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RADIOMETRIC PROPERTIES OF AGRICULTURAL

PERMEABLE COVERINGS

Sergio Castellano, Silke Hemming, Giovanni Russo, Vida Mohammadkhani,

Gert-Jan Glam Swinkels, Giacomo Scarascia-Mugnozza

1. Introduction

A large number of net types for agricultural appli-
cations with different construction characteristics ex-
ist in the market. Nets can be classified by the kind of
threads, fabrics, dimensions of fibres and meshing,
weight, colours, shading factor, durability, porosity,
air permeability, breaking strength and elongation.
Main agricultural applications are: protection against
meteorological hazards, insects, small animals; reduc-
tion of solar radiation; soil cloth; harvesting; packag-
ing and post-harvesting operations. It is not always
possible to associate a net to a specific application, as
in many cases they accomplish more functions at the
same time, for example, often shading nets protect al-
so cultivation from hail.

While the air flow resistance of different kinds of
insect nets is widely investigated [Bailey 2003; Dem-
rati 2001; Fatnassi 2002; Fatnassi 2003; Harmanto
2005; Klose 2004; Miguel 1997; Miguel 1998; Soni
2005; Teitel 1996; Teitel 2007; Valera 2005], only lit-
tle is known about radiometric properties of recent
commercial agricultural nets [Castellano 2008] differ-
ently from other greenhouse covering materials, such
as plastic films [Hemming 2004; Hemming 2006; Im-
pron 2007; Kittas 1998; Pearson 1995], which are in-
vestigated regularly.

The radiometric properties of agricultural nets,
such as the transmissivity, the reflectivity, the shading
factor, the capability to modify the quality of the radi-
ation passing through the net, influence the quality of
the agricultural production and the aesthetic charac-
teristics of the netting system. Research in the last
decade focused on coloured nets to influence the mor-
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phology of plants [Elad 2007; Oren-Shamir 2001;
Shahak 2004a; Shahak 2004b; Shahak 2007], and on
the effect of UV-blocking nets on insect behaviour
[Antignus 1998; Kumar 2006], however, a characteri-
sation of different types of nets for specific purposes
is still lacking. Nets are unlike other three-dimension-
al covering material structures. The whole construc-
tion parameters of the net, combined with the shape of
the structure, the position of the sun and the sky con-
ditions affect the radiometric performance of the per-
meable structure [Castellano 2006; Castellano 2008a;
Castellano 2008b]. Nets are non-uniform materials,
for this reason, radiometric properties should be stud-
ied on large enough samples to avoid any small-size
effects.

Photosynthetic Active Radiation (PAR, 400-700
nm) transmittance is the most important radiometric
property of covering materials from the agronomic
point of view, since PAR is necessary for plant photo-
synthesis. In the PAR region the transmission of per-
pendicular light and light under different angles of in-
cidence with reference to the net surface is important
to characterise the material behaviour on clear days,
whereas the transmission for diffuse light characteris-
es the material behaviour on cloudy days. The radia-
tion range from 300 nm to 800 nm is important for
plant growth, mostly for morphogenetic responses.
This radiation is therefore called Morphogenetic Ac-
tive Radiation (MAR) by some authors [Varlet-
Grancher 1995]. The total solar transmission (300-
2500 nm) of materials is important to quantify the
amount of energy entering the net structure, which
has an important influence on the microclimate inside
the screen house. Whereas in non-permeable struc-
tures (e.g. plastic film greenhouses) also the transmis-
sion for heat radiation (>2.5 um) is considered to play
a major role, it will be less important for open net
structures, where convective heat exchanges are more
important than radiative heat exchanges. The haze is
the percentage of the transmitted direct radiation scat-
tered by a material. Materials with a high haze create
an indoor environment with diffuse light, which is
preferable for many crops [Hemming 2005; Hemming
2007], particularly in Southern European countries.
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Transparent or semitransparent threads may be used
for reducing excessive solar radiation and generate
mild and more uniform internal light conditions. The
colour of the material and the light reflection especial-
ly of the wavelengths visible for the human eye (VIS,
380-760 nm) are interesting criteria to determine the
aesthetic value of the net structure and the environ-
mental impact. The radiometric behaviour of a net
covered structure strongly depends on the external ra-
diative environment. Also the transmittance of the
covering system varies with the angle of incidence of
the solar radiation in the case of a clear sky. For ex-
ample, a large angle of incidence combined with a
clear sky may create a strong shading effect during
daytime, while an overcast sky results in a smaller
loss of incoming radiation. The direct light transmit-
tance as a function of the angle of incidence is also an
important radiometric property for nets, which is de-
pending on the three-dimensional structure of the ma-
terial. The light transmittance with respect to a diffuse
light source is also investigated since it provides in-
formation about the performance of the net under an
overcast sky. These properties describe the seasonal
and diurnal performance of the material.

