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Evaluating the use of Beer’s law for estimating light
interception in canopy architectures with varying
heterogeneity and anisotropy

Maria A. Ponce de Le6n?®, Brian N. Bailey®

% Department of Plant Sciences, University of California, Davis, Davis, CA 95616, USA

Abstract

Light interception in plant canopies is most commonly estimated using a
simple one-dimensional turbid medium model (i.e., Beer’s law). Inherent in this
class of models are assumptions that vegetation is uniformly distributed in space
(homogeneous) and in many cases that vegetation orientation is uniformly dis-
tributed (isotropic). It is known that these assumptions are violated in a wide
range of canopies, as real canopies commonly have heterogeneity at multiple
scales and almost always have highly anisotropic leaf angle distributions. How-
ever, it is not quantitatively known under what conditions these assumptions
become problematic given the difficulty of robustly evaluating model results for
a range of canopy architectures. In this study, assumptions of vegetation homo-
geneity and isotropy were evaluated under clear sky conditions for a range of
virtually-generated crop canopies with the aid of a detailed three-dimensional,
leaf-resolving radiation model. Results showed that Beer’s law consistently over
predicted light interception for all canopy configurations. For canopies where the
plant spacing was comparable to the plant height, Beer’s law performed poorly,
and over predicted daily intercepted sunlight by up to ~115%. For vegetation
with a highly anisotropic leaf inclination distribution but a relatively isotropic
leaf azimuth distribution, the assumption of canopy isotropy (i.e., G=0.5) re-

sulted in relatively small errors. However, if leaf elevation and azimuth were
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both highly anisotropic, the assumption of canopy isotropy could introduce sig-
nificant errors depending on the orientation of the azimuthal anisotropy with
respect to the sun’s path.

Keywords: Beer’s law, Heterogeneous canopies, Leaf angle distribution, Light
interception, Row orientation

1. Introduction

Solar radiation is a primary driver of most plant biophysical processes, in-
cluding energy transfer, turbulent transport, evapotranspiration, photosynthe-
sis, and phenology. Fluxes of absorbed radiation in plant canopies have strong
gradients in the vertical direction, and potentially in horizontal directions in
the case of heterogeneous canopies (Ross, 1981). Capturing these high gradi-
ents through direct measurement is often challenging, and therefore models are
frequently used to predict absorbed radiative flux distributions.

For practical purposes, relatively simple models are frequently used to es-
timate light interception in plant canopies. For example, crop models have
become important tools for studying agricultural systems (Jones et al., 2017),
yet they commonly utilize relatively simple models for light interception given
the frequent lack of detailed architectural inputs.

The most commonly used approach for estimating light interception treats
the canopy as a homogeneous medium of unresolved vegetation (i.e., a “turbid”
medium), which allows for the use of a simple exponential model for radiation
attenuation commonly know as Beer’s law, Beer-Lambert law, or Beer-Lambert-
Bouguer law (Monsi and Saeki, 1953; Lemeur and Blad, 1975; Porter et al., 1993;
Sampson and Smith, 1993; Boote and Pickering, 1994; Jones et al., 2003; Luna-
garia and Shekh, 2006; Liu et al., 2015). Beer’s law calculates the probability
of radiation interception as an exponentially increasing function of the leaf area
projected in the direction of radiation propagation and the distance travelled
through the canopy. Using this approach, light interception can be calculated

as
L

I1=1 ll—exp(— ¢ )
cos f

where I is the radiation flux intercepted over the depth of the canopy, Iy is the
direct-beam radiation flux on a horizontal surface at the top of the canopy, L is
the leaf area index (m? m~2), and 0 is the solar zenith angle. G is the fraction
of leaf area projected in the direction of the sun, and is defined mathematically
as (Ross, 1981)

: (1)

1
G:%/gL(QL)|QS~QL|dQL, (2)
2m

Preprint submitted to Ecological Modelling June 28, 2019



where )4 is a unit vector pointing in the direction of the sun, 2y, is a unit
vector in the direction of the leaf normal, and gz, (1) is the probability that
a leaf normal is oriented in the direction Q. If gy, is constant for all Qj, (i.e.,
leaves have no preferred orientation and are thus isotropic), integration of Eq. 2
yields a value of G = 0.5 (Ross, 1981).

