THE USE OF A SPHERICAL RADIATION METER
IN WOODLANDS

By S. D. RICHARDSON
(Depariment of Forestry, University of Absrdeen)

SUMMARY

For measurements of the light climate in woodlands, conventional light meters have a
limited usefulness. The flat light-receiving surface results in preferential sensitivity to radiation
incident in a direction normal to the surface; while barrier-layer cells vary in sensitivity
according to the light wavelength, and cannot at present be accurately calibrated to charac-
terize the spectral variation under a tree canopy.

A new type of radiation meter, designed by E. C. Wassink and C. Van der Scheer and
comprising two photocells with hemispherical covers, was compared with a flat meter in several
woodland environments. It is shown to be less sensitive than the flat meter to changes in
direction of light influx, and more sensitive to changes in light intensity due to cover type and
ground vegetation. The influence of ground vegetation on thelight intensity above it is assumed
to be due to differences in light reflection by different vegetation types.

It is suggested that under a tree canopy the measurement of light influx is of more value to
the forester than an estimate of illumination at a surface, and that, when barrier-layer cells are
calibrated for use in woodlands, the emission spectrum of the standard light source should con-
form to the spectral curve of photosynthesis.

INTRODUCTION

IN recent years considerable attention has been devoted to the characterization
of the light climate in woodlands and data have been accumulated regarding
variations in light intensity and quality (Seybold and Egle, 1937; Evans, 1939;
Blackman and Rutter, 1946; Roussel, 1953, 1956; Inoue and Ota, 1957). In
Britain, Fairbairn (1954, 1958) has described a number of instruments which have
been used for light intensity measurements and has discussed some physical
difficulties associated with their use. Certain inherent limitations in the operation
of conventional radiation meters are, however, not treated by Fairbairn, and it is
the purpose of the present paper to draw attention to them. A new type of light
meter will be briefly described and some examples given of its use in a variety of
woodland environments.

SOME LIMITATIONS OF CONVENTIONAL RADIATION METERS

The types of radiation meters used in ecological investigations are many and
varied (see, for example, Shirley, 1929; Roodenburg, 1940; Muizenburg, 1948;
Combe, 1957; Ashton, 1958; Fairbairn, 1958; Connor, 1958), but in most of
them the light-receiving surface is virtually flat. From the operation of Lambert’s
cosine law (se¢, for example, Pleijel and Longmore, 1952) it follows that such
meters show a preference in recording radiation incident in a direction normal to
the receiving surface. Their sensitivity, in fact, varies according to the direction
of the incident radiation. Furthermore, when barrier-layer photocells are used,
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additional errors may be introduced by the fact that such cells deviate from the
theoretical cosine sensitivity.

The latter source of error is not serious and can be corrected by surmounting
the cell with a cover of opaline glass or perspex (Pleijel, 1949). This, however,
merely brings about the theoretical cosine response; it does not eliminate sensi-
tivity to angle of incidence, which is 2 much more serious limitation, particularly
in relation to light measurement in woodlands. Thus, the sensitivity of a flat light
meter varies according to the position of the sun, the amount of cloud cover, the
position of the observer and the height of the instrument above the ground.
Consequently, measurements yield data of a somewhat arbitrary nature; in
particular, comparisons between readings obtained in the diffuse light of a
woodland environment and measurements in ‘full daylight’ are not valid. It can,
of course, be argued that, in a climate such as Britain’s where the sky is overcast
for most of the day, the direction of the sun’s rays is relatively unimportant
(Blackman and Rutter, 1946). It will be shown later in this paper, however, that
even under continuous cloud, variations in light intensity occur during the course
of the day, due to changes in the position of the sun. Such variations, furthermore,
are exaggerated by conventional photocell measurements.

