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DEFINING FAR-ULTRAVIOLET

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 21/11/12

In these uncertain times, there is increasingly persuasive evidence that “Far-UV” radiation is effective
in inactivating the SARS-CoV-2 virus and other pathogens, but without the health risks of germicidal
ultraviolet radiation. Unfortunately, this technology has some of the hallmarks of a “miracle cure,”
which has become an irresistible attractant for charlatans and hucksters of all stripes.

Search the Web for “Far-UV” products and you will find ultraviolet lamps, luminaires, sanitizer boxes,
wands, water bottles, face masks, and more, all promising the miracle benefits of “Far-UV” radiation.
Look for investment opportunities online and you will find crowd-funded start-up companies
clamoring to develop “Far-UV” luminaires and air handling units. Search for ultraviolet germicidal
irradiation (UVGI) products and you will find at least a few national companies who label every UVGI
product in their catalog as “Far-UV.”

The reality is that very few of these products employ “Far-UV” radiation sources. There is at present
only one practical source of 222-nm UV-C radiation for germicidal applications: the krypton-chlorine
excimer lamp. It is possible to manufacture light-emitting diodes with peak spectral emissions as low
as 222 nm, but their radiant efficiency of slightly over 0.01 percent is abysmal (FIG. 1).
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FIG. 1 — Ultraviolet LED external quantum efficiencies. (Source: Kneissl 2020)

Copyright 2021 All Things Lighting Association 2021 Annual Review ISSN 2816-7848



WHAT IS FAR-UV?

One of the problems is that “Far-UV” is not what you might think it is. Read the medical literature and
you will find numerous references to “Far-UV,” “Far-UVC,” and “far ultraviolet,” all in reference to 222
nm (and occasionally 207 nm) ultraviolet radiation sources. Scholarly publications notwithstanding
however, this is incorrect. The International Lighting Vocabulary (CIE 2011) defines:

e UV-A 315-400 nm
e UV-B 280-315nm
e UV-C 100-280nm

but with this footnote:
“In some applications the ultraviolet spectrum has also been divided into “far,” “vacuum,” and
“near” ultraviolet; however, the borders necessarily vary with the application (e.g., in

meteorology, optical design, photochemistry, thermal physics, etc.).”

These “some applications” include astronomy. Referring to 1ISO 21348:2007 (ISO 2007) regarding solar
irradiances, we have:

e Vacuum ultraviolet 10-200 nm

e Extreme ultraviolet 10-120 nm

e Far ultraviolet 120-200 nm
e Ultraviolet C 100 - 280 nm
e Middle ultraviolet 200-300 nm
e Ultraviolet B 280-315nm
e Near ultraviolet 300 -400 nm
e Ultraviolet A 315-400 nm

The Illuminating Engineering Society follows the CIE subdivision of the ultraviolet spectrum (IES LS-1-
20) under “ultraviolet subdivision,” but it also follows the ISO subdivision under “regions of the
electromagnetic spectrum”:

e Extreme ultraviolet 10-120 nm
e Far ultraviolet 120-200 nm
e Middle ultraviolet 200 -300 nm
e Near ultraviolet 300 -400 nm

To be fair, the term “far ultraviolet” has previously defined in the academic literature to include 222-
nm radiation. Forsyth et al. (1934), for example, defined:

e Far ultraviolet <270 nm
e Middle ultraviolet 270-313.5 nm
e Near ultraviolet 313.5-400 nm
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In other words, ultraviolet-C through ultraviolet-A respectively. Suffice it to say that the definition of
“far ultraviolet” has been fluid over the years.

Terminology matters. If we are to communicate effectively and unambiguously, we should respect the
ISO definition of “far ultraviolet” as optical radiation with wavelengths between 120 nm and 200 nm,
and refer to 222 nm radiation sources simply as ultraviolet-C emitters.

Speaking of terminology, it is ultraviolet RADIATION, not “light.” Light, as defined by IES LS-1-20, is
“radiant energy that is capable of exciting the retina and producing a visual sensation in humans,”
with wavelengths ranging from approximately 380 to 780 nm (CIE 2018). Optical radiation, on the
other hand, extends from 100 nm to 1,000 mm, which includes everything from ultraviolet-C (CIE UV-
C) to far infrared (CIE IR-C).

Marketing, however, will undoubtedly prevail. If 222-nm ultraviolet radiation sources become
commercially important, it will be necessary to distinguish between these and the more common (and
hazardous) 254-nm germicidal lamps. International standards notwithstanding, “Far-UVvV” will be
generally understood in the context of germicidal applications as optical radiation within the
wavelength range of approximately 200 nm to 250 nm.
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VISUAL GLARE AND CIE 117-1995 - NEMA WHITE PAPER

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 2021/10/22

The CIE Unified Glare Rating (UGR) metric has been used by the architectural lighting industry since it
was first published by the CIE a quarter-century ago (CIE 117-1995, Discomfort Glare in Interior
Lighting). Originally popularized by European lighting manufacturers, UGR has recently been adopted
by the DesignLights Consortium, the US Green Building Council (LEED), and the WELL Building
Standard.

It is easy enough to calculate UGR metrics using commercial lighting design and analysis programs,
and luminaire manufacturers are increasingly providing UGR values for their products. However, UGR
is @ much more complicated metric than for example illuminance. It is the responsibility of lighting
designers to *understand* the metric, rather than just blindly (no pun intended) use it in their
specifications and designs.

There have been many dozens of research papers written on visual glare since CIE 117-1995 was
published, but these have been of little use for day-to-day lighting design. | am therefore both pleased
and proud to recommend this just-published white paper from the National Electrical Manufacturers
Association (NEMA):

NEMA LS 20001-2021, WHITE PAPER ON UNIFIED GLARE RATING (UGR)

https://www.nema.org/standards/view/white-paper-on-unified-glare-rating-(ugr)

UGR analysis images generated by SunTracker Technologies’ CERISE365 / (c) 2021 National Electrical
Manufacturers Association

| am pleased because this authoritative 34-page document “explains the original intent of Unified

Glare Ratio (UGR), its proper uses, and common misuses of the Standard.” It provides detailed
information on how the metric works, and how it should (and should not) be used.
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| am proud because | (ahem) contributed roughly a quarter of the text, including Annex C, UGR
Computer Simulations. If you *really* want to know all the gory details of how a lighting design and
analysis program should calculate the UGR metric, this annex provides the answers. (Note the
qualifier “should” — some programs may surprise you.)

One final comment: the white paper is free, but you have to register with NEMA in order to download
it. This may be an annoyance, but | can promise that it will be worth the effort. This white paper is an
essential resource for today’s lighting designers.
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HORTICULTURAL LIGHTING DESIGN AND DEJA VU

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 2021/09/24

The phrase DEJA VU translates from French as “already seen,” which nicely describes a current issue
with horticultural lighting design. The introduction of LED technology may have kick-started
horticultural lighting as an innovative industry, but we have yet to learn an important lesson from four
decades of architectural lighting.

THE IMPORTANCE OF DESIGN DATA

Prior to the 1980s, architectural lighting design was more art than science. Electrical engineers
needed nothing more than pencil and paper to perform lighting calculations by hand. This all
changed, of course, with the introduction of personal computers.

Today’s architectural lighting design software began with simple programs that had a particular
problem. Luminaire manufacturers published plots and tables of photometric data for lighting
designers, but these were useless for computer calculations.

The Illuminating Engineering Society recognized this problem, and in 1981 introduced a standardized
computer file format for representing photometric data (ANSI/IES 2019). Unfortunately, the initial
response of the major luminaire manufacturers was to simply ignore this development.

The argument at the time seemed reasonable enough: the published plots and tables were included
in printed catalogs that sales representatives could hand-deliver to their clients. These visits
generated sales opportunities that would be lost if lighting designers were able to do computer-aided
calculations themselves.

Following this argument, the luminaire manufacturers mostly decided that their product data was

proprietary, and that clients would be better served by requesting custom light plans through their
sales representatives.

Copyright 2021 All Things Lighting Association 2021 Annual Review ISSN 2816-7848 12



In a word (or two), DEJA VU. Four decades later, this is exactly the argument that most horticultural
lighting manufacturers are offering.

