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ABSTRACT

A limited set of observations of total global radiation
at Tribhuwan International Airport has been used to
estimate the parameters in a computer model of radiation
input to sloping surfaces. The computer model separates
direct, diffuse and circumsolar diffuse components, and
derives clear day radiation estimates for horizontal and
sloping surfaces using efficient vector methods. Direct
and diffuse components are combined with sunshine~hour
data to estimate average or mean monthly insolation on
horizontal and sloping surfaces. The relative merits of
extraterrestrial clear day, and average day radiation
indices are discussed. Topographic data for the
Kathmandu Valley were used to estimate average slope and
azimuth at a grid of 394 points. These slope data were
input to the computer model and mean monthly isopleths
of clear day and average day insolation plotted and
discussed.

INTRODUCTION

The global solar radiation received at any surface is the primary factor
entering the heat budget of that surface, whether it be a field, a region, a
continent, or the whole earth. The radiation received varies with latitude,
time of day, aspect, slope, and time of year, as well as being influenced by
variations in the transmissivity of the atmosphere. As solar radiation is
measured over only a limited network world wide, and usually only on a
horizontal surface, there are many techniques used to extrapolate radiation
data. 1In Nepal there are only limited global solar radiation data for one
site, Tribhuwan International Airport.

The spatial distribution of mean monthly total global solar radiation
over Nepal has been estimated using correlation with sunshine hours,
cloudiness and precipitation (Nayava, unpublished paper). At the
mesoscale, local differences in solar radiation due to slope and aspect
become important. There are no observations of solar radiation input on
inclined surfaces available in Nepal, however, and so methods of
extrapolating the single horizontal surface observations are required.

* Currently at the Department of Irrigation, Hydrology and Meteorology,
Kathmandu, Nepal
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This paper reports the results of applying a simple computer model of
the atmosphere coupled with variants on the Angstrdm equation to derive
monthly indices of radiation on slopes relative to total global solar
radiation on a horizontal surface. The indices are then used to transfer
the single set of horizontal observations to a grid of points in the
Kathmandu Valley.

RADIATION ON INCLINED SURFACES
RELATIVE TO HORIZONTAL SURFACES

The ratio of radiation input on an inclined surface to that on a horizontal
surface, integrated over 24 hours, is termed the radiation index. The
simplest index to derive is that from simpwle slope ageometrv in the absence
of an atmosphere. Calculations for such simple indices were discussed by
Kondratyev and Manolova (1960) and Lee (1963).

Position on the globe does influence the attenuation of the direct
solar beam so that the intensity of the direct beam varies relatively over
the day. Ohmura (1968) and Garnier and Ohmura (1968 a,b) proposed a method
using observed atmospheric attenuation coefficients and integration of the
direct component only to derive radiation indices. These indices were then
applied to actual total global solar radiation observations on a horizontal
surface to map variation in solar input. There are, however, problems of
systematic bias if simple clear dav transmission factors are used,
particularly if the diffuse component is ignored, as was pointed out by
Basnayake (1968). Schulze (1975) took a further step and derived empirical
formulae under cloudless conditions that took into account both the direct
and diffuse components.

Fleming (1971) has developed a computer program, which will be
described in greater detail in the next section, aimed at overcoming most
of these objections, for clear day conditions. A simple atmospheric model
based on the work of Monteith (1962) and Idso (1969, 1970) is used to
derive instantaneous values of direct, circumsolar diffuse, and uniform
diffuse radiation on clear days and integrates them for horizontal and
inclined surfaces. Later developments of the program then further modify
the clear day data for average conditions using a variant of the Angstrom
equation and assumptions as to the relative proportions of direct and
diffuse radiation. The program can also account for horizon cut-~off
effects, and foreground albedo. The Fleming technique is believed to
represent a practical limit in realistic modelling of the differences in
input to inclined and horizontal surfaces at mesoscale. Certainly, more
detailed atmospheric attenuation models are available, e.g. Dave (1977) and
Klucher (1979) and the non-uniform distribution of diffuse radiation has
been described in more detail, e.g. Steven (1977) and Steven and Unsworth
(1979, 1980).

In this paper clear day values of radiation input and index were
calculated for the middle of each month and considered to be the mean for
that month. Average values for the month were then estimated from mean
monthly values of sunshine hours.
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THE BASIC COMPUTER MODEL

As the computer model has not been formally reported in the literature, and
in particular the adaptations to estimate average radiation input, a
detailed description will be set out. The computer program uses the vector
methods for the description of solar position described by Goodspeed (1970),
together with vector definition of any inclined surface in terms of a
vector, normal to its face.

