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Abstract

This note describes the modulated system for outdoor UV-B irradiation
located at the botanical gardens of the University of Joensuu. The system was
built from off-the-shelf parts and is controlled and monitored by a datalogger.
A detailed description and results from some tests are presented.

1 Introduction

The modulated system for outdoors UV-B irradiation located at the botanical gar-
dens of the University of Joensuu was built during the spring and summer of 1997.
This is the largest UV-B supplementation system in Finland, and by the number
of replicate frames a large installation compared to several other European modu-
lated systems (Fig] 1). The system was built for carrying out experiments on the
effects of increased UV-B on herbivory in tree seedlings and saplings, as part of the
project “Herbivory in relation to variable defences of woody plants” led by Prof.
Jorma Tahvanainen.

A modulated irradiation system is a system in which the UV-B radiation in-
crease tracks in real time the changes in solar UV-B. Solar UV-B is constantly
monitored and the output from the lamps is very frequently adjusted to keep an
almost constanproportionalincrease in UV-B —e.g. a constant increase of 50%
of UV-Bgg.

Modulated systems are the best set-up currently available for studying re-
sponses of plants to increased UV-B under natural conditions (MclL.eod, 1997).
They have been in use for a couple of decades. The first systems had custom built
controllers (Caidwell et al[, T983), but nowadays it is possible to build such a sys-
tem from components available off-the-shelf.
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Figure 1: Partial view of the modulated UV-B supplementation system in Joensuu.
Two years old birch seedlings growing under the frames.

As modulated systems are used outdoors, they should work well under a wide
range of ambient conditions: air temperature is especially important for the func-
tioning of fluorescent lamps. The system described here has a higher minimum
working temperature (-5-°C) than those with custom-made controllers, but con-
struction is easier and cheaper.

Increased UV-B experimental set-ups which use acetate-filtered lamps have
usually included controls with polyester-filtered lamps. These two lamp-plus-filter
combinations differ mainly in their UV-B emission, but both do emit a small quan-
tity of UV-A. Recently, the need of additionally having a control with unenergized
lamps has been stresséd (Newshamlef al.,| 1996), and our system follows this rec-
ommendation.

The hardware used is described in secfibn 2, the custom written software is
described in sectiofj 3 and the performance of the system during its testing is dis-
cussed in sectiof 4.

2 Hardware

The system comprises 21 aluminum frames, with six lamps each. Of these 21
frames, seven have un-energized lamps (sunlight controls), seven have lamps cov-
ered with polyester film (UV-A controls), and seven have lamps covered with cel-
lulose diacetate film (increased UV-B treatment). The frames are layout in the field
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Figure 2: Plan of the experimental field, showing location of frames, logger (and
electrical switch-box) and fence. Allocation of treatments to frames for a particular
experiment is shown: 0, sunlight control; UV-A, UV-A control; UV-B, elevated
UV-B treatment.
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Table 1: Sensors.

Sensor Variable measured Manufacturer

BW-20 UV-B, CIE weighted Vital Technologies, Bolton, Ontario, Canada.
LI-190-SA PAR Li-Cor, Lincoln, NE, USA.

50Y Air temp. and RH Vaisala Oy, Helsinki, Finland.

107 Soil temperature Campbell Scientific Ltd., Shepshed, UK.

Figure 3: Photograph of a lamp frame.

grouped in seven blocks of three frames ([Fig. 2).

Each frame, built from 25 mm square section tube is 1.5 m wide and 3.0 m long
(Fig. ). The frames are held on four 2.6 m tall poles made from 50 mm round
section aluminum tube. Lamps in each frame are located following a “cosine”
distribution (Bprn,[1991) and are kept 0.60 m above the top of the plants. The area
under the frames which is useful for growing experimental plants is approximately
0.80mx2.40m, with a variation in UV-B irradiance from the lamps af10%.
Frames are 2.5 m apart in all directions.

The lamps used are special T12 40 W fluorescent tubes, 1.20 m long (UVB-
313, Q-Panel Co., Cleveland, Ohio). The lamps are driven, in pairs, by high fre-
quency dimming ballafigPC 2x32 A011, Tridonic Bauelemente GmbH, Dorn-

1The ballasts used are not the best for T12 40W fluorescent tubes, and lamp lifespan is drastically
reduced if dimmed down to the rated 1% of full output, however, they work satisfactorily if they are
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birn; Austria). These ballasts are controlled by a digital serial signal (DSI) and so
the signal is not affected by the length of the wires. The DSI signal is generated
by an interface unit (DSI 004, Tridonic Bauelemente GmbH, Dornbirn, Austria)

controlled by an analogue voltage signal (1 V to 10 V) for dimming between 1%

and 100% of the maximum lamp output, and an on/off relay switch for remotely

switching the lamps.

The sensors used are listed in Talle 1. The two BW-20 UV-B sensors were
selected by the manufactured for matched calibration constants. In spite of this they
are matched only at 2€. Over the range ofC to 353°C their sensitivity is also
matched, but the change with temperature of the dark offset is very different. The
temperature sensitivity of the calibration constants was measured under controlled
conditionﬂ, and the constants used are calculated, separately for each sensor, in
real time as a function of air temperature.

