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This is the first cf a series cf Technical Reports which will be
issued in respect of Ccntract No. N0G014-68-C-0307, HR 389-152 for a study
of he Energy Budget of Barbados. The basic research, of which the
contents of this Report represents an apolicatior, was perfcrmed with the
financial assistaice of the Nationai Resca>rch Council of Canada and the
Canadian Department of Transport (Meteorological Branch®. Without %this
support the fundamental investigation (eading to the developrent of the
method for evaluating the surface variations of ulckal raliatien #hich is
maainly the work of Mr. Atsumu OJhmura would not have keen performed.

The maps and diagraEs in this report were dravn by Mlle kicole

Demers, and the typing was done by Miss Daniela Stern.

8. J. Garnier
Principal Inwvestiqutcr
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INTRODUCTION

The tropics has kbeen known as a recion of great heat for many
centuries. The Greek division of the earth into "klimata" portrayed a
"torrid" zone between the Tropics of Cancer and Capricorn, and Hadley's
eighteenth century (Hadley, 1735) explanaticn of the causes of the trade
winds was based on the idea of the excess heat of low latitudes causing
equatorial air to rise and produce an inflow of air from nurth and south.
Among more recent workers, Simpson (Simpson, 1930) calculated the
atmospheric heat budget and showed the region within approximatelw 30°
latitude of the equator to be one of positive heat. balance throughout
the year.

Most of the solar radiation which is the source of all this
enerqgy, passes through the atmosphere to the surface of the earth.
Terrestrial long-wave radiation causes some loss of surface energy
and gain of heat to the atmosphere, but the greater part of the heat
received by the tropical atmosphere, and passed on to higher latitudes,
1s contributed by the turbulent and convective processes associated with
the fluxes of latent and sensible heat from the tropical seas and lands.
The exchange of enerqgy at the tropical air/surface interface is thus
extremely important to the global atmospheric circulation. Moseover,
these transfers are frequently small-scale phenomena, even though they
ultimately contribute to atmospheric circulation on the largest scale
{Kuettner and Holland, 1969). Thus, the surface exchanges in the tropics

need to be studied in detail and on a microscale if their contribution
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to the atmospheric system is to be properly understood.

A great deal of attention is currently being paid to the
air/sea interface within the tropics (Garstang and LaSeur, 1968; Kuettner
and Holland, 1969). This is not surprising in view of the large amount
of water lying within 30° latitude of the equator, the upper layers of
which constitute a vast storehouse for the short-wave solar radiation
received at the surface (Kuettner and Holland, 1969). The land areas of
the tropics cannot, however, be neglected. Continental territ-.cies such
as tropical Africa, tropical South America, and northern Australia, provide
large areas of distinctive land-surface energy budgets, while scattered
through the tropical oceans are numerous islands. The latter contribute
to the atmospheric heat engine in two ways: by the enexrgy balance of

their surfaces; and by the turbulence arising from their nature as

obstructions within prevailing, large-scale, wceanic wind-flow systems.

One such island is Barbados, the most easterly of the Leeward
Islands of the West Indies, 13° latitude north of the equator, and located
well within the trade wind belt of the North Atlantic ocean. There is no
land between Barbados anc the west coast of Africa. Thus, the island's

166 square miles of varied surface constitute a first obstruction in the

moist, North Atlantic trade-wind flow after many miles of trans-oceanic
passage. Such a location, in itself, provides a valuable base from which
ty study the influence of a heated island within the trade wind system
(Garstang and LaSeur, 1968). The island is, however, both large encugh
and varied enough in surface character to provide a valuable base for
gsampling the energy budget of an island land curface under tropical

conditions. In the south, where the island is widest, there is the
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open, rolling country of the St. Gecrge Valley (Fig. 1). Immediately
to the north the land rises rapidly and relief intensity increases.
Mount Hiliaby, 1,115 feet aboVe sea level and the island's highest point,
is rcughly the centre of a lony north-south ridge which divides the island
sharp’ly acvoss the line of the prevailing trade winds. The eastern side
of th ridge is steep and deeply dissected; its western side slopes
saoothly to the shores of the parishes of St. James and St. Peter, while
gentle slopes also characterise the terrain descending towards Bridgetown.
This relatiwvely simple, yet strong, physiography thus offers sufficient
variety to provide a base for studying how relief affects surface radiation
and energy budget characteristics. At the same time, it does not produce
8¢ complicated a patterr as to develop a degree of diversity which defies
analysis.

A marageable diversity within a relatively simple framework
also characterises the s rface expression of cultural activities. The
cultivation of sugar cane dominates the agricultural scene. However,
the lecal requirement that ten per ceni. of plantation land should be in
food crops, ensures the existence here and there of agricultural
landscapes other than sugar came grcwing, while the existence of Bridgetown,
together vith scattered areas of woodland and grassland, offers a
total snsemble of cultural landscapes sufficient tc enable the influence
of these, as well as relief, to be incorporated intc the energy budget
igvestigations.

This combinaticn of location, relief, and cultural influences
thus makes Barbados a particularly suitable base for studying the surface

energy baiance of a tropical island. Such a study involves solving the
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. The instrumentation and techniques for their solution are, therefore,

basic energy balance equations which for a land surface are:

FN=(Q+q)(l-a)+L+-L+

PN-G=LE+H (2)

where FN is net radiation, Q is direct short-wave radiation, q is
sky-diffuse short-wave radiation, L+ is long-wave emission from the
atmosphere, Lt is long-wave emission from the ground, G is heat
conduction in the ground surface, and LE and H are the latent and
sensible heat fluxes respectively.

Both these equations have been evaluated by numerous

scientists under a variety of conditions, both tropical and non-tropical.

w e A e e

well known, As a rule the work has concentrated on observations at
points for different kinds of horizontal surface. Such observations have :
provided an insight into the physical processes and diverse influences '
involved in the surface energy balance and earth/air interactions. For
a realistic picture to emerge, however, it is necessary to evaluate also
the surface variations in the balance of energy. This is particularly
important in the tropics where solar energy is passed into the atmosphere
from the surface, and where small-scale exchanges at the earth/air inter-
face can have such important consequences for the circulation of the
atmcsphere at large.

It is common practice in climatology to evaluate the ;patial

distribution of phenomena from observations taken at points. Such an

evaluation is as accurate as the basis on which the interpolation is m-de.
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1f this kasis is weak, the resulting patterns of surface variation are
pour, however, accurate the original point observations might have been.
Thue it is important to understand the processes underlying a spatial
distribution and to evaiuvate the surface variations in these terms

from point observations, rather than to interpolate blindly from point

cbservations which may only express the consequences of physical processes

and which are not, thereforz, in thesselves a valid basis for drawing
isarithmic lines of the element %0 be evaluated in spatial terms (Garnier,
1968).

It follows from this arqument that to express the topographic

variations of the radiation balance (equatica (1)}, or cf the surface

energy budget (equation ¢2);, it i3 necessary to see these as expressions
of fundamental physical processes which can then be employed in spatial
terms. Both equations express the interplay of thrxee major factors: the
influence cf earth/sun relationships; the effect of the atmosphere, largely
expregsed through weather zonditions; and the contribution of surface :
characteristics. These three factors can be classed respectively as

macroscale, mesoscale, and microscale, in both a spatial and a temporal

sense. Thus, earth/sun relaticnships are responsible for the fundamental

earthward flux of energy which varies in a large-scale way with latitude

X and the season; atmospheric influences are largely mesoscale in character

in terms of the synoptic scale of fundamental weather influences; and

; 2 - surface character operates at the microscale level by exercising final
L ] control over conditions at a giver spct, within the framework provided by

the other two elements.

zimental work currently proceding in Barbados can neasure
Expe

the parameters of both equations (1) and (2). These measurements become -
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spatially meaningful when they are applied in terms of the fundamental

approach indicated above. This provides a rational way to solve the

radiation balance and energy budget equations in terms of their topographic

variaticas. Such an approach, moreover, does not necessarily require
a close network of observation points (Garnier, 1968).

Althcugh the ultimate aim is to try to solve both equations
(1) and (2) in this way, the initial concentration has been on the
solution of equation (1). This expresses Rn in terms of shortwave and
longwave radiatior balances. The work to date has emphasised the
tepographic variation of shortwave radiation income (Q + q) the
evaluation of which from the observations of a single, representative
site can now be satisfactorily achieved (Garnier and Chmura, in press).
This evaluation is fundamental to the solution of equation (1) and also
involves the most intricate calculations. The purpose of this report
is principally to discuss the methods used and to show some of the
results achieved. Work on the evaluation of the other elements of

equation (1) is currently proceeding and will be reported on in due

course.
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II

THE EVAIATION OF SURFACE VARIATIONS
IN GIOBAL FADIATION INCOME

In order to evaluvate the surface variations of global radiatiom
income, it is necessary to calculate the divect and sky-diffuse compunents
separately, and to sum the results. This is because the source of direct

radiation is different from that of sky-diffuse: the former comes directly

from the sun acting as a single source in terms of its position in the

sky; sky-diffuse iradiation, on the other hand, comes frcm diverse sources
depending partly on the position of the sun in the sky and partly on

the composition of the atmosphere, especially its cloudiness, at a given
time. While the contribution from both sources can be treated theoretically
and mathematically, the calculation of topographic variations of direct
radiation igs simpler than that of sky=~diffuse radiation, and will he

congidered first.