The clear day atmospheric model

The atmospheric attenuation model of Idso (1969, 1970) is used to calculate
the direct and diffuse components at the surface, and recognises four
component processes that are set out below with their equations.

(1) absorotion bv water vapour:

a(u®) = 0.077"°"3 cee 1

where a(u*) is the absorption in the water vapour column u¥,
and u* = u.m;

where m is the relative geometrical air mass and has value 1.0 for a
solar elevation of 90°,

u is the precipitable water content of the atmosphere in mm of
water.

(ii) scattering by water vapour:
tg(u*) = 0.975%" vee 2

where ts(u*) is the transmissibility of the atmospheric column, taking
water vapour into account.

(iii) Rayleigh scattering of dry air:
tg(A) = 0.9™" + 0.026(m*~1) cer 3
where m* is the equivalent dry air mass and is a function of m,
local atmospheric pressure p, and the standard atmospheric
pressure, p,, i.e. 1013 mb;

thus m* = m.p/po

tS(A) is the transmissibility due to molecular processes.

(iv) scattering by dust:

t (D) = 0.95mD veo 4
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where D is a normalised dust factor that is extensively discussed by Idso
(1970), who shows that in arid and semi-arid areas it is a
function of mean daily wind speed. Fleming (1971) showed that
by matching attenuation rates with the data of Rao and
Seshadri (1960), D = 2.0 can be equated with a dust
concentration of 300 ppm;

ts(D) is the transmissibility due to dust particles.

The attenuated direct beam component, Idir' is then calculated as Egqn 5

= - * *

Tair Io(l a(u*)). ts(u ). tS(A). ts(D) ves 5
where Io is the extraterrestrial direct beam intensity, i.e.
2 2 . -2
Ic‘ Rc /Ro where Ic is the solar constant, 1353 wm ~,

Rc is the mean sun-earth distance and Ro is the sun-earth distance
on the day in gquestion.

The clear day diffuse radiation associated with the three scattering
effects is assumed to be produced by a 50 per cent forward scattering
modified by a solar altitude factor so that for a horizontal surface Eqn 6

holds

T4if.hor = 0.5(10(1-a(u*))-1dir). sin alt ees 6

where alt is the solar altitude.
The direct component is, of course, Idir.hor = Idir.sin alt.

In the case of an inclined surface it is assumed that a proportion of
the factor (Io(l—a(u*))—Idir) is to be considered ‘circumsolar' and so is
associated with the direct component for slope effects. The circumsolar
percentage in this paper is taken to be 0.25. For the inclined surface the
appropriate equations are 7 and 8 for the direct and diffuse components.

lair.ine = (Tair * 0:25(Ig5¢ por))-(n.x) aen 7

where n is the normal vector to the surface;

r is the solar position vector;
and (n.r) is the vector dot product.

2
Laif.inc™ 9473 Igif . hor C°S (6/2) »-+ 8

where © is the angle of inclination of the inclined plane.

The program also allows for foreground reflection to be taken into
account for steep slopes using a simple reflectivity and view factor
calculation. Horizon cut-off of the direct solar component can also be
taken into account but was not used in this study. Daily totals, Q, and
Qoinc’ are determined by summation of values calculated in zone mean time at
12-minute or 0.2-hour steps, commencing at midnight.
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The estimation of average radiation

Average or mean monthly radiation is calculated from the mid-month clear day
radiation estimate using a correlation with sunshine hours.

(i) for horizontal surfaces:
the basic equation is that of Angstrom (1924) and Hounam (1963)

Q/Qy = (o + (1-0).n/N) ..9
where Q is the mean monthly total daily global solar radiation;

Qo is estimated mid-monthly clear day total global solar
radiation on a horizontal surface;

n is the mean monthly observed sunshine hours;

N is the maximum daily sunshine hours, i.e. total theoretical
duration the sun is visible above the horizon plane;

and 0 is a local parameter related to the average diffuse radiation
level when the sun is obscured by clouds. Values in the
literature range between 0.3 and 0.5.

(ii) for inclined surfaces:

from Egqn @ it is apparent that when n/N equals zero all radiation must be
diffuse and the slope correction factor in Egn 8 should apply, i.e. for n =
0,

2
Qine., = %-Q,cos (6/2). In the case of n/N = 1.0 we have a clear day and the
previously calculated clear day value, Qoinc' obtains. By analogy with Egn 9
a factor 'R', equivalent to 'Q' but applying to the inclined surface, can be
defined.

= (B+ (1-8)n/N)Q vee 10

Qinc oinc

From the %imiting cases shown above, therefore, we can define 8 as
equal to G.cos (6/2).Q0/Qoinc.