Another limitation of barrier-layer cells is the fact that they are sensitive only
in a restricted spectral region and their sensitivity varies according to the wave-
length of the incident radiation. Fairbairn (1958) uses a barrier layer cell with,
according to Connor (1958), maximum response at the same wavelength as that of
the human eye. This may have some merit as far as the human physiologist is
concerned, but in studies of plant biology it is a distinct disadvantage, because
the action spectra of plant growth processes bear little relation to the inter-
national luminoesity curve on which the spectral sensitivity of the human eye is
based (see, for example, Duggar, 1936). This fact is illustrated in Fig. 1 which
represents the international luminosity curve (from C.P.I.LN.S.V., 1953), together
with spectral curves of photosynthesis (from Hoover, 1937), certain photoperiodic
responses (based on Parker ¢t al., 1946), stem elongation (based on Wassink et al.,
1951), and chlorophyll b absorption (from Zscheile and Comar, 1941).

It is clear that the relative luminosity factor of a light-adapted eye (i.e. its
ability to perceive radiation) is zero at a wavelength of 400 my, increases with
increasing wavelength to 2 maximum at §55 mp and decreases again to almost
zero at 700 mpu. Photosynthesis, however, is minimal at around §30 mp and
reaches its maxima at 440 and 650 mu. Furthermore, it continues beyond the
range of the human eye. Similarly, certain photoperiodic effects are maximal at
480 and 700 mp, while stem elongation is effected by radiation at 450 and 750 mp.
Other light induced responses in plants (phototropism, photonastic movement,
&c.) have yet other action spectra.

It is, thus, apparent that physiological responses of plants to radiation are in
no way related to the action spectrum of the human eye, and in attempts to
characterize the light climate of plant growth, the use of a photocell matched to
the sensitivity of the human eye may be misleading.

The fact that barrier-layer cells are differentially sensitive to radiation of
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different wavelengths creates certain other difficulties in the measurement of
light in woodlands. In the first place, the spectral composition of light under a
tree canopy differs from that in the open, due to the filtering and scattering
effects of the foliage. Chlorophyll absorbs strongly in the blue wavelength
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F16. 1. Action spectra for various biological processes compared with the International Lumi-
nosity Curve (I.LL.C.). For explanation, see text.

region, but relatively poorly in the green and red (see Fig. 1); consequently light
reaching the forest floor is poor in blue, but rich in yellow, green, and red (see,
for example, Knuchel, 1914). Also, spectral differences will change according to
the proportions of reflected and transmitted light present, and these differences
will vary with tree species, age of crop, season of the year and other factors
(Inoue and Ota, 1957). On these grounds, too, it follows that barrier-layer cells
cannot be used for unambiguous comparisons between the light climate of wood-
lands and that of the open air. Similar considerations apply to attempts to record
the total light at a given point over a period of time. Variations in light quality
under a tree canopy are such that long-term records, with barrier-layer cells,
have a strictly limited validity; indeed, it is doubtful whether the information
they provide justifies the time and effort expended in obtaining it.

Finally, the wavelength sensitivity of barrier-layer cells leads to difficulties in
calibration. If a luminous flux is to be expressed in lux or in foot-candles, the
barrier-layer cell must be calibrated against a cell giving a direct reading in these
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units, and a separate calibration will be required for every light source which is to
be measured. Clearly, if light quality is not constant (as is the case under a tree
canopy), accurate calibration is not possible, and it is better to measure radiation
in terms of energy, rather than luminous flux. The barrier-layer cell used by
Fairbairn (1958) was calibrated with a high-pressure mercury vapour lamp as a
light source (Connor, 1958). Such a lamp is relatively rich in blue-violet and
weak in red radiation, while the light reaching a forest floor has opposite charac-
teristics (Atkins ¢¢ al., 1937; Inoue and Ota, 1957). In our present state of know-
ledge, the magnitude of the errors resulting from these discrepancies cannot be
assessed, but it is as well that they should be recognized, particularly when com-
parisons are made with the light climate in the open, where the light quality is
different.