FAILURE TO COMMUNICATE

The decision of architectural luminaire manufacturers to declare their product data as proprietary
information was in retrospect a woeful mistake. The capabilities of lighting design software rapidly
improved, giving lighting designers and engineers the ability to tackle more challenging projects, and
also — critically — to compare the performance of luminaires from different manufacturers.

For lighting sales representatives in particular, it was an increasingly costly mistake. Given a choice
between products for which electronic data (stored on floppy magnetic disks) was available and
printed tables in catalogs, many lighting designers simply refused to specify the latter. In a
competitive market driven by specification sales, this was not good.

Today, architectural luminaire manufacturers provide photometric and electrical data for virtually all
of their commercial and industrial products, using industry-standard file formats such as ANSI/IES LM-
63 (North America) and EULUMDAT (Europe). This downloadable information is freely and publicly
available, and it is fully expected that professional lighting designers will use the data to compare the
performance of products from different luminaire manufacturers.

LUMINAIRE DESIGN

The availability of lighting design software with visualization capabilities had a further unexpected
effect on luminaire design. In being able to model the distribution of light in complex architectural
environments, lighting designers could see where the light needed to go. From this, they could tell
their luminaire sales representatives what they needed in terms of product performance.

Luminaire manufacturers responded by designing products with increasingly sophisticated optics,
including reflectors, lenses, and holographic diffusers. The introduction of LED technology
supercharged this effort because it is much easier to control the light emitted by point sources.

HORTICULTURAL LIGHTING

With this as historical background, it is interesting to look at the current state of horticultural lighting
design. At present, not a single horticultural luminaire manufacturer offers publicly available
photosynthetic photon intensity distribution (PPID) or spectral quantum distribution (SQD)
information for their products. When asked, the explanation is familiar: the information is

proprietary, but custom light plan services are available for qualified clients.

“It's DEJA VU all over again,” as the baseball legend Yogi Berra probably never said.
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The product information that is generally available from the manufacturers’ catalogs is rather sparse:
e Photosynthetic photon flux (PPF), measured in micromoles per second per square meter;
e Photosynthetic photon efficacy (PPE), measured in micromoles per Joule; and

e Electrical input watts.

This is sufficient to guesstimate the number of luminaires required for a greenhouse or vertical farm,
and to calculate the electrical power requirements, but nothing more.

Knowing the SQD (aka the “spectrum”) of a horticultural luminaire is an important issue, as most
commercial greenhouse crops have species- and life cycle-specific responses to different SQDs (e.g.,
ANSI/IES 2021). If available at all, this information is presented either in graphical form in the catalog,
or as “red,” “green,” and “blue” PPF values in a printed table.

It has been argued that the horticultural lighting industry does not need any more detailed
information than this. While architectural lighting design programs such as Lighting Analysts’ AGi32
and DIAL’s DIALux are capable of performing basic horticultural lighting calculations, few people in the
horticultural industry are interested in investing the time and effort needed to master these
programs. It makes much more sense for clients to simply request custom light plans from the
luminaire manufacturers.

DEJA VU ... this is an echo of the arguments advanced in the 1980s, when few architectural lighting
designers owned personal computers. In retrospect, telling your clients that you are smarter and
more capable than they are is never a good business strategy.

DISRUPTIVE INNOVATION

But now, consider this scenario: A professional lighting designer with computer-aided drafting (CAD)
and architectural lighting design software skills is engaged to create a lighting layout for a greenhouse
project. Our designer’s first task is to model the greenhouse with its luminaires, such as that shown in
Figure 1.
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Figure 1 — Typical greenhouse model.

Having done this, the next task is to calculate the spatial distribution of photosynthetic photon flux
density (PPFD) at the height of the plant canopy. Modeling the luminaire PPID is straightforward, as
most LED-based horticultural luminaires do not employ optics and so have fully predictable cosine
(“Lambertian”) PPIDs (Figure 2). If you know the luminaire PPF, the maximum PPl is PPF / m.

Figure 2 — Lambertian photosynthetic photon intensity distribution.
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The result is shown in Figure 3, where the PPFD distribution (measured in micromoles per second per
square meter) is represented by a “heat map.”
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Figure 3—PPFD distribution at plant canopy.

More usefully, the PPFD distribution is shown as an isoPAR plot in Figure 4.
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Figure 4 — IsoPAR plot of PPFD distribution at plant canopy.

A horticulturalist may look at this heat map and realize that the distribution is uneven around the
edges, resulting in poor PPFD uniformity. What the lighting designer may not know is that unlike
humans, plants are particularly sensitive to differences in PPFD; a rule of thumb is that a one percent
decrease in PPFD typically means a one percent decrease in the photosynthetic rate. It may also result
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in different flowering times for plants arranged around the greenhouse periphery. Obviously, more
luminaires are needed closer to the greenhouse walls.

Our architectural lighting designer may see things quite differently. Looking at the heat map, there is
clearly a need for horticultural luminaires with optical components — reflectors or lenses — to direct
the light where it is needed. In this situation, it would make sense to employ luminaires with
asymmetric PPIDs around the greenhouse periphery. There is no point in placing additional luminaires
next to the walls if half of their light will simply escape the greenhouse entirely.

Our designer will further recognize that luminaires with “batwing” PPIDs are more efficient in
achieving uniformity than today’s Lambertian distributions — the architectural lighting design
community has known this for nearly a century (Figure 5). Greater uniformity means that fewer
luminaires may be required.

Figure 5 — “Batwing” photosynthetic photon intensity distribution.

There are at present no asymmetric-distribution luminaires for horticultural applications, and indeed
few horticultural luminaires with any sort of optics. Our lighting designer may see this as an
interesting business opportunity for a start-up company, possibly leading to disruptive innovation in
an already crowded market with products that compete mostly on their PPE performance.

The key here is not any eureka moment on the part of our lighting designer as an industry outsider,
but rather the lighting design software and accompanying luminaire optical data that made it possible
to visualize the product’s performance (or lack thereof). Without such design tools, architectural
lighting designers would still be working mostly with pencil and paper.

SPECTRAL ISSUES
One of the tragedies of today’s horticultural lighting industry is that it is for the most part years

behind academic research in terms of plant responses to the light source spectrum from 280 nm
(ultraviolet-B) to 800 nm (far-red). As but one example, most luminaire manufacturers until recently
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offered products with only red and blue LEDs, arguing that their 450 nm (blue) and 660 nm (red)
spectral outputs aligned with of the spectral absorptance peaks of chlorophyll A/B, and so would
maximize photosynthesis (Figure 6).
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Figure 6 — Spectral absorptance distribution of chlorophyll A/B, McCree curve, and HPS lamp spectral power distribution.

The problem with this argument is that the spectral absorptance distribution shown in Figure 6
represents chlorophyll A/B dissolved in a solvent such as ethanol (in vitro) in the laboratory. In the
plant leaves (in vivo), the chlorophyll photopigments interact with accessory photopigments such as
beta-carotene, resulting in a spectral absorptance distribution for photosynthesis that resembles the
McCree curve. (Without this, HPS lamps would have been completely ineffective for greenhouse
lighting.)

There are many more examples, including varying the red-to-far-red (R:FR) ratio on a diurnal basis for
controlling plant flowering; using green light and UV-A radiation to promote secondary metabolite
production; various combinations of blue, red, and yellow light to influence plant morphology ... the
list goes on (ANSI/IES 2021).

The point here is that luminaire spectra are of interest and potential benefit to horticulturalists. It is
not enough to report the luminaire PPF as “red,” “green,” and “blue” quantities, because these
colloquial terms are themselves undefined. Instead, horticultural lighting designers will need to know
the detailed SQD of each luminaire, if not today then in the near future.

Some luminaire manufacturers have refused to provide any SQD data to their clients, even in
graphical form, arguing that it is proprietary and confidential information. This is nonsensical,
however, as anyone can measure a luminaire’s spectral output with an inexpensive
spectroradiometer. However, this data may be used, it will likely be inferior in quality to laboratory
measurements performed by the manufacturer. At best, it will poorly represent the product’s
performance in comparison with competitor’s products for which laboratory-measured data is
publicly available.
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DESIGNLIGHTS CONSORTIUM

... Which brings us, somewhat indirectly, to the DesignLights Consortium (DLC®), a non-profit

organization that works with utilities and government agencies to improve the energy efficiency of
lighting products, horticultural lighting through their Qualified Products List.

The DLC currently has more than 450 listed horticultural lighting products from over 110

manufacturers. Most important, these product listings include PPID and SQD information, exactly
what lighting designers will need when working with horticultural lighting design software.