The form of Beer’s law given in Eq. 1 functions under two main assumptions.
The first assumption is that leaf positions are randomly distributed both verti-
cally and horizontally (i.e., homogeneous) in a continuous medium where leaves
are relatively small. The second assumption is that leaves absorb all incident ra-
diation (i.e., no scattering or transmission) (Lemeur and Blad, 1975; Larsen and
Kershaw Jr, 1996), which may be reasonable for photosynthetically active radi-
ation bands where leaves absorb roughly 90% of incident radiation, but is likely
a poor assumption in other bands such as the near-infrared where absorption is
low. Equation 1 also requires specification of GG, which is most commonly set to
be equal to 0.5 based on the assumption that leaves are isotropic (Ross, 1981;
Johnson and Thornley, 1984; Sitch et al., 2003; Esprey et al., 2004; Stenberg,
2006).

The assumptions of vegetation homogeneity and isotropy are usually violated
in actual plant canopies. Leaf area density typically varies sharply in the ver-
tical direction (Hosoi and Omasa, 2009; Niinemets, 2010; Bailey and Mahaffee,
2017a). Many natural plant canopies have considerable horizontal heterogeneity
such as savannas (Chen et al., 2008), or heterogeneity due to natural or man-
made disturbances (Levick et al., 2009). Crop canopies also commonly have a
sparse, row-oriented configuration that creates high heterogeneity in light in-
terception. Furthermore, it is rare to find canopies with isotropic leaf angle
distributions, as this is typically not the most efficient configuration for light
interception (Raabe et al., 2015; Bailey and Mahaffee, 2017b).

Despite the known limitations of Beer’s law in the above cases, it is still
frequently applied in these systems due to its simple, tractable form. How-
ever, there is a general lack of quantitative understanding of the errors resulting
from the application of these simplified models in various canopy architectures,
primarily because it is difficult to quantify light interception from field mea-
surements for a range of architectures (Rosati et al., 2001). The objective of
this study is to better understand and quantify errors in modeled radiation ab-
sorption under assumptions of vegetation homogeneity or isotropy for various
canopy configurations. The authors’ hypothesis is that Beer’s law will perform
well for relatively dense, closed canopies provided that G is specified appropri-
ately. For sparse canopies, it is hypothesized that assumptions of vegetation
homogeneity will result in significant model errors, thus necessitating a more
complicated model.

Since accurately measuring the distribution of absorbed radiation in space
and time is often unfeasible using traditional experimental approaches, a so-
phisticated 3D radiation model (Bailey, 2018) was used along with virtually-
generated canopies to evaluate Beer’s law under different simplifying assump-
tions. Virtual canopies with varying levels of heterogeneity, sparseness, and leaf
orientation distributions were generated to evaluate assumptions of vegetation



homogeneity or isotropy in terms of absorption of direct solar radiation. A
considerable advantage of using virtually-generated canopies is that the input
parameters in Eq. 1 (i.e., G and L) can be calculated exactly from the virtual
canopies. When combined with a detailed 3D radiation model, this resulted in
a robust means for evaluating the performance of simplified models for a range
of canopy architectures.

2. Materials and methods

2.1. Plant geometry

For simulating plant light interactions, detailed 3D geometric models were
used to describe the architecture of the canopy. Agricultural crops were chosen
for the plant types because: (1) many 3D models are readily available, (2) they
have sufficient yet regular heterogeneity that limits the degrees of freedom when
generating the canopies, and (3) they represent an economically important prac-
tical application of the use of Beer’s law. The chosen crop canopies were grape,
almond, potato, and corn, which were represented in the 3D model using a mesh
of rectangular and triangular elements. To minimize the number of elements
needed to describe their complex geometries, images with a transparency chan-
nel could be overlaid on these basic elements, where the transparency channel
is used to remove a portion of the element’s surface (see Suffern, 2007; Bailey,
2018). Virtually-generated plants were either read from a polygon file (corn and
potato), or created using the procedural plant generator described by Weber and
Penn (1995) (grape and almond).

2.2. Canopy structure

Parameters used to quantify canopy architecture are given in Table 1. The
procedural model used to generate the grape and almond plants had a random
component to each architectural parameter, making each plant unique. Each
corn and potato plant was identical, therefore a random azimuthal rotation was
applied to each plant to decrease regularity of the canopy. Plants were placed
in a marked row structure to form a canopy. Two grape canopy cases were
considered: one with a North-South row orientation (Grape N-S) and one with
an East-West row orientation (Grape E-W). Two potato canopies were consid-
ered in which plants were arranged in either a East-West row-oriented pattern
(Potato-Row), or a uniformly spaced planting pattern (Potato-Uniform). In all
cases, the size of the 3D scene was chosen such that further increasing the total
number of plants did not have an impact on results.