The controller used is a data-logger (CR10, Campbell Scientific Ltd., Shep-
shed, England), with an analogue output peripheral (SDM-AQ4, Campbell Scien-
tific). The program described in sectign 3 modulates the output of the lamps.

The custom-made electronics are extremely simple: an op-amp is used to buffer
the output of one of the logger’s control ports. The output of the op-amp controls a
relay that switches the lamps on and off by means of the analogue to DSl interface.
Another op-amp is used to amplify the 0 V to 5 V output of the logger peripheral
to the voltage required by the DSI interface. The logger, and all other electronic
components, including ballasts, are rated to work fre25°C to +50°C. How-
ever, the ballasts cannot dim the output of the lamps at air temperatures below
approximately—5°C.

3 Software

The “modulator” program runs on a Campbel CR10 (or CR10X) datalogger. Itis a
differential system with a reference UV-B sensor under a control lamp canopy with
lamps covered with polyester film, and a feed-back UV-B sensor located under
a treatment lamp canopy with lamps covered with cellulose diacetate film. The
system uses a feed-back loop to give a fractional increase in UV-B in the treatment
compared to the control. A feed-back system like this is not dependent on the
absolute calibration of the sensors, but just on the cross-calibration between the
two sensors. Such a system is much less sensitive to effects of ambient temperature

not dimmed below 3-4%. Start-up occurs at 10% of maximum output. Other ballast types from the
same manufacturer may give better performance: R@&2TCL A011 should allow dimming down
to 1% without reduced lamp life, and PC<36 Excel, allows start-up at 1% of maximum output.
According to specifications ballasts from Philips and Osram have higher minimum temperatures for
dimming. This was confirmed in our tests of Osram’s Quicktronic dimmbar de luxe ballasts.

>The sensors and lamps were installed inside an environmental chamber (PGW36, Conviron,
Winnipeg, Canada) and their output compared to each other and to measurements done with an
spectroradiometer located outside the chamber, under constant ambient temperature of afprox. 22
with only the light collector, connected with a fiber-optic light-guide, inside the chamber.
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on the slope of the calibration than a system based on a single sensor. However, it is
more sensitive to drift in the offset (the output in darkness) which is also dependent
on ambient temperatute

The main program table (called Table 1 in the logger software) is executed once
each minute. It can be divided into three parts: (A) taking initial readings from all
the sensors, (B) adjusting the output of the lamps to the target level, (C) logging the
measured environmental values and also values used to monitor the performance
of the system.

Part A includes calls to several subroutines. First a flag is checked to find
out if this is the first pass through the program table, in which case several input
locations (program variables) and the output port are initialized. Values are read
from all sensors, but in the case of the UV-B sensors values may be read again later
if it is needed to adjust the dimmer.

Part B checks several environmental variables and disables lamps if the operat-
ing conditions are not fulfilled: these include background PAR, background UV-B
irradiance, and air temperature. The thresholds have hysteresis so as to minimise
the number of times per day that the lamps are switched on and off because repeat-
edly switching the lamps may significantly shorten their life.

Part C outputs summary values of the measured variables and of the perfor-
mance of the system. Hourly summaries (average, maximum, minimum, and his-
togram values) are stored in memory, raw data are discarded.

Ultraviolet-B irradiance is measured by taking four pairs of readings from the
two sensors, and calculating the average of the four values from each of the sen-
sors. This is done to reduce noise. The average readings are used to calculate the
increase in UV-B irradiance below the increased UV-B frame compared to the UV-
A control frame. Then a target value is calculated based on the UV-B irradiance
under the control frame, and using this target value, the ratio between the actual
UV-B irradiance under the increased UV-B frame and the target UV-B irradiance
is estimated.

The output of the lamps is regulated by changing the voltage fed to the DSI
interface. The program uses a feed-back loop to adjust this voltage. The response
of the dimming ballasts to voltage is not linear, it is approximately exponential, so
the best approach is to increase voltage linearly. A step size of 0.10 V is used, as
this increase in voltage gives an increase in lamp output of less than 10%, together
with a dead-band of:-5% for the achieved output. We also check for the cases
of reaching both the maximum or minimum allowed voltages, and abort by either
setting lamps to maximum power, or to minimum allowed power.

3The offset correction is calculated as a function of ambient temperature, using sensor tempera-
ture could further improve performance. When using a single sensor, it is possible to check the offset
by switching off the lamps once every few minutes, but this could decrease lamp life.
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4 Test results

4.1 Performance of the lamps and ballasts

Fluorescent lamps (low pressure mercury lamps) are sensitive to ambient temper-
ature. The actual drop in radiant output as temperature decreases depends both on
lamp and on ballast characteristics. The maximum radiant output as a function of
air temperature for the lamp plus ballast combination used in our system was mea-
sured in a controlled environment chamber (Fig. 4). In practice the lower UV-B
output at low temperature is not a big problem because maximum natural UV-B
irradiance occurs in the summer.