This is the good news; the bad news is that the PPID and SQD information is presented as small on-

screen images, with no possibility of downloading the data for lighting design calculation purposes
(Figure. 7). DEJA VU ...

Photosynthetic Photon Intensity Distribution (pmol/s/sr)
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FIG. 7 — Typical PPID and SQD plots. (Source: www.designlights.org)

Beginning January 1%, 2022, any horticultural luminaires submitted for DLC qualification must include
PPID and SQD in ANSI/IES TM-33-18 format (ANSI/IES 2018). This industry standard was specifically

designed to represent optical (including PPID and SQD) and electrical data for horticultural luminaires.
Moreover, it is a superset of ANSI/IES LM-63 and EULUMDAT file data.

Unfortunately, these documents will not be made publicly available by the DLC. Instead, they will be
used only to generate new PPID and SQD images in a standardized presentation format. Sadly, the

PPID and SQD data will remain proprietary until the horticultural luminaire manufacturers change
their policies.
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AN INEVITABLE FUTURE

Regardless of the current situation, the future of horticultural lighting design is inevitable — luminaire

manufacturers will eventually have to provide PPID and SQD data for their products to lighting
designers. To do otherwise is to rely on customers who purchase their products exclusively from the
manufacturer without comparing their performance to that of their competitors’ products.

Some manufacturers will undoubtedly insist that they offer not only custom light plans with their
proprietary data, but the knowledge and expertise of their customer support staff as well. This is a
reasonable argument in an industry that is not focused exclusively on lighting design, but it is still a
risk. We need only look to the past to see whether this strategy will continue to work in an open
market for horticultural luminaires.
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THE EFFECT OF NEAR-INFRARED RADIATION ON PLANTS

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 2021/04/19

Look at any textbook on botany and you will find this maxim: plants respond to optical radiation in the
spectral range of 280 nm to 800 nm. Period, end of discussion. The question is, how was this spectral
range (sometimes referred to as PHOTOBIOLOGICALLY ACTIVE RADIATION, or PBAR) determined?

This question addresses issues beyond mere academic curiosity. Recent studies, both in the
laboratory and in the field, have shown that ultraviolet-C radiation — optical radiation with
wavelengths shorter than 280 nm — offers significant economic benefits for horticultural applications.
The effects and potential economic benefits of near-infrared radiation — optical radiation with
wavelengths longer than 800 nm — have yet to be explored.

ULTRAVIOLET RADIATION
The reason for choosing 280 nm as the lower limit of PBAR is simple: plants in the wild are simply not
exposed to ultraviolet-C radiation. As shown by the terrestrial solar spectrum in Figure 1, the

atmospheric ozone layer effectively blocks any significant amount of ultraviolet-C radiation (100 nm
to 280 nm) from reaching the Earth’s surface.
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FIG. 1 —Terrestrial solar spectrum (ASTM G173-03).

The logic of excluding UV-C radiation from the definition of PBAR may be sound, but it has had
unintentional consequences. We have had the ability to produce UV-C radiation for ultraviolet
germicidal irradiation (UVGI) applications for over a century (e.g., Kowalski 2009), and low-pressure
mercury vapor lamps generating 254 nm UV-C radiation have been used in hospitals and food
processing facilities for disinfection purposes since the 1930s. However, it has only been in the past
decade or so that UV-C irradiation (mostly using 254 nm UV-C lamps) has been studied and
commercialized for pre- and post-harvesting applications in horticulture (e.g., Aarrout et al. 2020,
Urban et al. 2016).

The use of UV-C radiation in commercial horticultural applications, including in open fields,
greenhouses, and enclosed vertical farms, is proving to have important economic benefits in terms of
plant health and reducing spoilage post-harvest. This therefore begs the question: by excluding near-
infrared radiation (NIR) from the definition of PBAR, what (if anything) are we missing?

FAR-RED AND THE PHYTOCHROMES

To understand why 800 nm was chosen, we first need to look at the PHYTOCHROMIES, a class of
photoreceptors that control numerous functions in higher plants, including seed germination, shade
avoidance, photomorphogenesis, stem elongation, branching, circadian rhythms, root growth, and
flowering times (e.g., Smith 2000 and Wang et al. 2015).

A phytochrome molecule has two isoforms, or states. Its ground state, designated Pz, preferentially
absorbs red light with a peak spectral absorptance at approximately 660 nm. Upon absorbing a red
photon, the molecule undergoes a conformational change to become the P¢ isoform. Left in the dark,
this isoform will eventually revert to the P, ground state. However, the molecule will also revert to the
ground state if it absorbs a far-red photon with a peak spectral absorptance at approximately 725 nm.
The Ps isoform regulates physiological changes in plants, and so it represents the biologically active
form of phytochrome. It is, in other words, a biological switch. The relative concentration of P, to
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Ps will depend on the ratio of red to far-red light (expressed as R:FR) incident upon the plant leaves,
and the plant will respond accordingly (although often in a species-specific manner).

6000.0
5000.0
4000.0

3000.0

—— P

- - Pfr

Relative Absorptance

2000.0

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

FIG. 2 — Phytochrome spectral absorptances (from Sager et al. 1988).

The role of red and far-red light (which is nowadays defined by ASABE 2017 as the spectral region of
700 nm to 800 nm) was discovered by Borthwick et al. (1952). They determined that red light in the
region of 525 nm to 700 nm promoted the germination of lettuce seeds (LACTUCA SATIVA L.) with a
peak spectral response at 660 nm, while far-red light in the region of 700 nm to 820 nm inhibited
germination, with a peak spectral response of roughly 720 nm.

The spectral absorptances of Pr and Py were measured IN VITRO by Butler et al. (1964), Gardner and

Graceffo (1982), and Sager et al. (1988), with moderately similar results. Today, the high-resolution (2

nm) dataset of Sager et al. is most commonly referenced.

Of note however is the spectral limit for these datasets: 800 nm. Visible light spectroradiometers
typically have a spectral range of 350 nm to 800 nm. Wider spectral ranges are possible, but at the

cost of reduced spectral resolution. Thus, while near-infrared spectroradiometers are available, they

typically have spectral ranges on the order of 650 nm to 1100 nm. The decision therefore to define
800 nm as the limit of PBAR may have been dependent in part on the limitations of laboratory
equipment.

This would not appear to be a serious issue, however, as the spectral absorptances of both P, and
Ps clearly do not extend significantly beyond 800 nm ... so why bother looking?
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NEAR-INFRARED RADIATION

A review of the academic literature identified only three papers that considered the effect of NIR on
plants. Flint and McAlister (1936) studied the effect of different spectral bands on the inhibition of
lettuce seed germination, but it is unclear from their paper what data points were used to generate
the plot shown in Figure 3. (The spectral bandwidth was approximately 20 nm.) Even if the small
circles represent five peak wavelengths, however, the inhibition of 80 percent at 800 nm is contrary
to the Pt spectral absorptance at this wavelength.

o | | |
6600 7000 7400 7800 8200 8600 9000
Frc. 3.—Curve of inhibition in the 7600 A region. The ordinates are per-

centage departures from expected germination values following exposure to
promoting radiation, and are corrected for differences in the energy of the
applied radiation indicated as abscissae.

FIG. 3 — Lettuce seed germination inhibition vs wavelength (from Flint and McAlister 1936).

Schafer et al. (1982) and Johnson et al. (1995) studied the effects of NIR on sprouting common oat
(AVENA SATIVA) seeds grown without visible light. Using NIR light-emitting diodes with peak
wavelengths of 916 nm (nominal 880 nm) and 958 nm (nominal 935 nm), Johnson et al. noted
morphological changes such as coleoptile elongation, advanced leaf emergence and increased
gravitropic response (Figure 4).

(o) ™ w

FIG. 4 — Gravitropic responses of AVENA SATIVA (common oat) seedling coleoptiles grown under: (a) darkness; (b) nominal
935 nm IR LEDs; and (c) nominal 880 nm IR LEDs (from Johnson et al. 1995).

Copyright 2021 All Things Lighting Association 2021 Annual Review ISSN 2816-7848 24



From a horticultural perspective, these are curious but not particularly useful effects of NIR on cereal
grasses grown in darkness. These studies leave the question of whether NIR has any effect on higher
plants grown under electric lighting unanswered.

