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ABSTRACT

The mathematical and simulation models to estimate the monthly average daily solar irradiance on the
terminal cladodes of platyopuntia were established. An east-west facing cladode showed maximum irradiance
from March to October, while south-north facing one did from November to February from the model.
The orientations and the tilt angles were practically measuted on Hallim-eup, Cheju-do. They tended to
face east-west, but the overall distribution was deviated at about 10> from the direction facing accurate
east-west to that facing southern west-northern east. It is suggested that east-west facing cladodes receive
maximum solar radiation during the growing scason, from the spring to the summer, on the experimental
area, and that the deviation of 10> was owing to the southern east wind blowing strongly at that time.

The most cladodes inclined to the north or the west rather than erected vertically to the ground. It is

thought that the tilt angles were also affected by the scuthern east wind.

INTRODUCTION

The orientation of the plant leaf critically affects
on the interception of photosynthetically active
radiation (PAR) and its photosynthesis. The orien-
tation is not determined by inherent genetic inform-
ation only, but by a tropism according to a vector
relation between the sense organ and the external
stimuli such as light direction, terrestrial gravity,
and etc. (Gillespie & Thimann, 1963; Pickard &

Thimann, 1964). Cacti have a special significance

for their orientations because their photosynthetic
organs are the rigid stems through which PAR cannot
pass, while thin leaves of C; and C, plants are
relatively flexible and their orientations can be
changed by the wind or by diurnal tracking move-
ments (Gates, 1980). Photosynthetic organ of cacti
erects vertically to the ground, and east-west facing
cladodes of Opuntia amyclaea produced more dry
matter in the fall than north-south facing ones at
16°N in Mexico (Rodriquez et al., 1976).

On the survey of the orientation of platyopuntia

cladodes, a preferred east-west one has been sugge-
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:sted for O. compressa (Baskin & Baskin, 1973) but
this was apparently not supported by direct measu-
rement (Abrahamson & Rubinstein, 1976). However,
a subsequent study showed statistically significant
orientation. Cladodes of O. echios in Gal’apagos
Islands, O. stricta in Florida, and O. chlorotica at
ecastern Sonoran site tended to face east-west, while
‘O, chlorotica tended to face south-north in a Western
Sonoran site and the Mojave Desert (Nobel, 1980;
Nobel, 1981b).

In the areas with a tendency of east-west, most
of the rainfall occurred in the summer, on the other
hand in the area showing a tendency of north-south
in the winter. The preferred orientation maximized
PAR interception at times of the year when rainfall
1982).

In this paper, a model to estimate the monthly

favored growth (Nobel,

solar irradiance on a vertical cladode is to be esta-
blished. From this model an orientation where a
cladode receive maximum solar radiation can be
determined. The number of cladodes of the orienta-
tion is to be practically examined and compared

with that of other orientation.

MATERIALS AND METHODS

The orientation of terminal cladodes of Opuntia
Wolyong-ri,
33°23'N)
Cheju-do is a wvolcanic

examined at
Hallim-eup, Korea (126°9'E,
on 21 May, 1982 (Fig. 1).
island, and its ground is composed of basalt. The

lanceolata Haw. was

Cheju-do,

seashore site and the top of the basalt wall of which
height was about 2~2.5m and width was 2.4 m,
were chosen as investigating plots. The top of the
stone wall was flat and covered with a little sand.
Soil moisture was insufficient for common plant growth
in the both areas, so that dense Opuntia community
was formed only with a few species having a sirong
tolerance against the water deficiency such as Chen-
opodium album, Calystegia soldanella, Polygonum
aviculare, and etc.

The platyopuntias of about 60cm height were

chosen for experiments and the orientation of the
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Geographical map of the studied area.

Fig. 1

terminal unshaded cladodes was examined with a
compass. All angles were measured clockwise from
true south, so that a cladode with the surface azimuth
angle of 0° faces south.

The tilt was measured as an angle made between
the axis of a cladode and the horizontal surface.

Solar irradiance was measured with a temcometer
the both
Opuntia facing north-south (N-S), east-west (E-W),

at intervals of 30 minutes on sides of
southern east-northern west (SE-NW), and southern
west-northern east (SW-NE) individually. The solar
radiation interception on a vertical surface was obta-
ined for different orientations by mathematical for-
mula.

Soil water contents were shown as water weight
per 100 g of oven dried soil. Soils were dried for
24 hours at 105°C. Salinities of soils were measured

by titration with AgNO;.