A SPHERICAL RADIATION METER

The light meter used in the present investigation was designed and constructed
at the Laboratory of Plant Physiological Research, Wageningen, The Nether-
lands. Tts prototype has been described by Wassink and Van der Scheer (1951)
who also give some examples of its use in horticultural and ecological research.
Needless to say, it does not overcome all the objections which have been made to
the use of conventional photometers, but it does eliminate the most serious
drawback of radiation meters in which the light receiving surface is flat, i.e. the
fact that radiation incident in a2 direction normal to the flat surface is preferen-
tially absorbed.

The designers felt that what was needed for the characterization of the light
climate in vegetation was not a measurement of luminous flux a¢ a surface, but an
assessment of the total influx of light into a space, such an assessment being ob-
tained by a single measurement. It was necessary, therefore, to construct a meter
which would not show a preferential sensitivity in relation to the direction of
light influx.

The meter (see Plate XVII) consists of two circular selenium barrier-layer cells,
mounted back to back on a2 metal ring. Each cell is covered by a slightly convex
disc of opaline glass surmounted by a hemispherical cover, also of opaline glass,
I cm. in radius. The mounting of the cells is air-tight and the wiring is contained
in 2 metal cylinder 120 cm. long, which also serves as a handle for the meter.
Each hemisphere, when illuminated by a parallel beam of light normal to the
surface of the cell, yields twice the current obtained by unilateral exposure to the
same illumination. The apparatus is used in conjunction with a micro-ammeter,
which is shunted in order to achieve a low external resistance and thus minimize
the risk of damaging the photocells by high light intensities. The shunt box is such
that four circuits are available, according to the sensitivity required (100, 500,
2,000, or 10,000 pamps full scale deflexion).

The use of a single hemisphere for the integration of multidirectional daylight
is not, of course, a new idea. As far as the writer is aware, however, Wassink’s
meter represents the first attempt to design an essentially spherical meter which
is, at the same time, portable. Another advantage is that it can readily be adapted
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for continuous recording, though this has not been done in the present
instance.

It will be realized that the type of information given by a spherical meter
differs from that obtained with a flat meter. The spherical meter measures the
influx of radiation into a space, as against illumination of 2 surface. This means
that units of superficial illumination (i.e. lux, foot-candles) cannot be nsed with
the spherical meter. Wassink proposes a unit of influx expressed in u-watts incident
into a sphere of 1 sq. cm. cross-section (u-wjfsphere/cm?). For present purposes,
this suggestion has not been adopted because it is considered that the difficulties
involved in the calibration of barrier-layer cells for the measurement of radiation
in woodlands are such that it serves no useful purpose. Since photocells are wave-
length dependent, it is suggested that, until we know more about the spectral
composition of light under a tree canopy, calibrations made with artificial light
sources may be misleading; measurements in terms of direct ammeter readings
are less ambiguous.

LIGHT MEASUREMENTS IN WOODLANDS

During 1957 and 1958, measurements with the spherical meter were made in
a variety of woodland environments and light conditions. At the same time,
measurements were made with an ‘Eel’ photometer, equipped with suitable
neutra] filters, and using the same micro-ammeter as in the case of the spherical
meter. For reasons already stated, absolute comparisons between the two meters
are not valid, but they can serve to illustrate differences in response to variations

in the light climate.

1. The effect of the position of the sun on light intensity measurements

In Figs. 2 to 5, the time course of radiation changes in the open air and under
a mixed hardwood canopy are plotted for 2 days, one in January 1957, in condi-
tions of almost complete snow cover, and one in July 1958. On both days the sky
was lightly overcast throughout the period of the measurements. Radiation values
are expressed in terms of direct micro-ammeter readings.

It is apparent that, even when the sky is overcast, there are differences between
the meters in response to changes in the direction of the sun’s rays. Thus, shortly
after sunrise, and particularly just before sunset, the proportion of the total light
recorded by the flat meter is less than in the middle of the day. It is also clear
that, under a canopy, the flat meter gives a somewhat erratic curve; a mixed
hardwood canopy reduces gross variations in light intensity as recorded by either
meter, but it increases the short-term variations in the flat meter readings. These
findings are best illustrated by a consideration of the factor required to convert
flat meter readings to spherical meter values. In Table I the daily course of this
conversion factor is shown for the measurements represented by Figs. 2 to 5, and
also for certain other conditions.