NIR AND DAYLIGHT

What is surprising about this question is that we should already have answers for any plant species
grown in greenhouses versus the same species grown under LED lighting in vertical farms. Most
greenhouse glazing is either soda-lime glass with almost constant spectral transmittance from 350 nm
to 2800 nm (Figure 5), or polycarbonate panels with constant spectral transmittance from 390 nm to
1100 nm. Referring to Figure 1, the relative radiant power of the solar spectrum from 800 nm to 900
nm is 19 percent of that from 400 nm to 800 nm. The greenhouse glazing has only minimal impact on
the spectral power distribution of visible light and NIR (and hence the R:FR ratio) inside the
greenhouse.
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FIG. 5 — Soda-lime glass spectral transmittance. (Source: Wikipedia.)

In practice, however, it would be difficult to conduct experiments comparing the effects of daylight
versus electric lighting. It would, for example, be necessary to match both the photosynthetic photon
flux density (PPFD) and the spectral power distribution of daylight at the plant canopy. In addition, the
inherent variability of daylight and consequent changes in PPFD would further complicate the
experiments.

NIR AND LED GROW LIGHTS

An obvious solution is to grow plants under LED grow lights with and without additional NIR radiation
sources. A 260-watt VIPARSPECTRA TC600 LED grow light system was therefore chosen to investigate
the issue. This luminaire features twelve spectral bands provided by 10 quasimonochromatic and two
phosphor-coated white light LEDs:

e 440 nm
e 445 nm
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e 460 nm

e 475nm
e 580nm
e 595nmm
e 615nmnm
e 620 nNm
e 660nNm
e 730 nm

e 3000K white light
e 7500K white light

with the relative spectral power distribution, measured with a calibrated Ocean Optics STS-VIS
spectroradiometer, shown in Figure 6.
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FIG. 6 — VIPARSPECTRA TC600 relative spectral power distribution.

This luminaire was chosen specifically for its inclusion of 730 nm far-red LEDs. The ratio of red light
(herein defined as the spectral band of 645 nm to 685 nm) to far-red light (herein defined as the
spectral band of 710 nm to 750 nm), varies from approximately 1.1 in full sunlight to roughly 0.2 in
the shade, where the red light is screened by the chlorophyll in the blocking leaves. The problem with
most LED grow lights is that, without far-red LEDS, their R:FR ratios can be extremely high. Using a
grow light with significant far-red output thus ensures that the plants are not responding to any
residual PBAR emitted by the NIR radiation sources. (The VIPARSPECTRA luminaire had a R:FR ratio of
6.61.)
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PETUNIA

The first experiment consisted of growing petunias (PETUNIA X HYBRIDA) from seed in peat moss at
20° C. The seeds sprouted in seven days under diffuse daylight before being transferred to the growth
rack (Figure 7). One group of seedlings was additionally irradiated with 850 nm NIR radiation from a 4-
watt Tendelux Al4 IR llluminator with a 90-degree beam spread and an integral infrared bandpass
filter. The grow light was operated with a photoperiod of 12 hours, while the NIR source was
energized continuously.

A near-infrared spectroradiometer was not available to measure the spectral power distribution
between 800 nm and 900 nm. However, measurements with the visible light spectroradiometer
showed that any residual emission from the 850 nm LEDs below 800 nm was less than 0.3 percent of
the VIPARSPECTRA peak emission.

FIG. 7 — PETUNIA X HYBRIDA experimental setup.

The seedlings grown under NIR appeared to develop more quickly, but the growth rate equalized as
the leaves matured after seven weeks, However, the mature leaves (8 weeks) grown under NIR were
noticeably darker, suggesting a greater concentration of chlorophyll.

The most noticeable morphological difference was that the plants grown under NIR were considerably
more compact (Figure 8).
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FIG. 8A — PETUNIA X HYBRIDA without NIR

Fig. 88 — PETUNIA X HYBRIDA with 850 nm IR

SWEET BASIL

The second experiment consisted of growing sweet basil (OCIMUM BASILICUM v. ‘Sweet Genovese’)
from seed in potting soil at 20° C. Two groups were grown under separate VIPARSPECTRA grow light
systems, with one group irradiated by two 18-watt CMVision CM-IRP6-850 IR illuminators with a 90-
degree beam spread (Figure 9). Measurements with the visible light spectroradiometer again showed
that any residual emission from the 850 nm LEDs below 800 nm was less than 0.3 percent of the

Copyright 2021 All Things Lighting Association 2021 Annual Review ISSN 2816-7848 28



VIPARSPECTRA peak emission. (The VIPARSPECTRA grow light system for the seedlings without NIR
had an R:FR ratio of 7.14.)

The VIPARSPECTA grow lights were operated with a photoperiod of 12 hours, while the CMVision NIR
sources were energized continuously.

Figure 9 — OCIMUM BASILICUM experimental setup.

The seeds without NIR irradiation germinated within one week, with a success rate of approximately
50 percent. However, the seeds with NIR irradiation germinated within two weeks, and with a success
rate of approximately 35 percent.

After six weeks, there was a marked difference in stem elongation, where the plants with NIR

irradiation were approximately twice as tall (Figures 10A and 10B). In addition, the plants with NIR
irradiation had larger and lighter-colored leaves (Figures 11A and 11B).
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FIG. 10A —OCIMUM BASILICUM without NIR (six weeks), side view.
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Figure 10B — OCIMUM BASILICUM with 850 nm IR (six weeks), side view.

FIG. 11A — OCIMUM BASILICUM without NIR (six weeks), top view.
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Figure 11B — OCIMUM BASILICUM with 850 nm IR (six weeks), top view.

CONCLUSIONS

Due to the lack of quantitative spectral power distributions for the NIR irradiation of the plant canopy
and the differences in NIR irradiance between the two experiments, the results observed above must
be considered incomplete pending further study. However, a number of tentative conclusions can be
drawn regarding constant 850 nm irradiation:

1. Germination of OCIMUM BASILICUM seeds is inhibited.

2. The shade avoidance response of PETUNIA X HYBRIDA appears to antagonized, resulting in a
more compact plant architecture.

3. The shade avoidance response of OCIMUM BASILICUM is clearly promoted, resulting in stem
elongation and thus taller plants.

4. The leaf area of OCIMUM BASILICUM is increased.
The chlorophyll production in the leaves of PETUNIA X HYBRIDA appears to be slightly
increased.

6. The chlorophyll production in the leaves of OCIMUM BASILICUM appears to be moderately
inhibited.

One possible explanation for these observations is that the biologically active isoform of phytochrome
(Psr) has an unreported spectral absorption band in the region of 800 nm to 900 nm. This would have
the effect of reducing the P content in the leaves, which in turn reduces the chlorophyll
concentration (e.g., Kreslavski et al. 2018) and increases the leaf area (e.g., Boccalandro et al. 2009).
This could explain the OCIMUM BASILICUM results, but not the PETUNIA X HYBRIDA results.

NIR absorption by phytochrome P could further explain the inhibition of OCIMUM BASILICUM seed
germination, as demonstrated by Flint et al. (1936) and Borthwick et al. (1952) with far-red light.

The shade avoidance response of OCIMUM BASILICUM can also be explained by NIR absorption, as
this is equivalent to lowering the R:FR ratio. The plant stems will then elongate in order for the upper
leaves to receive as much full sunlight as possible.
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This does not, however, explain the apparent antagonism of the shade avoidance response
of PETUNIA X HYBRIDA. One possibility is that the lower NIR irradiance used in the experiment elicits a

nonlinear response by phytochrome Py, although this would be more likely to have a null rather than
a negative effect.

Another possibility is that there is an undiscovered photopigment with a spectral absorption band
beyond 800 nm (Johnson et al. 1995). Alternatively, there may be an undiscovered spectral
absorption band in one of the cryptochromes or other known photopigments involved in
photomorphogenesis.

