambert-Beer's law. The difference
ing process. Taking the GOU model as a starting point webetween the models lies in the fluxes of scattered radiation, which
extend it by explicitly accounting for upstream and down- in the BF que_l are generated by the transmittance and reflectance
stream fluxes of scattered radiation. Importantly, in contrast®f Peam radiation (black arrows) at all levels of the canopy. The
to iterative models (Norman, 1979, 1980) we do this with- GO_U _model approximates the totgl |nter_cept|on of incoming direct
out sacrificing the analytical solvability. The model is then rad|at|on (broken .bIaCk arrpw) with a S'ngl.e gggregated flux that

) . . includes both the interception of beam radiation and the scattered
tested against a measured profile of downwelling scattere

. ) . adiation generated by the beam radiation. Scattered radiation is
broadband radiation previously used to validate the model bynen calculated at each level as the difference between total direct

Norman (1979, 1980) in a study by Baldocchi et al. (1985). radiation (black arrow) and beam radiation (based on the area of
sunlit leaves). In the BF model, scattered radiation is generated by
beam radiation (black arrow) being intercepted by sunlit leaves and

2 Materials and methods scattered into one up- and one downstream (solid grey arrows) of
scattered (diffuse) radiation.

In this study we used the sun/shade model originally devel-

oped by Goudriaan (1977, 13—40 pp.) (GOU) as our starting

point. This model has previously been described in detailmodel are assumed to be equal. The extinction coefficient for
(Spitters, 1986; Anten, 1997; de Pury and Farquhar, 1997diffuse radiation £y) can be calculated as (Spitters, 1986):
Wang and Leuning, 1998; Wang, 2003). The difference be-

tween our model (BF) and the GOU model lies in the treat-kd =0.8v1—o. @
ment of scattered radiation. While the GOU model employs
an implicitly defined one-stream flux, the BF model explic-
itly tracks two-stream generation and absorption of scattere
radiation. However, for clarity a short description of the full
GOU model is given below. The radiation fluxes in both
models are explained in Fig. 1. Agl(L) = e~ kol (3)

Following Lambert-Beer’s law the direct radiation on sun-
lit leaves is assumed to be equal at all canopy depths but with
he fraction of sunlit leavesA)) decreasing with canopy
depth:

2.1 The GOU model The extinction coefficient for black leavek,{ is a function

of solar elevation §)
The radiation profile of diffuse radiatiorRrf) is calculated
as: kp = % (4)
Rq(L) = Ro.d(1— p)e”"a". (1) _ _ _ .
where G is a function representing the leaf angle distribu-
In EQ. (1) Ro 4 is incoming diffuse radiationy is canopy  tion in the canopy (e.g. Goudriaan, 1977; Baldocchi et al.,
reflectancekqy is the extinction for diffuse radiation and 1985; Wang and Baldocchi, 1988) afwa clumping index
is cumulative (single sided) Leaf Area Index (LAI). Canopy (Goudriaan, 1977; Baldocchi et al., 1985; Chen et al., 2008).
reflectance is a function of solar elevatig#) @nd leaf scat- When assuming a spherical leaf angle distribution, a com-
tering () (see Spitters, 1986). Leaf scattering {ncludes  mon model assumption, the leaf angle distribution function

transmittance ) and reflectancerf, which in the GOU G equals 0.5 (Goudriaan, 1977).
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The clumping index, where O< < 1) represents het- Following the same rationale the upward stream of scattered
erogeneity in canopy structure, which decreases with intadiation becomes:
creasingQ so thatQ = 1 represents a random distribution
of leaves (no clumping). .