Evaluation of Direct Solar Radiation Income

The integration over all wavelengths of the fundamental formula
for the monochromatic intensity of the solar beam yiclds a generai law
of transmission (Haltiner and Martin, 1957) for the flux of direct
solar radiation such that:

o
Imslrp (3) .

where Im is the energy in langleys per minute delivered by the sun on

Cma n o o n me e aey oy o e e




: ! however, only equal to Im under the particular situation that the suvxface
!
L3

a surface normal to the sun's rays, Ir is the value of extra-terrestrial

radiation equal to the solar constant divided by the square of the raiius

vector of the earth, p is the mean-zenith-path transmissivity of the

atmosphere, and m is the optical air rass.

e e, o4

The flux of direct solar energy falling on a surface is,

is, in fact, normal to the sun's rays. For all other cases, the intensity

of radiation falling on a surface is the value of Im modified by the ;
relation between the angle and azimuth of the surface on the one hand,
and the height and azimuth of the sun on the other. By expressing these |
characteristics of the surface and the sun by means of unit co-ordinate

vectors, an equation can be derived to express the flux per minute of

direct radiation on any surface in the form:
I =1Ip cos(X A S) (4)
- s ? —A —

where Is is the intensity of the shortwave radiation in langleys per
minute falling on the surface, X is a unit co-ordinate vector normal to
the surface and pointing away from the ground, S is a unit co-ordinate
vector expressing the position of the sun, and VAN is a symbol denoting
the angle between X and S.

This equation can operate in several ways. The way chosen in
the present context is to think of the sun as moving north and south with

. the seasons along the meridian of solar noon, and to ccnsider the surface

JRpenN—

as rotating around the earth's polar axis once in twenty-four hours. This

O

concept enables S to be expressed solely in terms of the cosine and sine

: of the sun's angle of declination (48), and X to be expressed in terms of

e
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the latitude of the surface (@), its angle of slope (given by the zeni.th
angle (zx) of X), and the azimuth (A) of the surface. It can then be
shown (Garnier and Ohmura, 1968; Ohmura 1969) that, for a given moment of

time:

cos (¥ /\ 8) = 1(siny cosH) (-cosA :.inzx) - sinH(sinA coszx)

+

(co=7 cosH) coszx] cos6 + [cosy (cosA sinz‘)

+

sing mle siné (5)

where H is the hour angle measured from solar noon positively towards
west and A is measured positively from north through east and negatively
from north through west.

Equation (5) indicates that the value of cos(X A S) can be
derived without difficulty from surface geometry and other readily
available data. The value of m in equation (4) can also be derived in
terms of the components used to express X and S provided that the secant
approximation for the value of m can be used. Under these conditions

(Garnier and Ohmura, 1968);

m= l/coszs = 1/(cosé cosf@ cosE + sindé sinfd) (6)

where ZS is the zenith angle of the sun. When Zs exceeds 70°, however,
the secant approximation for m is invalid and the true value of the

optical air mass as given, for example, in the Smithsonian Meteorological

Tables (List, 1966, p. 417) must be used.
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The only element of equation (4} vhich cammot be obtalned
from tables, earth/sun relaticnships, or terrair analysis, is atmoepheric
transmissivity (p). This is a2 highly variable guantity, being in a
general way a function of the weather and prevailing air mass characteristics.
The calculation of p for clondless conditions can be made Wy standard
methods (de Brichambaut, 1963). However, the proceduars for evaluatirg
direct ridiation suggested here assumeg the existence of cbasarvations at
a site representative of the region over which the surface variatioms in

short-wave radiation income are 0 be evalvated (Garmier and Qhsora, 1968).

Under such circumstances, p may be evaluated from equation {3) or by
using the measured value of direct radiatior as an irdicator of the mean
atmospheric transmissivity for the day or hour in gquestion. Both these
methods require thar the radiation observations being used permit direct
radiation to ke distinguished from sky-diffuse radiation.

Equation (4) is the fundamental equation for calculacing the
flux per minute of direct radiation on a surface of any slope and azimuth
anywhere on earth. For practical purposes the equation must be integrated
over time periods longer than the minute to which it refers. This integration
can be achieved by means of a summation approximation {Ohmura, 1968)

using sufficiently small time intervals (t) in the expression:

t

2
m
I=1, z p cos (_}5/\ s)at (7
=t1
. where Ist is the total over a given time period such as a day or an

hour, and tl and t2 are the first and last times, expressed in hour

angles, when the sun shines on the surface during the period in question.
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Summation at one-minute intervals is practicable with the use of high-
speed computers. However, such a refinement is not normally necessary.
Analysis shows that to use . = 20 minutes will give an accuracy, at least
for daily totals, within 5% of that using t = 1 minute (OChmura, 1969).
Since an accuracy of 5% is within the observational error of instruments
normally used for measuring radiation, such a time interval has been

adopted in the calculations made in the present context.

Evaluation of Sky-Diffuse Radiation Income

The e¢valuation of solar radiation income is & relatively
straightforward matter in that the source of crigin of the radiation is
a single point in the sky. When sky~diffuse radiation is considered, however,
the matter becomes more complicated. Sky-diffuse radiation reaches the
surface by scattering and by reflection from clouds. Under completely
clear sky conditions, sky~diffuse radiation reaches the surface only by
scattering, with a maximum concentration of the source of diffuse radiation
in the area around the sun. The presence of clouds, however, introduces
additional sources of sky-diffuse radiation until, under overcast conditions,
the source of sky-diffuse radiation is a homogeneous celestial hemisphere.
Under the latter conditions the scattering by water droplets will be
independent of both wavelength and direction; urder completely clear
conditions, however,when Rayleigh scattering dominates, the flux of
diffuse radiation depends both on wavelength and the direction of the ray.

It is clear from the foregoing that an almost infinite number

of situations exist under which sky-diffuse radiation reaches the surface.

e
B i o Ty VORI 4
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To solve all the cases is an almost impossible task, although the
mathematical argument involved is not too complicated. This argument
may be explained by reference to Fig. 2.

If the intensity of diffuse radiation from the part of the
sky (g, H ) is expressed as D(g, H ), the amount of diffuse
radiation emitted from the area cosg g d H and received on a surface,

the plane of which is normal to the source of emigsion, will be:

D(g, (:) Jecosg dg d (:)

The flux of diffuse radiation on a slope of gradient 6 will then be:

D(g, @ )coszg cos ( @+ 8)dg d @

By integration it can then be shown (Ohmura, 1969) that the flux of
diffuse radiation from the whole celestial hemisphere will be:

1/2-8 w/2 PR "
D, = / s dig, (¥) Jeos“g cos ( (H) + 0)dg d (:) (8)

-n/2  -%/2
Equation (8) is thus the fundamental equation for calculating the flux
of sky-diffuse radiation on a given surface. To solve it requires a
large number of measurements since the value of D(g, (:) ) changes
rapidly. However, if a homogeneous celestial hemisphere is assumed,
equation (8) reduces (Ohmura, 1969) to the well-known Kondrat'yev
equation (Kondrat'yev, 1965) for calculating the sky-diffuse radiation

falling on a slope from the value measured on a horizontal surface:

o Wl e sty s

A S Ay o




where Dh is the sky-diffuse radiation measured on a horizontal sarface.
This equation is simple to operate and uses readily obtained
data. Por this reason alone it tends to be commonlv used. In the preseat
context, moreover, its use uoes not lead to serious inaccuracies:
firstly, if the formula is used for daily totals of sky-diffuse radiation
it means that there will have been integration over the entire hemisphere
above the plane of the surface, so that the inaccuracies inherent in tbe
formula will be reduced (Robinson, 1966); secondly, the contribution of
sky~-diffuse radiation to global radiaticn 1s minimal urder clear-sky
conditions when the assumpticn of a homogenecus celestial hewisphere is

least valid, and is maximal under ovexrcast or very cloudy conditions when

calculation by the formula contributes its =most accurate results.

Consequently, in the present study, the topographic variations in glcbal

C v e

radiation are calculated by combining equations (4) and (9).

Accuracy of the Method of Evaluation

Theoretical consideratioms suggest that the procedures described
for evaluating the topographic variations of global radiation income
by the use of equations (4) and (9} will yield results which, at least

for daily totals, do not exceed the 5% error suggested as permissible in

view of instrumental limitations. To test this claim a series of
measurements was made at Mont St. Hilaire, Quebec, (lat. 45°N) from August

*
29 to September 2, 1968 .

*
A more extensive series of measurements 1s at present currently in progress
in Barbados, but the results from them are not yet availatle.
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Three Xipp and Zonen pyrancaeters were installed at am angle
of 20° facing rorth, east and south respectiwely. At the same time an
Eppley pyranometer, tilted at an angle of 20° o a tripod and suitably
st.aded, was rotated successiwvely every tyenty mmutes tc face north,
east. and south. 7Iwo other Kipp and Zonen pyrancmeters recorded jicbal
and sky-diffuse radiation continously on & horizomtal surface. The
value of direct shortwave radiation thus avaluated for a horizoatal
surface wvas used to cbtain the transmissinn coefficient of the atmospheie
which was then ewrloyed in calculating globai radiation or the sloping
surfaces. For this purpose the following equation (Chmura, 1369) was

used:
Comp .Global = Irpncos(!/\ s) + Dhcosz %4- Al (Q - Dh)sinz % (10)

In this equation , the first and second terms on the righthand side are
from equations‘(4) and /9), The third term is reflection Srom the
surroundivng area. Calculation shows tnat tais third term is generally
less than 3% of the shortwave reflected radiation and, therefore,
contributed less than 1% of the gilnbal radiation, since the experiment
was conductad in grassy surroundings whexe the albedo was less than
0.30. Thus, although the term was considered during the experiment its
small contributizn can be normally safely neglected in evaluating surface
variatious of short-wave radiation.

