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3D plant model and ray-tracing simulation

Ji Yong Shin

Department of Plant Science, Graduate School of Seoul National University

ABSTRACT

Recently diffuse covering materials have been used for increasing light use
efficiency (LUE) through light distribution improvement. Although
mathematical models and actual measurements have been tried to evaluate their
effects, but these methods have disadvantages that cannot accurately measure
the light distributions on plants and are only available under limited
environmental conditions. The objective of this study was to quantitatively
evaluate the effect of diffuse films on light interception and photosynthetic rate
of tomato plants under various environmental conditions by using 3D-scanned
plant models and optical simulation. To evaluate the reliability of ray-tracing
simulation, measured light intensities by using 15 quantum sensors (5
horizontal x 3 vertical position) and estimated ones were compared in
greenhouses covered with clear and diffuse films. In addition, light distributions

were estimated and subsequently photosynthetic rates were calculated for two



main seasons of tomato harvest in Korea, summer and winter. Simulated light
intensities showed good agreements with the measured ones with R? of 0.954
and 0.937 in the greenhouses covered with clear and diffuse films, respectively.
In summer, when the external diffuse ratio was high, canopy photosynthetic
rate and LUE did not tend to change with increasing haze factor. On the other
hand, in winter, when external diffuse ratio was low, canopy photosynthetic
rate and LUE increased up to 1.8% and 3.9%, respectively, but there was no
significant difference. This method can be used not only to quantify canopy
light interception and photosynthetic rate under various diffuse films, but also

to select optimum diffuse films for various regions.

Additional key words: Monte Carlo method, scattered light, sun light, 3D scan,

diffuse light ratio
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INTRODUCTION

The amount of sunlight entering into greenhouses depends on the location
and direction of the greenhouses. Even with the same amount of sunlight, the
light use efficiency can be changed by light distribution inside the greenhouses
and affects the plant growth and yield (Gonzalez-Real et al., 2007; Niinemets,
2007; Sarlikioti et al., 2011a).

The directional composition of the sunlight plays a pivotal role in the light
distribution inside greenhouses (Gourdriaan and Van Larr, 1994). Sunlight is
composed of direct and diffuse lights, which arrives in a straight line from the
sun and in various directions, respectively. Under the diffuse light, light
distribution on plants tends to be homogeneous (Farquhar and Roderick, 2003).
The combined effect of light distribution and non-linear light saturation
response of photosynthesis increases the canopy light use efficiency (Hollinger
et al., 1994; Choudbury, 2001; Gu et al., 2002) and subsequently the plant
growth (Hemming et al., 2007; Li et al., 2014a, b).

To take advantage of the diffuse light in greenhouse crop production,
diffuse covering materials such as diffuse film and glass which increase the
diffuseness of light without reducing light transmission have been used
(Hemming et al., 2007; 2008; 2014). Under the diffuse covering materials, the

vertical and horizontal light profiles of canopy become homogeneous (Li et al.,



2014a), and the crop growth and yield also increased (Hemming et al., 2007; Li
etal., 20144, b).

For evaluating the effect of diffuse light on plants, estimation with
mathematical models and actual measurement with quantum sensors have been
conducted (Gu et al., 2002; Farquhar and Roderick, 2003; Li et al., 2014a).
However, despite being powerful tools, existing mathematical models have
important constraints that only predict the average light intensity of non-
uniform light distribution (Norman, 1980; dePury and Farquhar, 1997),
resulting in the decrease of model robustness (Zhu et al., 2012). Actual
measurements considering heterogeneity also have limitations that sensors can
only be installed at empty spaces inside the canopy, not at exact positions near
plants. Therefore, the light interception by plant surface cannot be measured.
In addition, measurements with sensors only can be done in certain conditions
that crops are actually being grown. Thus, even though the effect of diffuse
covering material can be greatly changed by location and season (Li and Yang,
2015), only limited ranges of evaluation could be conducted.