In the GOU model, the profile of scattered radiatidhd Rscr (L) = Roor

Lot
f o kot p—ka6—L)

is calculated as the difference between “total direct radia- L

tion” (Rp o) and beam radiation.Rp 1ot includes beam ra- _ R ekl _ pkdl=(kotkd) Lot 9
diation and scattered radiation generated by the reflectance = fobr kq + kb ©)

and transmittance of beam radiation (Spitters, 1986). The GOU model can now be converted into the BF model by
Rse(L) = Ro.tot(L) — Ro.b(L) = Ro b(l_p)ef«/lfakbL replacing the equation for scattered radiation (Eq. 5) in the

GOU model by the sum of Egs. (8) and (9):

e*kbL _ e*de e*kbL _ edef(kb+kd)L1m
t 0)

+r
kd — kp kd + kb

—Rop(1—o)e koL (5)

While the beam radiation following Lambert-Beer's law is a Rsc(L) = Ro,p
mechanistically justified standard assumption in many mod-

els, the assumption of the “total direct radiation” also fol- In addition to the upstream flux generated by leaf reflectance,
lowing Lambert-Beer’s law is not readily justified mechanis- an upward flux generated by surface reflectance can be added
tically. Rather, this definition of “total direct radiation” rep- kg(Lor—D)
resents an empirically based approximation, which leads to &7/ = WIRobAsi(Ltot) + Rd(Lto) + Rsc, (Ltole (11)
profile for scattered radiation significantly different from the \yherew is ground-surface albedo.

mechanistically derived profile predicted by BF model.

2.3 Absorbed radiation
2.2 The BF model

In order to be able to calculate canopy photosynthesis ab-

In more complex and realistic radiative transfer models thansorbed radiation needs to be calculated for sunlit and shaded
the GOU model, scattered radiation is often treated as twaeaves separately. Absorbed radiation by shaded leaves in the
separate streams: one upward stream generated by direct rgOU model is calculated as (Anten, 1997)
diation being reflected by leaves, and one downward stream
generated by transmittance of beam radiation through Ieave*sha(L) =(1— Agq(L)) [L(Rd(L) + Rsc(L))} (12)
The BF model is formed by replacing the original implicit Vi-o
treatment of Scattel’ing in the GOU by an eXpliCit two stream and absorbed radiation by sun"t |eaves as:
approach for scattered beam radiation.

Scattering of direct (beam) radiation gives rise to upstreamg, (L) = A¢ (L) [L(Rd(L) + Rse(L)) + kpRp 0} . (13)
(reflection) and downstream (transmission) fluxes of diffuse Vi-o ’
radiation. The fraction of incoming direct radiation that is Absorbed radiation by shaded leaves in the BF model is cal-
transmitted at canopy dep¢hcan be calculated by multiply-  culated analogously as
ing Eq. (3) with transmittance. This transmitted radiation is
then treated as downwelling diffuse radiation. The fractionof g\ (1)=(1— Ag(L)) [ kd Ra(L)+ kd Rser (L)

transmitted radiation formed &tremaining at canopy depth Ji—0o V1—r
L (which is belowg) is: kd

+ \/1_Rsc¢ (L) (14)
fi(L)= o kd(L—§) (6) -1t

and absorbed radiation by sunlit leaves as:
Using Egs. (3) and (6) the fraction of incoming direct radia-

tion that has been transmitted at canopy déptind thatis g (1) — AsI(L)[ kd Ry(L) + kg Rser (L)

available at canopy depth can be calculated as: V1—o J1-—r
k
Ri(L) =tAg(L) f,(L) = te b5 g=ka(L=6) 7 +\/1—d_tRsc¢(L) +kbRb,0i| . (15)

The downwelling scattered radiation at canopy depttan .
be calculated by integrating Eq. (7) over all canopy depthsz'4 Photosynthesis
between the canopy top and canopy depthmultiplied by

_ _ y L Photosynthesis (ug C™s™1) is calculated for sunlit and
incoming beam radiationRp,p):

shaded leaves separately using a non-rectangular hyperbola
function (Thornley, 2002)