The results of the study are shown' in Fig. 3. The dots are
plotted in xespect of the twenty minute totals computed and measured
during the four days of the experiment. The 1l:1 relationship line

on each diagram indicates visually the resulting close correlation.
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. ctatistically this correiation is calculated as:
North 26G° r = 0.995
East 20° r = .99
South 20* r = 0.996

These results suggest that the method for calculating topographic
variations in short wave radiation income suggested in this report is
reasonably accurate. It is interesting to note, howewer, that the error
in caiculated results i3 greatest on both north and south-facing slopes
when measured shortwave radiatior values are high, but that the sign
of the error on the north slope is opposite to that onthe scuth slope.

This can be explained mainly by the formula used to evaluvate sky-diffuse
radiation. A compzarison of the computed and measured values of this

element alone is shown in Fig. 4. This compariscn indicates that the two

. values were close to each other when the sky was overcast, and divexged
considerably under clear sky conditions. Thus, when the sky is clear
and the sun is high, the sky~-diffuse radiation will be underestimated on
a slope towards the sun owing to the high proportion of sky-diffuse
radiation coming from the vicinity of the sun. For the same reason,
the sky-diffuse radiatiun will be overestimated on a slope facing away
from the sun. On the other hand, the more nearly homogeneous ccnditions
of low sun or overcast conditions is expressed in the greater accuracy

of the computed valuas when global radiation values are low.
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Fig. 5 The Flow Diagram for the Basic
Computer Programme to Calculate
Direct Radiation on a Slope
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COMPUTER PROGRAMMING AND MAPPING PROCEDURES

The computer programming and mapping procedures whereby
evaluation of surface variations of global radiation are effected may
be considered in three sections: the basic computer programming
involved; the way to map the data; and some particular aspects

useful in a tropical context.

Basic Computer Programming

Ehe computer programme which is fundamental to all calculation
and mapping of global radiation on slopes, is the programme for computing
direct radiation from equation (4), using the elements shown in
equations (5) and (6) respectively. This programme, arranged for a
print out in table form (Table One) is illustrated in Figs. 5 and 6.

The notation used in the programme is as follows:

F is the latitude, given in radians .

FO is the angle of declination of the sun, also given
in radians.

SOL is the value of the extra-terrestrial radiation in
langleys per minute.

G is the atmospheric transmiszsivity, given in the
programme illustrated for numbers between 0.40 and
0.85 in steps of 0.05.

Q1 is the value of the optical air mass; this is
calculated from equation (6) until the sun's zenith
angle is equal to 70°, from which point onwards the
true optical air mass as given in the Smithsonian
Meteorological Tables (List, 1966) is used.
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C CALCULATICK OF DIRECT INSOLATICN ON THE SLOPES
C UNIT LANGLEYS PER DAY
CIFENSICA X133, Q(19)
C LATITUDE IN RADIANS
F=0,22¢9
€ CECL INATION OF THE SUN
130 READ(5,+131,END=999;FC, SCi
131 FORMAT (F5.0,F4.0}
C TRANSMISSIVITY
8 6=0,40
T WRITE (6410) Fy FGy G
10 FORMAT (1HL+9HLATITUDE#sFTe4//13H DECL INATION#,F6e2//
116F TRANSMISSIVITY#,F5,2/7/
211H ANCLE CF 145X,
3 18HAZIMUTH OF SLOPE /76H SLOPE93Xe3H 093X93H 10,3Xs3
&K 2093X93H 3043X93H 40¢3X93H 50,,3X,3H 60.3X,
53H 7093Xe3H POy3Xy3H 9043X93H1CO0+3Xy3H110+3Xy3H120,43X,
63H13093X93H14043Xy3IH15043X93H160¢3Xy3HLT7Cy3X,3H180/)
8=0,0
B8A=0,0
2 A=C,0
00 1 1=1,19 )
X(1)=-CCS(AIFSIN(B]}
X(2)=SIN(BI*SIN(A)
X{3)=CCS(B)
Tl=(X{1)*SIN(FI+X(3)#CCS(F))*COS(FC)
T2=(~X(1I*COS{FI+X(3)*SIN(¥))*SIN(FO)
hn=2,1C
QUI)=C.0
5 QC=COS(FCI®CCSIFI®COSIn) +SIN(FCI*SIN(F}
w=ht0e CAT3
IF(QD-LE.0+0) GC TC 5
Q2==X{Z)*SIN(WI*CCS{FO)+T19CGS (W)
CT=Q2+T2
IF(WeGTe2e1) GC TC 1
IF(QTeLEL0,0} GO TO S
C1=1,0/(CC+0.0001)
1F(Q1-2.8) 121y 121y 122
122 IF(QleGEe209} Ql=2,9C
IF(QlsCEe3e0) C1=3,05
IF{QleCEe3al) 0Ql=3021
IF(QleCEe343) Q1=3439
1F(QleCEe3e5) Ql=3459
IF(QleCEQ347) Ql=3,82
IF(QleCEe4e0) Q1=4407
IF(QleCEo4eb) Cl=4e72
IF(QleCEeS5e0) Cl=5612
IF{QleCEe5e5) Q1=5,¢€C
IF(QleCEeb6e0) (Ql=6418
IF(Q1laCEe 6e5) Ql=6.88
IF(QleCEe B4C} Ql=T.77
IF(QlsCEe B848) Cl=8,50
IF(Ql+CE410eC) Ql=1Ce3S
IF(QlsCEal340) Q1=12444
IF(014GEe17+0) Ql=1543¢
IF{Q1eCEe244C) CI=19475
121 1F(ABS(G1)eGTe45.0) C1=304C
QUIN=Q(11420,04SCL=G#*C1#QT
IF({WelTe2.1) GC TO 5
1 A=A+0,17453
WRITE(£420) BAy €
20 FORMAT {20F6.1)
BxB+0, 17453
BA=BA+10.0
IF(BalTele60) GO TC 2
G=G+0,C5
IF(GeLEsCe85) GC TO 7
GO TO 13C
999 STCP
END,

Fig. 6 The Computer Programme to Calculate
Direct Radiation on a Slope

i
i
i
H
¢
i
i

(RO R A e e

camak




. e s e me o e et e e e e vt e o o 2

YR - 23 -
‘ Table One
3§ Table of Direct Radiation on Slopes, Barbados
A
1
LATITUDE Y 0,22€9
¢ DECLIAATICNS Co4C
] TRANSMISSIVITY? 0,65
L]
ANGLE OF AZIMUTH CF SLCPE
SLCPE [} 10 20 20 40 5¢C 6C 70 80 90 100 110 120 130 140 150 160 170 180
- 000 5125 51265 512¢5 512e5 51265 5125 51265 51265 51265 51245 51245 51245 51265 512645 51245 51245 51245 512.5 512,5
x 1060 53465 53341 53049 528eC 52446 520e7 51604 5118 50700 50201 49703 49246 48863 4Bheh 48lal 47805 4Ttab 475,56 475.7 i
4 2000 5414C 537¢7 53301 5276€ 521e2 5140l 5C6e3 45800 48903 48002 47192 46202 453¢5 46543 43863 43245 428s]1 42546 425,6 H
Bl 3060 53160 52663 51962 511el 50204 4934C 48248 472,0 46066 34804 43548 42249 40909 39703 38600 3T6el 36847 35443 363,9 2
, 4040 50409 49863 489¢5 47943 46841 45805 447.6 43505 42302 40902 39349 37765 56005 34343 32741 31264 30%e5 29344 292.6
§ 500 46304 45662 4454 43341 42246 41265 40302 39244 37507 36409 34768 32806 307e9 286¢3 26408 26407 2274 21646 21644
€00 407eG 3997 38742 37462 36547 35962 3526¢€ 34440 33263 31708 2995 27803 25446 22942 20249 17764 15366 13746 133,40
7000 33969 3214l 31745 30563 30264 301e5 29940 29343 28345 26946 251el 22940 20364 17562 145,07 Llhad 8406 6246 5406 H
80,0 261a7 252e4 238s1 232¢1 23843 24306 24505 24207 23500 22201 20404 18243 15602 12609 9%e4 62.5 2943 5.6 040 ;
6Ce0 17345 16600 15246 165.1 1794 185¢5 19407 19463 18846 17Tel 16048 139¢8 11469 8740 5702 2648 Oc8 (Y] 0.0 :
*
' . A and B are the azimuth and gradient of slope
respectively; in the programme illustrated
the azimuth is given from 0° (north)to 180°
. (south) in 10 degree intervals, and the slope
from 0° to 90° for every 10° degree interval,
W is the hour angle expressed in radians , .ith
) solar noon equal to 0.000 radian; negative
, values are before noon, and positive values
= are after noon; in the programme illustrated
; calculation starts at 0400 hours and terminates
AN at 2000 hours; the calculation is made at 20
o i minute intervals (20 min., = 0.873 radian).
! The remaining elements of the programme constitute
L ' calculations from the formulae used to compute the surface values
- of direct solar radiation. These elements are found in the
ks
k|
calculation of X(1), X(2), X(3), Tl and T2. The shadow effects
! taken into account are those caused by the horizon and the plane of
the slope itself. 1In the programme, QD stands for the cosine \
.
‘ of the sun's zenith angle. If this is negative, the sun must be
L >
v ):;
A | 4
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Fig. 7 Seasonal Chanae of the Latitude of Declination
of the Sun *
Solar Declinations Selected for Computer Programming
I
Period Declination T
—— ———— (ly/min)
r Nov.20 - Jan.23 -23°27! 2,07
Jan.24 -~ Feb.18; Oct.24 - Nov. 29 -15738' 2,06
Fab.1l9 - Mar.1l0; Oct.33 - Oct.23 -07°49' 2.04
Mar.ll - Mar.3l; Sep.l3 - Oct. 2 00°00" 2.02
Apr. ! - Apr.2l1; Aug.23 - Sep.l2 07°49' 1.99
Apr.22 - May 18; Jul.26 - Aug.22 15°38' 1.97
May 19 - Ju. 25 23227 1.94
:
]
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!
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-
i e T - ——— e g o . ) » - -
- « Te—————— - - - T~ - ot




B o .00 = 4 it w e e e e =

- 25 -

below the horizon. QT denotes the cosine of the angle between the rnormal
of the slope and the direction of the sun. QT will be negative when

the sun 1s behind the slope. Thus, by eliminating QD when negative

and QT when negacive from the accumulaticn of the values computed

every twenty minutes, it becomes unnecessary to determine the hours

when the sun shines for the first time (t1 in equation (7)), and the

last time (t2 in equation (7)) on each slope.