To test the model in the case of homogeneous and isotropic vegetation, a
set of canopies were created with uniformly distributed leaves in space with
three different leaf area index values: L =1.5, which consisted of 100,000 leaves;
L =3.1, which consisted of 200,000 leaves; and L =6.2, which consisted of
400,000 leaves. The surface area of each leaf was 0.006 m2. Each leaf angle was
set by randomly drawing from a spherical distribution.



Table 1: Parameters used to quantify the structure of the virtually-generated crop canopies.

Case Plant Plant Row L Gap
height (m) spacing (m) spacing (m) (m? m~2) fraction

Grape N-S/E-W 2.3 2 2.4 0.9 0.8

Almond 7.6 4.8 6.4 5.1 0.49

Corn 2.4 0.4 1 4.2 0.21

Potato-Uniform 0.8 0.6 0.6 6.5 0.22

Potato-Row 0.8 0.4 0.9 6.5 0.36

To characterize the plant geometry, L and the leaf inclination angle prob-
ability density function (PDF) were calculated for all five generated canopies,
and the leaf azimuthal angle PDF was calculated for the Grape N-S and Grape
E-W cases (all other cases had azimuthal distributions that were close to uni-
form). The L was calculated by summing the one-sided area of all leaves in the
canopy and dividing by the total canopy footprint area. The leaf inclination
angle and leaf azimuthal angle were calculated for each of the elements from the
surface normal of the leaf, and a PDF was formed by weighting each element’s
contribution to the PDF by its surface area, then normalizing such that the
PDF integrates to unity.

The corn model had predominantly vertically oriented leaves, while the al-
mond and potato models had leaves closer to horizontal on average (Fig. 1).
Grape leaf inclination was skewed toward vertical, and leaf azimuth tended to be
oriented parallel with the row (Fig. 2), which is supported by previous manual
and LiDAR measurements (Bailey et al., 2014; Bailey and Mahaffee, 2017b).

The gap fraction was calculated from the 3D models by computing the frac-
tion of direct sunlight not intercepted when 65 = 0 (Table 1). Gap fraction
values ranged from 80% in the grape canopy cases down to 21% for the corn
canopy case. Although both potato canopy cases had the same L, their gap frac-
tions were 22% for uniformly spaced plants and 36% for row-oriented plants.

2.3. One-dimensional model of light interception

A simple 1D model (Eq. 1) was used to calculate hourly light interception,
which utilized two different assumptions of canopy structure. The first approach
assumed that canopy vegetation is both homogeneous and isotropic. The homo-
geneous assumption implies that vegetation is randomly distributed in space,
which is already inherent in Eq. 1. The isotropic assumption implies that leaves
have no preferred orientation, or that the leaf angle PDF is “spherical”.

The second approach assumed that leaves are homogeneous but anisotropic.
Rather than calculating the leaf angle PDF and integrating according to Eq. 2,
the canopy-level G(6;) was calculated directly from the 3D models using a
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Figure 1: Probability density function of leaf inclination for: (a) Grape N-S/E-W, (b) Almond,
(c) Corn, and (d) Potato-Uniform and Potato-Row.
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Figure 2: Probability density function of leaf azimuthal angle for Grape (a) N-S and (b) E-W.

weighted average of the projected leaf area fraction according to

G(6s) =

> Ailng - v
_ Z=1m7, (3)
> A

i=1

where m is the total number of geometric elements in the virtual canopy, 7i;
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Figure 3: Fraction of leaf area projected in the direction of the sun, G, as a function of time
for the virtual canopies.

is a unit vector normal to the surface of the i*" geometric element, ¥ is a unit
vector pointing towards the sun, and A; is the one-sided surface area of the it"
geometric element.

G values for each hour of a diurnal cycle on Julian days 153, 232, and 305 are
shown in Fig. 3. For Corn, G does not vary considerably with the position of
the sun, whereas the potato and almond cases, have high diurnal variation in G.
As Warren Wilson (1960) pointed out, G values intersect at a solar elevation of
about 32.5° for azimuthally symmetric vegetation, which corresponds to roughly
8:45 and 17:25 hours on Julian day 153 and 9:20 and 17:00 hours on Julian day
232 in Fig 3. This intersection occurs for the almond, corn, and potato cases,
however, because of the highly anisotropic azimuthal leaf distribution of the
grape canopies, they do not follow this rule.