In this paper the influence of net construction pa-
rameters on their radiometric properties are investi-
gated by means of laboratory and field tests on a large
number of commercial net typologies for various
functions, such as anti-insect, anti-hail, shading and
windbreak nets.
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2. Materials and Methods

In order to investigate the influence of net con-
struction parameters on their radiometric properties, a
set of laboratory and open field tests were performed
on 38 types of high density polyethylene (HDPE)
commercial nets and on 7 coloured nets which were
made on purpose for this research.

2.1 Nets tested

Commercial nets were chosen based on their main
agricultural application. Tested nets were characterised
by their weight: expressed in g m?, by their kind of
threads: monofilament (M) or tapes (T), by different
colours: black (BL), blue (B), green (G), grey (Gy), red
(R), transparent (T) white (W) and by their texture:
Woven or Italian (I), English woven or Leno (L), Knit-
ted or Raschel (R) (tab. 1, tab. 2, tab. 3, tab. 4).

Anti-hail nets (tab. 1) are largely used in field ap-
plications, especially in fruit tree cultivations such as
grape, peaches, apricots and cherries, where they are
installed with a specific supporting structure or direct-
ly applied on the cultivations. They are characterised
by meshes as wide as possible in order to improve the
ventilation under the net covered area and by trans-
parent yarns or yarns with light colours to reduce the
shading effect of the net. This kind of net is charac-
terised by a low deformability and a good mechanical
behaviour to resist the impact of hail stones.

i MName Comipamy Texture"  Thread™  Colosr™  Weighi
ANITH ANTI-HAIL MET karwzis ALE H ! | ]
LRER LRANIMLEME KRISTALL  Agnmova L i | I 15
TEIx IRIDE LIV Arrigond L | 1 T
TS TS (eS-M-NATURA] Thrace Plasi " ] T i
IR 5 d70-E | hrace Plast K | HL-Li il
" Tenaure: 1 leafiarm, L Englisk, R Baschel

Maread M monohilamese, | tape
Coliar Black (BEL Y bl (B, gereen (G0, grey (0, el (R B tneepacest { T white (W
TABLE 1 - Anti-hail nets tested, the weight is expressed in [g m™].

1] WA Company _ Tewtwre”  Theead™ Colour™  Weight
BIOZ0A  BIOKETE 2K 10 {vard 0.23) Arrizomi 1 | | i
BIOME  BIOEETE 2610 dvard 0,235) Arrigomi ] | T 120
HAL 1441 BICHRETE # iMESHES 1414 .‘-\.Irij:nl'\-l | 1 || L1
i1 N2 BIHETE S (MESHES 21 Arriginm | | | 123
FR1&1 FRLICTUS 2425 Armigoni L L I 42
FRI&GG  FRLUCTUS 2625 ArTigomi [ Wl Gw-T 47
FH4.4 FRLUCTLS 4/4 Armigomi L kY | | al
INIF IMPOLLIRETE Arrigomi (] b | T 4
INSK IMSECTNET K Hivovibes 1 | | hill
Lkt | iMSELCT MET M Howices | | | A
IWST INSECTHET T Hoavites 1 L5 | T 130
MAGG__RETE MAGGIOLINI _ _Arrigoni_ ¥ M Bl 3
U Tewmne: B i, L Enghsi, B Rascs

' Thread: M monofilamest. T @pe

" Codour: back (L), bbee | B, green (G, grey 10y}, red (B, masparess { T) whiie | W)

TABLE

2 - Anti-insect nets tested, the weight is expressed in [g m™2].
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1 Mame Company _ Texture' Thread” Calour”  Weight
AGRMI  ACGREIOMBRA 0 Arrigoni B T BL 51
AGRSEN AGRICMBRA 50 Arrigoni R T Bl 7
AGHERM  AGRIOMEBERA T Arrigoni [ I BL T
ALXW AGRICMBRA EXTRAWHITE  Arrigom K T W U5
HEX HEXAGOMNAL NET Hiradlec B W G 47
OhiBsd  OMARAVERDE 50 Arrigoni B M, T 0 4
OrMET  OMBRAVERDE T Agrigoni [ MLT i g
OrMEN OMBEAVERDE 90 Arrigon K M. T i 133
sHE SHANE MET BLUE Hivadlec B T B TE
sHR SHADE MET RED Howilee R T ] TE
SHED SHADE MET TAPFE 50 Hivwilen B T Cr 1]
" Temture: | Italian, L Engleh, B Raschal
" Thread: M morcdifamern, T ape
" Colour: Mock (HLY blue (B, grecm (0L grey G0y red (B oranspaness (1) whie (W

TABLE 3 - SShading nets tested, the weight is expressed in [g m™].