In the case of steep slopes, or where there are significant horizon
cut-off effects, the value of B becomes large and may even exceed 1.0, and
Eqn 10 becomes of doubtful validity. An alternative method of calculation
is available in the program. The diffuse component on the average on a
horizontal surface Qdif.hor is assumgd to be.Q - Qodir.hor'n/N’ where Q is
calculated from Egqn 9 and Qodir.hor 18 the direct component on a horizontal
surface on a clear day. Thus Eqn 11 is derived.

- 2
Qinc - rolir.inc'n/N * Q4if.hor cOS (6/2) vee 11
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where Qodir.inc is the direct component on the inclined surface
on a clear day;

Q4if.hor is the diffuse component on the average day on a
horizontal surface as defined above.

For steep slopes a component for foreground reflection is also usually
calculated.

PARAMETER DERIVATION

To apply the computer program to the Kathmandu Valley it is necessary to
derive or justify the adoption of appropriate monthly values of the model
parameters u, p, D, and 0. Unfortunately there is only limited total global
solar radiation at Tribhuwan International Airport, and no data on the
direct component at normal incidence or the diffuse component.

u, the precipitable water content

Regular radiosonde ascents at Kathmandu only commenced in 1977 and no
reliable estimates of precipitable water are available. Spencer (1965)
showed that a simple linear relationship to surface vapour pressure was
valid in Australia and this was adopted here

u = k.e

where u is precipitable water in mm;
k is a local constant, perhaps varying seasonally;

and e is surface vapour pressure in mb.
Spencer's value of k = 1.0 was used.
P, atmospheric pressure

Altitude is the overriding determinant with respct to atmospheric pressure
and a simple scaling based on altitude and the standard atmosphere was used.

D, the normalised dust factor

There are no turbidity measurements in Nepal and no direct observations even
of surrogate factors. The existing daily records of solar radiation at
Tribhuwan International Airport, however, were examined and estimates of
clear day radiation for the fifteenth day of each month made. The computer
model was then run for the same dates using the adopted values of
precipitable water, u, and values of D = 1.0, 2.0 and 3.0 and compared with
the previous estimates. From the comparison an annual pattern of values of
D was adopted, and used in all further calculations (see Table 1).
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Table 1 Mean monthly climatic parameters and average radiation data (1976)

Month Dust Vapour Sunshine Day Calculated Observed
factor pressure hours length Q Q
(mb) (n) ::lurs) an=2(10%)  om~2(10h
January 1.0 8.3 6.8 10.33 1356.5 1303.3
February 1.5 7.9 8.2 11.11 1747.2 2031.8
March 2.5 7.0 8.7 11.58 2081.5 1825.5
April 3.0 11.8 8.6 12.49 2232.6 1930.5
May 2.5 17.1 8.1 13.31 2215.0 1992.0
June 1.5 21.1 5.6 13.53 1923.4 1769.0
July 1.0 23.6 5.1 13.44 1865.6 1849.3
August 1.0 22.9 3.4 13.08 1611.3 1665.7
September 1.0 22.0 5.2 12.21 1675.3 1700.8
October 1.0 15.3 8.6 11.32 1860.2 1794.1
November 1.0 13.9 7.4 10.48 1431.8 1499.1
De cember 1.0 8.2 8.0 10.24 1375.7 1418.4

Qualitatively, the values in Table 1 seem reasonable with values of 1.0
adopted through the monsoon season and rising to a value of 3.0 at the end
of the dry season on the Indian sub-continent, when simple observations
confirm greatly increased amounts of smoke and dust haze. Mani, Chacko and
Iyer (1971) have confirmed that atmospheric particle concentrations increase
in pre-monsoon months to three or four times the winter values.

0, the Angstrom coefficient
While direct estimates from the observational data of Q_ were made and
already used in the derivation of the dust factor D, and computer model
estimates of Qo were also available, a semi-~independent estimate of 0 was
sought through the extraterrestrial radiation version of the Angs trom
equation

Q = (a + bn/N)QA
where a and b are constants;

n and N are as previously defined;

and Qa is the extraterrestrial daily total of radiation on a horizontal
surface.
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QA is also calculated by the computer program but is also available in
many tabulations such as McCullough (1968). 'All available data at Kathmandu
were processed to derive values of a = 0.31 and b = 0.40. Brooks and Brooks
(1947) examined sunshine hour recorders and showed that the Campbell-Stokes
recorder ceased burning at a solar elevation of less than 5° so that even
wholly clear days show a maximum sunshine hours ratio of 0.95. Thus Q_ may
be considered to equate to 0.68Q0p . The value of Q at n/N = 0 is 0.300,, and
the substitution of these two values in Eqn 9 gives a derived value of & of
0.44.