In addition to Eq. 1, which assumes vertical homogeneity within the canopy,
vertical profiles of hourly absorbed radiation were also calculated by explicitly
representing variation of leaf area with height and its corresponding effect on
light interception. The radiation flux intercepted over a horizontal layer of
thickness Az at height z within the canopy was calculated according to

o(- o). (@
cos O
where L, is the leaf area index between z and the canopy top, and a (m? m=3)
is the one-sided leaf area density of the layer.
The 1D model inherently assumes that leaves absorb all incoming radia-
tion. There is no theoretically consistent means of accounting for reflection and
transmission using Eq. 1, as the derivation of Beer’s law requires removal of the

scattering terms from the radiative transfer equation (Modest, 2013). Several
ad hoc approaches have been used in previous work to account for transmission

GaAz
cos 0

I(z) = I, l1 — exp (—




and reflection using some function of the leaf reflectivity (p) and transmissivity
(1), of which two are considered here. The first is to multiply the incoming
radiation by 1-p

: (5)

cos O

I=1I(1-p) [l—exp(— GL )

which assumes that all reflected radiation either exits the canopy or reaches
the ground without being re-absorbed and that there is no transmission. The
second is to multiply by 1-p-7

I=I(l-p—1) [l—exp(— GL )

cos B

: (6)

which assumes that all reflected and transmitted radiation either exits the
canopy or reaches the ground without being re-absorbed.

2.4. Three-dimensional model of light interception

It was assumed that the reference or “true” light interception values were
given by the detailed 3D model of Bailey (2018), which explicitly represents radi-
ation absorption by each element in the virtual canopy. The model uses a back-
ward ray-tracing approach that ensures each canopy element adequately sam-
ples the sun, and was shown to converge exponentially towards the exact answer
as the number of rays was increased (assuming model inputs are specified ex-
actly). The 3D model software and documentation is available though the public
GitHub repository https://www.github.com/PlantSimulationLab/Helios.

Inputs to the radiation model are the total hemispherical radiative flux (W
m~2) of the sun over an arbitrary wavelength band, as well as the reflectivity and
transmissivity of each element in the virtual canopy. To test the assumptions of
vegetation homogeneity and isotropy, reflectivity and transmissivity were set to
0, which is an assumption implicit in Eq. 1. Separate tests were then performed
to examine the effect of reflection and transmission using either Eq. 5 or 6.

For all simulations, the diffuse solar radiation flux was set to 0, which is also
implicit in Eq. 1. The number of rays that were sampled on each element was
set to 1000 rays. It was verified that further increasing the number of rays had
a negligible impact on results. A sample visualization of the 3D distribution of
absorbed radiation for the virtual canopy cases is shown in Fig. 4.

Total daily light interception was calculated by linear interpolation of the
hourly light interception fluxes. Agreement between the 3D model and sim-
plified 1D models was quantified using the index of agreement (IA; Willmott,
1981), normalized root mean square error (NRMSE), and the coefficient of de-
termination (R?).

2.5. Radiation input data

The incoming radiation data used to drive the radiation absorption simu-
lations in this study was generated following the REST-2 model of Gueymard
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Figure 4: 3D visualization of absorbed radiation flux (W mfz) at 12:00 hours ([p=928 W
m~2, 0, = 21.5°) on Julian day 153 from: (a) Grape N-S, (b) Almond, (c¢) Corn, and (d)
Potato-Row.

(2008). The hourly incoming radiation was calculated based on the assumed
virtual site longitude (121.7405° W), latitude (38.5449° N), offset from UTC (7
hours), atmospheric pressure (101,325 Pa), air temperature near ground level
(25°C), atmospheric turbidity coefficient (0.05), relative humidity (50%), and
Julian day of the year (153, 232, and 305). It is noted that the precipitable wa-
ter in the REST-2 model was specified using the model of Viswanadham (1981).
The direction of the sun for any time of day at the virtual site was calculated



following the approach outlined by Igbal (1983).

In cases where scattering was included, two radiative bands were considered -
one characteristic of efficient absorption by leaves such as the photosynthetically
active band (PAR; 400-700 nm), and another characteristic of high scattering
such as the solar near-infrared band (NIR; >700 nm). The total incoming solar
flux was partitioned as 47% in the PAR band and 53% in the NIR band. In the
PAR band, p was set to 0.056 and 7 to 0.042, while in the NIR band, p was set
to 0.425 and 7 to 0.334 (Bailey et al., 2014).

3. Results

3.1. Daily total light interception

Results for the daily total light interception on Julian days 153, 232, and
305 are listed in Table 2, and shown graphically in Fig. 5. For the homogeneous
canopy cases, very close agreement was found between the 1D and 3D models
regardless of L, which indicated that the approach used to compare the 1D and
3D models was consistent and that leaf-scale heterogeneity created by discrete
leaf surfaces did not create significant errors.