L ket k(L) e—kbL _ e—de
Rsc, (L) = Ro,bt/e e THdE = Ropt —— — (8) P+ ®Ra(L) — /(Pms Ra(L))2 — 40 Pn®Ra(L)
5 d— ko P(L) = s (16)
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where R, is absorbed radiationg is the quantum yield 1985), we can also compare our results against this modeled
(Mg CJI ), Pmax (Mg C2s1) is the light saturated gross radiation profile.
photosynthetic rate (ug C$) and® is the convexity of the Modeling Efficiency (ME: Appendix B) of the simulated

relationship betwee® (L) andRa. Pmaxis calculated as profiles compared to measurements was also calculated.
In addition to the testing of model results against the mea-
Pmax = a(na—nmin) (A7) sured profile (above) we also compare the fluxes of scat-

tered radiation for the respective models and spectral bands
(Broadband, photosynthetically active radiation (PAR), near
infrared (NIR)). For the GOU model Eg. (5) was used and
for the BF model Eqgs. (8) and (9). The same values for

whereng is nitrogen content per leaf area (g N'R), nmin is
the leaf nitrogen content for whicAnax is 0 (g N nT2), and
a is the slope of th&max— na relationship (ug C g Nts™1).

2.5 Model testing B andfDif as above were used and for reflectanceand
transmittance ¢ we used the values reported in Baldoc-
2.5.1 Canopy radiation profiles chi et al. (1985) (Broadband: = 0.30 andr = 0.22; PAR:

r =0.11 andr = 0.16; NIR: r = 0.43 andr = 0.26). As the
To test a radiation scattering model against measured dat&OU model does not separate scattering into reflectance and
requires measured radiation profiles where scattered and diransmittance, scattering-) for this model was set to the
rect components are separable. Because such data are scasten ofr and:.
modelers often use more detailed and more complex mod-
els as a benchmark instead of measured data. In this studg.5.2 Effects on GPP
we use a measured profile of downwelling scattered radia-_ . ) o
tion (Baldocchi et al., 1985) which has previously been used© investigate the effect of our modifications to the GOU
to validate the model by Norman (1979, 1980). Using the Model on simulated GPP we perform a test where we use
same parameter values as reported in the study by Baldoccl@ ange of incoming radiation between 50 and 800W¥m
(1985), we compare our model results against both a mea@nd @ solar elevation ranging from®t 80°. The same LAl
sured profile and a more complex iterative model by Nor-(5-5) and value fofDif as in Baldocchi et al. (1985) were
man (1979, 1980) as well as the GOU model. For our modef!S€d and no clumping was assumer 1). In this test we

runs we use the same model assumptions as used in the N(ﬁ_ssurrjgxb to be 2.73 ug CJ; © to be 0.75 andimin 0.4
man model (1979, 1980), i.e. a spherical leaf angle distribud N M~ (Franklin andAgren, 2002). Leaf nitrogen content

tion and no clumping® = 1). In addition to this compari- (najlwals assumed to be 2.3g N“?nanda_to be 65.7ug Cg
son, we apply a site specific estimatedé= 0.84 (Baldocchi N~ S~ based on values fdp. rubra(Reich et al., 1995).
and Wilson, 2001) to test the effect of clumping on the pre-
dictions by our model (BF model) and the GOU model.

In the study by Baldocchi et al. (1985) radiation was mea-
sured within an oak-hickory stand located near Oak Ridge3.1 Model differences in the radiation profile
TN, USA (3557 N 84°17 W), using sensors mounted on
trams that traversed 30 m transects. They calculated a dailfhe difference between the GOU and BF models lies in
mean profile of downwelling diffuse radiation based on the treatment of scattered radiatioRs§), where the GOU
hourly-averaged data between 08:00 and 17:00 EST for Jumodel treatsRs; as the difference between the implicitly
lian day 273, 1981. (non-mechanistically) defined total direct radiatiaRy (ot)