(1] Mame Compamy Texture”  Thread™  Colour™  Weight
BRWS)  BREAKWIND MET AT 3 Chaamulli L | BL 1{Hx
LS LIBECCI 30 AFTigom B b BL-G b
LIHSH LIBECTCI 50 AFTIE0iA ]t I HL-G 15
Lk LIBECTIO &0 Arrigo R’ Il BL-G 13
LIETm LIBECTCIO 70 Arriguni R’ Il BL-G 1R
SCS0E SCIROCCO 520 BLACE Arriguni I M BL R3
SCEW  SCIROCCC S0 WHITE Armigoni I Il T B3
SCT5E SCIRCCC0 75 Arrigoni I A BL 138
SCAMID SCTROCCO MD GREEN Arrigoni [ A BL-; 72
WHRT WINDRREAK MET TAPE Howins: I ] Bl-0 120
" Testure 1 akian, L Fiaglish, B Raschsd
I Threl: M mamalibiment, T laps
ok Bhdk (BLY hloe (B, groen (400, gerey dGy0, misd (R transpament (T white (W)

TABLE 4 - Wind-break nets tested, the weight is expressed in [g m™].

Lalsnraiory tesis Chpeen Tield fesis

I L J Ty Teap, O TRARLOEE__PoaE T Tesn TuE L
ALRSED L] LT &1 431 1 2 £ L] L]
ALK W 4 Ll 47 4 50 b 43 54 45
AMTH i3 ] il Ta ir 1] ™ a0 T
L LEE T 40 TS o a1 15 43 B an Bz
L L 3 B BR Tr i) 45 8 g1 ]
BRWT a8 13 4 L4 5 16 L3 [k} 1]
FRI. Bz BS o a5 Z &} BT ar ar
FRA4 TG a5 o7 at B 18 o o6 a5
HEX 47 1] 5 a3 E 14 Td &3 r
IMP 75 a6 a7 at B 15 i) a2 a1
IM5RK ] s o5 ag B 2z B a3 8z
IMEN 59 a5 a5 BE 11 b B a3 a1
INET 30 i) o 7B L] 55 ™ T4 TZ
LEIE30 7 s &0 gk 3 4 75 Th 76
LIS 54 a0 &5 E 1] 3 & £3 &8 85
LIlGa0 a5 53 58 a3 3 16 g1 58 5z
LIIETa 28 42 48 3z q 18 41 47 4%
MBS 54 5& i1 53 I 8 B8 61 a0
OMEBETD 21 26 T 20 i 0 5 33 28
MDD i3 iT 4 L 4 12 16 14 iT
S0 A0k 82 a3 x| & i 2 fix] 66 84
SCE0Y i a4 G 113 1§ xr il B8 a4
SCTSH & TG 45 3 4 | a5 i 1]
SCAD g2 4T 2 G 3 T £l (5] i
SHEN 40 44 LY e X 5 449 &7 1
TSATH ] 4F 17 12 3 il 18 o 21
TABLE 5 - Porosity (¢) and radiometric properties (Tuv»> TPAR dir TPAR dif* NIR> Tsol OPAR. OPAR)

of tested nets measured in laboratory, with direct and diffuse light source, and in open field. All da-
ta are expressed in percentage (%).
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) _Nes mample c
T TH T THHG Tk Ty THLID
Fiell fcuy t. O 0N] 050 08 052 00 9
T Tom 157 L3 09%  093 T
L abarasers i H - x
Toar [LR55] 1Lk LEH) 1.x [HE]
[Fa L] X =1 - o =
|| I_-_||:|: [HRIEE | st (LR IEL] [INSES (]
TABLE 6 - Transmissivity measured in field (t;,p), and

transmissivity from a direct (tp;) and a diffuse (vppp) light
source and reflectivity (o) measured in the laboratory. Samples
made combining in the warp direction transparent threads with
transparent (TT), black (TBL), blue (TB), yellow (TY), light
green (TLG), dark green (TDG), and red (TR) threads as weft.

Insect nets (tab. 2) are considered as an environ-
mental and human health friendly alternative to some
pesticides and are employed in organic farming or in
screenhouse coverings, with single or double layers,
for virus free production. Insect proof nets are also
used to avoid the escape of pollination insects, like
bumble bees, from the greenhouse. For this kind of
net the size of the mesh is very important, in order to
avoid the entrance of insects and virus carriers. More-
over the colour influences the attraction of insects. In-
sect-proof nets are characterized by a very low porosi-
ty which causes a reduction of air flow and an in-
crease of relative humidity, which can be a negative
effect for cultivation. To avoid reduction of solar
transmittance, transparent fibres are usually used in
order to limit the shading effect of the net.