Cases with relatively high ground cover fractions and uniformly arranged
plants showed good agreement between the 1D and 3D models regardless of
whether the assumption of leaf isotropy was made. As the canopies became
more heterogeneous in space, agreement between the models generally declined.
Although Potato-Uniform and Potato-Row had identical leaf area indices and
leaf angle distributions, the regular distribution of plants within the canopy in
Potato-Uniform resulted in better agreement between the 1D and 3D models
compared to Potato-Row. Despite all cases having highly anisotropic leaf in-
clination distributions, the assumption of leaf anisotropy had relatively small
impact for all cases except for the Grape E-W case. Any effects of heterogeneity
or anisotropy tended to decrease as the day of year became further away from
the summer solstice. Toward the end of the year (day 305), the 1D and 3D
models were in fairly good agreement for all canopy cases.

3.2. Hourly light interception

The diurnal flux of radiation intercepted by the canopy for an hourly time
step on Julian day 153 is shown in Fig. 6, with corresponding fractions of total
radiation intercepted by the canopy shown in Fig. 7. The fraction of total
radiation intercepted on Julian day 253 and 305 are shown in Figs. 8 and 9,
respectively. For the homogeneous canopy cases, the assumptions of vegetation
homogeneity and isotropy were closely satisfied, and therefore, the 1D model
was in very good agreement with the 3D model regardless of leaf density (Table
3).

For the crop canopy cases, the 1D model consistently over estimated light
interception as compared to the 3D model, except for Grape E-W and Potato-
Row on Julian day 305. For all but the grape cases, eliminating the isotropic
assumption resulted in little improvement of agreement between the 1D and 3D

10



Table 2: Daily total light interception (MJ m~2 d~1) for the canopies in study

Homogeneous and  Homogeneous and 3D
Canopy isotropic anisotropic model
Julian day
153 232 305 | 153 232 305 | 153 232 305
Grape N-S 296 267 157 | 293 264 147 | 229 203 108
Grape E-W 292 264 155 | 236 227 171 | 136 150 162
Almond 607 529 256 | 618 535 255 | 380 348 225
Corn 588 514 253 | 574 505 254 | 485 475 250
Potato-Uniform 622 539 257 | 628 544 257 | 544 499 250
Potato-Row 622 539 257 | 628 544 257 | 422 404 257
Homogeneous canopy

L=1.5 406 362 203 | 406 362 203 | 408 360 203
L=3.1 545 480 245 | 545 479 245 | 550 482 245
L=6.2 619 538 257 | 619 538 257 | 619 537 257
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Figure 5: Comparison of daily total light interception predicted by the 1D vs. 3D models for
homogeneous and isotropic (red), and for homogeneous but anisotropic (blue) canopies (for
data values see Table 2). Dotted line is 1:1 agreement.

models, indicating that errors arose primarily from heterogeneity in these cases.
For the Grape N-S, Almond, and Potato cases, errors between the 1D and 3D
models were largest near midday when sunlight could most readily reach the
ground by penetrating through gaps in vegetation. For Grape E-W, the largest
discrepancies occurred at early and late times of the day. The effect of row
orientation on diurnal interception patterns for the grape cases was dramatic,
as this completely changed the character of interception at different times of
the year (see Figs. 6, 7, 8, 9). The potato cases also illustrated the pronounced
effect of heterogeneity in planting pattern on diurnal interception.

3.8. Vertical profiles of hourly absorbed radiation

Figure 10 depicts vertical profiles of the absorbed radiation flux at 8:00,
10:00, and 12:00 hours on Julian day 153 for Grape N-S, Grape E-W, Almond,

11
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Figure 6: Comparisons of the 1D model and 3D model for hourly flux of light interception
on Julian day 153 from: (a) Grape N-S, (b) Grape E-W, (¢) Almond, (d) Corn, (e) Potato-
Uniform, (f) Potato-Row, and (g) homogeneous canopies with three different L values. Both
homogeneous and isotropic and homogeneous and anisotropic refer to the 1D model.

and Corn. FErrors in absorbed fluxes for Grape N-S were relatively consistent
with height, where errors at a given height were most closely related to the
magnitude of the absorbed flux at that height. This was also roughly the case
for Almond, except that there was the potential for some under estimation of
absorption in the lower canopy when the 1D model was used, which was most
pronounced for larger solar zenith angles. For Grape E-W, the 1D model tended
to shift the peak in the absorbed flux deeper into the canopy, which was most
pronounced for larger solar zenith angles.