It is apparent that the computer programme illustrated applies
to a particular latitude (F) and refers also to a given time period fox
which the angle of declination of the sun {FO) and the extra-terrestrial f i
radiation (SOL) remain constant. The value of the latitude remains a
constant which fixes the location of the area being examined. The values
of FO and SOL, however, will vary during the year. I

To take account of the changes in FO and SOL for each day or

week of the year is time consuming and, in practice, unnecessary since
the influence of the day to day changes in the sun's position in
equation (7) is insignificant as compared with the influence of the

other terms. Thus, it is convenient to divide the year into periods

s R P e R L

for which a surtable declination and value of extra-terrestrial radiation
can be used. Since the curve of the latitude of the sun's declination

against time is sine-like , the procedure followed has been to divide

of e cfeacfimitense & il o

the year into periods of unequal length for which a given declination

Bl PN

and value of Ir can be regarded as a true mid-value. Such a division

is given in Fig. 7 and Table Two. The length of the periods have been

R R A

chosen bearing in mind the earlier stipulation that an accuracy of 5%

- %

15 appropriate in view of instrumental limitat.ons, A division of the

. year into twelve periods has, accordingly, been made,centering upon

b i m » st s 2 oo o e <




Fig. 8 Regions of Barbados for Relief Sampling y
X: Complicated relief; Y: Intermediate relief;
Z: Gentle relief

! Gradient Angle
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Number of Sampling points

Fig. 9 sampling Points and Gradient Angles for the
Radiation Mapping Grid of Barbados

NOTE: Bracketed numbers refer to the sampling areas -
in Fig. 8
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the rxepresentative declination and values of Ir given in Table 2.

Mapping the Data

In order to map the topographic variations in short wawve=
radiation over a given area an appropriate base map must pe prepared.
This involves covering the area of study with a grid at each inter-
section of which is marked the azimuth and gradient of slope. The 1
closeness of the grid must be dec’ded 1n terms of the detail of the

study being made and also the intensity of the relief of the area.

The grid system used for the map of Barbados appearing in
this report was made from the eighteen sheets cf the 1:10,000 topo-
graphic series, prepared in 1553 by the British Colonial Surveys
(Basnayake, 1968). 'These map sheets have on them a basic grid, 10 cm
square. This grid provided a sufficiently close netwcrk for the
southern half of the island, with its gently-rolling physiography.

The more hilly central and eastern parts >f Barbados, however,required
a closer grid system.

To determine this detail, three 10 cm squares of varying
types of complicated relief were selected (Fiy. 8). The average
gradiant for each square was calculated using successively doubled
numbers of sampling points. The results are shown ir Fig. 9. The
gradient averages reached stable values at between 17 and 33 points per |
10 cm square. Therefc(ve, the figure of 25 points per 10 cm square was
chosen for the areas of most complicated relief of the island. This

resulted in a grid pattern of 2.5 cm squares.

An identical procedure was adopted as a means of selecting
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the qgrid density for use in areas of :intermediate relief. As a result
a grid of S cw squares was adopted for this part of the island. Thus,
it was possible to divide the island into the three regions shown in
Fig. 8.

Tc measure the gradient of the slope t each point of the
resclting grid, the number of successive contour lines over standard
distance was used rather than the difference between individual adjacent
contours. This procedure was followed tor two reasons: it is easier to
count the successive contours cver a comyaratively large pre-determined
standard distance than to measure accurately small distances between
two oontours; and to use a stardard distance for gradient measurement
enables ar awverage value to be obtained that tzkes into account the area
around a sampling point, rather than using the value at a given single
pcint, A circle, 15 mm in diameter, was used for gradient analysis. This
proved to be an optimm size which avoided both the ambiguity of single
contour interpretation arising from the use of a smaller circle, 3nd
the difficulty of determining average siope direction and counting too
many contours if a larger circle were used.

The 1:10,00)0 maps used to prepare the base map have contours on
them at 20 ft. intervals. For such a map, therefore, the number of contours

in a 15 mm aistance corresponding to d:ifferent angles of slope is given by,

15 tanX
Y = o6l (11

where X is the given angle of slope and Y the number of contour
crossings in 15 mm of map distance.

The calculation of the values of azimuth and gradient to be

e i 1 = e e . -t T
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inserted at each intersection of the grid was effescted by means of a

’
s e ™ an ana,
WY

PR

clear plastic protractor, with a movable pcinter of semi-rigid clear
plastic pivoted at the origin of the protractor. The pointer was marked

with 2 central longitudinal line, with another line at right-angles

to it and passing through the pivoted origin. A circle of 15 mm diameter,
with 1ts centre at the pivoted origin, was also marked on the pointer.

The protractcr, with the pointer attached, was placed with its centre of j
origin on the selected grid intersection of the topographic map. To
obtain the azimuth of the slope, the pointer was moved so that its marker

line was perpendicular to the major contour trend, and the appropriate

angle was then read on the circular margin of the protractor. For

gradients, it was simply necessary to count the successive contours within

[y,

the 15 mm circle and to read the corresponding gradient from the values

. in a table prepared from equation (11).

When measuring the gradients care was taken to ensure that the
contour lirnes were truly successive, and were not repeating the same

values as, for example, in the case of those doubling back on themselves.

In the case of open valleys or spurs, slope measurement was done on the
main axis. Narrow, deep. valleys, a large aumber of which exist in the
limestone topography of Barbados, were ignored in the slope analysis.
This was because, in general, they play an insignificant role in the regional
picture of surface radiation variation, and especially because many of
them were found, on inspection in the field, to be choked with bushes and
trees so that the effective surface was often level with lhe adjacent
surroundings, if not actually higher.

To effect the mapping of global radiation by using the base

map prepared in this way, a computer programme was made which calculated
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the value of the global radiation ror each intersection of the basge-

map grid. This calculation is made from the radiation data of a single,
representative site, which, in the case of the maps appearing in this
report, constitute the abservations uf global and sky-diffuse radiation

made in 1964 at the Brace Experimeni Station, in the grounds of the

e Stamans st it s = A A bmans s ean S <

Bellairs Research Institute, St. James (Tout, 1967, 1968). i

yib
L0

For mapping purposes two sets of data cards were prepared:
one showing the azimuth and the other showing the gradient for each
intersection of the base-map grid. The maximum possible number of

columns per card rfor this purpose was twenty, since four units are !

needed to indicate the azimuth in degrees and whether it is positive ox

negative. Thus, the grid covering Parbados was grouped suitably into

major divisions, each division being twenty grid-~ points wide. The

programme thus calculated the globai radiation values at the grid points

was then divided suitably so as to conform to its actual pattern on the

{

,i in one continuous length, twenty columns wide. The resulting print-out
! . . .
l map. To ensure the correlation of points on the map, an appropriate

H B . . 1] = 3 ] + *
i overlap was made in the division of the grid into twenty-column-wide units.

The calculations effected by the computer are illustrated in
Fig. 10. The latitude (F) is expressed in radians. After reading the
cards giving the azimuth and gradient of each point in degrees, the
values at these points are converted into radians in steps 12 and 13.

! Step 15 reads the year, month, and day (Ll), the declination of the sun

In practice, it was found convenient to confine the division into twenty
columms to the region of complicated relief on the island. The remainder
i of the island, where the base grid was wider, was divided into fourteen
column-wide units, and the computer programming for calculating this part
of th: island was modified accordingly. .

e = e e s 4 et e . A KELD ARl iy ol W NIA  y
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€ GLOEAL RACIATICN MAP R2REBALCS