Recently, many researchers have estimated light distributions on plant
canopy (Buck-Sorlin et al., 2011; Sievanen et al., 2014; Henke and Buck-
Sorlin, 2018), and photosynthesis combining canopy photosynthesis model
(Buck-Sorlin et al., 2011; Sarlikioti et al., 2011a; de Visser et al., 2014; Kim et
al., 2016; Jung et al., 2018) by using 3D plant models and ray-tracing

simulation. Through this method, the heterogeneities in spatial light
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distribution, estimation of light interception on plant surface, and
implementation of various environmental conditions could be considered. In
addition, elaborate 3D plant models have become available through high
resolution 3D-scanning and process technologies (Burgess et al., 2017;
Townsend et al., 2018).

The objective of this study was to quantitatively evaluate the effect of
diffuse films on light interception and photosynthetic rate of tomato plants
under various environmental conditions by using 3D-scanned plant models and

optical simulation.



LITERATURE REVIEW

Diffuse Light and Diffuse Films

Sun light is composed of diffuse and direct lights. The direct light arrives
in a straight line from light source without being scattered, while the diffuse
light comes from several directions. The diffuse light arises from the scattering
by small molecules (Rayleigh scattering) or larger particles (Mie scattering) in
the atmosphere. Under the direct light, light distribution is bi-modally separated
into bright and shaded parts, while the border between two parts is obscure
under the diffuse light.

Previous studies suggested that plants use diffuse light more efficiently
than direct light (Cohan et al., 2002; Gu et al., 2002; Farquhar and Roderick,
2003; Gu et al., 2003; Alton et al., 2007; Mercado et al., 2009; Li et al., 2014a,
b) due to more homogenous light distribution inside canopy and non-linear
saturation response of photosynthesis to light intensity. In greenhouses,
shadings occurred by greenhouse structure, plant itself, and interactions
between plants. Therefore, for improving light environment in greenhouses,
diffuse covering materials such as diffuse film and glass which increase the
diffuseness of light without affecting light transmission have been used
(Hemming et al., 2007; 2008; 2014). Haze factor indicates the fraction of the
direct light converted into diffuse light after passing covering materials (Li et

al., 2014). Under the diffuse covering materials, plant growth and yield



increased (Hemming et al., 2007; Li et al., 2014a, b), and the effect on light
distribution was evaluated (Li et al., 2014a). However, the effect of diffuse

covering materials varied by location and season (Li and Yang, 2015).



Ray-tracing Simulation with 3D Plant Models

To examine spatial light distributions in a greenhouse and on plant canopy,
ray-tracing simulation with a nested radiosity method (Chelle and Andrieu,
1998), Monte Carlo method (Veach, 1997; Cieslak et al., 2008), and reverse
ray-tracing method (Bailey, 2018) have been applied. In the ray-tracing
simulation, 3D plant models have been used to investigate the effect of plant
structure, greenhouse equipment, seasonal variation, and plant arrangement
(Buck-Sorlin et al., 2011; Sarlikioti et al., 2011a; de Visser et al., 2014; Kim et
al., 2016; Jung et al., 2018).

Spatial light distribution of canopy strongly depends on plant architecture
(Burgess et al., 2015), spatial leaf arrangement (Smith et al., 1989; Ross and
Mottus, 2000), and leaf angle (Sarlikioti et al., 2011a). Therefore, the
estimation accuracy of ray-tracing simulation differs by the accuracy of 3D
plant models. However, most of 3D plant models had simple structures (Buck-
Sorlin et al., 2011; Sarlikioti et al., 2011a; de Visser et al., 2014; Kim et al.,
2016; Jung et al., 2018), which could not reflect the real structure of the plant.
Recently, along with technical progress, high resolution 3D-scanning
technologies have been developed. Through these technologies, accurate plant

models could be reconstructed (Paulus et al., 2014; Zhang et al., 2016).



Canopy Photosynthesis Model

Canopy photosynthesis is crucial for crop growth and yield and thus various
measurement methods have been developed using closed, semi-closed, and
open chamber systems (Jarvis and Catsky, 1971; Field et al., 1989; Garcia,
1990; Shin et al., 2011; Kim et al., 2016). However, due to the complexity of
measurement (Musgrave and Moss, 1961; Tranquillini, 1964; Billings et al.,
1966; Denmead et al., 1993), mathematical models have been suggested to
simply evaluate canopy photosynthesis under various conditions (Baldocchi
DD and Amthor JS, 2001). Among them, the maximal productivity model,
resource-use efficiency model, big-leaf model, sunlit-shaded model, and multi-
layer model are well known (Zhu et al., 2012). These models vary in the amount
of physiological and environmental mechanisms and details that they
incorporate (Medlyn et al., 2003). The existing estimation models, although
powerful tools, nevertheless have important constraints, which limit the
accuracy in predicting canopy photosynthesis. For example, although, the basic
concept that canopy photosynthesis models must separately account for diffuse
and direct light has long been realized (Sinclair et al., 1976; Goudriaan, 1977),
existing models predict the average light intensity on the assumption that light
distribution in a canopy is homogeneous (Norman, 1980; de Pury and Farquhar,
1997), and estimate photosynthesis by simplifying complex plant metabolic