Whatever the case, it is evident that more research is required. The PBAR limit of 800 nm has been
assumed for at least the past seven decades, but then the effects of UV-C radiation on plants
remained unexplored for an equal length of time. The effect of near-infrared radiation of plantsis a
topic that deserves to be explored.
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SPECIFYING LED COLORS FOR HORTICULTURAL LIGHTING
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ABSTRACT

WHEREAS HUMAN VISION RELIES ON FIVE OPSINS AS PHOTORECEPTORS, MOST PLANTS HAVE A WIDE
VARIETY OF PHOTOPIGMENTS THAT ARE RESPONSIVE TO OPTICAL RADIATION FROM 280 NM TO 800
NM. BEYOND PHOTOSYNTHESIS, PLANTS RELY ON THIS RADIATION TO CONTROL
PHOTOMORPHOGENESIS, PHOTOTROPISM, SHADE AVOIDANCE, AND BOTH CIRCADIAN AND
CIRCANNUAL RHYTHM ENTRAINMENT.

QUASIMONOCHROMATIC LEDS HAVE PROVEN A BOON FOR BOTANISTS IN THAT THE MOLECULAR
GENETICS OF THESE RESPONSES CAN BE ELUCIDATED WITH PRECISELY CONTROLLED SPECTRAL
POWER DISTRIBUTIONS (SPDS). IN TERMS OF PHOTOPIGMENTS, CRYPTOCHROMES, FOR EXAMPLE,
RESPOND TO BLUE LIGHT, WHILE PHYTOCHROME RESPONDS TO THE R:FR RATIO OF RED
(APPROXIMATELY 660 NM) TO FAR-RED (APPROX. 735 NM) LIGHT.

THE PROBLEM IS THAT BOTANISTS DO NOT DEFINE WHAT IS MEANT BY “BLUE,” “GREEN,” “YELLOW,”
“RED,” OR “FAR-RED” VISIBLE LIGHT, WHILE ULTRAVIOLET RADIATION IS BROADLY DEFINED AS UV-A
AND UV-B. CONSEQUENTLY, IT IS DIFFICULT TO REPLICATE LABORATORY EXPERIMENTS WITHOUT
KNOWING THE SPD OF THE HORTICULTURAL LIGHT SOURCE.

THIS PAPER PROPOSES AN LED “COLOR” SPECIFICATION THAT REPRESENTS A GIVEN SPD USING A
SMALL NUMBER OF RADIAL BASIS FUNCTIONS, TO PROVIDE A METRIC FOR COMPARING
BIOLOGICALLY SIMILAR SPDS. IT FURTHER INTRODUCES A TRAINABLE FUZZY LOGIC SPD CLASSIFIER
THAT CAN COMPARE BIOLOGICALLY SIMILAR SPDS FOR SPECIFIC HORTICULTURAL APPLICATIONS.
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INTRODUCTION

When the first high-pressure sodium (HPS) lamps were introduced in the late 1960s, they were
quickly adopted by commercial greenhouse operators as a means of providing supplemental electric
lighting. This made it economically possible to grow vegetables and flowers throughout the year in
controlled environments. They had luminous efficacies, ranging from 100 to 150 lumens per watt,
they were available in sizes ranging from 400 to 1,000 watts, and they could be incorporated in
luminaire housings designed to withstand the heat and humidity of greenhouses.

One disadvantage of HPS lamps is they produce mostly yellow light with fixed spectral power
distributions (SPDs). This is not particularly important for plant photosynthesis, as most plants can
take advantage of optical radiation within the spectral range of 400 to 700 nm. Horticulturalists often
refer to the “McCree curve,” which plots average photosynthesis efficiency versus wavelength for a
variety of field-grown crops (McCree 1972). As shown in Figure 1, the spectral output of HPS lamps is
near the peak of the McCree curve.
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Figure 1. Typical HPS lamp spectral power distribution versus McCree curve.

The problem is that while the yellow light of HPS lamps may be good for photosynthesis, plants have a
wide range of photopigments that respond to optical radiation from 280 nm to 800 nm (often
referred to as “photobiologically active radiation,” or PBAR). These responses include:

e PHOTOMORPHOGENESIS — any change in the morphology (i.e., shape) or composition of a
plant or its components that is induced by optical-radiation exposure

e PHOTOPERIODISM — response of a plant to daily (circadian) or seasonal (circannual) changes in
optical-radiation exposure

e PHOTOSYNTHESIS — conversion of “photosynthetically active radiation” (PAR) into chemical

energy stored as carbohydrates to fuel plant activities
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e PHOTOTROPISM — any self-actuated change in the orientation of a plant or its components

toward or away from optical radiation
e SECONDARY METABOLITE PRODUCTION — organic compounds not directly involved in plant

growth, development, or reproduction, including compounds used as medicines, flavorings,

pigments, and drugs

e SHADE AVOIDANCE - a set of responses to being shaded by other plants, including changes in

morphology, flowering times, and allocation of resources

While many of these responses have been known or suspected for decades, it was difficult for
botanists to study them in the laboratory without suitable light sources. This changed, however, with
the introduction of horticultural luminaires with high-flux quasimonochromatic light-emitting diodes
(LEDs). Somewhat serendipitously, the absorption spectra of chlorophyll A and B have peaks that
correspond with those of approximately 450-nm InGaN and approx. 660-nm AlInGaP LEDs (Figure 2).

Today, the photon efficacy (measured in micromoles of PAR photons per Joule, rather than in lumens)
of LED modules is typically greater than equivalent 1,000-watt HPS lamps.
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Figure 2. Chlorophyll and b-carotene absorption spectra.

While commercially available horticultural luminaires with blue and red LEDs (producing so-called
“blurple” light) are now successfully competing with traditional HPS luminaires, botanists’ attention
has turned to the capabilities of multichannel LED luminaires with controllable SPDs. Over 500
academic studies over the past decade have investigated the effects of different wavelength ranges
on plants and their absorption by photopigments (Table 1).
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Wavelength Range Color Name Photopigments Responses
Sec. metabolism
280 nm — 315 nm UVv-B UVR-8 Shade avoidance
Phototropism
Chlorophylls
Cryptochromes Sec. metabolism
315 nm —400 nm UV-A Phototropin i .
Photomorphogenesis
Phytochromes
Zeitlupe family
Carotenes Photosynthesis
Chlorophylls Sec. metabolism
400 nm — 500 nm Blue Cryptochromes Shade avoidance
Phytochromes Phototropism
Zeitlupe family Photoperiodism
Photosynthesis
500 nm —=575 nm Green Cryptochromes Sec. metabolism
Shade avoidance
575 nm =610 nm Yellow — <Unknown> Photosynthe§|s
orange Sec. metabolism
Photosynthesis
Photomorphogenesis
610 nm — 700 nm Red Chlorophylls Sec. metabolism
Phytochromes .
Shade avoidance
Photoperiodism
Photomorphogenesis
700 nm —800 nm Far-red Phytochromes Shade avoidance

Photoperiodism

Table 1 — Plant Responses to Optical Radiation

The problem is that while UV-A and UV-B are formally defined in the scientific literature (e.g., ISO
2007), the visible color names are colloquial and based on human visual responses. The title of one
paper in particular illustrates this issue: “Green light drives leaf photosynthesis more efficiently than
red light in strong white light: Revisiting the enigmatic question of why leaves are green” (Terashima
2009). For anyone interested in either replicating the experiments or extrapolating their results, what
are “green,” “red,” and “white” light?

The color name “far red,” which refers to the spectral range of 700 nm to 800 nm, is formally defined
in terms of horticulture (ASABE 2017). It is important in terms of shade avoidance and
photoperiodism, where plants rely on two isoforms of phytochrome to detect the ratio of red to far
red (R:FR) optical radiation (Sager et al. 1988), but there is no equivalent definition of “red” (Figure 3).
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Luminaire manufacturers are now offering products with 660-nm red and 735-nm far-red LEDs to
induce or delay flowering in ornamental plants (e.g., Craig and Runkle 2013), but many previous
horticultural studies have relied on daylight alone or daylight and incandescent lamps to explore the
effects of varying R:FR. How should these studies be interpreted in terms of modern horticultural
lighting practices with LED-based luminaires?
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o
o
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Phytochrome (Pr) Phytochrome (Pfr) = = =660nmRed = = =735nm Red

Figure 3. Phytochrome absorption spectra.

CHARACTERIZING SPDS

Horticultural researchers have recognized that the use of colloquial color names is a problem. Many
papers describe their experimental methods in detail, including light source SPD plots, names of
specific luminaire products, and occasionally tabulated SPDs. This still leaves open, however, the
problem of interpreting the results in terms of other optical radiation sources with similar SPDs.

