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The Relationship between Photosynthetic Active Radiation
and Leaf Orientation
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ABSTRACT

Photosynthetically Active Radiation(PAR) affects the growth of plants as well as their photos-
ynthetic rates, A mathematical model for intercepted solar radiation on the tilted leaf with any
azimuth angle was established and the leaf orientation in which receives the maximum solar rad-
iation was determined each month, during the growing season, and for an year. PAR was maxi-
mized at the leaf elevation of 50°~60° in the winter, at that of 20°~40° in the spring and aut-
umn, and at the horizontal in the summer. During the growing Season the maximum value was
at the elevation of 0°~20° and for an year it was at 20°~40°. On the whole the leaves of tilt
angle 0°~40° received much radiation comparing with those of other tilt angles.

The theoretical tendencies were compared with the distribution of leaf orientation measused
practically. The average leaf elevation of maple tree was 17.0°+12.0° and that of ginkgo was
29.8°416.0° Several results from other literatures support our suggestion that cumulative effect
of the relationships between surface normal vector and a vector pointing in the direction of the

radiation determine the leaf orientation.

INTRODUCTION

Leaves orient themselves in response to light or
gravity. The orientation of the leaves of higher
plants with respect to the sun plays an important
role in the regulation of the amount of photosynth-
etically active radiation and heat which are incident

upon the leaf surfaces. It is frequently assumed
that the preferred orientation is perpendicular to
the strongest illumination.

Most reports of solar tracking have emphasized
the ability of leaves to orient with their surfaces
directly facing the sun so that the amount of solar
radiation absorbed is maximized (Shell & Lang, 19
75; Wainwright, 1977; Schwartz & 'Koller, 1978;
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Forseth & Ehleringer, 1980).

For plants in which there is little or no daily
movement of leaf surfaces, the fixed orientation of
leaves results from cumulative effect of incident
solar radiation which is changed each time at the
solar elevation and azimuth. Most reports on the
solar radiation incident on a leaf surface have tre-
ated the angle of incidence, 6, of direct solar radi-
ation upon a photosynthetic surface (Shell et al., 19
74; Kirkham, 1982; Herbert, 1983; Travis & Reed,
1983; Kirkham, 1984). The angle is one between a
normal vector to that surface and a vector pointing
in the direction of the incident radiation, so that
the cosine of the angle of incidence represents the
fraction of the maximum direct solar radiation
which the photosynthetic surface can intercept. This
angle is changed on a leaf surface with the fixed
angle with respect to the solar elevation and
azimuth, which are varied each time. In order to
determine the leaf orientation which receives the
maximum radiation during a day, it is needed to
integrate the instantaneous radiation from the hour
of sunrise to that of sunset.

This paper presents the theoretical model for
monthly average daily solar radiation intercepted
upon a leaf with a slope and an azimuth angle.
Our purposes are to determine the leaf orientation
in which sum of daily radiation is maximized dur-
ing the growing season and io compare the obser-
ved distribution of leaf angles in various plant spe

cies.

MATERJALS AND METHODS

Theoretical: In order to describe and qualify the
leaflet movement responses, a geometrical model of
the leaflet was used.

Insolation on clined leaf was computed using equ-
ations (8) and (9), within the limits of direct com-
ponent without regard to transmittance through
the atmosphere.

Experimental: Studies were conducted in field
condition at Mt. Jiri, Korea from 24 to 26, August,

Vol. 8 No. 2

1981~1984. Leaves of ginkgo(Ginkgo biloba Linné)
and maple tree (Acer palmatum Thunberg) were
selected to receive full sunlight, i.e., they were not
shadowed by other leaves orplant organs.
Inclinations above or below the horizontal were
measured with a hanging pointer device calibrated
to read 0° at the horizontal and +-90° at the ver-

tical. Azimuths were measured with a compass.

THEORETICAL MODELS

Radiation components on the leaf surface

The flux of PAR upon a tilted leaf surface con-
sist of three contributions.(1) The flux of direct
solar PAR, (2) The flux of diffuse sky PAR and
(3) The part of reflected PAR by the ground und-
erlying the atmosphere which is incident on the til-
ted leaf surface. Each one of these contributions
depends on the geographical coordinates, cloud cov
erage, the solar altitude and the optical properties
of the atmosphere and underlying surface. These
fluxes shall be considered by the analogous methods
of Jimenez and Castro (1982) separately.

