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I Introduction

Crop yield depends on light interception by plants (Cockshull et al., 1992; Scholberg et al., 2000) and light use
efficiency (LUE; dry matter production per intercepted light) (Higashide and Heuvelink, 2009). Light
interception by plants is determined by plant conditions (leaf area index and light extinction coefficient), and by
light level in a greenhouse. Light level in a greenhouse is lower than outside on account of the structural
materials, which determine light transmission, one of the most important factors for greenhouse vegetable
production. Researchers have experimented with greenhouse structures and covering materials (Baeza and
Lépez, 2012; Critten, 1993; von Elsner et al., 2000a, b), increasing light transmission to 80% in the Netherlands
(Hemming et al., 2011).

Factory farms have been gaining ground in Japan through government support. Some have been built in
urban zones, where they must meet building and fire standards (Hasegawa, 2013). To meet earthquake-
resistance standards, they must incorporate sturdy frames. To meet fire standards, they may be covered in glass
instead of plastic, thereby needing even sturdier frames. Such massive structural elements decrease light
transmission (Kozai, 1974). The NARO Tsukuba factory farm, which incorporates a large controlled greenhouse
for vegetable production, was built to meet these standards in 2011 (Nakano et al., 2012). We measured its light

transmission in this study.
I Materials and Methods

The experiment was conducted on the Tsukuba factory farm of the National Agriculture and Food Research
Organization (NARO, Tsukuba, Japan; 140.1024782°E, 36.0285626°N). The greenhouse (40.5 m width, 63 m
length, 2552 m area, 5.1 m eave height) is covered with ethylene tetrafluoroethylene film (F-clean GR diffused
type, AGC Greentech, Tokyo, Japan) on the roof and with glass on the walls. To accommodate several hydroponic
systems and crops (Nakano et al., 2012), it is divided with film into two large (18 m X 18 m = 324 m') and eight
small compartments (9 m X 18 m = 162 m) (Fig. 1). The roof is supported by steel H-beams (250 mm X 125
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mm) set every 3 m in the north-south direction and 9 m in the east-west direction, which are connected by roof
trusses made from T-beams (100 mm X 100 mm), L-beams (50 mm X 50 mm), and square pipe (50 mm X 50
mm) (Fig. 2). Shade screens are hung just below the trusses at 3-m intervals (200 mm wide when furled), and
ribs (30 mm wide) hold the film together every 50 cm. Gutters (300 mm wide) are mounted in every valley.

We measured solar radiation in the horizontal plane inside the greenhouse (at 4.3 m height) and outside with
13 pyranometers (PCM-01(L), Prede, Tokyo, Japan; LI-200, Li-Cor, Lincoln, NE, USA), and readings were
recorded by a datalogger (GL-220, Graphtech, Yokohama, Japan) every 1 min. The solar radiation outside above
the greenhouse was also measured and recorded by a Ubiquitous Environmental Control System (Stella Green,
Osaka, Japan) every 1 min. The sensors were calibrated against a pre-calibrated pyranometer (SR11, Hukse
Flux, Delft, The Netherlands; * = 0.99 in all regressions) from 22 to 26 December 2011.

With the shade screens furled, we measured the solar radiation for five days at six points each in
compartments N4 and S4 of the greenhouse (8-12 March 2012) and at four points each in compartments N1
(21-25 February) and S2 (14-19 February) (Fig. 3). Each measurement period included both clear and rainy
days. The daily cumulative solar radiation was 2.1-14.2 MJ*m ™ on 8-12 March, 1.1-14.4 MJ*m™ on 21-25
February, and 2.5-14.6 MJ*m™ on 14-19 February.