One proposed product label for horticultural light sources is shown in (Figure 4) (Both et al. 2017). By
avoiding the use of color names, this proposal eliminates any dependence on the human visual
system. However, the arbitrary separation of the PBAR spectral range into 100-nm wide bands ignores
the distinct responses of plants to UV-A and UV-B radiation, as well as the response of plants to
narrower changes in wavelength. For example, Johkan et al. (2012) provide an example wherein the
growth of lettuce under quasimonochromatic radiation from “green” LEDs with center wavelengths of
510 nm, 520 nm, and 530 nm varies markedly depending on the center wavelength for the same
photosynthetic photon flux density (Figure 5).
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Summary Lighting Facts, Plant Growth Applications

Brand Valoya | PAR flux (umol-s?) 191.4
Model R150 NS1 | PAR efficacy (umol-J) 1.44
Lamp type LED | PAR efficacy (mol-kWh?) 5,17
Voltage (VAC) 120 | PAR conversion efficiency (%) 31
Current (A) 1.11 | Luminous flux (Im) 12,480
Power (W) 133.3 | CCT (K) 4,949
PSS (-) 0.83 CRI(R,) 80.0
R/FR (-) 5.59 | Case temperature (°C) 55.0

Photon flux density (pro)| Normalized photon flux density:

(at2 ftmounting height): | ,, UV B G _ ?\.FR R
Waveband PFD 08 N
(nm) (umol-m2s?1)| os N/ NI

04— —

300-399 0.7 (0.36%) | o,
400-499  35.1(17.9%)| °°

300 400 500 600 700 800 900
500-599  77.9 (39.6%) Wavelength (nm)
600-699  70.4 (35.8%)
700-799 11.2 (5.70%)
800-900 1.3 (0.66%)
300-900 196.6 (100%)
400-700 183.6 (93.4%)

Measurements performed according to
IESNA LM-79-08: Approved Method for 0
Electrical and Photometric Meosure- 0 20 40 60 80 100 120
ments of Solid-State Lighting Products. Distance from center (cm)

PAR intensity (at 2 ft mounting height):

PAR (pmolsm.s%)

\\

Figure 4. Proposed product label. (Source: Both et al. 2017)

G510

PPF100

PPF200

PPF300

Fig. 2. Morphology of red leaf lettuce plants treated with light from a white fluorescent lamp (FL) and green light-emitting diodes (LED). Peak wavelength for each LED
was 510nm (G510), 524 nm (G520) and 532 nm (G530). Plants were photographed 17 d after sowing. Bars indicate 8 cm. Total photosynthetic photon flux was 100, 200 and
300 wmol m-2 s-'. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Figure 5. Morphology of red leaf lettuce plants treated with light from a white fluorescent lamp (FL) and green light-
emitting diodes (LED). Peak wavelength for each LED was 510 nm (G510), 524 nm (G520), and 532 (G530). Plants were
photographed 17 d after sowing. Bars indicate 8 cm. Total photosynthetic photon flux was 100, 200, and 300 pumol-m2-s2.
(Source: Johkan et al. 2013, Fig. 2).
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The spectral absorptance characteristics of the primary plant photopigments chlorophyll A and B, b-
carotene, and phytochrome (Figure 2) suggest that their absorptances vary very rapidly with changes
in wavelength. However, these data represent the spectral absorptance of the pigment extracts
dissolved in solvents (i.e., in vitro). As shown by Moss and Lewis (1952), a combination of the
structural complexity of the leaves, screening by other photopigments, and the presence of accessory
photopigments have the effect of broadening the spectral absorptance characteristics of the
photopigments in vivo. Studies such as those of McCree (1972) have shown that in general, plants are
reasonably tolerant of small changes in the center wavelengths of quasimonochromatic radiation.
(Johkan et al. [2012] was likely an exception in that photosynthesis probably occurred due to b-
carotene rather than chlorophyll A or B, with longer wavelengths of green light being incapable of
exciting this photopigment.)

In view of this and other studies, it is clear that any attempt to characterize the SPDs of horticultural
luminaires needs to take into consideration the responses of plants to changes in center wavelength
of quasimonochromatic light sources, and more generally to horticultural luminaires with both
guasimonochromatic and broadband radiation sources.

In relation to this, Maloney (1986) discusses the physical basis of spectral reflectance distributions
from natural objects, including organic materials. These distributions are band-limited by molecular
interactions and superimposed vibrational and rotational patterns, with the result that the number of
parameters needed to adequately represent spectral reflectance distributions in visible light (i.e., 400
nm to 700 nm) is five to seven. Westland et al. (2000) came to a similar conclusion based on statistical
studies of reflectance spectra, noting that the spectral reflectance distributions of most natural
surfaces form a set of band-limited functions with a frequency limit of approximately 0.02 cycles per
nm. This implies that visible light reflectance spectra can be adequately represented using six to 12
basis functions (e.g., Westland and Ripamonti 2004).

A small number of radial basis functions (e.g., Buhmann and Jager 2000) can therefore be used to
approximate a real-valued function (such as an SPD) as a weighted sum of the basis functions. As an
example, the set of Gaussian functions, where, and for, can be used to approximate any SPD from 350
nm to 800 nm where the functions are separated by 25 nm (Figure 6).
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An advantage of this method is that the set of basis function weights is much smaller than the set of
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Figure 6. Sum of Gaussian radial basis functions provide flat spectral sensor response.

enumerated values for a measured SPD. Rather than referring to “red,” “green,” “blue,” or “white”

light, horticulturalists can state the values of a set of basis function weights. Moreover, a useful

approximation of the original SPD significant to the needs of horticultural lighting can be
reconstructed from these weights.

As an example, Figure 7 shows 13 radial basis functions over the visible light range of 400 nm to 700

nm that are each multiplied on a per-wavelength basis by the SPD of a 4000-K white light LED to yield
the basis function weights.
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Figure 7. Radial basis function weights for a 4000K white LED SPD.
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Figure 8 shows a reconstruction of the LED SPD using a cubic spline curve with the weights as knots.
The reconstruction is clearly different from the original SPD, but in terms of predicting plant
responses, it is likely adequate.
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Figure 8. Spline reconstruction of 4000-K white LED SPD from radial basis function weights.
HORTICULTURAL SPECTRAL SENSOR

Referring to Figure 6, each basis function can be seen as the responsivity of a radiant flux meter in
combination with a Gaussian bandpass filter with a center wavelength of X;. Combining the
unweighted outputs of the 19 filtered meters results in a flat response from 375 nm to 775 nm.
Presented with an arbitrary SPD, the filtered meter outputs represent the appropriate weighting for
the basis functions to approximate the SPD. Moreover, the absolute values of the filtered meter
outputs can be used to estimate the absolute spectral irradiance incident on the meters, from which
can be calculated the absolute irradiance in watts per square meter and the photosynthetic photon
flux density (PPFD) in micromoles per square meter per second.

Figure 9 shows the spectral responsivities of an AS7262 6-channel visible light spectral sensor with a
spectral range of approximately 430 nm to 570 nm, as manufactured by ams AG of Premstaetten,
Austria. While the spectral responsivities are not ideal Gaussian functions, it is clear that an
instrument to directly measure radial basis function weights can be fabricated using existing
technology.
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Figure 9. Spectral responsivity of ams AS7262 6-channel visible light spectral sensor.

An advantage of this system and method in terms of horticultural light sources is that the spectral
power distributions can be unambiguously measured and expressed as a small set of numbers,
regardless of the SPD complexity. If the representations of two SPDs are similar, the horticulturalist
may be assured that they will likely have the same biological effect on a plant species. As an example,
white light fluorescent lamps typically exhibit a combination of continuum and line spectra, whereas
white light LEDs typically exhibit a narrow peak emission near 450 nm and a broad continuum from
the blends of green- and red-emitting phosphors (e.g., Figure 7). Regardless, if their sets of radial
basis function weights are similar, the two light sources may also be regarded as similar with respect
to horticultural applications.

FUZZY LOGIC SPD CLASSIFIER

The unanswered question is, what does “similar” mean in the context of comparing two or more SPD
representations? With 13 to 19 radial basis function weights as parameters, it becomes impractical to
formulate a table of rules for comparison purposes. The solution to this problem is a fuzzy logic
classifier.