(1) Direct solar PAR: For purposes of calculating
the photosynthetically active radiation(PAR) on a
leaf, it is often necessary to convert data for PAR
on a horizontal surface to radiation on a tilted sur

face.
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Fig. 1. PAR on horizontal(A) and tilted leaf
surfaces(B)

The PAR on a horizontal leaf surface, I, is I, cosés,
and that on a tilted leaf surface, I, is Ir cosér. The
ratio of PAR of a tilted leaf surface to that on the
horizontal one, Rb, is given in terms of the angles
6. and fr, and PAR normal to the beam, I., by

I I, costr
I I, cosé,

(2) Diffuse sky PAR: The correction factor for

COSAT . reeevereneesrnanes %)

Ré= Cc080z
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the diffuse radiation component depends on the dis-
In this

work the Liu and Jordan’s hypothesis was assumed,

tribution assumed of them over the sky.

taking into account that this component is unifor-
mly distributed over the sky dome(Liu and Jordan,
1963; Duffie and Beckman, 1974). Thus, a leaf sur:
face tilted a slope angle S from the horizontal

“sees” a portion of the sky dome given by

Lh:i.‘b%’ﬁzd
being I, the flux of diffuse PAR incident on a leaf

plane tilted a slope angle S in any orientation and
I; the one on a horizontal plane.

(3) Ground reflection of PAR: Also with the ass-
umed hypothesis, the sloped surface “sees” a portion
of the ground and the surface receives the PAR
reflected from it. Assuming a diffuse reflectance
for the surroundings, the value of reflected PAR,
I.,, incident on a tilted leaf plane, is

I,FL_Z?Ei(H_L,)p ................................. 3
where I is the direct solar PAR on horizontal plane.
Combining the three terms, the total solar PAR on
the tilted leaf surface at any time is

I, =IRy+-Ia+1ys

IR+ H—zcosS Lt 1~ZCOSS (T+1)p oo @

Geometric relation between the direct radia-
When the leaf

orientation is determined by a vector relationship

tion and the leaf orientation:

between the external stimulus such as light and

the response organ, the direct solar radiation

Normal to Vertical to
tilted leaf horitontal plane

= East

South

Fig. 2. Definition of solar and surface angles for
a non-south-facing tilted leaf.
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plays a major role in orienting the leaves. The
angle of incidence, 6r, of direct solar radiation
upon a photosynthetic surface is the angle between
a normal vector to that surface and a vector poin-
ting in the direction of the incident radiation.

The geometric relationships between a leaf of any
particular orientation relative to the earth at any
time and the incoming beam solar radiation can be
described in terms of several angles.

cosfr= sindsingcos S — sindcosgsin Scos7

~+-¢0os 6 cospcos S cosw

<+ cosdsingsin Scos? cosw

- CoSSSINSSINT SN srerererrrererinseeniciiann. (5)
COS 05 == SINFSIN A~ COSFCOSPCOS e e=evssvess ceeuane ceenes (6)

where

¢ : latitude (north positive)

d : declination (north positive)

S : the angle between the horizontal and the plane
(i.e. the slope)

7 : the surface azimuth angle, that is, the devia-
tion of the normal to the surface from the
local meridian, the zero point being due
south, east positive, and west negative.

® : hour angle, solar noon being zero, and each

hour equaling 15° of longitude with morning
negative and afternoon positive.

0 : the angle of incidence of beam radiation, the
angle being measured between the beam and
the normal to the plane.

The declination,  can be found from the approxi-

mate equation of Cooper (1969) :

5=23. 45sin (360-3%”%1)
where n is the day of the year.

Estimation of daily radiation as a monthly
mean value: The monthly average daily radiation
on a tilted leaf surface, T, is
(Lin & Jordan, 1963)

given from eqn(5)

Lu= (-1 Rt 1o EEES) 1y, A=0s8) g

where 7 is the monthly average daily radiation on
a horizontal surface, J; is the monthly average

daily diffuse radiation, and B, was estimated by
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integrating the rate of extraterrestrial radiation on
the leaf surface for the period during which the
sun is above the horizon and in front of the leaf
surface and then diving this result by I, the mean
daily extraterrestrial radiation on a horizontal sur-
face(Klein, 1977)

whs wes
Sw"chw B §w”cosﬁrdw

o= WL g (P cosbade
Iw" odw Xw"COSszw
= ((cos Ssindsin g (w.s—w.r) /180

— (sindcos¢sinScos?) (w,,—w,,) /180

- (cos¢ cosdcosS) (Sinw., — sinw,r)

- (cosdcosTsingsin S) (sinw,, — sinw,r)

— (cosdsinSsin7) (Cosw,, — COSW,r))

/(2 (cosgcosdsin W,+=/180 Wi singsind) )+ (8)
where w;, and w,, are the sunrise and sunset hour
angles on the tilted surface and W, is the sunset
hour angle on the horizontal surface, given by:
if 7<0

w,y= —min( Wi, arcos((AB+ AT—B* 1)
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wes=min (W, arcos((AB— v AT-B*}1)

/(A*-1)))
if 720

w,,= —min(W,, arcos((AB— A%~ B?41)
/(A 1))

ws,=min(W,, arcos((AB+ A7 Bi4-1)
/(A1)