Hourly downwelling broadband diffuse radiation was and beam radiationRpp). Contrastingly, the BF model
modeled (on the half-hour) as the sum of Egs. (1) and (8)calculatesRksc explicitly and mechanistically accounting for
for the BF model and Egs. (1) and (5) for the GOU model all processes included in the radiation interception model
using the same value foand the fraction of diffuse to global (Fig. 1). Consequently, the profiles of total scattered radi-
radiation {Dif ) as reported in Baldocchi et al. (1985) (0.22 ation differ markedly between the models (Fig. 2) at the top
and 0.17, respectively), with the value @ftalculated using  of the canopy. This difference is largest in the photosyntheti-
a two-dimensional geometry (Appendix A). Broadband radi- cally active radiation (PAR) spectra (Fig. 2c), and smallest in
ation was used as it is the only spectral range for which prothe near infrared (NIR) spectra (Fig. 2b). Total scattered ra-
files for downwelling diffuse radiation was available. In the diation in the GOU model follows an exponential extinction
GOU modelo was set to equal in order to only account in line with Lambert-Beer’s law. In the BF model the shapes
for downwelling scattered radiation. The modeled broad-of the curves for upward and downward scattered radiation
band radiation profiles were then compared against the meadiffer. Upward scattered radiatiorR{c;) follows a profile
sured profile taken from Baldocchi et al. (1985). As the samesimilar to the GOU model, whereas downwelling scattered
model parameters and model assumptions (spherical angiediation Rsc ) is O at the canopy top and increases to a max-
distribution) were used in our model runs as in the modelimum at cumulative leaf are ~ 1.5 followed by a shallow
runs using the Norman (1979, 1980) model (Baldocchi et al. decline. The resulting hump shaped profile for total scattered

3 Results and discussion
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Fig. 2. The modeled profiles of scattered radiatidtsf) in the broadbanda), near infra redb) and photosynthetically active radiation
spectra(c) relative incoming beam radiatiorRg ) for the respective models. Note the difference in scale betWaeln) and (c). For

the BF model, scattering (thick solid line) is divided into upwelling (BF thin solid line) and downwelling scattered radiation (BF:
dashed line). For the GOU model total scattered radiation is simulated {&@btted/dashed line) using scattering equal to the sum of
transmittance#(= 0.22) and reflectance & 0.30). For the BF model scattered radiation ggRhick solid line) is the sum of BE; and
BFscp-

radiation in the BF model follows from the competing effects T . , .
of the accumulation of generated scattered radiation and the 140 |- BF(Q=1.0) =——

cumulative absorption of this radiation down the canopy. GOU (Q=1.0) -~

120 BF (2=0.84) —— -

3.2 Comparison with a measured radiation profile 100 NGOU (g(z;o}gg; ......... |
orman (Q=1.0) ---------

Tested against measurements of downwelling diffuse radi- Observed - - -

80 oo
ation, the BF model performs significantly better than the L

Downwelling diffuse radiation [W m™]

original GOU model (Fig. 3) with ME=0.46 compared to 60

—2.45 for the GOU model (excluding the trivial poiht= 40

0). Notably, the radiation profile for downwelling diffuse ra-

diation predicted by the BF model is almost identical to the 20 .

one using the more complex Norman model (Norman, 1979, TG,

1980). By using a clumping index as reported at the same 0 1
site (Baldocchi and Wilson, 2001) the model fit increased for
both models (Fig. 3). For the GOU model the fit became only

slightly better with ME= —2.06, whereas we get ME0.63 _ o
for the BF model. Fig. 3. Model efficiency (ME) was 0.46 and2.45 for the BF and

GOU model respectively assuming no clumping; an2.06 and
0.63 respectively assuming a clumping indexn& 0.84.

2 3 4 5
Canopy depth [m2 m'2]

3.3 Model difference in simulated GPP

The difference between the GOU and BF models in simu- _ .

lated GPP varied with both solar elevation and incoming ra-fween 1.2 and 6.2 % (on average 3.1 %), with the difference
diation (Ro), with the latter being most important. GPP is in for low Ro always being larger than 4.4 %.

general larger for the GOU model; for a LAl of 5.5 the differ-

ence in total canopy GPP varies between 0.1 and 3.1% (o8.4 Implications for canopy radiation modelling

average 1.4 %) (Fig. 4). For a loRp (below 150 W nT2) the

difference was always larger than 1.8 %. As the difference inGiven the prominent role of light in shaping vegetation
scattered radiation was largest at the top of the canopy weéhrough responses at scales from leaf physiology to com-
also compare simulated GPP for a LAl of 2 (Fig. 4). Here munity dynamics, an accurate representation of canopy light
the difference between the GOU and BF model varied be-absorption is important in vegetation modelling. Not only
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tions may be valuable. For example, the new generation
of large scale vegetation models include height structured
6 LAI=5.5; B=80° =---=--- . competition for light as one of the most important processes
: LAI=2.0; p=45° shaping plant communities but do not explicitly account for