The aim of shading nets (tab. 3) is to screen the solar
radiation in order to reduce the air temperature inside
greenhouses or the incoming radiation in cultivations,
such as ornamental plants, requiring low levels of light.
They are used also to prolong or delay the harvesting
period in sunny areas. The increasing of the air humidi-
ty and the reduction of air flow could be a limiting fac-
tor in their use; dark colours, such as green or black,
are the most common for this kind of application.

Windbreak nets (tab. 4) are used in order to: avoid
mechanical damages (breaking of branches, flowers,
etc.) and biological consequences (high evapo-tran-
spiration, difficulties in pollination, etc.) due to the
action of the wind on the cultivations; increase the
quality of products by protecting them from dust, salt
and sand; reduce the wind load on agricultural struc-
tures; minimize the heat loss of animals due to venti-
lation in open livestock farming. The porosity of the
net affects the design of the windbreak structure and
the performance of the protecting system causing a
wind vortex on the leeward side which are potentially
dangerous for the cultivation, moreover the shading
effect of the windbreak net could cause a decrease of
the production.

Finally, a set of seven anti hail nets, based on the
Leno fabric [Castellano 2008a], of the commercial
type Fructus2.6-2.5, was produced in order to test, in
open field, the influence of different colours on the ra-
diometric properties of the net. Samples were made
combining in the warp direction transparent threads
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with transparent (TT), black (TB), blue (TB), yellow
(TY), light green (TLG), dark green (TDG), and red
(TR) threads as weft (tab. 6).

2.2 Net porosity

The porosity (@), the fraction of the area of voids
over the total area of the net, was evaluated by means
of the analysis of images of the materials. All tested
nets were scanned at the resolution of 2400 dpi. Im-
ages were converted into black (threads) and white
(empty) with the Adobe Photoshop software. A repre-
sentative area was selected from each picture and, by
means of the same software, the percentage of white
pixel of the whole picture was evaluated. Measure-
ments were repeated at least two times for each sam-
ple, using areas of different size, and the average val-
ue was taken.

2.3 Laboratory test

Nets are non homogeneous materials and it is not
possible to evaluate radiometric properties by means
of laboratory spectrophotometer measurements due to
the small dimension of the sample, usually 2-3 cm,
and of the light source which is a concentrated ray
whose transversal dimension is comparable with the
mesh size of the net. For this reason, laboratory tests
on large size samples were performed using a large
integrating sphere with a radius of 1.00 m and a sam-
ple port of 0.40 m diameter and a small integrating
sphere with a radius of 0.50 m and a sample port of
0.10m diameter. The total transmissivity in the PAR
range (Tpyg in 400-700 nm) of samples with the size
of 50 cm by 50 cm was measured with the large inte-
grating sphere, which has a barium sulphate coating
inside (BaSO,) (fig. 1).

Data was gathered by means of a diode-array spec-
trophotometer, with a resolution of 1 nm. A light bun-
dle emitted by halogen lamps perpendicular to the
sample was used as a direct light source in order to
determine the PAR transmissivity for direct light
(Tparay) (fig. 12). The PAR transmissivity for diffuse
light (Tpag i) Was determined by using indirect light
emitted by fluorescent lamps inside a hemispherical
sphere above the integrating sphere (fig. 1b). More-
over, the reflectivity (pp,g) in the PAR range was
measured in the large integrated sphere.

The total transmissivity in PAR range (T, in 400-
700 nm) and in the UV range (t;,, in 300-400 nm) for
different angles of incidence (e.g. 0°, 15°, 30°, 45°,
60°, 75°) was measured in the small integrating
sphere (fig. 2a) using a xenon lamp as a direct light
source in the range of 300-1100 nm range. Also a
diode-array spectrophotometer with a resolution of
Inm was used. The size of the samples was 10 cm by
10cm. Moreover, the haze, the percentage of the
transmitted radiation scattered by the nets in the PAR
range, (Gpag)> Was measured by means of the small in-
tegrating sphere (fig. 2b).

——
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Fig. 1 - Scheme of the laboratory test set-up (large integrating sphere) : measurement of PAR transmission for direct light (a), measurement of

PAR transmission for diffuse light (b).

‘gl oF
Thirs =+ lig' 1k T ﬁl
(1= L

T e lella

- T

“n\
Lyt T
e

e

i Tnbteg akiag

' AR DT

(@

vun=h 2F

oL lgesd it

E bty | .
- — lizht i«
""-_H
4

Figar L

a - --.b;rl.-.-
|j' - -

i Tabeg abing
i LpeLD

()

Fig. 2 - Scheme of the Laboratory test set-up (small integrating sphere):, measurement of PAR transmission for direct light under various angles of

incident (a), measurement of the haze, scattered light (b).