0001 CIVENSTICN A0120,200.B(12€,20),%13),5(120,200
C INPUT LATITUDE IN RADIANS
0002 F=Ce 22¢€S
C REAC THE AUMBER OF CARDS
0003 READ{S5,888) L
0004 888 FOPMAT (13)
C REAC BZIMUTH ANC GRAGIEANY CF SLOPES
0005 READ(S5,100) {(ACI4J), J=1,200,0=1,L)
cocs 100 FORMAT (zO0F4.0)
0007 REACE5,101F (1BU1,30,J=142C)y I=1,L)
0008 101 FORMAT (2%F340)
0039 CO 880 i=14L
0010 00 880 J=1,2C
0011 IF (B¢ s J)oECe9CaC) GC TC €€0
0012 ALTJ)=ALI43)%04CLT45
0013 BlIyJ)sBI J)¥0eC1T745
col4 880 CONTINLE
0015 661 READ(5,1C2,END=,59.1, FCy 1Fy CIRy DIF
001% 102 FORVMAT(1E, F4u0y 12, 2F6eC}
0017 WRITE (€+556)
0018 5§56 FORMAY 11H1)
0019 WRITE (64103)L1, +C, IFs CIR, CIF
¢c20 103 FORMAT (4K DATE# ,» 18, !3% CECLINATION# (FéeC, 12/719H DIRECT INSOL
LIATION® +F6e1/24H SK¥~DIFFLSE INSCLATICN® ,F5.1}
o021 FIF=IF
0022 FIF=FIF*0,0167
0023 IF(FO) 2C, 20, 21
0024 20 FC=(FC-FIF)#0.01745
0025 GC TC 22
0026 21 Fr=lFC+FIF)#0.01745
0027 22 G=0450
. ocze 1534 55=0.0
0029 wa-241€
0030 155 CD=COS (FCI*COS(F)I*COSIW)4SINIFOISS MF)
0031 Cl=1.0/(CC+0,0001)
. 0032 IF(ARBS(C1!eGT440s0) C1=3CeC
0033 IF(QDeLTe0,0) CD=0,0
0034 §S=55+8040%G4*C1*CO
0035 hzh+0o 1746
0036 IF(WelTeZe2! GO TC 155
C COMPARISCN BETWEEN CIR ANC SS
0037 0=CIR-SS
oc38 IF(ABS(C )~ 5.0} 162y 162, 161
0039 161 IF{DIRLGTeSS) GG 7O 163
0040 G=G-0, C5
0041 GO TC 154
0042 163 G=G+0sC15
0043 GO TO 154
0044 162 WRITE (69 171} G
0045 171 FORMAT {17H TRANSMISSIVITVE , F5e4//)
0046 0o 778 I=1,L
0J47 CO 778 J=1,20
0048 IF(BUI4J)eECe90Ue} GO TN 413

Fig. 10 The Computer Programme for Calculating
Global Radiation over Barbados

' {continued over page).
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Fig. 10

X{1)=~COS(AC I, ) )sSINIE(IsJ})

X{2)=SIN(BUL,J)38SINEA(L,J))

Y{3)sCCSIB(1,J)})

TIs{XCLI*SINIF )+X{3)#CCS(FIISCCSIFO)
T2={=X(1)}%COS{FIeX(3iSSINIF)I*SINIFC}

Ws=2,1¢

S(1¢J)=0,0

QU=COS(FCISCAS LF)ISCCSIN) 4SINIFCISSINIF)

Ci=1¢0/1(C0+0,0001)

IF(O1~-Zo &) 121, 121, 122

IF(Qle€Ee2.9) Q122,90

IFIQ1.€CE4340) Cl=3,05

1F(01.€CEe3.1) C1=3,21

1IF{QL.€Ee3a3) Ql=3,3%

1Fi101,CEe345) C1=3,59

IF{Ql.CFo36,7) Q153,82

iF(01e€Es4e0) Ql24,27

IFIQleCErheb6) Clng, 72

1F{QleCEe560) Cln5,12

IF1014CEL505) C1lx5,€C

iFIGL,CEe6e0) C(l=6,18

IFIQLleCEs 605) Cl=60E8 .
IF{01.€Es 8eC) Ql=7.77

IF(L . oCFy 808) Cl=8,5C
IF(Q1eGEL104C) Q1=10.3S
IF(Q1eCEe13:0) Clx12,44
IFIQLeCELITeC) Cl=]5,3¢€
TFiQleCEe2440) Q1=19,75
IF(ABS(QL24GYe45,0) C1=30,C
Q29X 2) S IN(UIFCLS(FO )¢ TR9CCS W)
QT=Q2¢72
IF(QCalTo0e040RCToLToCoC? QT=CeC
S(1y3)5S(19J)480,08G8#C)eCT
N=4+0, 1745

iFi{nelTe262) GC T9 5
SITeJixSIIoJ)4DIFS{CCSIR(],5072.00 )%%2
&0 T0 778

${5,J)20,0

CONTINLE

WRITE (59632) ((S€Igdde J=1920)4I=1,yL)
FORMAT (2CF50,0!}

GO TO €6l

STOP

END

(Continued)
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(FO,. IF), and the direct (DIR) and sky~diffuse (DIF) radiation for the

day in question. The declination of the sun is expressed in degreces (FO)

and mnutes (IF), and this value is converted to radians in steps 21 to

2G. The direct and sky-diffuse radiation are daily totals in langleys.

Thus the programme can be used for a particular day, or else for a longer

gr10d by usina the mean daily value for the period in question. Steps

28 to 43 effect the calculaticn of atmospheric transmissivity (G).
This is achieved by first calculating a daily total (SS) on the basis of

a transmissivity of 0.50 and accumulations every 40 minutes. This total

1s then compared with the direct radiation total already supplied, and a

re-calculation altering the “f G, either by decreasing it (step

40) or increasing it (step 42,

‘ected until the value of SS is

within 5 langleys of the value of measured direct radiation. The value of

G which achieves this is then used to calculate the direct radiation at

each grid point in a manner similar to that already explained in connection

£

with the base programme. The contribution of sky-diffuse radiation is %
added in step 84. :%
The programme illustrated in Fig. 1C is arranged for a print- ;%

out in table form (Fig. 11). This print-out gives the values of global :g
radiation at each grid intersection of the base map. Plotting the data z
and drawing the relevant isarithms by hand thus becomes routine carto- ‘Z
graphic procedure. Although this perhaps sounds an unnecessarily ;;
lengthy way to produce the final map in view of the availability of %
computer mapping programmes, in fact it was found the most appropriate :%
) way for making the maps of Barbados. This conclusion was reached after §

trying out the computer mapping programme illustrated in Fig. 12.
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506 525+ 525« 525 Qo Co [: Oe 0 Ce Oe O [1 9 Ce Ge O Qe Oe Os Qe
5Che 535+ 5i5¢ 5256 Ce Ce e Co Qe Ceo Go Oe 0o [+ [\ 19 [ 29 O Ce [ B Oe
384¢ 4460 518, 525. 525. Co O Ce Ge Ce O [ 1 O 0o O Oe Qe 0w 0. Oe
6Ce, 637 35C6e %250 3525 Co 0O Ce [ Co Oe Oe O Ce Oe O 0o Ce 0. Qe
525« 525« 525+ 52%. 525 52%. [ Ce Oe Ce Ou O O O O Os O Oe 0. [ Y
5254 525« %25« 525. A29, %3], 490, Oe O Ge O Oe Ce O [ % O [: 29 Oe O Oe
477¢ 5C6a 5.5¢ 525« 5240 503, 500, 525 Oe Co 0o O Oe Ce 0. O O O Ce 0.
592, 525« $13e 4730 4330 385 4240 440, 525¢ Oe O [ 1 O O O G Qe Oe [ 2% Oa
525« 513e 455« 294e 2¢3. 4EE, 459, 516G, 525. Ce Ce Qe O Ce O Oe Oe Oe 0. 0.
5250 5C% 410, 503, 424¢ 44¢€. 605, 534, 343¢ 477, Oe O O [+ 0s Oe Qe Oe Qe Oe
4%Ce 518s 410¢ 5160 5036 484s 495, 574 516e 4556 Ce O Oe Oe [ 1Y O 0 O 0. Ce
535, £86es 545%5. 455, 598, <17 519. 487, 357, 446, 500. O Oe O O O Oe [+ O Qe
497, 486s 513¢ 473, 4L8, 451s 445, Sl 1e 585 537. 490. 525. O Oe O 0e [ 79 0O Oe 0.

Fig. 11 A Sample of Global Radiation Values,
Barbados
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.
C RACIATION STUCY, GLOBAL RACIATION MAP, BARBACOS.
0001 cx:ﬁusxcn A(120420) s BL12C,20)4X13),E196) 4 SYPBCLI50) 45120420} 4Cl4s i
196 :
C INPUT LATITUCE IN RACIAN,
6002 F30e2269
C READ GRAPHINC SYMBCLS
0003 READ (5,7C2) (SYMBOL{I}.I=1,50)
+ 004 T00 FORMAY (50A1)
C REAC YHE LENGTH CF THE MAP E
0005 HEAD(S5,888) L
00C6 888 FORMAY (13!
0007 LisL=-1
C REAC BAZIMUTY ANC GRACIENTY CF SLOPES
0008 READ(5,10C5 ((A1I4J0¢ J21920041=1:0)
00c9 100 FCEMAY (ZCF4.C)
0010 REAC(5,1C1) T(B(I,J)sJ%2¢2C)s I=1sL)
0C.1 101 FORMAT (2(CF3,0)
0012 £O 880 I=1,L
0013 CO 880 J=1,2C
0014 TF(B(] +J)eECe90.C) GC TO €20
0015 AlYsJ)=ALTJ¥%*0.CLT745
0016 BlIoJ)=B(T,808C.C1745 1
o017 880 COANYIAUE
0018 661 READ(S5+1C2,END=SSSILL: FCy IF, NIR, CIF
6019 102 FORVAT (I8, F4.0, 12, 2F64C()
0020 WRITE (€£4+556)
0021 656 FCRMAT (1Hl})
0022 WRITE (64103)L1, FO, IF, CIF, CIF
0023 103 FORMAT(6H CATEN 4 18, 13F CECLINATICNS ,F4,0, 12//19% DIRECT INSOL H
LATION® ,F6e1/24H SKY-DIFFLSE INSCLATICASN ,F5.1% i
0024 FIF=IF i
0025 FIF=F1f%Q,01¢€7 ¥
0026 IF(FD) 2Cy 2Ly 21 :
0027 20 FC=(FC-FIF)®0,01745
0028 G TC 22
0029 21 FC=(FC4FIF)%0.01745
- 0030 22 G=0e 50
0031 154 $¢=20,0 H
0032 wz-24 1€ .
0023 155 QD=COS(FCI®CCS(FI*COS{n)+SINIFCISSINIF) )
0034 Ql=z140/(CC+2,0C01) :
- 0035 IF(ABS(CL)eGTe4Ce0) C1=3CeC
0036 IF(UT aLlTeGe0? CL=060
0037 €S=SS+EQ. 09GA*C12CC
0038 w3h+0a 1746
0039 IF(welTece2) GC TC 155
C CC™PARISCN PET SEN LIR ANC SS
0040 C=zn1F-5S
0041 TF(AESHT = 540} 162, 162y 161
0042 161 TFINIF4CT4SS) GZ TG 1€3
0043 G=C-0,C% 3
0044 GO TN 154 .
0045 163 C=540,C15
0046 GN TQ 1%
0047 162 WRITF (€4 171} G X
0048 171 FNRMAT(LTF TRANSNISSIVITY# o FEoa//)
0049 £ 7Ts I=1,L
6050 CT 770 J=1,42C
V51 TF(R{T4J1aF5e904) GO T 4l4
005 XEL)==CCSEATT IS SIN(ECT D)
0433 X(2)=SIN(P(T4Ji}?SINCA(TI))
on' 4 X(3)=CCSLB13))
0055 T1z(X(1)*SIN(FI4X13)=CLSIFIImLOSLFN)
0055 T2s(=X(L)*COSLFIeX (3)*SINIF)IXSINIFC)
0057 ha-2e1¢ )
0058 S{I+J)=CeC *
1
. Fig. 12 Computer Programme to Map Global
Radiation, Barbados
%