T

T T
LAI=5.5; B=45°

g

©
a8
‘g; 5f LAl=210; B0~ = radiation scattering (e.g. Smith et al., 2001; Albani et al.,
ﬁg " 2006; Scheiter and Higgins, 2009). Such vegetation models
3= r . . .
Eo could readily be improved at very low computational cost by
.gg 3t adding a simple canopy scattering approach, such as the BF
@ model.
P90 oL
o

§ 1F Appendix A

3

0 .
0 100 200 300 400 500 600 700 800 Solar elevation

SW radiation [W m™2 . .
[ ! Solar elevation changes diurnally and seasonally as well as

with latitude. It was calculated as (cf. de Pury and Farquhar,

Fig. 4. Difference in simulated GPP (%) between the GOU and BF 1997)

model using a LAl of 2.0 (thin lines) or 5.5 (thick lines) using a

solar elevation of 45(solid lines) or 80 (dotted lines). SinB = siny sing + cosy coss cosh (A1)

wherey is latitude,$ is the declination angle, aridis hour

does light absorption limit photosynthesis but it also controlsang|e (all in radians). Declination angle was calculated as

leaf N concentration (Franklin an&gren, 2002) and water
use (Buckley et al., 2002) with implications for ecosystem T [ 2x

resource balances. It is therefore not surprising that muck = @23-45- Sln[ﬁ(284+ d)} (A2)
effort has been put into construction of realistic canopy ra-

diation models. Because realism often comes at a computavhered is day of the year.

tional cost and loss of tractability there is also a large demand

for simple and computationally efficient models, such as the )

widely used Goudriaan model (Spitters, 1986; Anten, 1997/APPendix B

dePury and Farquhar, 1997; Wang and Leuning, 1998; Wang,vI ) .
2003). odeling efficiency

Our replacement of the original one-stream implicit Scat'ModeIing Efficiency (ME) was calculated as (Janssen and
tered radiation flux in the Goudriaan approach by an eX-Heuberger, 1995)

plicit two-stream model of radiation scattering significantly

and qualitatively changed the shape of the modelled scat- n o5 & 2
tered radiation profile compared to the original GOU model ;(Oi - 0)"= E(Pf —01)
(Fig. 2). The predictions of the new BF model were in better ME = = - — (B1)
agreement with measured canopy radiation profiles of diffuse > (0; — 0)?
i=1

downwelling radiation than the original GOU model (Fig. 3).
Furthermore, our model results are very close to the more . . ~
. . . wheren is number of datap); is observed value) is average

complex and computationally intensive Norman model (Nor'observed value, ang is predicted value

man, 1979, 1980) while maintaining the high computational ' '

efficiency of the GOU model. This similarity in results sug- acknowledgementsive thank Marianne Hall and Guy Schurgers

gests that the BF model could be used as a computationally_und University) for useful comments on the manuscript. This

efficient approximation of the Norman model. research was funded by the Swedish Research Council for Envi-
Given the importance of canopy radiation modeling, our ronment, Agricultural Sciences and Spatial Planning (FORMAS),

qualitative as well as quantitative improvement of a tractableby the Natural Environment Research Council (NERC) under grant

analytical canopy radiation model can be used to improveNE/F00205X/1, and by the IIASA.

a wide range of plant, vegetation and ecosystem models.

While the effect of our modification of the GOU model on Edited by: D. Lawrence

simulated GPP is modest at high LAls, at lower LAls the ef-

fectis larger, up to 6.2 %, in our simulation of an oak/hickory

forest canopy. Because GPP is the basis for most plant and

ecosystem processes even small improvements in its predic-
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