RESULT AND DISCUSSION

Mathematical and simulation models

The average daily radiation for each calender
month on tilted surfaces facing directly towards the
equator was estimated by Liu and Jordan (1962).
It was then extended to calculate radiation on tilted
surfaces oriented east or west of south by Klein
(1977).
models to calculate radiation on tilted surfaces of

According to these methods, mathematical

plant leaves depend on measurement of average

daily radiation for each month on a horizontal surface
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of plant leaves, 7, and the calculation of To, the
mean daily extraterrestrial radiation for each month,
where
=T/ Tg weeeerenersoeemrunssniumsiunennssanianinenans (1)
The average daily radiation on a tilted surface at
plant leaves, Ir, is expressed as
Ir=RI=RKrIo

where R is the ratio of the daily average radiation
on a tilted surface of plant leaves to that on a
horizontal surface of plant leaves for each month.

Fr is made up of direct beam radiation, sky diffuse
radiation, and reflected radiation from the ground.
The diffuse and reflected components are assumed
to be isotropic. As the method of Liu and Jordan
(1962), R is given by:
R

=(1-T14/T) Ro4-(14/1)
(1+cos 8)/24p(1--cos 8)/2 «ovevrereens (3)
Ir=(I—14)Rs+Ia
(T-4-cos S)/24-T-p(1—cos S)/2 +ereenen (4)

where Id is the monthly average daily diffuse radi-
ation, R is the ratio of the average beam radiation
on the tilted surface of plant leaves to that on the
horizontal surface of plant leaves for each month,
S is the tilt of the surface of plant leaves from
horizonal surface of plant leaves, and p is the ground
reflectance. In the case of cladodes of platyopuntia
erected vertically to a horizontal surface, T—1Ias, Ia
(1+cosS)/2, I-p-(1—cosS8)/2 are assumed to be
constant inspite that the orientations of cladodes are
different each other. Therefore, the average daily
radiation on a surface vertically erected, Ir, is
proportional to the s+ Rs is calculated as the ratio
of extraterrestrial radiation on a tilted surface of
plant leaves to that on a horizontal one for each
month, i.e. as an entirely geometric concept.
When a tilt of a surface is 90°¢, R» is given by
Rs=(—sin & cos ¢ cos 7)x/180( Wiy~ Wir)

+4-(cos & cos 7 sin ¢)(sin W, —sin W)

—cos § sin 7 (cos W,,—cos Wir))

/2(cos ¢ cos 8 sin Wi

7/180 W SIN @ Sin §)errrereemsresescrovennanens (5)
where ¢ is the latitude and § is the solar declination,

7 is the surface azimuth angle: the deviation of the

normal to the surface from the local meridian, the
zero point being due south, east negative, and west
positive. W, is sunset hour angle on a horizontal
surface, given by W,=Arcos(~tan ¢ tan ). Wi, and
W.,, are the sunrise and sunset hour angles on the
tilted surface. If the daily radiation on the opposing
sides of a platyopuntia cladode is given as Ir,, Ir,
individually, the sum of both incident radiation, 7.,
can be expressed by:
I.=Ir,+Ir,=(I—1a) (RortRuz) +
jd(l,],S)_i»j.p.(lkcos ) JERTIITITRIT PN (6)
Owing to the same reason in the equation (4), Ir
proportional to the Rs+Rs. When the azimuth
angles of the opposing surfaces of a cladode are 7,
and 7, (7.0, 71<0), Rb;-| Rb, is given by;
Rby {-Rb,=
(—cos 77 sin & €os ¢((Wea— Werr)
— (Wise— Wir2) )z/180
-} cos 7y cos ¢ sin ¢((sin Wi — sin Wiry)
—{(sin Wiz - sin Wirp))
== sin 7y cos 6((cos Wi~ cos Wirp)
— (€08 Wiy — c0os Wirz)))
/2(cos ¢ cos § sin W,
+-7/180 W,SIng SING) everrersecrverennanasnnnras 7
where 7, is equal to (7,4180), W. and W,, are
sunrise and sunset hour angle on the cladode side of
negative azimuth angle, and W,,, and W,,, are those

of positive azimuth angle, given by

W= —arcos(— tan § tan ¢)
Won=71490°
Wira=72—90°
Wi =arcos(—tan g tan ¢) «--seerereeeavrccenas (8)
If the equation (8) is substituted to the equation (7),
Fo1--Rbe is given by:
Ro1-4-Rea=(--cos 7y sin ¢ cos ¢(71+90)7/180
-+ cos? 7y cos 4 sin ¢
-+sin?7; cos d— sin 7y tan 4 tan ¢)
/(cos ¢ cos § sin W,
+7/180 W, sin ¢ Sin §) »veevveseee (9)
The data of Rsi-+Bs, were calculated by FORTRAN
program (Appendix I).
As shown in Fig. 2, the simulated data of the

monthly average radiation ratios for all of the
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Fig. 2. The simulated diagram of the monthly average radiation ratio,

Ry 4R, for all of the months of a year.

months of the year were graphed by FORTRAN.
Experimental results

Investigating area, Cheju-do is a volcanic island
located in southern end of Korea (Fig. 1), which
Monthly

averages of daily mean temperatures and total pre-

belongs to the warm temperature zone.

cipitation on this area are represented in Fig. 3. The
climate of the investigating area is not arid but the
basalt ground on which O. lanceolata was growing had
a small amount of dry surface soil. The surface soil

showed high salinity in addition to its dryness because

the sites locate near the seashore. The high salinity
of soil may add water stress to plants.