Since the information recorded by the two meters is not comparable, the
conversion factor has only a numerical interest. It can be seen, however, that
when the sun is Jow, even though the light is diffuse only, the sensitivity of the

970z ‘GT Jequsides uo (q17 ouked) A1seAIUN 87eIS Uusd 1e /B10's[euno(pio)xo°A1seuoy//.dny wouy pepeojumoq


http://forestry.oxfordjournals.org/

RICHARDSON—A SPHERICAL RADIATION METER 131

two meters is disproportionate. Differences are greatest in direct sunlight (col. 7,
Table I) and least under a canopy of Sitka spruce (col. 6, Table I).

Tasre I. Variation in the conversion factor (flat meter to spherical meter readings)
during the course of the day in various light climates. Cols. 2 to § are calculated from
data presented in Figs. 2 to §

Hardwood Sitka
canopy Open | Hardwood spruce Direct
Time of | Famuary | Fanuary canopy Open canopy sunlight
measurement | 1957 1957 | July 1958 | Fuly 1958 | Fuly 1958 | May 1957
o800 .. .. 1-64 2:14 142 1531
0goo 2-88 2'19 255 144 1-37 462
1000 216 157 1-49 1-50 156 194
1100 2:9t 1-38 1-go 142 152 1-47
1200 1-61 145 148 I'1g 148 144
1300 148 1-33 1-78 114 1-37 142
1400 248 1-68 1-38 117 1°29 1-46
1500 462 2:72 1-98 2+40 1-31 3-78
1600 .. 429 1-53 481 1-38 14:62
1630 .. .. .. .. .. ..
1700 .. .. 1-18 583 1°52 19°71
1730 . .. .. .. . .-
1800 .. .. 2-02 22:13 .. 3435
1900 .. .. 1420 .. ..
2000 .. .. 67-80
2100 .
2200
2300

2. The effect of vegetation on light intensity measurement

In the course of the above measurements it was found that differences in
sensitivity of the two light meters vary according to the type of forest cover, and
according to the nature and condition of the ground vegetation. Such variation
was demonstrated in the following way. On a day when the sky was uniformly
overcast, the light intensity in a ¢. 150 year old mixed ozk/beech wood was
measured with the flat meter. Then, in a range of cover types, stances were chosen
where the flat meter gave readings virtually identical with that of the first
measurement. At these points, measurements were recorded with the spherical
meter. In order to reduce variation due to the position of the sun, all readings
were made between 1130 and 1330 hours on the same day. The cover types
included the following, all of them on Darnaway Estate, Morayshire.

Type 1. Compt. 58
Tree cover: Oak 40 per cent.; beech 35 per cent.; birch 15 per cent. Age: uneven. Basal
areafacre: 97 8q. ft.
Ground vegetation: Luzula sylvatica; Pteridium aquilinum; V accinium myrtillis; Deschamp-
sia_flexuosa; Holcus mollis; all frequent. Agrostis tenuis; Melampyrum pratense, rare.
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F16. 2. Time course of radiation changes in the opex air during a day in January 1957, as measured

by a flat radiation meter (- - - - ~ ) and the spherical meter (———.).
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F16. 3. Time course of radiation changes under a mixed bardwood canopy during a day in January
1957, as measured by a fat radiation meter (- - - - - ) and the spherical meter (— ).

Type 2. Compt. Hy
Tree cover: Scots pine 70 per cent.; birch 30 per cent. Age: ¢. 100 years. Basal areafacre:
117 sq. ft.
Ground vegetation: Pteridism aquilinum and Calluna vulgaris dominant.
Type 3. Compt. 59
Tree cover: Scors pine 73 per cent.; European larch 27 per cent. Age: 35 years. Basal
areafacre: 144 sq. ft.
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F16. 4. Time course of radiation changes in the open asr during a day in July 1958, as measured by
a flat radiation meter (- - - - - ) and the spherical meter (————).
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F16. 5. Time course of radiation changes under a mixed bardwood canopy during a day in July 1958,
as measured by a flat radiation meter (- - - - - ) and the spherical meter (—.———).