processes. However, various forward and reverse ray-tracing algorithms



combined with 3D canopy architecture models have been developed to
accurately predict the light environment inside the canopy (Chelle and Andrieu,
1998; Buck-Sorlin et al., 2011; Sarlikioti et al., 2011b; de Visser et al., 2014;
Kim et al., 2016; Jung et al., 2018). And a number of kinetic models of
photosynthesis and of plant primary metabolism have been developed and used
for the estimation of canopy photosynthesis (Morgan and Rhodes, 2002; Laisk

etal., 2006; Zhu et al., 2007; Ubierna et al., 2019).



MATERIALS & METHODS

3D-scanning and Reconstruction of 3D Plant Models

The tomato plants used for experiments were scanned to reconstruct 3D
plant models (Fig. 1) with a high-resolution portable 3D scanner (GO!
SCAN50™, CREAFORM, Lévis, Quebec, Canada). The resolution of the
scanner was set at 2 mm. The 3D-scanned mesh obtained by 3D scanning was
transformed into a parametric model using a scan software (Vxelement,
CREAFORM) and a reverse engineering software (Geomagic Design X, 3D
Systems, Rock Hill, SC, USA) and reconstructed in a 3D CAD software

(SOLIDWORKS, Dassault systéms, Vélizy-Villacoublay, France).



Fig. 1. 3D-scanned data (A) and reconstructed model (B) of the tomato plant.
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Ray-tracing Simulation and Optical Modelling

Optisworks module (OPTISWORKS, OPTIS Inc., La Farléde, FRANCE)
based on Monte-Carlo algorithm was used for optical-modelling and to
simulate the solar distribution and trajectories of the sunlight rays inside the
greenhouses and on the plants.

To apply optical properties of the 3D plant model in ray-tracing simulation,
the light transmittance and reflectance were measured with a spectroradiometer
(BLUE-Wave Spectrometer, StellarNet Inc., Tampa, FL, USA) combined with
an integrating sphere (IC2, StellarNet Inc.). For plant, the measurement was
conducted with nine randomly selected leaves from the top, middle, and bottom
position of the plant canopy. Since leaf optical properties for different positions
showed little differences, the average value of the nine leaves was used. The
optical properties of the greenhouse structures were obtained with the same
method. Optical properties from 400 to 700 nm were used in the ray-tracing

simulation considering PAR (photosynthetically active radiation) (Appendix 1).
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Accuracy Evaluation of the Ray-tracing Simulation

In order to evaluate the accuracy of the ray tracing simulation with 3D-
scanned plant models, field measurements were conducted in greenhouses
located at the Experimental Farm of Seoul National University in Suwon, Korea
(37.3° N, 127.0° E). Light intensities were measured in the arch-type
greenhouses (2 W x 3 L x 2 H, m). The greenhouses were covered with
transparent (transmittance 95.26%, haze factor 17%) and opaque (transmittance
95.89%, haze factor 50%) diffuse films, respectively (Fig. 2A, B). Twelve
tomato ‘Dafnis’ plants with average leaf area index (LAI) of 1.7 m?-m2were
arranged in a planting density of two plants -m. Measurement was carried out
during daytime on September 18, 2019 with quantum sensors (SQ-110, Apogee
Instruments Inc., Logan, UT, USA) and a data logger (GL840, Graphtec Corp.,
Yokohama, Japan) in average interval of one hour. Measurements were
conducted for one day to reconstruct 3D plant models without structural
transformation versus to the plant structure at field measurement.
Measurements were performed at heights of 0.5, 1.0 and 1.5 m with five
horizontal positions at each height (Fig. 3).