The soil water contents were 0.90% and 16.12%,
and the salinities were 5.22% and 3.48% on the top
of the basalt wall and on the seashore site, respecti-
vely. These results suggest that Opuntia could grow
as a main species on these sites owing to the dry
condition of the soil.

PAR is a limiting factor on the growth of platyo-
puntia because vertical photosynthetic surfaces gen-

erally intercept considerably less incident PAR than
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well as often receive no
direct PAR at all (Gates, 1980). Mathematical model

to calculate radiation on vertical surfaces of the

horizontal surfaces, as

cladodes was established by modifing Klein's equation
(1977) in order to decide an orientation where the
cladode receives the maximum radiation. The monthly
ratio of the solar irradiance on the cladode surface
to that on the horizontal one was computed from
the equation (9). E-W facing cladode showed maxi-
mum irradiance from March to October in all of
different orientations. From November to February
was the irradiance maximized on the surface of S-N
facing cladodes (Fig. 2). The results calculated from
our mathematical equation agrees to Nobel’s (1980,
1981a, 1981b, 1982). When the growing scason of
Opuntia was from March to October the cladodes
tended to face east-west, while the tendency to face
north-south occurred in the area where the growing
period was from November to February. The mon-
Ry Roy,

explain convincingly the tendency of orientation, but

thly average radiation ratios, not only

solar radiation on any tilted surface can be also
calculated by extending the equation.

According to the experimental data of the solar
radiation on vertical surfaces and the orientation of
Opuntia cladodes, the total daily amount of solar
radiation was the most on surfaces of E-W facing
cladodes (Table 1). This result corresponds with the
theoretical ratio of solar radiation taken on the
vertical surfaces of cladodes from the equation (9);
the E-W facing cladode showed the maximum ratio
and the ratio was decreased for the cladode to rotate

toward the S-N facing orientation on May (Fig. 2).

Table 1. Experimental total daily amounts of
solar radiation by the orientations of
the cladodes of O. lanceolata at
Wolyong-ri, Hallim-eup, Cheju-do on
21, May, 1982.

Cladode SN NE-SW E-W NW-SE

orientation facing facing facing facing

Daily solar
irradiance
(cal-cm™2.day™) 213.48 371.04 398.28 379.92
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Fig. 3. Monthly means of daily average tem-

and total
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The orientations of the terminal clado-
des of O. lanceolata at Wolyung-ri,
Hallim-eup, Cheju-do (126°9", 33°23'N).
The heavy line at the lower part repr-
the cladode orientation. The
arrows and the figures at the upper
right corner show the wind direction
and the month, respectively.

esents

The orientations of terminal cladodes were mea-
sured with the compass on the survey sites (Fig. 4).
The terminal cladodes tended to face east-west, but
the over-all distribution was deviated at about 10°
from the direction facing east-west to that facing
southern west-northern east. Because most growth of
Opuntia occurred from April through September on
Cheju-do and E-W facing cladodes receive maximum
solar radiation for the period, E-W facing tendency
of cladodes can be explained well. The relation

between the productivity and the orientation of the
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Table 2.

Wind speed(m/sec) at Hallim-eup, Cheju-do (Central Meteorological Office, Annual Report)

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Daily mean j 2.6 32 31 31 2.0 2.3 29 23 1.9 1.6 2.6 2.5
Maximum i 8.5 10.0 12.0 14.0 14.5 13.0 9.5 8.0 11.0 10.0 9.0 14.5
Wind direction E ESE NW ESE SSE SE ESE ESE ENE ENE SE NW SE
The most wind direction § N NWNNW SSENNW SSE SSE NE NE NNE NW NE

cladodes were studied by Rodriquez et al. (1976);
E-W facing cladodes of O. amyclaea produced more
dry matter than S-N facing ones. More dry matter
were produced at the cladode oriented to receive
more light energy. Besides Opuntia orientation, the
effect of off-south orientation on the performance of
vertical solar panels was investigated to promote the
efficiency of solar heat gain (Lorsch & Niyogi, 1971).