A== cos¢/(sinTtanS) 4-sing/tan7

B=tand(cos¢/tan7 — sing/(sin7tanS))

W.=arcos(— tangtand)

In this study the mathematical model of monthly
average daily radiation was established, and the
direct light incident on a tilted leaf surface with
any azimuth angle was calculated by FORTRAN
LANGUAGE in order to determine the leaf orienta-
tion receiving the maximum irradiance each month,
Leaf
angles were practically measured and their distrib-

ution was compared with the theoretical one.

during the growing season and for an year.
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Fig. 3. Effect of leaf tilt on the intercepted direct solar radiation. The ratio, R, of monthly mean direct
radiation on the tilted leaf surface to that on the horizontal was calculated each month according
to the surface azimuth angle; south facing leaf (@ —@®) and due east or due west facing one
(A—A).
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RESULTS AND DISCUSSIONS

The solar orientation changes momently during a
day as well as for an year, and then the geometric
relationship between the sun and the tilted leaf
surface with a certain azimuth is consequently alt-
ered. To quantify the direct solar radiation the
angle of incidence is used effectively. The ratio of
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the cosine of the angle of the incidence on a tilted
surface to that on the horizontal, Rs, represents the
relative intensity of direct solar radiation according
to the surface orientation. To determine the leaf
orientation received maximum radiation during a
day, monthly mean daily ratio Rs was calculated
from equation (9) as a function of the leaf eleva-
tion on the leaf surface facing south and facing
due east or due west respectively (Fig. 3). The
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Fig. 4. Effect of leaf tilt on the intercepted direct solar radiation which was calculated for an year (a),
from March to May (b), from March to August (c), and from March to October (d) according
to the surface azimuth angles; south facing leaf (@ —@), due east or due west facing one (A—
A), the leaf of surface normal azimuth angle being+30° from the south (@:--@), and that being

1:60°(A--A).
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direct solar radiation incident on a leaf surface
facing south was maximized at the leaf elevation
of 50°~60° in the winter, at that of 20°~40° in
the spring and autumn, and at the horizontal leaves
in the summer. While due east or west facing leaf
showed the maximum value at the horizontal orien-
tation through an year.

Most leaves of various plants exist through the
growing season. It has not been explained whether
their orientations were affected continuously by the
direct radiation or they were determined at the
beginning of growth. The direct solar radiation inc-
ident on a leaf surface was calculated for an year,
from March to May, from March to August, and
from March to October(Fig. 4). Because our purp-
ose is to compare the relative intensity of direct
solar radiation according to the changes of leaf
angles, the transmittance through the atmosphere
was neglected. The intensity of direct solar radia-
tion for an year was maximized at the leaf eleva-
tion of 20°~40° except the leaf surface facing due
east or due west. But the direct radiation incident
leaf surfaces from March to May, from March to
August, and from March to October showed less
remarkable changes than the yearly total according
to the surface azimuth. The maximum value was
gained at the elevation of 0°~20° at these periods,
and on the whole leaves with the tilt angle of 0°
~40° received much radiation comparing with those
of other tilt angles.

The theoretical tendency of direct solar radiation
was compared with the practical distribution of
leaf orientations. We have attempted to collect and
bring into a pattern on leaf orientation both from
the literature and our own (Table 1 and Fig. 5).
We exercised the quantitative measurement of the
angular distribution in the 2 species ginkgo and
maple tree. Most leaves taken for our purpose were
flattened in their shape and receiving in full sunli-
ght. The average leaf elevation of maple tree was
17.0°4+12.0°, and that of ginkgo tree was 29.8°+
16.0° Our results showed that leaf arrangement

was largely horizontal and most leaves were in the
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Fig. 5. The distribution of leaf tilt angles in Gin-

gko and Maple treess.

range of elevation of 0°~50° in both trees. It is
supported well by our theoretical tendency of radi-
ation incident on a tilted leaf surface. In Korea
most leaves come out in April and they grow up
through the spring, summer, and autumn. The inc-
ident direct solar radiation showed the maximum
on the surface with tilt angle of 0°~40° all the
periods from March to June, from March to Aug-
ust, and from March to October (Fig. 4-b,c,d).