The light transmission (7:) at each point was derived from the radiation at each point inside (Ri) and outside
(R,) as:

T. = Ri/Ro (1) 63m

To avoid errors caused by the low sensitivity of the
sensors at low radiation levels, we excluded data before N4 N3 N2 N1 |Nursery @
08:00 and after 16:00 (n = 481). o

To obtain the light components inside the greenhouse, 0.5 m —
we divided the data between periods when each point
was or was not shaded by the frames of the greenhouse Nursery

S4 S3 S2 ST [room

on cloudless days (Fig. 4). With Lu as the transmission
at unshaded points (due to both direct and diffuse light)
and Ls as that at shaded points (due to diffuse light), the

transmission due to direct light, La, was calculated as:

Fig.1 Plan of NARO Tsukuba greenhouse. Compart-
ments N4, S4, S2, and N1 were used for this
La=Lu—Ls (2 experiment.
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12 March (n = 35-127), in N1 on 21 February (n = 67—111), and in S2 on 19 February (n = 49-92).

We also estimated the light attenuation in the greenhouse due to the covering film and ribs (Ac) and to the

structural frames (4s) as:

Aczl—Lu
As=Lu—Ta

(3
(4)

where Ta= daily average transmission at the measurement point.

I Results and Discussion

Outside
Unshaded

0 = T T T

6:00 9:00 12:00 15:00 18:00
Time
Fig. 4 Solar radiation outside and at points P7

and P8 in compartment S2 on a clear day
(21 February 2012) at shaded and
unshaded times [Eqn. 2].

In the large compartments, the light transmission
was higher at pyranometers P3, P4, and P5 in N4
(0.50-0.75) and at P2, P3, and P5 in S4 (0.48-0.74)
than at the other points (Table 1). The transmission at
P6 was much lower than at the other points in both
compartments on account of the support and the
gutter above (Figs. 2, 3). As crops are not planted
immediately beneath P6, we calculated the average
transmission in each compartment without P6.
Although both N4 and S4 faced outside to the west
but inside to the east, the transmission on the western
side of each compartment (P1, P2) was the same as or

slightly lower than that on the eastern side (P3, P4,

Table 1 Light transmission measured at 6 points in the large compartments
(N4 and S4), and solar radiation outside, from 08:00 to 16:00 for 5 days.

Transmission” from 08:00 to 16:00 (W-m'z-W'l-mz)

C It t Positi
ompartmen osi1tion 8-May 9—May 10—May ll—May 12—May Af:)/rersaﬁe
N4 PI 040 b 045 b 041 b 041 a 054 ab 044 ab
P2 045 ¢ 049 ¢ 047 ¢ 050 b 063 ¢ 051 b
P3 050 de 052 ¢ 051 d 059 d 075 d 057 b
P4 051 066 d 052 d 053 bec 0.62 be 057 b
Ps 051 065 d 051 d 056 cd 0.73 0.59 b
P6  0.26 020 a 030 a 038 a 046 a 032 a
AV‘:?%’; 0.48 0.55 048  0.52 0.65 0.54
s4 PI 043 b 049 b 044 b 044 a 057 ab 047 ab
P2 050 de 056 ¢ 051 d 056 ¢ 073 ¢ 057 b
P3  0.50 054 ¢ 051 d 055 ¢ 073 ¢ 057 b
P4 048 ¢ 060 d 049 ¢ 049 b 060 b 053 b
PS 048 cd 059 d 049 ¢ 054 ¢ 074 ¢ 057 b
P6 031 a 027 a 034 a 041 a 049 a 037 a
Av‘fjf%’g 0.48 056 049 0.2 0.67 0.54
Outside solar radiation
Mimday)y 54 2.1 46 1.2 142 75

“Daily average of transmission (7 = R; (radiation at each point) / R, (outside solar radiation) [Eqn. 1])

measured at 1-min intervals on 8—12 May 2012.

¥ Values within a column followed by the same letter do not differ significantly within a compartment (P
<0.05; ANOVA followed by Tukey’s multiple-comparison test; n = 481 [daily] or 5 [5-d average]).
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P5). This is unlikely to be due to outside influences, since we measured the radiation at 4.3 m height (whereas
differences are more likely at floor level, on account of the lowering western sun in the evening). The overall
daily average transmission at P1-5 over the five days was the same (0.54) in N4 and S4. The daily solar
radiation was not significantly correlated with transmission.