All laboratory trials were performed at Wagenin-
gen UR Greenhouse Horticulture laboratory in The
Netherlands.

2.4 Open field tests

Open field radiometric test were performed by
means of an experimental set up named “permeable
box” (fig. 3a) and a full scale shade house (fig. 3b) in
an experimental field of the University of Bari, in
southern Italy (41°02°N, 16°54°E) during the month
of September 2005, 2006 and 2007.

The “permeable box” consisted of a steel frame
120x120x50 cm whose dimensions were designed in
order to avoid the shadow of the frame on the reflec-

tive surface of the spectroradiometer. All samples
were settled on a square frame 120x120 cm which
covered the box and on side walls (480x50 cm) of the
box.

The full scale shade house (9.60x30.00x4.40 m)
was divided in four different sections, almost 7.00 m
long, and covered with four different kinds of shading
nets, one for each portion, characterised by about the
same shading factor, defined by their technical forms
provided by producers, but different colour, kind of
threads and fabric (LIB60, OMB50, SC50, AGR50).

In both cases the total solar radiation was measured
by means of a portable spectroradiometer_Ger 2600.
The acquisition range was 250-2500 nm, and the reso-
lution was 1.5 nm in the wavelength range of 300-

——
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Fig. 3 - Open field test set-up. Permeable box (a) and full scale shade house (b).

1050 nm and 11.5 nm in 1050-2500 nm. Data were
gathered by means of a portable computer. The spec-
troradiometer measured the sun radiation from a very
high reflective element coated with BaSO,. The ratio
between the measurements obtained under the net
sample and outdoor defines the transmissivity of the
material (if t=100% then the material is completely
transparent, if t=0% the material is opaque). That
way Tpg (400-700 nm), T, (780-2500 nm) and ©_
(300-2500 nm) can be determined.

In order to include the spectral distribution of the
solar radiation, it is necessary to calculate the weight-
ed average transmittance value over fixed wavelength
bands [Scarascia Mugnozza 1998]. In literature
[ASTM D1003-07 2007; EN410 1998; ISO 9050
2003; NEN 2675 1990], several weighting functions
which describe the spectral distribution at ground lev-
el are available. In this research paper, both for labo-
ratory and for open field tests, the NEN2675 was
adopted since it has the closest relation with crop pho-
tosynthetic reaction and growth.

3. Results and Discussion

3.1 Radiometric properties in general

The comparison of the PAR transmissivity in open
field (permeable box) and laboratory tests (integrat-
ing sphere) show a good accordance of measured val-
ues (tab. 5). Laboratory results of Tp,p, 4 are general-
ly higher than open field results, except for TS070
net, depending on the inclination of the sun with re-
spect to the artificial light source which is perpendi-
cular (tab. 5).

For shading nets the light transmission or the shad-
ing factor should be one of the most important selec-
tion criteria. Since the light transmission differs for
different nets it is important to choose the net that fits
best with the needs of the crop. It is important to select
a net with a high diffuse light transmission Tp,p i
For example AGR50 has almost the same shading fac-

tor as LIB70 and SC70. AGR50 has a much higher
transmission for diffuse light, though. Consequently it
protects the crop against extreme light conditions on
clear days, whereas it gives relatively more light to the
crop on cloudy days, compared to the nets with a low-
er transmission for diffuse light.

Transmissivity measurements of different nets
highlight that the various radiometric ranges do not
affect considerably the transmissivity of nets. Mea-
sured values in open field tests show very similar val-
ues of transmissivity in the solar (t_; 300-2500 nm),
PAR (1, 400-700 nm) and NIR (7, 780-2500 nm)
range, which means that all nets are not specially se-
lective for PAR or NIR (tab. 5). However, the UV
transmittance of the nets differs due to the presence of
different anti-ageing additives, which is highlighted in
laboratory test results of T, and Tp,p-

Light transmission tp,. decreases with smaller
meshes for woven insect nets. For example BIO40
has a higher transmissivity than BIO50. One excep-
tion has to be mentioned. INST has smaller meshes
than BIOS50, but a higher light transmission due to
smaller threads (tab. 5).

Light transmission 7, of Italian or English wo-
ven nets is in general higher than for knitted nets with
the same colour and porosity. BIO40, an anti-insect
net with Italian fabric of transparent threads and
@=40%, has a higher transmissivity than ANTH, an
anti-hail knitted net with transparent threads and
¢=39% (tab. 5).