Many other resuts support our theoretical tende-
ncy (Table 1). Experimental regions were in diff-
erent latitude but theoretical teudencies were diffe-
rent little(The data were not presented here).
Many authors insisted on the non-random orientation
of leaves (Nichiporovichi, 1961; de Wit, 1965; Ross
& Ross, 1969; Shell et al, 1974; Shell & Lang, 19
75; Mc Millen & Mc Clendon, 1979). More than 80
9; of leaves were tilted within 60° from the horiz-

ontal (Table 1). The heliotropic plants, sunflower,



June 1985 Chang & Kim : Photosynthetic Active Radiation and Leaf Orientation 105

Table 1. Leaf inclination in stands of different species (‘ et {/&’f’
Inclination deg.® A ‘
Plants Region Date & Time Layer(m)* 0~30 30~60 60~90 Qriginal Paper
Straw berry Moscow 0.66 0.19 0.15 Nichiporovichi(1961)
White clover Moscow 0.70 0.20 0.10 Nichiporovichi(1961)
White clover Holland  Aug. 21 0.54 0.41 0.05 de Wit(1965)
Sun flower Japan July 17 0.55 0.37 0.08 Ross & Ross(1969)
Horse beans Estonia Aug. 1 0.30  0.50 0.20 Ross & Ross(1969)
Potato Moscow 0.40 0.37 0.23 Nichiporovichi(1961)
Potato Holland  May 28 0.57 0.38 0.05 de Wit(1965)
Cucumber Moscow 0.52 0.37 0.11 Nichiporovichi(1961)
Sweet chestnut U.K. May 17  6.5~7.0 — — — Ford & Newbould(1971)
July 27 6.0~6.5 3 - -
Aug. 25 5.5~6.0 10 4 4
5.0~5.5 20 29 31
4.5~5.0 8 35 35
4.0~4.5 2 14 12
3.5~4.0 - 1 1
3.0~3.5 — — —
Mean value
Sun flower Australia a.m. 34 Shell et al.(1974)
mid 30
p.m. 30
Sun flower Australia 29~42 Shell & Lang(1975)
Bean Australia a.m. 38 Shell et al.(1974)
mid 42
p-m. 39
Pepper Australia 47 Shell et al. (1974)
Cucumber Australia 32 Shell ez al. (1974)
Cotton California 0~30 Fukai & Loomis(1976)
Sun Shade
Cotton wood  Nebraska 75.74+ 7.8  32.3::19.8 McMillen & Mc Clendon
Plum 33.4£15.5  16.47+12.4 (1979)
Kentucky coffee tree 64.5+19.2 10.2% 7.0
Catalpa 24.24+15.0 8.2+ 6.4
Red bud . 35.9+18.8 13.8+14.2
Green ash 36.81-18.9 14.47+13.8
Red oak 10.14:10.9 11.5:F 8.2
Mulberry 34.0+15.4 10.6% 8.4
Silver maple 16.9+15.5 12.74 9.8
Sugar maple 14.6+10.2 7.84 5.5

a. Layer represents the height above ground level. The inclination degree of leaves was examined at
each 0.5m height interval through the canopy.

b. The relative frequencies of leaves inclined at each range of 0°~30° 30°~60° and 60°~90° from
the horizontal were represented.
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bean, pepper and cucumber, showed the preferred
mean elevation and their azimuth angles represented
the tendency for leaves to face east during the
morning and to turn with the sun and disperse
somewhat as the day proceeds (Lang, 1973; Shell
& Lang, 1975).

Mc Miller & Mc Clendon(1979) have not seen any
systematic characterization of species which indica-
tes that light might be a more common factor in
individual adaptation. But all plants selected by
them showed the horizental tendency of their leaf
orientation under the shade screen. Under the full
sunlight leaves showed horizontal tendency in sev-
eral species and other species did not. But the lea-
ves under the full sunlight were V-shaped or twis-
ting of the petioles, and therefore it is thought that
there might be the problems in measuring the leaf
angles or other factors affecting the leaf growth.

A research of woodland structure showed that
foliage was horizontal at the top and bottom of the
canopy but angled in the middie(Ford & Newbould,
1971). The penetration of light into the leaf canopy
is influenced by leaf amount, leaf angle, leaf disp-
ersion and the light transmission characteristics of
leaves, Estimation of the orientation of a single leaf
is different from that of whole canopy, but most
leaves selected in this research had the elevation
angle within 30° from the horizontal. The increase
in photosynthetic efficiency has an effect on the
total photosynthesis of the plant and this is not
easy to quantify as an unique orientation.

The analysis presented here does not consider
concretely many important factors which will affect
the interception and absorption of light by photos-
ynthetic surface. Radiation absorbed from diffuse
skylight or reflected from the ground was included
in eqation (2) and (3) of our mathematical model
but it was not calculated by computer simulation.

The direct component of solar radiation was sur-
veyed using the model, and then the leaf orienta-
tion of maximum irradiance could be determined.
Practical orientation of leaves in various plants

corresponded with the orientation expected theore-
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tically in which leaf surfaces receive the maximum
direct solar radiation during the growing season. It
is suggested that cumulative effect of relation bet-
ween surface normal vector and a vector pointing
in the direction of the radiation determine the leaf
orientation. Of course all cases are not explained

by this suggestion.
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