Ground vegetation: Calluna vulgaris dominant, with occasional grasses (dnthoxantbum
odoratum and Deschampsia flexuosa).

Type 4. Compt. 62
Tree cover: Douglas fir 100 per cent., irregularly stocked. Age: 40 years. Basal areafacre:
131sq. ft.

Ground vegetation: Epilobium angustifolium dominant, with occasional grasses (Rubus
Sruticosus and Ulex europaeus).
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Type 5. Compt. §9
Tree cover: Sitka spruce 100 per cent. Age: 33 years. Basal areafacre: 130 sq. ft.
Ground vegetation: Occasional Oxalfs acetosella and mosses only.
Type 6. Compt. 58
As for type 1, but:
Ground vegetation: Vaccinium myrtillis, virtually pure.
Type 7, Compt. 58
As for type 1, but:
Ground vegetation: Pteridium aguilinum dominant, occasional grasses (Holeus mollis and
Anthoxanthum odoratum).
Typs 8. Compt. 58
As for type 1, but:
Ground vegetation: Deschampsia flexuosa dominant, Holeus mollis and Anthoxanthum
odoratum frequent, Luzula sylvatica rare.

In all these environments the flat meter gave readings between 1,120 and 1,150
p amps. In Table II the values recorded by the spherical meter, together with
the relevant conversion factors, are presented by cover types.

Tasre II. The effect of cover type on the sensitivity of the spherical light meter
©) (@) (3 ) (5) (6 @ ®

Scots
pine/ Scots
Oak/ Birch Pine/ | Douglas | Sitha Oakf Oak/ Oakf
Beech | Brackenf| Larch fr spruce | DBeech Beech | Beech
Cover type mixed | Calluna | Calluna | Fireweed | Oxalis |Vaccinium| Bracken | Grasses

S.M. reading
(amps) .| 1920 1,800 1,685 1,435 | 1,505 [ 2090 [ 2075 | 1,915
Conversion
factor . 1-70 1-61 1-49 1-2§ 134 1-85 1-85 1-69

Table IT demonstrates that the spherical meter can detect differences in light
climate due to variation in cover type, which escape the notice of the flat meter.
As might be expected, the two meters differ least in recording radiation under a
coniferous canopy; under a hardwood canopy, however, there is 2 marked diver-
gence between them, as can be seen by the higher values of the conversion factor.
Furthermore, the spherical meter can detect differences in light climate due to
changes in the vegetation of the forest floor, which the flat meter is, of course,
incapable of appreciating. Thus Vaccinium and bracken vegetation (types 6 and
7) gave consistently higher measurements than types 1 and 8. These differences
are due, presumably, to differences in light reflection by the vegetation.

Certain other features of interest emerged from these measurements, but it
proved impossible to illustrate them quantitatively. Firstly it was observed that
the movement of tree crowns by light winds had virtually no effect on the light
climate as recorded by the spherical meter, but it frequently prevented readings
with the flat meter, due to rapid movement of the ammeter pointer. Secondly,
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and with reference to the influence of ground vegetation on the light climate,
differences in readings with the spherical meter were recorded in the same
vegetation type, according to whether or not the ground vegetation was wet.
Particularly in types 6 and 8, rainfall had the effect of increasing the light values
recorded.

Finally, the difficulty mentioned by Fairbairn (1958) that, under a woodland
canopy, the light recorded varies according to the height of the photocell above
the ground, was found to be virtually non-existent with the spherical meter.
Raising the flat meter brought about considerable differences in micro-ammeter
readings, which were not consistent; the spherical meter, on the other hand,
could be moved in any direction without affecting the measurement.