Ray-tracing simulation was also conducted under a condition identical with
the actual measurement condition. Tomato plants and greenhouse models were
constructed in a 3D CAD software (SOLIDWORKS, Dassault systéms, Vélizy-
Villacoublay, France). External direct and diffuse radiation was set the same
with the values of the day (Appendix 2) measured with a sunshine sensor (BF5,

Delta-T, Cambridge, UK).
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Fig. 2. Transparent (haze factor 17%, A) and opaque (haze factor 50%, B)
greenhouses for actual measurement, and reconstructed models of
transparent (C), and opaque (D) greenhouses for simulation.
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Fig. 3. Positions of quantum sensors for actual measurement inside the
greenhouses. The sensors were located at three heights of 0.5, 1.0, and

1.5 m with five horizontal positions at each height.
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Photosynthetic Rate and LUE Calculation
The whole canopy photosynthetic rate was calculated by absorbed PPFD
obtained from optical simulation and canopy photosynthesis model. For
photosynthesis model, modified Faquhar, von Caemmerer, and Berry (FvCB)
model by Qian et al. (2012) was used. To obtain the FvCB model parameters,
photosynthetic rate was measured at the top, middle, and bottom positions of
the canopy by a portable photosynthesis system (L1-6400, LI-COR, Lincoln,
NE, USA) with six different CO, concentrations (50, 100, 200, 400, 800, and
1200 umol -mol™?) and eight different light intensities (0, 50, 100, 200, 400, 900,
1500, and 2000 pumol-m2-st). Leaf temperature was set to 25°C and relative
humidity ranged from 60 to 70% on the assumption that environmental
conditions are fully controlled.
Photosynthetic rates were calculated by the FvCB model as follows:
P = min(4.,4;) — R (Eq. 1)

A, = (M) (Eq. 2)

%

31+ +
Ve = Vemax ( (1+e OfSZ(PAR 500))) (Eq 3)
_ (Jci-r")
4; = (4Ci+81’*) (Eq. 4)
] = (tXPAR+ Jmax— \/(aPA};; ]max)2_49]maxaPAR) (Eq 5)
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where P is leaf net assimilation rate (umol CO,-m?2-s1); R is non-
photorespiratory respiration rate (umol CO,-m=2-s), A; and A; are leaf gross
assimilation rates limited by Rubisco activity (umol CO,-m2-s) and RuBP
regeneration (umol CO.-m2-s?), respectively; V. is carboxylation capacity
at specific light intensity (umol CO2-m?-s); PAR is photosynthetic photon
flux density (PPFD, umol-m2-s?); C;i is intercellular CO, concentration
(umol -mol?); I™is CO, compensation point (umol-mol™?); K¢ and Ko are
Michaelis-Menten constants of Rubisco for CO, and O, (umol-mol?),
respectively; O is oxygen concentration (umol-mol™?); « is efficiency of light
energy conversion on an incident light (umol-mol™); Jmax is maximum
electron transport rate (umol CO,-m?2-s?); and O is curvature of light
response of J (dimensionless) (Qian et al., 2012). Air temperature, relative
humidity, and CO. concentration was assumed as 25°C, 60%, and 400
umol-mol?, respectively. Vemax and Jmax Values of top, middle, and bottom
leaf position in tomato plants were obtained as 83.5, 54.5, and 45.7, and
154.0, 104.4, and 86.4, respectively (Table 1).

LUE was calculated as a canopy photosynthetic rate divided by the

amount of intercepted light.
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Table 1. Maximum carboxylation capacity (Vemax), maximum electron transport
rate (Jmax), NON-photorespiratory respiration rate in Rubisco activity (Rac)
and RuBP regeneration limiting range (Rsj) of tomato plants in the FvCB
model according to leaf position.

Parameter Top Middle Bottom
cmax 83.5 54.5 45.7
max 154.0 104.4 86.4

R, 0.6 1.0 0.7

R, 0.4 0.5 0.6

4
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Scenarios

For scenario analysis, arch-type virtual greenhouse models were
constructed based on the standard design of Rural Development Administration,
Korea (RDA, 2015) (Fig. 4). The 3D scanned plant models were arranged in
rows with a planting density of two plants-m- in the greenhouse model. Tomato
plants at 120 days after planting (DAT) were used because the shape of the
canopy was almost constant during cultivation period after the stage due to the
training and pruning system of the tomato plants. The LAI of the plants were
3.1 m?-m?, For evaluating the effect of diffuse films, diffuse films with haze
factors of 10%, 30%, 50%, 70%, and 90% with the same transmittance of 97.6%
were optically-modelled (Fig. 5) and used to cover the virtual greenhouse
models.