Although the outside solar radiation on a cloudless day (21 February 2012) suggested a bell curve, the inside
radiation at points P7 and P8 in S2 fluctuated wildly between peaks and troughs, indicating an alternation
between full illumination and shading caused by the structural frames and their interaction with the sun at
different angles (Fig. 4). The radiation at the peaks was due to both direct and diffuse light. The radiation at the
troughs was due to diffuse light. This pattern was apparent at all points in all compartments, though it differed
in the occurrence and degree.

In the large compartments on a cloudless day (12 May 2012), the transmission of direct light (La) averaged
0.65—0.67 (P1-5) (Table 2). The transmission of direct + diffuse light (L.) was lower at P6 than at the other
points, on account of the support and the gutter above (Fig. 3). The transmission of diffuse light (Ls) averaged
0.21-0.23 (P1-5). The attenuation by film and ribs (Ac) was lower at P2 and P3 (0.05-0.09) than at the other
points, and was higher at P6. Ac averaged 0.11-0.12 (P1-5). The attenuation by structural frames (As) was higher
than A. at each point, and averaged 0.21-0.23 (P1-5). These results indicate that the frames blocked twice as
much light as the film and ribs.

In the small compartments, the light transmission was slightly higher at P8 and P9 (Table 3). As in the large
compartments (Table 2), Lu reached 0.90, and averaged 0.85-0.87. In N1, Ls averaged 0.23 and Laq averaged 0.62.
In S2, Ls averaged 0.19 and La averaged 0.67. Ac averaged 0.13-0.15, and As averaged 0.28-0.30. The values of
light transmission were slightly higher in S2 (14-19 February) than in N1 (21-25 February).

Table 2 Light components (transmission of diffuse light, Ls; of direct + diffuse
light, Lu; and of direct light, La) and attenuation by film and ribs (Ac)
and by structural frames (As) at 6 points in the large compartments
(N4 and S4) on a cloudless day (12 May 2012).

Light components” Attenuation ratio”
Compartment  Position (Wm™W'm?) (Wm™W''m?)
Ly Ly, Ly A A
N4 P1 022 a* 082 b 0.61 0.18 0.28
P2 021 a 092 e 0.71 0.08 0.29
P3 023 ab 093 e 0.70 0.07 0.18
P4 0.25 bc 0.86 ¢ 0.61 0.14 0.24
P5 026 ¢ 0.89 d 0.62 0.11 0.16
P6 023 ab 0.74 a 0.51 0.26 0.28
Ave;f%;’ 0.23 0.88 0.65 0.12 0.23
S4 Pl 020 b 083 b 0.63 0.17 0.26
P2 021 b 091 ¢ 0.69 0.09 0.17
P3 021 b 095 d 0.74 0.05 0.22
P4 022 b 084 b 0.62 0.16 0.25
P5 022 b 0.89 ¢ 0.67 0.11 0.16
P6 0.18 a 0.71 a 0.53 0.29 0.22
Avifff”z 0.21 0.89 0.67 0.11 0.21

” Average transmission at shaded (L) and unshaded (L,) points; Ly = L, — L, [Eqn. 2].

YA.=1- L, [Eqn. 3]; 4, = L, — T, (daily average transmission) [Eqn. 4].

*Values within a column followed by the same letter do not differ significantly within a compartment (P
<0.05; ANOVA followed by Tukey’s multiple-comparison test; n = 35-127).
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Table 3 Average light transmission over 5 days, light components
(transmission of diffuse light, Ls; of direct + diffuse light, Lu; and of
direct light, Ld), and attenuation by film and ribs (Ac) and by
structural frames (4s) on cloudless days at 4 points in the small
compartments (N1 and S2).