DISCUSSION

Measurements of light intensity in woodlands, carried out over a period of 2
years with a spherical light meter, have demonstrated that it is more effective as
a means of characterizing light climate than is 2 meter with a conventional flat
receiving surface. Thus, it is demonstrably less sensitive than the flat meter to
changes in the direction of light influx (Figs. 2 to § and Table I) and more sensi-
tive to the influence of vegetative cover (Table II). The latter difference is due to
the fact that the spherical meter measures the influx of light into a space, includ-
ing both side light and reflected light, while the flat meter records illumination at
a surface, light incident in any direction other than the normal being only par-
tially detected. For this reason, the position in which the flat meter is held
assumes great importance and it is impossible to obtain unambiguous records
with it.

The question now arises as to whether the measurement of light influx is of any
more value to the plant biologist than an estimate of superficial illumination. It
can be argued that the leaf of a plant represents a surface, and that its sensitivity
to radiation is more in accord with a flat receiving surface than with a sphere. It
is suggested, however, that this is not a valid argument when applied to light
conditions in a2 woodland environment. As Wassink and van der Scheer (1951)
point out, unidirectional radiation is preferentially absorbed by vegetation only
when the horizontal extension of the vegetation is markedly greater than its
vertical component. Such may well be the case for a single detached leaf, for a
film of algae, for a layer of lichen or moss, for a field of grass, or even for the sur~
face of 2 uniform woodland canopy. Underneath or inside a canopy, however, the
situation is quite different; the majority of the light is diffuse, much of it is prob-
ably reflected, and constant leaf movement ensures that, as far as individual
plants are concerned, they behave more in accordance with the situation charac-
terized by the spherical light meter than with that indicated by a flat receiving
surface.

It may also be queried whether, in view of our limited knowledge of plant
behaviour, the increased accuracy of the spherical meter is necessary for the
measurement of light intensity in woodlands. In the opinion of the present
writer, this question may be answered in the affirmative for two reasons. Firstly,
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it is considered that, in any biological measurements, increased accuracy is always
justified if it can be achieved without undue expenditure of time and money. In
the present case, the spherical meter is easier to use than conventional photocells,
since precautions as to the precise siting of the instrument are unnecessary; and
the cost of construction (apart from the ammeter) is about f15—a figure not
substantially higher than that of 2 commercially available cell.

The second reason relates to the type of information which is required from
light measurements in woodlands. Most foresters interested in light measurement
are concerned with determining the minimum light requirements for the re-
generation and establishment of tree seedlings; physiologically, this means that
they are primarily interested in finding the compensation point of photosynthesis
and respiration, and the light saturation point for seedling growth. It has been
shown elsewhere (Richardson, 1957) that, for detached leaves of tree seedlings,
light saturation is reached at a lower intensity than for most herbaceous plants,
and that, in the young stage, some tree species are able to adapt themselves to
extremely low intensities (Wassink et al., 1956). Nevertheless, there can be no
doubt that, for entire plants, growth under a canopy is frequently light-limited
and, in many situations, the light intensity is below the compensation point (see,
for example, Pearson, 1930). Since, therefore, we are dealing with marginal condi-
tions, accuracy of measurement and sensitivity to all light sources are of para-
mount importance. It will, of course, be necessary to determine by experiment
whether plant growth conforms more closely to the light-pattern revealed by the
spherical meter than to that indicated by the flat meter.

Finally, reference must again be made to the problem of spectral sensitivity in
photocells. Clearly, since it is based on selenium barrier layer cells, the spherical
meter is as open to criticism as a flat meter on the grounds that its sensitivity is
wavelength dependent. So far, this limitation does not appear to be regarded
very seriously in measurements of light climate, in spite of recent work on light
quality variations in woodlands (Combe, 1957; Inoue and Ota, 1957). There can
be little doubt, however, that, on present evidence, comparisons between light
measurements within and outside a canopy should be interpreted cautiously; and
that, in the majority of cases where wavelength sensitive instruments are cali-
brated for use in woodlands, the emission spectrum of the standard light-source
should conform as closely as possible to the spectral curve of photosynthesis.
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