In the corn canopy, the vertical pattern in radiation interception differed
significantly between the 1D and 3D models. There were up to 50% differences
between 1D and 3D fluxes at a given vertical level, with irregular patterns of
over or under estimation. In the lower canopy, there was a peak in absorption

12
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Figure 7: Comparisons of the 1D model and 3D model of hourly light interception, expressed as
a fraction of direct-beam radiation, on Julian day 153 for: (a) Grape N-S, (b) Grape E-W, (c¢)
Almond, (d) Corn, (e) Potato-Uniform, (f) Potato-Row, and (g) homogeneous canopies with
three different L values. Both homogeneous and isotropic and homogeneous and anisotropic
refer to the 1D model.

in the 3D model, which was largely absent in the 1D model, leading to under
prediction of absorption by the 1D model in the lower canopy. This is likely due
to the substantial over prediction of absorption by the 1D model in the upper
canopy, which removes the necessary energy needed to produce a secondary
peak in absorption in the lower canopy.

3.4. Impact of scattering

Total daily light interception for Julian day 153 is shown in Fig. 11 for dif-
ferent assumptions regarding radiation scattering, which is given by either Eq. 1
(Fig. 11a; no scattering), Eq. 5 (Fig. 11b; only reflection), or Eq. 6 (Fig. 11c;
reflection and transmission). It is important to note that for the homogeneous
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Figure 8: Same as Fig. 7 except for Julian day 232.

canopy cases, errors in Fig. 11 are due only to effects of scattering, as it was
shown in Fig. 5 that agreement between the 1D and 3D models was excellent
when leaves were black. For the crop canopy cases, errors in Fig. 11 are due to
the combined effect of scattering and heterogeneity, which makes these results
somewhat difficult to interpret.

As evidenced by the homogeneous canopy cases, the impact of scattering was
minimal for the PAR band, and thus most of the errors in the heterogeneous
crop canopy cases were due to heterogeneity and not scattering. In the NIR
band, scattering caused very large errors when the standard 1D model was used,
with all cases over estimating absorption by more than 100%. Accounting for
reflection using Eq. 5 removed much of this energy, but still resulted in significant
over estimation of absorbed radiation. This approach creates offsetting errors
in which absorption is over estimated because transmission is not accounted
for, but there is simultaneous under estimation due to the assumption that
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Figure 9: Same as Fig. 7 except for Julian day 305.

all reflected radiation either reaches the ground or is reflected back to the sky
(but the net result is over estimation). Accounting for both reflection and
transmission using Eq. 6 caused net under estimation of the total absorbed
flux. This is because Eq. 6 assumes that all reflected and transmitted radiation
radiation either reaches the ground or is reflected back to the sky, thus overall
absorption is under estimated.

4. Discussion

4.1. Effect of leaf angle distribution (anisotropy)

Overall, anisotropy in leaf inclination had a relatively small effect on errors
resulting from the application of Beer’s law in cases when leaf azimuth was
uniformly distributed (Almond, Corn, and Potato). The grape cases, which had
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Table 3: Model performance measures comparing results from the 1D and the 3D model for
hourly light interception for the virtually-generated canopies based on data for hourly light
interception (a graphical depiction of the data is shown in Fig. 6).

3D vs.1D (Homogeneous and isotropic)
Julian Day 153 Julian Day 232 Julian Day 305

Canopy R? IA  NRMSE R? IA  NRMSE R? IA° NRMSE
Grape N-S -0.35  0.78 0.29 -0.14  0.81 0.29 -0.59  0.79 0.30
Grape E-W -6.39  0.65 0.41 -0.32 0.81 0.31 0.98  0.99 0.5
Almond -0.95 0.8 0.27 0.02  0.87 0.23 0.9 098 0.1
Corn 0.82  0.96 0.12 0.98 1.00 0.05 1.00 1.00 0.02
Potato-Uniform  0.90 0.98 0.09 0.97  0.99 0.06 0.99 1.00 0.04
Potato-Row 0.02  0.87 0.22 0.68 0.94 0.16 1.00 1.00 0.00

Homogeneous canopy

L=1.5 1.00  1.00 0.02 1.00  1.00 0.02 1.00  1.00 0.02

L=3.1 1.00 1.00 0.01 1.00 1.00 0.01 1.00 1.00 0.01

L=6.2 1.00 1.00 0.00 1.00 1.00 0.00 1.00 1.00 0.00
3D vs.1D (Homogeneous and anisotropic)

Canopy R? IA  NRMSE R? IA  NRMSE R? IA NRMSE

Grape N-S 0.32  0.88 0.22 0.42  0.89 0.22 0.19 0.87 0.27
Grape E-W -2.08 0.73 0.32 0.40 0.89 0.22 0.99 1.00 0.04
Almond -1.17  0.79 0.27 -0.07  0.86 0.23 0.90 0.98 0.1
Corn 0.86 0.97 0.11 0.99 1.00 0.04 1.00 1.00 0.02
Potato-Uniform  0.87 0.98 0.10 0.96  0.99 0.06 0.99 1.00 0.04
Potato-Row -0.06  0.86 0.22 0.66 0.94 0.16 1.00 1.00 0.00
Homogeneous canopy