The reflection pp, , of all nets is relatively low. On-
ly the white net AGXW shows a very high reflection,
which keeps out the radiation energy and possibly de-
creases inside air and crop temperatures. The haze
opag Of the different materials differs slightly. The
haze of transparent and white nets is higher than the
haze of coloured nets. In general reflection g, and
haze o, increase with smaller meshes and conse-
quently, lower porosity.

Reflectivity, transmissivity and haze and the trans-
mission spectrum are important parameters to know
for the design of the nets because the choice of the

——
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Fig. 4 - Transmissivity in the PAR (400-700nm) range measured
for four different nets in the open field shade house- SC50B/F-0-,
LIB60/F- -, OMBS50/F-A-, AGR50/F-0- and in the permeable box-
SC50B/B-0-, LIB60/B- -, OMBS50/B-A-, AGR50/B-c-.

yarn type and size can influence the optical properties
of the net.

Small differences can be noticed for the transmis-
sivity Tp,p measured in a permeable box with respect
to the full scale shade house. In both measurements
SC50B, monowire black net, and AGR50, knitted
black nets made by tapes, the transmissivity has the
same behaviour with a little increasing, almost the
10%, of the transmissivity measured in the full scale
shade house, Tg-5p=70% and T ,ps0p=55%, with
respect to that measured in the permeable box,
Tyosopp=04% and T ,psp=d1% (fig. 4). The net
LIB60, knitted black and green net made by
monowire, shows the same tendency with a more
smooth curve in the green range in the shade house,
T o= 1%, with respect to the permeable box,
T 1peop=Y0%, this effect could be induced by the
presence of structural elements which reduce the av-
erage green component of the coverings. The trans-
missivity of OMBS50, knitted green net made by
monowire and tape, is practically the same in both
measurements up to 500 nm, afterwards an increasing
of the transmissivity in permeable box- T b =56%
and Ty ps0p= I8% 18 highlighted.
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In all cases differences are quite small and the
curves of transmissivity show almost the same behav-
iour. Different results are due to edge effects caused
both by the diffuse component of the radiation pass-
ing through the gable walls and from the distance of
the net from the spectroradiometer.

3.2 The influence of porosity

The spectral transmissivity of all black nets is al-
most constant in the PAR range (fig. 5a) and it is
strongly dependent on the porosity of the net (fig. 5b).
Black net behaviour is “mechanical” because the net
threads are completely opaque and the solar radiation
passing through the net is not modified by the net.

High values of transmissivity, more than 70%,
characterise nets with transparent threads. In the PAR
range transparent nets do not cause an alteration of
the spectrum of solar radiation and transmittance is al-
most constant with a slight growth in nets having a
lower porosity (fig. 6a). The relation between the
porosity and the average transmittance of the net in
the PAR range can be described, with a good reliabili-
ty, by the linear function:

Tppp=0-390+0.62 (1)

Consequently, the intersection of the line with the
ordinate axe (¢=0) represents the transmissivity of a
non permeable covering made of the net material hav-
ing the same thickness of the net (fig. 6b).

The spectral transmissivity of green nets is strong-
ly dependent on their tonality: dark green nets
OMB50, OMB70 and OMB90 are characterised by an
almost constant transmissivity in the PAR range (fig.
7a). On the contrary lighter green nets SH50 and HEX
show a variation of the spectral distribution with a
peak of the transmissivity in the 500-550 nm range
that is more evident in the HEX net characterised by a
Raschel fabric made of a very light green monowire.
The correlation between the porosity and the average
transmittance of the net in the PAR range can be de-
scribed, with a good reliability, by the linear function:
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Fig. 5 - Black nets: transmissivity in the PAR (400-700 nm) range (a) and relation between the porosity (¢) and the medium value of transmissivi-

ty (tpyr) in the PAR range (b). SC75B o, AGR50 o, SC50B A.
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The intersection of the line with ordinate axe (¢=0)
represents the transmissivity of a green non permeable
covering made of the net material having the same
thickness of the net (fig. 7b). Equation (2) shows a
strong dependence of the transmissivity with the poros-
ity depending on the relatively high porosity of the
nets, on the dark tonality of the green and finally on the
presence of tapes which, modifying their shape and su-
perimposing to other tapes, provide to reduce the trans-
missivity of the whole net and indeed all the nets of the
set are mainly employed as shading nets.

The peak of the spectral distribution transmissivity
around 500-550 nm wavelength can be observed also
in nets formed of black and green wires, because the
shape of the curve is influenced by the green compo-
nent of the net (fig. 8a). Figure 8b highlights also for
this kind of net the linear dependence of the porosity
with the transmissivity.
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3.3 The influence of colour

The evaluation of the transmissivity values shows
that the colour of a net influences the spectral distri-
bution of the radiation passing through the net (fig. 9)
absorbing their complementary colour. Figure 9
shows the transmissivity of shading nets in the range
300-800nm characterised by different colours of the
threads and a porosity lower than 53%.