Table 1 sets out observed mean values of vapour pressure (mb), sunshine
hours, the adopted values of dust factor D, and observed values of mean
monthly radiation and the computed value using the full atmospheric model
and 0. equal to 0.44. Overall, the value of O = 0.44 is confirmed.

APPLICATION OF THE MODEL TO SLOPING SITES

The computer model was first applied to a graded set of slopes and azimuths
for each month, and the patterns of interaction of atmospheric factors,
slope and azimuth investigated for both clear days and for average, or mean
monthly values of sunshine hours. Then the average slope and azimuth for a
grid of locations over the Kathmandu Valley were determined from a
topographic map and the model used to derive the spatial variation in
radiation.

The graded set on clear days

Table 2 sets out the clear day results for January and July with azimuth and
angle of slope advancing by 10°. From the full set of monthly data, Fig. 1
was derived and shows the annual variation for five azimuths, N, NE/NW, E/W,
S, and SE/SW, and six slope angles 0°, 10°, 20°, 30°, 40° and 50°. fThere is
a slight annual asymmetry derived from the variation in atmospheric factors
altering the direct and diffuse components and their combined total. It is
obvious, hawever, that monthly radiation indices would not be very different
from those derived by Lee from extraterrestrial radiation alone.

The data in Table 2 for January (i.e. winter) show most markedly the
effect of slope and azimuth. Steep slopes close to zero azimuth receive no
direct radiation at all and as the slope angle increases the contribution of
the foreground reflection exceeds that of the diffuse radiation from the
clear sky obscured and so the received total increases to a secondary
maximum.

In the Table 2 data for July, even north-facing vertical surfaces
receive some direct radiation component in the morning and evening and so the
effect of foreground diffuse radiation is concealed.

The graded set under average conditions
Figure 2 shows the equivalent plots to Fig. 1, but taking into account the

actual sunshine hours, and so the altered proportion of direct and diffuse
radiation. The patterns are, of course, dominated by the very asymmetrical
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annual curve for a horizontal surface. Increased cloudiness during the
monsoon period increases the diffuse radiation relative to direct radiation
and so the differences between slope and aspect are greatly reduced. 1In the
south and southeast/southwest, patterns that exhibit crossing curves on the
clear day figure still do so but the time of year at which cross-over occurs
is significantly altered.

The monthly radiation index values are obviously very different from
those derived for clear days, and so the application of indices derived from
extraterrestrial or clear day data to mean monthly observations are obviously
subject to considerable bias.

SPATIAL DISTRIBUTION OF RADIATION
IN THE KATHMANDU VALLEY

A topographic map of the Kathmandu Valley at scale 1:63 360 was available
with a contour interval of 100 feet. The valley has a flat floor and is
surrounded on all sides by steep ranges. A grid of interval 300 m was placed
over the valley and 394 grid intersection points defined within the region of
agricultural and human significance. This region is bounded by the dashed
line in Figs 3 to 6. At each grid intersection average values of slope and
azimuth were determined and the point allocated to a classification matrix.
For each combination of slope and azimuth occupied in the matrix the computer
model was run using the parameters set out in Table 1 and elsewhere in this
paper. Values are therefore available of mean monthly radiation and clear
day radiation for each of the grid intersections. These were analysed, and
are shown in Figs 3 to 6.

Figures 3 and 4 are plots of clear day radiation for January and July

and Figs 5 and 6 the corresponding plots for mean monthly radiation.
Significant spatial differences in insolation occur particular in the two
plots for the winter month of January. South facing slopes, i.e.
equatorwards facing, show values as high as 550 langleys per day, 23 MJ m'2,
while the flat floor of the valley receives 400 langleys per day, 16 MJ m'2,
on a clear day or 320 langleys, 13 MJ m'z, on an average January day.
Conversely northwardfacing slopes receive as little as 150 langleys,
6 MJ m™2., In the summer and monsoon month of July the whole valley shows
remarkable uniformity under average conditions with a range of 410 to 450
langleys per day, 17 to 19 MJ m'2, and even under clear sky conditions the
range is only 600 to 700 langleys, 25 to 30 MJ m=2.

CONCLUSIONS

It has been shown that a simple computer model of atmospheric attenuation
processes can be developed to separate the significant components of the
radiation input, direct, diffuse and circumsolar diffuse radiation. When
these components are integrated for horizontal and sloping conditions, and
the ratio expressed as a radiation index, the results are significantly
different from simple geometrical indices.
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