(continued over page).
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; 7 -
? - 36 =
"
é .
!
! 0059 5 GCaCOS(FCIFIESIFIECLSIR) #SIN(FCI®SINGE)
: 0060 G1=1.0/(CC40,0601)
; cosl IFIC1=Za8) 1:cky 121y 13
{ 0062 172 1F1314C50249) €1u2,9C
by 0063 TF(Gie6Fa3a0) Clx34C5
. 0064 IF{01aCSedal) Cl=4,21
i 00565 IF(01e%%e303) Clx3,25
' 0ces 1F(0leGte3e5) Cix3e5S
. 0067 IF{Q1sCEe3aT) Claldeti2
' 0063 IF(014CC04eD) Clz4e07
£069 IF(0leCtabeb) Clede 72
sy 0070 TIF(GleCFabs0) CIn5412
! 0071 IFL01eCEabeS) Clxb,¢C 3
i 0072 IF(L2aCFete0Ot Clv6e18 !
: 0073 IF{LLeCFy 605) Clab,BE :
i 0074 IF{01eCEa 34C) Cl=7.77 :
i 0075 1F{CleCFe 0e€) ClopeSs 1
* a 0076 FFI01eCEL10.C) Cl=10.35 i
ocor? 1F(Q1eCFalFsCi Cl=12444 :
; co78 TFIQ1e(FelT2C) Cl=1543¢ !
! 0Cc79 [€(Q1.CEe24e7) L1315.75 i
: 0080 121 IF(ABR {1} 53T, 45400 C123CeC i
} oosl Q22=X12)*STHIWI2CCS(FCIeTIPCCS (W) i
‘ 0082 CT=)2472 ;
§ : 0083 TFlTaLlT4060eMRe(TolTolaC) (T20aC N
C 0084 SUT U sSUl,y J)elCaUeGaRCiaT i
! 0085 wxhe04 1745 i
i 0086 IFinelTele2) GC TC 5 H
0087 SULp ) =SCLoJ)eDIF=(CCSIPIT,J) /2,01 )85 ;
0088 cC TC 174 i
0089 414 S(14J012GeC I
€090 778 SORTIMLS ;
C EXPANT, THF A«FAY INTC 4,%¢€ ;
co91 LA=) .
0092 801 CN #NC I=La,la ;
0692 €3 800 J=1,2C :
0094 C{led*5=6)=S{1,d} . |
€095 800 Cl4,J%5-4)3S(141,4J) i
c0S6 00 777 1214443 i
. ces? PO OTTT J=149145
. 0093 DN 777 Wxlob
0059 Cv=n -
: 0100 TTIT COLodeb)ns((5,0=CMI4C(14J)4CH¥C(1,445))/5.0
g 0101 00 111 I=1,1
T 0102 CY 111 J=1,6¢
! 03103 S0 L1l N=i,2
0104 CNaN
0105 101 COTON, ) m((340=CNIRCET o JI+CNIT(1+43,4)0/340
L 0106 1=1
| o107 602 €1 TC1 Jal,.S¢
‘ o108 K=Cl19J1/25C410C
01¢9 F(J)=SYVBLLUK)
; 0110 701 CONTINLF
. o1t WOITELE,7C4) F
{ 0112 704 FORMAT {14 ,S641)
| o113 I=1+1
| 0lls 1IF(1eLEe3) GC TC 602
{ 0115 LAsLA+}
' olie6 IF(LALLFeLL) GC TO b01
! o117 GC TC €61
} olis 599 STCP
1 ony ENC
| TOTAL MEMCRY RECUIREMENTS COBA88 EYTES
i
[
|
% ; Fig. 12 (Continued)
Ly -
[
b
{
1
i
H
i
!




IV Y
T M b ot e

- 37 -

The print~out for this programme (Fig. 13) uses a symbolism
based on an isarithmic interval of 25 langleys. The arrangement of
this symbolism is based on groups of three letters separated by blanks.
Since daily totals of global radiation are unlikely to be below 100
langleys in the tropics, the firs: symbol (*) indicates a range of

75-100 langleys. The other values then follow by letters of the alphabet:

* ABC DEF GHI JKL MNO PGR STU

From this sequence it follows that A refers to 125-149 langleys, B to
150-174 langleys, C to 175-199 langleys, the blank between C and D to
200-224 langleys, <ul so on. The plotting scale on the computer map is
half-an-inch between each grid point, and the computer effects an inter-

. polation between the calculated values at each of these points.

A sample of a map of part of Barbados prepared in this way,
with isarithms drawn in by hand, is given in Fig. 13. The map illustrates
the advantages of the system as a rapid means of providing a general
picture of the distribution. For a map of the whole of Barbados, however,
modification of the programme is necessary in view of the different
density of grid points used to sample the varied topography of the island,
or alternatively a rather complicated arrangem=nt of enlargement and
reduction of the maps of different regions has to be done to bring them
together on one, suitable scale. Even with such modifications, all of

which were tested, the resulting map presented a rather generalized

picture. After a number of trials of differ~nt systems, therefore, it
was decided to use the digital print-out illustrated in Fig. 10 as the

most appropriate method for preparing the maps illustrated in this report.
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Hourly Radiation Mapping

Aithough the method for evaluating the surface variations of
global radiaticn which has beer outlined is intended primarily for use
with daily totals or lorger periods, the tests for accuracy givem to the
system at Mont St. Hilaire, Quebec, suggest that it cam, in fact, be
used for shorter periods, with probably an Lour as the minimum reliable
time period. It is useful in the tropics to examine the radiatiom

istribution over such a short period. This is because the sun rises
quickly and its heating effects are strong soon after sunrise and mntil
just before sunset.. By the time the sun has reached an altitude of 30°
above the horizon topographic influences become somewhat reduced. The
varied pattzrn of heating in the early morning hours, %.owewer, can
theoretically influence the development of early morning convection.

In Barbados the steepest slopes on the island tend to be generally towards
. the east. Thgs, 1t was felt desirmable to arrange a computer programme
to calculate the topographic variations of global radiation on an
hourly basis.
Such a programme is illustrated in Fig. 14. It is basically
the same as those shown in Figs. 10 and 12, but differs somewhat in the
data supplied tc it. These data are indicated in step 15 of Fig. 14.

They consist of the year, month, and day (Ll), the angle of declination

|
i
i
i
%
!
!
3

of the sun (FO, IF), tha extra-terrestrial radiation (SOL) in langleys
per minute, the atmospheric transmissivity (G) for the hour in question,
the sky-diffuse radiation in langleys for the hour (DIF), and the time,
which is given as an hour angle in degrees and decimals of a degree,