The transmissivity of black nets (fig. 5 and fig. 9)
is almost constant in the visible range and the reduc-
tion of the incoming radiation is proportional to the
solidity of the net. Concerning white nets (fig. 9) the
transmissivity increases with the wavelength, the low
values measured in the UV range are due to the pres-
ence of anti-UV additives. Blue nets (fig. 9) show
peak values in transmissivity, t=0.75, corresponding
to A=470 nm and minimum values, ©=0.32, in the
range A=600-760 nm corresponding to the red part of
the spectrum. Green nets (fig. 7, fig. 8, fig. 9, fig. 10),
depending on the hue of the colour (fig. 8 and fig. 10),
highlight a wider interval, A=450-570 nm, correspon-
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Fig. 7 - Green nets: transmissivity in the PAR (400-700nm) range (a) and relation between the porosity (¢) and the medium value of transmissivity

(Tpar) in the PAR range (b). OMB90 &, OMB70 o, SH50 o, OMB50 A.
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ding to maximum values of transmissivity whilst the
minimum values of transmissivity are measured in the
orange part of the spectrum, A=630-670 nm. The
same behaviour is highlighted for red nets, the curve
of transmissivity quickly increases, passing from
7=0.37 to 7=0.68 in the range A=580-620 nm, then
continues to increase smoothly reaching the maxi-
mum value t=0.78 at the upper bound of the visible
range A=760 nm (fig. 9). The minimum values of
transmissivity are measured in the blue-green part of
the visible range A=460-580 nm.

The same behaviour of the curve of transmissivity
is highlighted in nets with high porosity (¢=82%) and
formed by transparent warps and wefts of different
colours (fig. 10), the differences of peaks and lowest
values (fig. 9 and fig. 10) depends on the amount of
coloured threads with respect of the net surface. The
total transmissivity of net TB (transparent and blue)
shows a maximum corresponding to A=460-470 nm
then it decreases to its minimum value in A=550-570
nm and continues almost constant to the end of the
PAR range (fig. 10). Net TY (transparent and yellow)
shows an increasing behaviour of the transmissivity
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Fig. 9 - Transmissivity in the 300-800nm range measured for five
nets characterised by different colours. AGR50 (Black) —, AGXW
(White) 0, SHB (Blue) o, SHR (Red) A, SH50 (Green) X.

curve, the trend is linear with a flex almost in A=510
nm (fig. 10).

Nets with a light green colour have an almost sinu-
soidal behaviour with a maximum in the range of
500-550 nm and a minimum corresponding almost to
A=600 nm. Nets with dark green threads show a
smoother behaviour depending on the lower transmis-
sivity of the dark green threads. It is interesting to no-
tice that TDG shows higher average values of trans-
missivity in the PAR range than TLG, only locally at
500-550 nm the peak in the transmissivity curve of
nets with light green threads is higher than the dark
green one. The transmissivity of nets with red threads
(TR) shows a minimum value in the range of 500-550
nm, then it increases almost asymptotically to its
maximum value at 700 nm (fig. 10). The comparison
of diagrams highlights that - even if TB and TR have
an average transmissivity in PAR lower than TT - TR
shows higher transmissivity values in the red part of
the range whilst TB shows higher values in the blue
part of the PAR range (tab. 6).

3.4 The influence of the angle of incidence
of the radiation source

Except for its construction parameters, the radio-
metric performances of the nets in field condition are
influenced by the position of the sun, azimuth and ele-
vation, by the shape of the structure, and, only for
knitted nets with tapes, by the orientation of weft and
warp.

The influence of the position of the sun was inves-
tigated in the laboratory (fig. 11) on the same typolo-
gies of nets like those installed at the experimental
screen house (fig. 5b) and compared with greenhouse
glass. The transmissivity of the tested nets decreases
with increasing elevation of the light source. It is pos-
sible to highlight a first part of the diagram, with an
inclination from 0° to 45°, in which the transmissivity
decreases very slowly and could be considered almost
constant, and a second part, from 45° to 75°, in which
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the transmissivity decreases more quickly with a re-
duction of almost 40% (fig. 11). It is possible to no-
tice that the diagram is less regular for nets than for
glass, especially for AGR50 and OMBS50 which were
knitted net with tapes and mono-wires. In this case the
position and the inclination of the tape with respect to
the surface of the membrane influence locally the di-
mension of the empty part of the net of the holes and,
consequently, the amount of radiation passing through
the net.

In order to evaluate the influence of the warp or
weft direction at the installation of knitted nets made
by tapes with respect to the transmissivity of the net
varying the angle of incidence of the radiation source,
it was compared with the small integrating sphere, the
transmissivity of three nets with the same construc-
tion typology but with different porosity at different
angle of incidence position (fig. 12).