Fuzzy logic is often seen as a mathematical means of representing vagueness and imprecise
information when making decisions, where input signals are “fuzzified” by mapping their precise
values to a set of fuzzy membership functions. Referring to Figure 10 as an example, a radial basis
function with weight 0.85 has membership 0.60 in “high” and membership 0.40 in “very high.”
(Triangular membership functions are used in this example, but trapezoidal and sigmoid functions
may also be used.)
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Figure 10. Fuzzy set with five triangular membership functions.

Referring to Figure 7, the fuzzification of the set of 13 radial basis function weights results in Table 2.
Table 2 — Fuzzification of 4000-K White Light LED SPD

Wavelength Weight Y:‘:y Low Medium High \HI?ngZ
400 0.03 0.88 0.12 0.00 0.00 0.00
425 0.30 0.00 0.80 0.20 0.00 0.00
450 0.66 0.00 0.00 0.36 0.64 0.00
475 0.38 0.00 0.48 0.52 0.00 0.00
500 0.39 0.00 0.44 0.56 0.00 0.00
525 0.70 0.00 0.00 0.20 0.80 0.00
550 0.88 0.00 0.00 0.00 0.48 0.52
575 0.98 0.00 0.00 0.00 0.08 0.92
600 1.00 0.00 0.00 0.00 0.00 1.00
625 0.87 0.00 0.00 0.00 0.52 0.48
650 0.63 0.00 0.48 0.52 0.00 0.00
675 0.38 0.48 0.52 0.00 0.00 0.00
700 0.15 0.40 0.60 0.00 0.00 0.00
Table 2 — Fuzzification of 4000K white light LED SPD.
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The set of N fuzzified weights for a given SPD is then submitted to a fuzzy if-then rule system. Given
any two fuzzified weights X; and Xz as inputs, a typical fuzzy rule will be:

IF x; 1s low AND x; 1s high THEN output class 1s Y

where there are multiple output classes.

Each rule calculates a “vote” T that is determined by degree of membership M for each fuzzified
weight:

T(xlrxz) = .ulow(xl) AND .uhigh(xz)

and where the fuzzy AND operator is implemented as the minimum of the two membership values.
Once all of the rules have been processed, their votes are aggregated:

output class = max (Tl- (x-, xk))
for all votes.

This is arguably the simplest possible implementation of a fuzzy logic classifier. There are other
methods for calculating and aggregating votes that are likely better for the purpose, but it is the
principle that is of interest. What a fuzzy logic classifier accomplishes is a framework for representing
expert knowledge of the effect of similar but different SPDs on plant growth and health, taking into
consideration the plant species, plant growth stage, plant environmental conditions, and other
parameters. In a sense, the fuzzy if-then rules formalize what is known about plant responses to
optical radiation (e.g., Table 1) and classify horticultural luminaire SPDs accordingly.

SUMMARY

While light-emitting diodes have provided botanists with the ability to generate precisely controlled
SPDs for their research, the use of colloquial color names in their published papers has made it
difficult to interpret and summarize their research results for the horticultural industry. This paper
therefore proposes the use of a small number of radial basis functions to represent SPDs for
horticultural lighting purposes, based on the observation that the absorption characteristics of
photopigments in vivo limits the need for more-detailed SPDs. A proposal for a horticultural spectral
sensor that measures radial basis function weights directly is also introduced.

Finally, a fuzzy logic classifier is proposed as a means of representing expert knowledge gained from

horticultural research using fuzzy if-then rules, thereby resolving the problem of determining the
similarity of two or more SPDs for horticultural lighting purposes.
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ULTRAVIOLET RADIATION AND VIRAL MISINFORMATION

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 2021/01/04
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Let me begin with a smorgasbord of headlines:

e 99.9% OF COVID-19 VIRUS DEAD IN 30 SECONDS WITH UV LEDS, SAYS TEL AVIV RESEARCH
(www.malaysianow.com)

e UV-EMITTING LED LIGHTS FOUND TO KILL CORONAVIRUS (www.sciencedaily.com)

e STUDY REVEALS UV LED LIGHTS EFFECTIVELY KILL A
HUMAN CORONAVIRUS (www.medicalnewstoday.com)

e YOU CAN KILL COVID WITH A FLICK OF A SWITCH, STUDY SHOWS (www.israel21c.org)

e TELAVIV RESEARCH: 99.9% OF COVID-19 VIRUS DEAD IN 30 SECONDS WITH UV

LEDS (www.jpost.com)
e CHEAPER LEDS CAN DISINFECT AGAINST COVID-19, ISRAELI SCIENTISTS

FIND (www.timesofisrael.com)
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These are the first half-dozen of over 200 online articles that were over a period of approximately two
weeks following the publication of this Tel Aviv University press release, dated December 14, 2020:

TAU Study Proves that Light Can Kill Coronavirus

with the subtitle, “Ground-breaking research finds UV-LED diodes efficiently and cheaply disinfect
social spaces.”

“Ground-breaking” research? This has a touch of hyperbole, but let’s see ...
UV-LED DISINFECTION

On September 10, 2020, the respected Journal of Photochemistry & Photobiology, B: Biology
published this paper:
GERCHMAN, Y., ET AL. 2020. “UV-LED DISINFECTION OF CORONAVIRUS: WAVELENGTH
EFFECT,” J. PHOTOCHEMISTRY & PHOTOBIOLOGY B: BIOLOGY 212 (2020)
112044 (DOI: 10.1016/j.photobiol.2020.112044).
The paper is open-access, for which the publisher deserves due credit for making its COVID-19-related
research papers freely available.

The paper’s abstract is interesting:

“UV light-emitting diodes (UV LEDs) are an emerging technology and a UV source for pathogen
inactivation, however low UV-LED wavelengths are costly and have low fluence rate. Our results
suggest that the sensitivity of human Coronavirus (HCoV-OC43 used as SARS-CoV-2 surrogate) was
wavelength dependent with 267 nm ~ 279 nm > 286 nm > 297 nm. Other viruses showed similar
results, suggesting UV LED with peak emission at ~286 nm could serve as an effective tool in the fight
against human Coronaviruses.”

but the introduction is more informative:

“Numerous studies have examined the sensitivity of different microorganisms (including viruses) to
UV LED at different wavelengths as detailed in Table 1, for suspended viruses. However, no study to
date has examined the efficiency [sic] of UV LEDs at different wavelengths on the inactivation of the
human corona virus. Here, we have used the human coronavirus 0C43 (HCoV-0OC43) as a surrogate to
the SARS-CoV-2, to develop a dose-response curve for UV-LEDs at various wavelengths.”

... and here we need to pause in order to put these statements into context. The authors referenced
twelve previous studies in their Table 1, but the key phrase here is “UV LED.” If we generalize this to
“ultraviolet (UV) radiation,” there are many more studies of the relationship between wavelength and
the efficacy (not “efficiency”) of UV radiation in inactivating viruses. In fact, the first study was
published 144 years ago (Downes and Blunt 1877). The virucidal action spectrum for UV radiation
was first established by Rivers and Gates (1928) and Sturm et al. (1932).
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Figure 1 shows the action spectra (DIN and IES) for germicidal ultraviolet radiation applications, such
as upper-room air and municipal water disinfection, that have been widely adopted by the CIE, IES,
ACGIH, NIOSH, DIN, and other standards organizations:

Germicidal Response Functions
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FIG. 1 — Standard germicidal response functions.

What is rarely mentioned is that these action spectra are based on laboratory results with

the ESCHERICHIA COLIbacterium (e.g., Gates 1930). It is not a coincidence that the peak response near
265 nm corresponds with the peak spectral absorptance of deoxyribose nucleic acid (DNA) — UV
radiation disrupts the genetic code of viruses, bacteria, and fungi, thereby preventing them from
reproducing (e.g., Hollaender and Oliphant 1944).

The peak spectral response of different viruses and other pathogens may therefore vary by perhaps
five nanometers or so (e.g., Linden 2001). However, the DIN and IES action spectra remain applicable
for practical applications of germicidal UV radiation.

... Which brings us back to the current paper of Gerchman et al. (2020). The results presented in the
paper are summarized in Figure 2, where the dose refers to the UV irradiance multiplied by the
exposure time, and the horizontal “limit of quantification” line represents the dose required to
achieve log-three (99.9 percent) inactivation of the virus colony:
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FIG. 2 — HCoV-0C43 wavelength response (from Gerchman et al. 2020)

We may compare this to the IESNA germicidal response curve as enumerated in CIE 155:2003,
Ultraviolet Air Disinfection, relative to the peak response at 265 nm:

Wavelength Gerchman et al. IESNA
267 nm 1.00 £ 0.09 0.990
279 nm 0.82+0.03 0.726
286 nm 0.46 £0.05 0.543
297 nm 0.19+0.05 0.268

Table 1 — Spectral response comparison.