L=15 1.00  1.00 0.02 1.00 1.00 0.02 1.00 1.00 0.02
L=3.1 1.00 1.00 0.01 1.00 1.00 0.01 1.00 1.00 0.01
L=6.2 1.00 1.00 0.00 1.00 1.00 0.00 1.00 1.00 0.00

high anisotropy in both the leaf inclination and azimuth distributions, did incur
significant errors due leaf anisotropy for the 1D model.

If leaf azimuth is uniformly distributed, this effectively reduces the impact
of anisotropy in leaf inclination on the projected area fraction G. Since a leaf
with a certain elevation angle could be parallel to the sun at one azimuth and
perpendicular to the sun at another, an integration over all azimuths can smear
out the effects of leaf inclination alone.

As in the virtual canopies of this study, field measurements have shown that
leaf inclination distributions are usually highly anisotropic (Niinemets, 1998,
2010; Raabe et al., 2015; Bailey and Mahaffee, 2017b). The azimuthal distri-
bution of leaves may be strongly anisotropic within a single plant (Bailey and
Mahaffee, 2017b), but for relatively dense canopies, the azimuthal distribution is
often fairly isotropic (Ross, 1981). In these cases, the assumption of leaf isotropy
is likely to result in minimal errors. However, sparse, row-oriented crops such as
vineyards may have highly anisotropic azimuthal distributions (Bailey and Ma-
haffee, 2017b), in which case it may be necessary to explicitly calculate G based
on measurements. These types of canopies are becoming increasingly preva-
lent in agricultural applications (e.g., apples, olives; Connor, 2006; Lauri, 2009),
due in part to the improved access to mechanical harvesters that a trellised or
hedgerow canopy provides.
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Figure 10: Vertical profile of absorbed radiation from Grape N-S (a, b, ¢); Grape E-W (d,
e, f); Almond (g, h, i); and Corn, (j, k, 1) on Julian day 153. Columns correspond to 8:00
(6s=66°), 10:00 (#s=43°), and 12:00 (0s=21°) hours for each crop.

4.2. Effect of plant spacing (horizontal heterogeneity)

Plant spacing and the resulting heterogeneity had the most pronounced effect
on errors resulting from the use of Beer’s law. For the Grape N-S case, the
assumption of homoogeneity resulted in an overestimation of the total daily
absorbed radiation by 28%, 30%, and 36% on Julian days 153, 232, and 305,
respectively, with larger instantaneous over estimation near midday. For the
Grape E-W case, the assumption of homogeneity also resulted in overestimating
the total daily absorbed radiation by 74%, 51%, and 5% on Julian days 153,
232, and 305, respectively. This was not simply an effect related to L, as was
illustrated by the two potato cases. By simply rearranging the potato plants
from a uniformly spaced into a row-oriented configuration, errors in the 1D
model increased substantially.
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Figure 11: Daily total light interception for homogeneous and isotropic canopies in the PAR
band (red) and NIR (blue) for different assumptions regarding radiation scattering based on
a) Eq. 1; leaf absorb all incoming radiation, b) Eq. 5, and c) Eq. 6. Dotted line is 1:1.

It is possible that the effect of horizontal heterogeneity can vary in the verti-
cal direction, which appeared to be the case with the Corn canopy. This signif-
icantly altered the performance of the 1D model at any given height, although
the canopy was dense enough overall that the 1D model performed well when
predicting whole-canopy radiation absorption. This could have important impli-
cations if the radiation model is coupled with other biophysical models such as a
photosynthesis model. The response of photosynthesis to light is nonlinear and
asymptotic (Taiz and Zeiger, 2014), so although whole-canopy absorption may
be well-represented in some cases by a 1D horizontally homogeneous model, it is
unclear if that will result in significant errors in total photosynthetic production
given the nonlinearity of its response to light.

A limitation of this study is that results are only applicable under clear
sky conditions. However, results can provide some insight regarding diffuse sky
conditions by simultaneously considering all canopy geometries and simulated
sun angles. Under a uniformly overcast sky, equal energy originates from all
directions. A particular combination of sun angle and leaf orientation bias was
required in order to observe a pronounced effect of leaf anisotropy. Thus, for
diffuse solar conditions, it is speculated that the impact of leaf anisotropy will
be decreased. Sun angle had an important effect on the instantaneous impact
of leaf heterogeneity, and most commonly it was observed that low sun angles
resulted in a decreased impact of heterogeneity. Therefore, it is likely that highly
diffuse conditions will reduce the impact of heterogeneity near midday because
a significant fraction of incoming radiation will originate from directions nearer
to the horizon.