It was seen in vertical collectors that the effecti-
veness actually increase with increasing azimuthal
angle (Felske, 1978), and this is consistant with the
ASHRAE heat gain factors for vertical windows
(ASHRAE, 1972). This occurrs because the vertical
collector will capture more of the summer radiation
when oriented off-south since in the off-south position
the summer sun is more normal nearly to the colle-
ctor during more hours of the day than in the due-
south position.

The number of the cladodes to face SWW-NEE
deviated at 10° from E-W facing ones were the
and the number of SE-NW facing cladodes

was remarkably fewer than SW-NE facing ones.

most,

It is thought that the tendency might be owing to
a southern east wind which blew strongly in the
growing season. Cheju-do is an island to be famous
for the abundant stone and wind. Particularly wind
blows strongly almost throughout an year. The dir-
ection and the speed of the wind were represented
monthly in Fig. 4 and Table 2. A southern east
wind in April, June and July was very strong with
a northern west wind in March and May. The ma-
ximum wind velocity reached 14.5m/sec on May.
Wind affects plant growth, reproduction, distribution,
death, and ultimately plant evolution (Nobel, 1981a).

SE-NW facing cladodes became knocked so violently

against these winds because they faced almost nor-
mally to the wind direction that cladedes of this
It is

suggested that the cladodes orient with the wind to

orientation might remain at a low frequency.

the direction reducing the force if they had a strong
pressure to wind flux.

The tilt angle against a horizontal ground was also
investigated on each cladode according to its orien-
tation(Fig. 5). The tilt angles of S-N facing cladcdes
are shown in Fig. 5.

Cladedes inclining to the north at about 7.5° against
the vertical angle were more than those erected
vertically to the ground. Stems of plants have a
geotropism growing in the opposite direction to the
gravity by plant hormonal action in order to inter-
1941). Nobel

(1981b) reported that longitudinal axis of cylindrical

cept much sun light (Oppenoorth,

stems tended to tilt toward the south in the northern
hemisphere and toward the north in the southern
hemisphere. But the axis of most platyopuntia cla-
dodes

investigation though Korea lccates in northern hemi-

tended to incline toward the north in our

sphere. It may be the effects of a strong southern
east wind. Most of SE-NW facing cladodes inclined
toward west at about 5° against the normal axis to
the horizontal ground, and E-W facing ones tended
to tilt toward the west. It is thought that the tilt
angles of cladcdes were affected by the southern
east wind belowing strongly at the growing season.
The SW-NE facing cladodes which stocd avoiding
the southern east wind inclined toward the southern
west. It may be an effect of the northern east wind
belowing strongly in August, September, and October.

The orientation of cladode is mainly determined
by the phototropism to the

intercept maximum
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radiation, and other environmental factors, such as

barrier, wind, and etc., are also to influence the

orientation of cladode considerably.
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Appendix I. FORTRAN computer program used

to solve the equation (9)

C GRAPH OF THE FUNTION R
INTEGER GRR(101), D(12), BLANK, UBAR
DIMENSION T(12), R(12,12)
DATA D/1H1, 1H2, 1H3, 1H4, 1H5, 1H
6, 1H7, 1H8, 1H9, 1HA, 1HB, 1HC/,

* BLANK/1H/, UBAR/1HI/
DATA T/-0.116, -0.072, —.013, .052, .104,
. 128,

* .118, .075, .012, —.053, -—.105,
—. 128/
PI=3. 14159265
P=0.185% PI

OPEN(6, FILE=“KIMOUT 2”, CARRIAGECON
TROL=“FORTRAN")
WRITE(s, 10)
10 FORMAT(1H////5X, “X”, 13X, 101(C-’)/1Ho,
4%, '-~-")
IX=-180
DO 100 I=1, 12
XPI=IX: PI/180.
DO 200 J=1, 101
GRR(])=BLANK
200 CONTINUE
GRR(1)=UBAR
DO 300 K=1, 12
TPI=T(K)*PI
WS:==ACOS(—~TAN(P) %« TAN(TPI))
R(I,K)=(—COS(XPI)  SIN(TPI) 5x COS(P):x
(XPI4-PI/2.)
-+COS(TPI) % SIN(P) %k COS(XPI) % %2
+COS(TPI) % SIN(XPI) % %2
+COS(TPI) % SIN(XPI) % COS(WS))
/{COS(P) % COS(TPI) s SIN(WS)+WS

S

% SIN(P) : SIN(TPI))

IF (R(I,K)) 300 6,7

IF(R(I,K), GE, 2,0) GO TO 300
M=R(I,K)*%45.0
GRR(M)=D(K)

300 CONTINUE

=

WRITE(6,20) 1X, GRR
20 FORMAT(4X///4X, 14, 10X, 101 A1)
100 IX=IX+15

WRITE(6,30) ((RA,K), I=1,12), K=1,12)
30 FORMAT (1H0, 24(//10X, 6F9.5))

STOP

END
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