The effect of the diffuse film was evaluated in two main seasons of tomato
harvest in Korea, summer and winter. External diffuse irradiance ratio of
summer and winter were set as 50.1% and 25.7% respectively based on the data
supplied by the Prediction Of Worldwide Energy Resources (NASA/POWER)
project at NASA Langley Research Center (Fig. 6). Sun elevation angles of
summer and winter seasons were set as 76.17° and 29.32° to represent the mid
of the daytime. The inner-most three plants were used for analysis to represent

common inter-canopy condition inside the greenhouse.

18



Fig. 4. A constructed arch-type greenhouse with the arrangement of 3D-

scanned plant models.
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Fig. 5. Optically-modelled diffuse films with haze factors of 10% (A), 30% (B),
50% (C), 70% (D), and 90% (E). Light transmittances of all the films are

the same.
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Statistical Analysis
Treatment effects on light distribution, photosynthesis, and LUE were
evaluated by analysis of variance (ANOVA), using SPSS statistics, version

25.0 (IBM Corp. Armonk, NY, USA).
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RESULTS

Accuracy Evaluation of Ray-tracing Simulation in Greenhouses

Fig. 7 shows a daily light intensity pattern measured at 15 points (three
heights x five horizontal positions at each height) in greenhouses covered with
haze factor 17% and 50% films, respectively. The measured and estimated light
intensities showed good agreements with linear relationships (Fig. 8). However,
the regression lines for greenhouses covered with haze factor 17% and 50%
films were located above the 1:1 line, meaning that the simulated light intensity
was slightly overestimated than measured one. The regression line located
higher in greenhouse covered with haze factor 50% film than 17% film. The R?
and mean absolute percentage error (MAPE) between the measurements and
simulated results were 0.95 and 13.30%, and 0.94 and 17.85% in haze factor

17% and 50%, respectively.
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horizontal positions of sensors at each height. PPFD is photosynthetic
photon flux density.
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Light Distributions on Plants under Diffuse Films in Summer and
Winter

The estimated results showed that the light was heterogeneously distributed
on the surface of plant canopy, and the pattern was changed by seasonal
condition and haze factor of diffuse film (Fig. 9). Absorbed amount of light by
the plant was higher in summer than in winter. Even in the same season, spatial
light distributions were changed by haze factor; however, showed no noticeable
difference in summer. In winter, under the diffuse films with higher haze factors,
the border between sunlit and shaded parts was ambiguous while the sunlight
was distributed partially under the diffuse films with low haze factors.

Similar pattern was found in absorbed amount of light in summer and winter
(Fig. 10). Both in summer and winter, the absorbed amount of light by the plant,
top and middle layers maintained similar level under diffuse films with various
haze factors (Fig. 10). However, the absorbed amount of light at the bottom
layer decreased by 5.5% and 6.3% with increasing haze factor in summer and
winter, respectively.

Different from absorbed amount of light, the standard deviation of absorbed
light intensity showed different patterns in summer and winter (Fig. 10). In
summer, standard deviation of absorbed light intensity of the plant, top, middle,
and bottom layers showed no significant differences in all haze factors.

However, in winter, the standard deviation decreased with increasing haze

26



factor, showing maximum decrease by 9.6%, 14.3%, 17.7%, and 18.4% in haze
factor 90%.

Vertical and horizontal standard deviations of intercepted light intensities
which indicate the heterogeneity of vertical and horizontal light distribution
also showed different patterns in summer and winter (Fig. 11). In summer, the
vertical and horizontal standard deviations increased in higher haze factor
showing maximum increase by 4.6% and 1.0% respectively in haze factor 90%.
However, in winter, vertical and horizontal standard deviations decreased with
increasing haze factor showing maximum decrease by 5.7% and 10.0%
respectively in haze factor 90%.