The position of the warp or of the weft with respect
to the radiation source does not affect the transmissiv-
ity of the net, if the angle of incidence is lower than
40° (fig. 12). The different behaviour in warp and
weft direction is affected by the porosity of the net
(fig. 12) and it is empathised with an increasing
porosity of the net.

With the increasing angle of incidence the trans-
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Fig. 11 - Transmissivity of four different nets depending on the an-
gle of incidence of the radiation beam, 0° refers to the source perpen-
dicular to the membrane.

missivity of the net is lower if the warp is perpendicu-
lar to the direction of the radiation source for OMBS50.
The test shows that for lower porosity the effect is the
opposite even if the diagrams of transmissivity in the
warp and weft direction are almost coincident.

4. Conclusions

Several nets with different texture, porosity, colours
for various agricultural purposes were investigated
concerning their radiometric properties. Nets are non-
uniform materials, for this reason, radiometric proper-
ties should be studied on large enough samples to
avoid any small-size effects. Measurements in the labo-
ratory under defined conditions with an integrating
sphere are suitable to characterise the net performance
in the open field. Small differences, less than 5%, be-
tween laboratory and open field tests occur when
measurements in the lab are carried out with a perpen-
dicular artificial light source. Lab measurements
should be carried out under different angles of incident
as well to characterise the nets and to predict the agri-
cultural performance. Results highlighted that the
porosity and the mesh size combined with the colour
and, secondarily, with the fabric and the kind of threads
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Fig. 12 - Transmissivity of three different nets depending on the sun’s position, 0° refers to the source perpendicular to the membrane.
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of the net influence the amount of radiation passing
through the net and consequently the shading perform-
ance of the net. Moreover, the colour of a net influ-
ences the spectral distribution of the radiation passing
through the net absorbing their complementary colours,
confirming that the choice of the colour of the net com-
bined with the radiation requirements of the plant
could be strategic to optimize the crop production.

If the transmissivity could be considered one of the
main parameters involved in the choice of agronomic
requirements of the netting system, the reflectivity of
the net is strictly involved in the aesthetic assessment
of the net-house in the rural landscape. In this case
nets with lower values of reflectivity should be chosen
in order to reduce the visual impact of the building.

Nets should be chosen by growers carefully. Nets
with an expected shading factor should have a high
transmission for diffuse light. Insect nets and anti-hail
nets should have light transmission as high as it is
possible. Woven and English woven nets show a high-
er transmissivity than knitted nets. Since nets are
three-dimensional structures the transmissivity of di-
rect light under different angles of incident changes
when installed in the warp or weft direction. Ad-
vanced light models are needed to estimate the total
radiometric performance of net covered greenhouse
structures.
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SUMMARY

Nets are commonly used for agricultural applica-
tions. However, only little is known about the radiome-
tric properties of net types and how to influence them.
In order to investigate the influence of net construction
parameters on their radiometric properties, a set of ra-
diometric tests were performed on 45 types of agricul-
tural nets. Laboratory tests on large size net samples
was performed using a large and a small integrating
sphere. Open field radiometric test were carried out by
means of an experimental set up (120x120x50 cm) and
a full scale shade house. Small differences (less than
5%) occurred between laboratory and open field tests.
Results highlighted that the porosity and the mesh size,
combined with the colour and secondarily, with the fa-
bric and the kind of threads of the net influenced the
shading performance of the net. The colour influenced
the spectral distribution of the radiation passing throu-
gh the net absorbing its complementary colours. Since
nets are three-dimensional structures the transmissivity
of direct light under different angles of incident of solar
radiation changes when installed in the warp or weft di-
rection. Transmissivity could be considered one of the
main parameters involved in the agronomic performan-
ces of the netting system.

Keywords: agricultural nets, permeable coverings,
radiometric properties, open field test.

List of symbols

BaSO, Barium Sulphate

HDPE High Density Poly-Ethylene

PAR  Photosynthetic Active Radiation range 400-

700 nm

MAR Morphogenetic Active Radiation range 780-
2500 nm

NIR  Near Infrared Radiation range 780-2500 nm

o] Porosity of the net

epar  Reflectivity in the PAR range

opag  Haze (percentage of the transmitted radiation
scattered by a material) in the PAR range

Tpag  Jotal (direct + diffuse) transmissivity in the
PAR range

Tyr  Jotal (direct + diffuse) transmissivity in the
NIR range

Tgo.  Total (direct + diffuse) transmissivity in the
solar range (300-2500 nm)

Tparair PAR transmissivity for direct light

Tpar air PAR transmissivity for diffuse light
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