Estimating light interception with Beer’s law is based on the assumption
that canopies are homogeneous. This inherently means that the rate of radiation
attenuation along a given path is linearly related to the flux at that location.
As the canopy becomes sparse, there are pathways for radiation propagation
that allow radiation to penetrate the entire canopy without any probability of
interception, which fundamentally violates the assumptions behind Beer’s law
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or a turbid medium. Therefore, the non-random leaf dispersion in canopies
limits the ability of Beer’s law to link light interception to simple bulk measures
of plant architecture.

It is well-known that this heterogeneity or “clumping” of vegetation usu-
ally results in decreased radiation interception as compared with an equivalent
homogeneous canopy. A common means of dealing with this problem without
significantly increasing model complexity is to add a “clumping coefficient”
to the argument of the exponential function in Beer’s law (Nilson, 1971; Smith
et al., 1993; Kucharik et al., 1999). While this is a simple and practical means
of reducing the amount of radiation attenuation predicted by Beer’s law, the
challenge in applying the clumping coefficient approach is that 2 is a complex
function of nearly every applicable variable (Chen et al., 2008), and thus is it is
difficult to mechanistically specify. Another approach is to use a model that ex-
plicitly resolves plant-level heterogeneity (e.g., Norman and Welles, 1983; North,
1996; Bailey et al., 2014), as it may not be necessary to explicitly resolve every
leaf if within-plant heterogeneity is small.

4.3. Effect of row orientation

Row orientation played an important role when estimating light interception
from Beer’s law, particularly when the rows were widely spaced. For sparse,
row-oriented canopies, the effective path length of the sun’s rays through veg-
etation can change dramatically with changes in sun azimuth. For East-West
rows, absorption is significantly reduced early and late in the day because the
rows are close to parallel with the sun’s rays, whereas North-South rows are
perpendicular to the sun at this time. As the day of year progresses further
from the summer solstice, the sun spends more time closer to the horizon and
thus the impact of heterogeneity in an East-West row orientation increased. For
the East-West row configuration, G(6s) and light interception were surprisingly
constant throughout much of the day, which resulted in 41% and 36% less ab-
sorption on Julian days 153 and 232, respectively, compared to North-South
rows. This has important practical implications for agricultural design applica-
tions. In some climates, it may be desirable to maximize sunlight interception,
whereas in others it may be desirable to mitigate effects of excess sunlight to
reduce temperatures and water use.

4.4. Effect of light scattering

Despite the simplified assumptions in Beers law regarding scattering, there
was good agreement between predicted radiation interception using the 1D and
3D models in the PAR band. Scattering did not significantly influence light
interception in this band because most of the incident radiation received by
individual leaves was absorbed. However, in the NIR band, scattering intro-
duced significant over estimation of absorption using the standard 1D model,
since leaves are poor absorbers in this band. Using an ad hoc correction to
account for reflection only reduced this over estimation of absorption. An ad-
ditional correction to account for both reflection and transmission resulted in
over correction, and a net under prediction of total radiation absorption.
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5. Conclusion

The objective of this work was to evaluate common assumptions used in
estimating radiation absorption in plant canopies, namely assumptions of ho-
mogeneity or isotropy of vegetation. Our results demonstrated that for relatively
dense canopies with azimuthally symmetric leaves, a 1D model that assumes ho-
mogeneity and isotropy of vegetation generally produced relatively small errors.
As plant spacing became large, the assumptions of homogeneity break down and
model errors became large. In the case of a vineyard with rows oriented in the
East-West direction, errors in daily intercepted radiation were up to ~ 70% due
to heterogeneity alone, with much larger instantaneous errors occurring during
the day. If leaves were highly anisotropic in the azimuthal direction, there was
also the potential for large errors resulting from the assumption of vegetation
isotropy which had the potential to increase errors above 100%. Day of year
had an impact on model errors, which was that overall errors tended to decline
with time from the summer solstice.

In cases of canopies where the plant spacing starts to approach the plant
height, it is likely necessary to use a plant-resolving radiation model in order to
avoid substantial over prediction of absorbed radiative fluxes. Additionally, if
vegetation is highly anisotropic in terms of both elevation and azimuthal angle
distributions, it is also likely necessary to explicitly calculate the projected area
fraction G(65) based on measurements and the instantaneous position of the
sun.
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