.. . y Attenuation
Transmission” Light components’ ratio™
Compartment  Position (W-m™>W"'-m?) (Wm™W'm?) (Wm>Wm?)
Ls Lu Ld Ac As
N1 P7 048 a“ 021 a 0.80 a 0.59 0.20 0.27
P8 052 a 026 b 0.85 b 0.59 0.15 0.27
P9 0.57 a 026 b 090 ¢ 0.64 0.10 0.29
P10 048 a 0.19 a 0.85 b 0.66 0.15 0.35
Average
P7-10 0.51 0.23 0.85 0.62 0.15 0.30
S2 P7 0.57 a 0.18 a 0.89 b 0.71 0.11 0.32
P8 0.60 a 021 ¢ 0.89 b 0.68 0.11 0.26
P9 0.60 a 0.20 be 0.88 b 0.68 0.12 0.26
P10 0.55 a 0.19 ab 0.81 a 0.62 0.19 0.28
Average
P7-10 0.58 0.19 0.87 0.67 0.13 0.28

“ Average transmission (7, = R; (radiation at each point) / R, (outside solar radiation) [Eqn. 1]) measured
at 1-min intervals during 08:00—16:00 for 5 days.

¥ Average transmission at shaded (L) and unshaded (L,) points on 19 Feb (N1) or 21 Feb (S2) 2012; Ly =
L, - L, [Eqn. 2].

*A.=1- L, [Eqn. 3]; 4,= L, — T, (daily average transmission) [Eqn. 4].

“Values within a column followed by the same letter do not differ significantly within a compartment (P
<0.05; ANOVA followed by Tukey’s multiple-comparison test; » = 5 [transmission], 67-111 [N1], or
49-92 [S2]).

The proportion of diffuse light increases as solar elevation angle decreases (Papadakis et al., 1998). Uchijima
et al. (1976) measured the proportion in a greenhouse covered with PVC film as ca. 30% in Japan. We measured
Ls as ca. 20% (Tables 2, 3), but the proportion is influenced by covering materials, latitude, solar elevation angle,
and weather conditions (Kozai, 1977; Kurozumi and Kawashima, 1979).

Light transmission of greenhouses has improved (Critten, 1993; von Elsner et al., 2000a, b), reaching ca. 80%
in The Netherlands (Hemming et al., 2011). In contrast, the value in the NARO Tsukuba greenhouse is still
<60% (Tables 1, 3), similar to previously reported values in Japan (Kurata, 1994). These numbers indicate that
crops in the NARO Tsukuba greenhouse receive at most 3/4 of the light in the Dutch greenhouse at the same
outside light intensity. This lower light intensity will compromise crop yields (Cockshull et al., 1992; Higashide
et al., 2012a, 2012b; Higashide and Heuvelink, 2009; Scholberg et al., 2000). The main cause of light attenuation
in the NARO Tsukuba greenhouse was shading by the structural frames (Tables 2, 3). To improve light
transmission of this greenhouse, we should give priority to improving the structure rather than the covering
materials (Baeza and Lépez, 2012). The number and size of the frames should both be decreased while still
meeting earthquake standards. Alternatively, zoning provisions could be made to provide exceptions (i.e.,
different construction standards) for greenhouses.

Our results show that the light transmission of the greenhouse built to meet building and fire standards was
only 50%—60%. The structural frames blocked >20%—30% of the light, and the film and ribs blocked >10%—15%
on a cloudless day. Improvements to the frames retaining their structural strength could increase light

transmission. Differences in transmission between compartment sizes and facing-orientations were minor.
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Summary

We investigated light transmission in the NARO Tsukuba greenhouse, which was built to meet building and

fire standards. Solar radiation was measured outside and inside large and small north- or south-facing

compartments in February and March 2012. Light transmission averaged only 50%—60%. Differences in

transmission between large and small compartments and between north- and south-facing compartments were

minor. Measurement of light intensity during shaded and unshaded periods on cloudless days indicated that
diffuse light accounted for >20% of transmitted light and direct light accounted for 60%—70%. Film and ribs
blocked 10%—15% of the light, and the structural frames blocked 20%—30%. Improvements to the structural

frames retaining their structural strength could increase light transmission in this greenhouse.
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