with solar noon as zero and negative values before noon. This time value

et drne i L VL R AR SRR
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C ParlaT rt STUDY CF FAREADCS HCUFLY MAPPING
. 0001 DIMERS ICN A(12002C) +E112C42G)9X(3),5(120,20)
C IMPLT LATITULE IN FACIAAS .
L 0002 Fe(a22¢9
: € REAC THE NUPRER OF CARCS
. 0003 READ(S ,868) L
. 0004 808 FCFY21(13)
! C REZ. BZIMUTH BNC GRALIENT CF SLOFES
. 0005 READIS 100D ((A(T4J)y 51,0200 ¢Im)yL)
H (o] 100 FUPMAT {2(CF4,0)
i 0007 RFAC(S101) ((BUI,J) ednly2C)e I=)yl)
ooce 101 FCR¥AT (20F3,0)
coc9 CC 880 I=1,t
000 nNO 88C Jal,20
0011l IFLR{1+J)¢ECe9Ca0) GC TO EED
0012 A 1,J)3A(140)704C1745
0013 PULoJ)=BlT4J)%04CLT45
0014 8RQ CONTIANLE
co1S 661 RFAN(5,1C2,60D=5590L1, FCy IF, SCLy G, DIF, TIME
I 0016 102 FORMAT (18, F4eCy 12y 4F6,.CH
i 0017 W=TI4EH0, 01745
0018 WAITE (6,9%56)
0619 956 FO{MAT (1W1)
0020 WKkITE(64103) L14FC, IFy Gy DIFy TIMF
0021 103 FORNAT(6H DATESN o 184 13F CECLIMATICONS »F4,0, 12/7/17H TRANSMISSIVI
- LIVE 4F€e2/24H SKY-DIFFLSE INSGLATICNS sFSel/7éM TIMES ,Fé6e2)
3 0022 Fi1F=]F
; 0023 FIF=F1FeCla0167
0024 IFIFC) 2Cy 20y 21
0025 290 FC=(FC-FIF)%C,01245
0026 GO TC 162
0027 21 FCa(FCOFIF)ACLC145
0023 162 CONTINLE
0029 DC 776 I=lsL
0030 CO 778 J=1,20
0031 TIF(R{T9J1eECe906} GO TC 414
0032 X(1)==CCSUA(T4J) VESIN(E(TIed))
0033 X{2I=SIN(BITod) Ve SINCALT 4J))
‘ 0034 X(3)=CCSIB(14d)) .
; 0035 TL=(X{ 1)*SIN(F )+X(3)9CCS(F))SCCSIFC)
) 0034 T23{=X(1)2COSIF +X{3)8SIN(F})SSINIFC)
: 0037 StIeJd)*CeC
i 0038 S QC=CCS(FCINCCS (FI*CCSIn) +SINCFOI®SIN(F) .
. i ; 0039 Q131,07(CD+0.0001)
o I 0040 IF{01-208) 121, 121, 122
i 0041 122 1F(Q1eCFe2:9) G1=245C
b 0042 IF1C1e€E434C) C123405
i 0043 IF(CLleCEedel) Gi=3e21
e CO4s IF(Qle€Ee3s2) Ci=3,36
. 0045 IF(QleCEe3e5) C15345%
0046 I1F(G1e€CEe307) C153,82
0047 IFi01+CEa%e0) Cl=4.07
C048 IF(QLleCFe%a6) Cl=4,72
- 0049 1FiQLeCEa5eCH Cis5el12
! 0050 IF(Q01eCFeB5e5) C12546C
. 0051 IF(01eCEoCed} ClsCalB
! 0052 IF(0LlsCCe 6e5) yisse88
0053 IF(Q1.CFs 84C) C127,77
. 0054 IF(C1eCEe Bo8s (128,50
f 0055 IFiQleCtellel0) CIx1C,3%
3 0056 1IF{QleCEel3sC) Cl=]12,44
; 0057 IF(Q1sCFalTaC) Clx1543¢
; 0058 1F101.€502440) Clx=19,7S
" 0059 121 IF(ABSICL) e5Te %501 C1=30.C
0060 023=-X(Z)2SIN{w)*CCS(FOI+T19CCS ()
0061 CTs02+ 72
0062 IFU)C.lT.C.c.Cl.C'l.LY.C.CF 0730.0
0063 S(TeJ1 S0 ¢J146040¢SCLPGCHCLnOT
0064 S(Isd)=Si 1, JD4DIF (CCSIB(R,30/2,C) 192
6065 GO T0 17¢
c0to 414 S(1,J)20.0
0967 718 CONTIMF -
0068 RRITE €60€52) ({S5(10Jd)s J=1,203,I=1,L)
0069 €32 FCRWAT (2CF9.0)
0070 6r *C €6l
o071 5§99 <TCP
0072 Ex -

Fig. 14 Computer Procrasme for Calculating Accylys
Giobal Radiatiom in Barbados




is then converted to radians in step 17.

The value of sky-diffuse radiation is supplied directly for
the hour in question from the radiation observations of the site being
used. To obtain the atmcospheric transmissivity (G) it is necessary
first to obtain the height of the sun above the horizon for the given
hour. This is provided by a programme of which a print-out of results
is illustrated in Fig. 15. In this example, the solar declination (FO)
is for June 21st and shows that at 6 am solar time, hour angle (W) = 0.00,
the height of the sun is 5.04° above the horizon in Barbados. The
values for W are given every twenty minutes, from which the height of
the sun at the mid-point of the relevant hour can be readily found.
The results of a second programme (Fig, 16) are then used to obtain G
by reference to the height of the sun above the horizon (EJ} and the
value of the direct radiation; in langleys per m‘nute (Q), observed at
the station during the hiur. These data are then ins=rted into the
computer programme and the caiculation of the global radiation at
each grid-point of the base map proceeds in the usual way, with a
digital print-out for results (Fig. 17).

It will have been noticed that neither in the mapping of
hourly values nor of daiiy totals has any allowance been made for the
influence of local sky-line obstruction on the topographic variation
of zadiation. A method to allow for this when necessary has been
devised and incorporated intc the camputer calculations (Ohmura, 1969).
However, analys.s shows that the influence of a local sky~line is
negligib.e on daily totals except in mountainous areas of middle and
higl. latitudes, and for hourly values only when the sun is low and the

local relief particularly rucged. It needs to be allowed for in the
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s e, o e

FO

0.40143
0.40143
0.40143
0.40143
0.40143
0.40143
0.40143
0.40143
0.,40143
0.40143
0.40143
0.40143
C.40143
Ce4C143
0.40143
0.40}1 43
0.40143
0.4G143
0.40143
0.40143
0.40143
0.40143
0.40143
0.40143
0.4N143
0.40143
0.40143
0.40G143
0.40143
0.4C143
0.4C143
0.40143
0.,40143
0.40143
0.40143
0.40143

w

'1057089
-1.4835%3
~1.39627
-14309C0
~1.22173
-1-13“47
-] N&GT2N
‘0095993
~0.87267
-0,7854°)
-0,69813
~0.61087
=Ne52367
-0.43633
°Q.14907
=3.261R9)
-0.1745%
-0, 06727
0,900
0.08727
0.1745%3
M. 26189
0434307
D.43633
N.5235%
0.61087
0.693%13
V.78540
.87267
0.95993
1.34729
1.13447
1.22173
1.3090)
1.39626
1.48353

puciBL®

DEG

-33.99542
-53066896
=52.691567
~%51.11937
-43,71848
~454467N1
~43,53992
-40,3Mr130
-35.,31078
-33.11440
=29,25417
=23424365
-210'34‘4
~1%4 77071
-1706Lﬂ72
~4429317
~344703R
‘1455733
274275
9.55939
14,1182
13446512
23,24478
27.33647
32.,43578
37.33804
41.63797
45422394
50.80246
55. 34637
59.84221
64,2607
A3.54791
72.6N174
76.2114%0
79.93057
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U . VU Y

FO W  DEG
C.40143 1.57030 31,0013
0,40143 1.£58"%% 78, 33057
C.40143 1.74533 76,2115
0.40143 1.83259 72,40124
040143 1.91986 63,5471
CeoU %3 Codlill 3 DtechT A
C.4C143 2.09439 57.34225
0.4M143 2.18166 53434641
Ge 40143 2.26R92 51,4N285

9 46,2290
0,40143 2044346 41,53R12
Cets0143 2453072 37,03824
0.40143 261799 32,43599
0.40143 2, 70525 27.835712
0.40143 2079252 25,24577
D.40143 287979 14,66%544
0.40143 2.96705 14.10216
0.40143 1.0i54732 2,55977
f.4C143 314153 5.N4316
G.40143 3.22885 1455734
0.40143 3031612 -2,8893C
Ce40143 3,40338 -4.29267
C.40143 J.490AK5 ~172,66169
0, 40143 3.57791 -1h.92636
0.4C143 3.6¢518 -2:.,13377
0.40143 3.75245 -25.24816
0,401 43 3.83971 -27.,24956
0.40143 3.22693 -372,11378
Q.40143 4.016424 ~-36,31618
CesCl43 4.10151 -4L,30070
0.40143 4,:8873 -431,5384%4
0.401‘3 4.27604 -46'46646
0.40143 4.36351 -49.018n1
0,40143 4,45057 -51.11848
0.40143 4.53784 -52.69138
0.4N143 462510 -53,65792
0.40143 4.71237 -53,99942

Fig. 15 7he Elevation of the Sun at Different
Times on June 21 in Barbados




EJ Q G

292,00000 NL,20000 0.65666
25.00000 0.,20000 0.54383 :
30,00000 0.20000 0.44721 %
35,00000 0.20000 0.36719
40,00000 0.,20300 0.30240
45.00000 0.,20000 0.25080
50.00000 0.20000 0.2:019
55,00C00 0,20000 0,17857
60.00000 0.20000 0.!5420
65,0000 0.20000 013565
70.,00000 0.20000 0.12141
75.00000 0020000 0.11185
80.00000 0,20000 0,10513
2000000 0430000 0475434
25.00300 0.30000 064548
30.,00000 0.30000 0654772
35,00000 0.30000 0.46333
47 ,00060 0.30000 039244
45,00000 0.30000 0633407
50,00000 0,30000 0.28676
55.,00000 0.30000 0624892
60.,00000 0.30000 0.21907 r
6500000 0,30000 0.19589
706,00000 0.30000 0.17830
75.00000 0.30000 0.16547
80.,00000 0.30000 0.15673

. 20,00000 0.40000 0.53234
25,00000 0.40000 0.72893
30.00000 0.40000 0.63245
35,00000 Ge40000 0454645

: 40,00000 0.,40000 0,47215
4500000 0.40000 0.40943
50,00000 0.40000 0.35746
55,000C0 0.,40000 0.,31507
60.,00000 0.40000 9D.28104
65,000G0 0.4C000 9D,25424
70.00000 0.,40000 0.,23365
75.00000 0.40000 0.21847
80.00000 0.,40000 0,20806
20.00000 0,50000 0.89835
25,00000 0.50000 0.80101
30,00000 0.50090 (70711
35.00000 0,50000 1.62107
40,00000 0.50000 0.5%4497
45.00000 0.5000C (0.47941
50,00000 0.50000 0.42409
55.,00000 0.50000 0.37826
60.00000 0.,50000 0.34096
65.,00000 0.50000 0,31122
70,00000 0.50000 0.28816
75.00000 0.50000 0,27102
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. Pig. 16 Atmospheric Transmissivity, Solar Radiatiom,
and San Angle. Barbados
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tropics, therefore, only under exceptional circumstances, when

for example, a detailed study over short time periods is undexway.