Extinction coefficient k, which represents a decreasing slope of light
extinction from the top to the bottom of a canopy showed almost constant value
along with haze factor changes in summer and winter (Fig. 12). The average of
extinction coefficient k increased from 0.67 to 0.73 and 0.75 to 0.77 in summer

and winter respectively, but there were no significant differences.
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Photosynthetic Rate and LUE of Plants Under Diffuse Films in
Summer and Winter

The photosynthetic rate of a plant was generally higher in summer than in
winter showing difference at the top, middle, and bottom layers (Fig. 13). The
canopy photosynthetic rate was higher in summer, but LUE showed an opposite
pattern.

In summer, photosynthetic rate of a plant did not increase along with haze
factor increase; however, photosynthetic rate at the top and bottom layers
increased and decreased by 1.3% and 5.7%, respectively. Different from
photosynthetic rate, LUE was not affected by haze factor in summer. In winter,
with increasing haze factor, photosynthetic rate of a plant increased 1.9%, but
there was no significant difference, while photosynthetic rate at the top layer
increased by 3.9% significantly. Contrary to LUE in summer, LUE noticeably
increased in winter along with haze factor increase. With increasing haze factor,
LUE of the plant, top, middle, and bottom layers increased 3.9%, 3.1%, 3.6%,

and 5.2%, respectively.
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DISCUSSION

Accuracy of Ray-tracing Simulation in Greenhouses

The ray-tracing module used in this study (OPTISWORKS, OPTIS Inc., La
Farléde, FRANCE) employs Monte-Carlo algorithm which is well-known
methodology for robust simulation. The ray-tracing module has been utilized
for solar energy analysis and light interception estimation (Ali et al., 2010;
Hasna, 2011; Arnaoustakis et al., 2015; Daabo et al., 2016, 2019). The
Optisworks ray-tracing module was validated (Sellami N, 2013; Daabo et al.,
2016, 2017) and recognized as one of the reliable tools for solar design and ray-
tracing simulation (Jakica N, 2018).

In this study, the simulated light intensities showed good agreements with
the measured ones (Fig. 8), indicating that the ray-tracing simulation with 3D-
scanned plant models is capable of well estimating light distribution under
diffuse films in greenhouses and on plants. However, the simulated light
intensity was slightly overestimated than measured one. The overestimation
could be attributed to the difference between real sensor and virtual sensor
implemented in simulation. Most of the quantum sensors usually have some
errors and tend to under-measure when the incoming angle of incident light is
closer to the parallel line of the detecting surface of the sensor. Thus, there have
been very few studies that used virtual sensors to measure irradiance (Buck-

sorlin et al., 2011; Tian et al., 2017) with specific adaptations for the sensor
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(Hitz et al., 2019). In many studies, estimated light intensity usually showed
tendency to be higher than actual light intensity (Hitz et al., 2019; Pakari and
Ghani 2019). The higher regression line in the greenhouse covered with diffuse

film with haze factor 50% than 17% also could be attributed to the same reason.
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Changes in Light Distribution by Haze Factor and Seasonal
Condition

The light distribution on plants was changed by haze factor of diffuse film
both in summer and winter (Fig. 9, 10). Light distribution on plants tends to be
homogeneous under diffuse light (Farquhar and Roderick, 2003). Similarly, in
winter, the light profile was homogeneous at higher haze factor showing lower
standard deviation of absorbed light intensity, while the homogeneity did not
increase in summer (Fig. 10). The difference between summer and winter could
be attributed to the external diffuse irradiance ratio which were set differently
to 50.1% and 25.7% for summer and winter, respectively. Diffuse irradiance
ratio inside a greenhouse which is determined by external diffuse irradiance and
haze factor of diffuse film can be easily saturated in a condition with higher
external diffuse irradiance ratio. For this reason, the effect of diffuse films on
light distribution could be diminished in summer than in winter.

Both in summer and winter, vertical standard deviation was less affected by
haze factor (Fig. 11), which is in consistent with Acock et al. (1970) who
concluded that the heterogeneity of light distribution on the horizontal plane
highly increases with decreasing diffuse fraction of sunlight. Also, similar
result was reported by Li et al. (2014a) that the horizontal and vertical light
distributions accounted for large and relatively small amount of the effect of

diffuse covering materials on tomato plants, respectively.
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Diffuse light usually exhibits a lower extinction coefficient k than direct
light, which represents a deeper light penetration into a canopy (Urban et al.,
2007; Li et al., 2014a). However, the increase in haze factor of diffuse film
resulted no significant difference both in summer and winter (Fig. 12). The
result can be explained by sun elevation angle and external diffuse irradiance
ratio. Several researches suggested that the lower extinction coefficient k is
usual, but not absolute phenomenon which can be differed by solar elevation
angle (Morris 1989, Sarlikioti et al., 2011b) and external meteorological
condition (Li et al., 2014).