The error bars shown in Figure 2 represent standard deviations in the results, which the authors
explained as “an artifact due to lack of precision in enumerating the low number of [virus] survivors.’
It is refreshingly surprising to see such honesty in published results; this sort of information is usually
confined to supplementary material so as to not “confuse” the reader with data that might weaken
the paper’s conclusions.

4

Whether there are errors of fact or the authors used questionable experimental procedures is not a
topic that | as a science journalist (among other things) am academically qualified to comment

on. What | will say, however, is that the paper itself has been carefully constructed and well-written,
and is a model of academic writing.

So far, so good. However, there are no surprises here —the OC43 coronavirus appears to be

somewhat less susceptible to longer wavelengths than E. COLI bacteria, but this does not invalidate
the applicability of germicidal response functions shown in Figure 1. The research is if anything no
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more than a confirmation of accepted scientific fact — viruses are susceptible to ultraviolet radiation,
with a peak response near the DNA peak spectral absorptance of 265 nm.

The question then is, why did the editors of the Journal of Photochemistry & Photobiology decide that
the paper was worthy of publication? While it is impossible to speak on behalf of the editors, one
answer is that there is often value in the publication of negative results.

If the research had shown that the OC43 coronavirus was highly susceptible to longer wavelengths of
UV radiation, that would have been stunning news that would have more than justified publication of
the paper. Instead, the study merely confirmed that the existing standard germicidal response curves
are generally applicable to HCoV-0C43, and (presumably) to SARS-CoV-2.

The academic value of the paper is therefore in describing what appears to be a carefully designed
and executed series of experiments that yielded negative results. It informs other researchers of what
has been done, and so allows them to direct their research efforts elsewhere.

MEDIA RELATIONS

There have to date been over 54 thousand academic papers relating to the SARS-CoV-2 virus that
have been published in biomedical and life science journals. The probability of any one article coming
to the attention of the public is basically infinitesimal ... if it were not for university media relations
officers.

The role of the media relations officer is to present the often-arcane details of academic research to
the public. For both public and private universities, being seen in positive terms by the public is key to
obtaining financial support from both public and private institutions. In other words, the role of a
media relations officer is that of a marketing professional.

It is often a difficult job — how do you take a paper with a random title such as, “Genetic diversity of
the PLASMODIUM FALCIPARUM GTP-cyclohydrolase 1, dihydrofolate reductase and dihydropteroate
synthetase genes reveals new insights into sulfadoxine-pyrimethamine antimalarial drug resistance”
(DOI:10.1371/journal.pgen.1009268), and present it to a public more interested in YouTube
celebrities and sports figures? You begin your press release with a catchy title such as, “New
mutations in malaria parasite encourage resistance against key preventative drug,” but the only
qualification for the job is usually a bachelor’s degree in journalism. The media relations officer,
through misunderstanding their interview with the researcher or lack of knowledge and experience,
may fail, sometimes spectacularly.
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TEL AVIV UNIVERSITY

| have no desire to name and shame the media relation officer at Tel Aviv University in Israel, but |
must say SOMETHING. Here are a few select quotes for the aforementioned press release of
December 14, 2020:

“Researchers from Tel Aviv University have proven that the coronavirus can be killed
efficiently, quickly and cheaply using ultraviolet (UV) light-emitting diodes (UV-LEDs). This is
the first study in the world conducted on the disinfection efficiency of a virus from the family
of coronaviruses using UV-LED irradiation at different wavelengths or frequencies.”

This may be technically true, but the significance of this study is grossly overrated in calling it, “the
first study in the world.”

“In the study, the researchers tested the optimal wavelength for killing the coronavirus, and
found that a length of 285 nanometers was almost as efficient in disinfecting the virus as a
wavelength of 265 nanometers, requiring less than half a minute to destroy more than 99.9%
of the coronaviruses.”

It does not take a mathematician to understand that a relative efficacy of 46 + 5 percent is not
“almost as efficient.”

“The entire world is currently looking for effective solutions to disinfect the coronavirus ... The
disinfection systems based on LED bulbs, however, can be installed in the ventilation system
and air conditioner, for example, and sterilize the air sucked in and then emitted into the
room.”

This is true, but it has nothing to do with the research paper. The popular press has been awash with
stories about germicidal disinfection using radiation, a technology that has been in commercial use
since 1909 (von Recklinghausen 1914). Economics currently favour low-pressure mercury vapour
lamps that emit ultraviolet-C radiation at 254 nm, but rapid progress is being made in the
development of more efficient and inexpensive ultraviolet LEDs. Again, nothing to do with this paper.

Quoting one of the paper’s authors from the press release,
“We discovered that it is quite simple to kill the coronavirus using LED bulbs that radiate
ultraviolet light, but no less important, we killed the viruses using cheaper and more readily
available LED bulbs, which consume little energy and do not contain mercury like regular
bulbs.”

This is ... painful. Even if the author meant specifically the OC43 coronavirus and ultraviolet radiation
generated by light-emitting diodes rather than mercury-vapour lamps, stating that anything was

“discovered” is simply ludicrous.

It should further be noted that the radiant efficacy of commercially-available 285 nm UV-LEDs is
currently on the order of one percent. This may be compared to that of mercury-vapour lamps, with
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efficacies on the order of 40 percent. The advantage of UV-LEDs is that it is much easier to direct their
emitted radiation into narrow beams, a requirement for upper-room air disinfection devices.

FINALLY

“Last year, a team of researchers led by Prof. Mamane and Prof. Gerchman patented a
combination of different UV frequencies that cause dual-system damage to the genetic load
and proteins of bacteria and viruses, from which they cannot recover — which is a key factor
that is ignored.”

This is one of those, “Wait, what?” moments, where an entirely different and much more relevant
press release could have been written about this technology. The patent application in question is US
Patent Application 20200255305, “Method and Device for Water Disinfection,” that uses two sources
to simultaneously emit UV-C and UV-B radiation. Patent applications are not peer-reviewed, however,
and so the information needs independent verification and much more detail concerning the
experiments behind the invention.

The primary problem is that the media relations officer was clearly struggling to understand the issues
and write a coherent and informative press release. At best, there appears to have been “a failure to
communicate.”

VIRAL MISINFORMATION

Whatever misinformation and confusion there may have been in the press release, it won the lottery
in being selected by the mass media for amplification. Looking at only the first six of some 200 article
titles:

“99.9% OF COVID-19 VIRUS DEAD IN 30 SECONDS WITH UV LEDS, SAYS TEL AVIV RESEARCH.”

No, neither the paper nor the press release made any claims regarding the SARS-CoV-2 virus that
causes the COVID-19 disease. It explicitly stated that the HCoV-OC43 virus (which is one of the many
viruses responsible for the common cold) was chosen as a surrogate for the SARS-CoV-2 virus, and
that “... our future work will confirm these results by testing the impact of LEDs and their
combinations on SARS-CoV-2.”

“YOU CAN KILL COVID WITH A FLICK OF A SWITCH, STUDY SHOWS.”
The paper never suggested such an outlandish idea. It instead focused on the relative dose of
ultraviolet radiation at different wavelengths to inactivate (not “kill”) a particular virus. The irradiance
levels employed in the experiments would be totally impractical for surface disinfection in the real

world.

“TEL AVIV RESEARCH: 99.9% OF COVID-19 VIRUS DEAD IN 30 SECONDS WITH UV LEDS.”
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The paper uses the noun “seconds” just once, referring to “... up to 60 s for 267 and 279 nm and up to
90 s for 286 and 297 nm.” The key metric is dose — ultraviolet irradiance multiplied by exposure time.
Whoever wrote this headline simply invented the number as clickbait.

... and so it goes, like some sinister version of the children’s game Chinese whispers. Perfectly
reasonable and valid scientific information is endlessly repeated and distorted from paper to press
release to mass media articles. Like most such events, the story will have a half-life measured in
weeks to a few months before it is forgotten. Unfortunately, the misinformation spreads like a virus,
mutating at each step of transmission while driven by the need for favorable press coverage and
website advertising revenue ... and we are all the poorer for it.
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