The radiant output of the lamps as a function of the control voltage (1 V to
10 V) applied at the input of the analogue to serial-digital signal converter was
measured at one temperature (Fig. 5). The response is almost log-linear for the
ballasts used.

4.2 Performance of the sensors

For a good performance of the system it is important that the calibration, and es-
pecially the cross-calibration of the sensors does not change with ambient tem-
perature. If the calibration does change with temperature as is the case for the
Vital BW-20 sensors used (Fi@l 6), then the temperature dependence of calibra-
tion should be taken into account in real time in the control program. To prevent
short-term fluctuations in their temperature the sensors were installed in aluminum
‘jackets’ to increase thermal mass.

4.3 Performance of whole system

The real precision of the system is limited by the spatial variation in solar UV-B
between frames caused by shading from neigbouring objects. This effect is most
important at low sun elevation angles, when UV-B irradiance is low. In this section
we report on theapparentperformance as measured by the two sensors used by
the system. This is the performance of the controlled frames, and does not reflect
the performance of slave frames (those without sensors), or any calibration errors
of the sensors.

As an example of a sunny day we have taken 30 August 1997 (day 242) and as
an example of partly cloudy day we have taken 26 August 1997 (day 238). In the
sunny day the maximum photon flux density of PAR and the irradiance of Lky-B
(Figs.[T) were approximately twice as much as during the partly cloudy day (Figs.
B). However, because the system is modulated the increase indd\fEdiance
was an almost constant proportion of the solar Uy:Bhroughout both days.

The logic of the program ensures that at the time the dimmer voltage is set,
the UV-Bgg; irradiance achieved under the lamps with acetate is withifi; of
the target value. But the question remains of what happens during the minute
elapsed until the dimmer is readjusted. To measure this source of errodV6B
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Figure 4: Relative output of the cellulose-acetate filtered Q-Panel UVB-313 lamps
as a function of air temperature. U\sB irradiance was measured with fibre optic
light guide connected to a Macam SR-9010-PC spectroradiometer maintained at
constant temperature of 2Z. Plot for irradiance at 313 nm is almost identical as
the emission spectrum of the lamps was little affected by temperature.
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Figure 5: Relative output of the Q-Panel UVB-313 lamps as a function of the
voltage at the dimmer control input. UV-B irradiance was measured at 313 nm

with a Macam SR-9010-PC spectroradiometer 822
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Figure 6: Effect of ambient temperature on the performance of two Vital BW-20
ultraviolet sensors. (a) Relative sensitivity error (as difference in output between
the two sensors after correction for dark signal), and (b) dark signal of the sensors
(different simbol used for each sensor). Measured in an environmental chamber
using Q-Panel UVB-313 lamps as a source.
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Figure 7: Performance of the system on a sunny day. (a) Photosynthetically active
radiation. Photon flux density measured with a Li-Cor LI-190 SA quantum sensor.
(b) Ultraviolet-B irradiance, CIE weighted, under the lamps filtered with acetate
(o) and under the lamps filtered with polyeste). (Program set to 50% increase in
UV-Bige. (€) Relative irradiance under the lamps with acetate filter as a percentage
of the target used to set the lamps during the previous minute (worse case values).
The solid line and symbols indicate hourly means, the dashed lines the hourly
maximum and minimum values.
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measured also immediately before adjusting the dimmer, and the ratio between the
achieved value and the freshly calculated target value is a measure of the worst case
system error. On average there was an almost perfect match between the target and
achieved values, but some individual measurements deviated by as much as 30%
as a consequence of shadows passing over the sensorg|(Figs. 7c, 8c).

5 Seasonal change

The expected ozone depletion, and concomitant increase in UV-B, is not constant
through the year. The largest proportional increase occurs, and will occur, in late
winter and spring[(Taalas et|di., 1996). The system as described does not attempt
to simulate seasonal changes in stratospheric ozone depletion, as it has been re-
cently done[(Mepsted etlal., 1996). This could be achieved by changing, weekly or
monthly, the constant used to calculate the target W¥BThe change could be

done manually editing the program or the program could be extended with the cal-
culation of the fractional increase in UV as a function of the date. Although

a modulated system makes it less necessary to frequently replace the aged acetate
filters to maintain the target dose, it must be kept in mind that the ageing of the film
nevertheless affects the transmission spectrum, and frequent replacement of films
is necessary to avoid seasonal changes in the quality of the supplemental radiation.
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Figure 8: Performance of the system on a cloudy day. (a) Photosynthetically active
radiation. Photon flux density measured with a Li-Cor LI-190 SA quantum sensor.
(b) Ultraviolet-B irradiance, CIE weighted, under the lamps filtered with acetate
(o) and under the lamps filtered with polyeste). (Program set to 50% increase in
UV-Bige. (€) Relative irradiance under the lamps with acetate filter as a percentage
of the target used to set the lamps during the previous minute (worse case values).
The solid line and symbols indicate hourly means, the dashed lines the hourly

maximum and minimum values.
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