Through the method suggested in this study, light distributions under
diffuse films could be estimated, which was consistent with previous studies.
Thus, this method was confirmed to be reliable for analyzing the effect of
diffuse films on light interception of tomato plants. Besides, the light
distributions could be analyzed not only at canopy-scale but also at small scales

in various environmental conditions with time and labor savings.
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Changes in Photosynthetic Rate and LUE by Haze Factor and
Seasonal Condition

The photosynthetic rate of tomato plants was not changed significantly by
haze factor both in summer and winter (Fig. 13). However, the average of
photosynthetic rate of a plant increased by 1.9% with increasing haze factor
while no particular trend was found in summer. The effect of higher haze factor
on photosynthetic rate in summer could be attributed to the higher external
diffuse irradiance ratio resulted by the long rainy season in summer of Korea.
In contrast, the beneficial effect of higher haze factor in winter could be
attributed to the lower external diffuse irradiance ratio resulted by clear weather
in winter of Korea. Based on the estimated photosynthesis, the application of
diffuse film with high haze factor seems to be ineffective and beneficial in
summer and winter, respectively. In previous research, photosynthetic rate
increased under diffuse light condition in a sparse and dense woodland about
12% and 22% respectively (Alton et al., 2007). Also, Li et al. (2014a)
concluded that canopy photosynthetic rate of a densely cultivated tomato plants
increased 7.2% under diffuse film versus to clear film on clear day (Li et al.,
2014a). Considering that a low LAI decreases the potential effect of diffuse
light (Li and Yang., 2015) and the greenhouse tomato plants of this scenario
have a lower LAI, the increases in photosynthetic rate in this result seem to be

reasonable. However, since photosynthetic rate of tomato plants highly
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influenced by temperature (Bar-Tsur et al., 1985; Camejo et al., 2005), the
robustness of the photosynthetic rate estimation could be improved by
considering local temperature distribution inside greenhouse.

Under diffuse light, LUE tends to become higher due to non-linear light
saturation response of photosynthesis (Marshall and Biscoe, 1980). Similarly,
LUE increased notably with increasing haze factor in winter with lower
standard deviation of absorbed light intensity, which can contribute to the
evasion of light saturation in photosynthesis (Fig. 10, 11). On the contrary, LUE
did not increased in summer due to the almost constant standard deviation
caused by high external diffuse irradiance ratio.

The method suggested in this study could estimate canopy photosynthesis
and LUE under diffuse films, which seem reasonable compared to previous
studies. Therefore, we believe that this method can analyze the effect of diffuse
films on canopy photosynthesis and LUE of tomato plants without time and
space constraints, and evaluate the applicability of diffuse films to various

regions and seasons.
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CONCLUSION

In this study, a novel method estimating light interception and
photosynthesis of tomato plants under various diffuse films was proposed by
using 3D-scanned plant model, photosynthesis model, and ray-tracing
simulation. The reliability of this method was evaluated by comparing actual
measured and simulated light intensities in the greenhouse, which showed good
agreements. Various light distribution patterns including standard deviations
and extinction coefficient k showed the results similar to previous studies.
Furthermore, applicability of diffuse films was evaluated and the calculated
canopy photosynthetic rate and LUE changed in reasonable ranges with
increasing diffuse light. Through this method, canopy light distribution,
photosynthetic rate, and LUE can be estimated with time and labor savings and
without time and space limitations. This method can be used not only to
quantify canopy light interception and photosynthetic rate under various diffuse

films, but also to select optimum diffuse films for various regions.
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APPENDICES
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Appendix 1. Measured light reflectance, transmittance, and absorbance of

tomato leaf (A) and greenhouse structure (B).
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Appendix 2. Daily external diffuse irradiance ratio (%) of the ray-tracing

evaluation date.
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