In Barbados, the local relief is nowhere so strong as to influence
materially the distribution pattern of global radiation at the scale of

the present study. Consequently, no allowance has been made for such an

influence in the work discussed ’n this report,
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Radiation equipment at Brace Experimental
Station. Upper photo: Kipp soiarimeter.
Lower photo: shielded silicom cell, with
Campbell-Stokes sunshine recorder nearby.
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SELECTED GLOBAL RADIATION MAPS OF BARBADOS

The methods of calcu .tion and the computer programming which
have been described have been used to make a number of global radiation
maps of Barbados. These are somewhat preliminary in nature, and it is
not the purpose of this report to offe either a detailed analysis of
them or a substantive scientific interpretation of the results which
they show. Some general comments on a few of the maps, however, may

sexrve to illustrate further the scope and usefuiness of the procedures

which have been developed.

All the data for the maps illustrated here were derived from

e o m " 7! \_‘,4.:‘ GRS b b

observations made in 1964 at the Brace Experiment Station, located

AT )

in the grounds of the Bellairs Research Institute on the west coast of

AIEY

N, oaehae o adad

the island (Tout, 1968). An Eppley pyranometer and a Kipp and Zonen
pyranometer, both calibrated at the Canadian Meteorological Headquarters
in Torontr, were used interchangeably for measuring global radiation.
A silicon cell unit, with a shadow band, was used for the sky-diffuse
component. Corrections were made to allow for the fraction of the
radiation screened by the shadow band itself, and the resulting values
were subtracted from measured glabal radiation values to obtain the
value of direct solar radiation.

The instrumsnts were conm:cted to Honeywell strip chart
recording potentiometers, the coatinuous record thus obtained being

analysed by hand —o obtain hotrly values. There was scme obstruction
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Fig. 12 Mean Daily Distripbution of Global Radiation
in Barsados, Juiy, 1964
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to the site by trees. This influenced daily totals by no more than a

L,
I el

maximum of 3% (Tout, 1967). However, the presence of the obstruction

means that the wecords near the keginning and end of each day are unreliable

for hcurly analyses. %

TABLE THREE

Mean Daily Radiation Totals for Sele >ted Months, 1964

(langleys per day)

Month Direct sky-Diffuse Global
July 241 210 451
September 212 199 411
December 318 114 432
‘ The first three maps used as illustration (Figs. 18, 19, 20}, %
. show the mean daily value of surface variation in global radiation for July, ,§
September, and December, 1964. It is interasting to note from Table %\
Three that the mear. daily valve of global radiation recorded for each of %
these months was rather similar. This similarity fror one month to ;
another is a feature of global radiation observations in the tropics é
when such measurements are confined to instruments well-exposed in a s'
horizontal position. Figs. 18, 19, and 20, however, show that such é
similarity successfully hides the topographic variation which actually
exists. This variation is expressed in the maps illustratad partly by E

t.iz range oi values over the island. and partly by the actual spatial ;
. pattern. The former are low, approximately 30 langleys per day, in the

twvo high stn morths of July ard September, but the range exceeds 100

e — = — - —— ——— ———— — —— —_—




Fig. 19 Mean Daily Distritutin of Global Radiation
in Barbados, September, 1964
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Fig. 20 Mean Daily Distributior of Global Radiatiomn
in Barbados. December, 1964
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langleys per day in December, There is, however, more spatial variety
in the July map than in the September map, This may be explained by
the fact that the sun is further from the zenith at noon over Barbados
in July than in September, especially during the early part of the
month. The relatively low range, however, reflects the comparatively
large contribution of sky-diffuse radiation to global radiation totals
(Table Three) since sky-diffuse radiation is not as sensitive as direct
solar radiation to topographic influence.

In December, 19€4, some 75% of the global radiation total was
direct. With the sun at its lowest elevation of the year during this
month, the resulting spatial pattern expressed considerable diversity.
The influence of surface geometry on the spatial distribution of the
direct radiation component under these conditions is accordingly
manifested in the large range of daily values from place to place during
this month.

A specific example of the influence of solar elevation, even
in the tropics, when the direct component in global radiation totals is
high, is illustrated in Figs. 21 and 22. The measured direct radiation
totals on the two days shown ware almost identical: 438 langleys on
June 18, and 436 langleys on December 28. Sky-diffuse radiation for the
two dates was 152 langleys and 74 langleys respectively. The resulting
totals of global radiation, 590 langleys for June 18 and 510 langleys
for December 28, are typical of the general range of radiation values
in the tropics when measurements are confined tc the horizontal. A much
greater contrast is appaient wuen the element of topographic variation
is introduced.

In comparing Fig. 21 with Fig. 22 it must be noted that the
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scale of shading differs from one map to the other. The June map has

an isarithmic interval of 25 langleys and that for December of 75
langleys. The cartcgraphic problem of showing adequately the two
patterns by the same isarithmic interval at the scale permissible at the
page size of this report, itself underlines the contrast between the
surface variations of global rediation on the two dates., The range of
values on June 18 was little more than 75 langleys; that for December

28 exceeded 225 langleys. Thus, an interval of 75 langleys for the

June map would have suggested a topographic uniformity which did not,

in fact, 2xist, while a 25- langley interval for the December map would
have produced a complexity too great to be shown on a small-scale map.
These comments alone emphasize the contrasts in the topographic variation
of global radiation during the two days -- two days with generally similar
solar radiation totals, and an atmospheric transmissivity and pattern of
cloud characteristic of a clear Barbados day.

The remairing maps illustrate mapping on the basis of hourly
radiation values. An example for a specific date, June 18, 1964, is
given in Figs. 23 and 24. The morning hour chosen, 0800-0%900 hours, is
the first hour of the day in which the observing instruments were clearly
unarfected by the obstructionz referred tc earlier as existing at the site.
The midday hour was chosen for comparison becau<e the sun was then at
1ts hicghest elevation of the day.

The day in questich was clear to begin with, but clouds developed
lzter. Thus of the 47 langleys recorded on a horizontal surface between
0800 and 0900 hours, 28 were contributed by direct radiation. By contrast,
one-third of the 70 langievs recorded between 1200 and 1300 hours were

contributed by sky-diffuse vradiation. Whereas atmospheric transmissivity
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was (.80 in the morning hour it had been reduced to 0.63 by midday. .

Comparison of the two maps shows clearly the greater spatial
diversity at the morning hour and also the higher radiation income
of the east-facing slopes than at midday. Indeed, some areas, such as
northwest of Belleplane, changed little in the value of their global
radiation income between the mornir.g hour and midday, whereas the rest
of th: island experienced an increased radiation total as the sun
approached its highest point.

The monthly maps of mean values in December (Figs. 25 and 26)
also shows a tendency for east-facing slopes to have a relatively high
global radiation income in the morning hour. That is not true, however,
of the two July maps (Figs. 27 and 28). The difference may be related
to the contrasts in the contribution of direct radiation to global hourly
totals in the two months (Table Four). Whereas in December th: mean
daily contribution of direct radiation was 76% at 0800-0900 hours and

73% at 1200-1300 hours, in July the contributions at the same hours were

both 57%.
TABLE FOUR
SELECTED MEAN HOURLY RADIATION TOTALS, 1964
Month Time Direct Sky-Diffuse Global
July 0800~0900 20 15 35
1200-1300 34 26 60
becemberxr 0800-0900 20 8 34

1230~1300 44 16 60 )
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CONCLUSION

The aim of this report has been to outline and explain methods
which have been developed to portray the topographic variations in
global radiation by using the radiation observations of a single,
representative site. The sample maps used as illustration provide an
indication of what the method reveals in a tropical context. Brief
and superficial as are the comments made on the latter, it would appear
that the principal conclusion which can be drawn is that, even in the
tropics and in an area of generally .. ly moderate relief, the actual
surface variation of global radiation totals and intensities are
greater than the normally made observations imply. These variations
not only provide an important surface pattern at a given time, but also
vary in their character at different times of year and under different
weather conditions. In an atmosphere as sensitive to disturbance as
the humid atmosphere of the Barbados region, small variations in the
surface radiation may well have important co..sequences for convective
development through the day. For this reason alone a fuller investigation
of the pattern of short-wave radiation income revealed by the preliminary
maps of this report seems worthwhile.

There are,however, wider implications. Many aspects of economic
development are related to a knowledge of surface radiation balance. This
is particularly so in relation to problems of agricultural development,
plant growth, and water supply. To understand better the topographic

variations of the surface energy hudget 1s a first step towzrds a better

Ty
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understanding o€ the ecological environment. The diversity of this
environment is intimately related to the diversity rewvealed by tkis
application of the analytical and mapping methods outlined in this
report. Tropical environments are, indeed, not nearly sc anifomm

as one is often led to suppose.
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