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CHAPTER I

INTRODUCTION

The source of ‘energy to drive the gigantic
atmospheric engine and for all biological activity in
the lower layers of the atmosphere and top layers of
soil can be traced to sun. Therefore, it is essential
to understand the radiation climatology; of a place
in order to characterise it physically. The physical
characterisation includes the type of 1life forms and
socio-geographic factors of a place. The response of
the atmosphere to this solar radiation depends on a
number of factors including the earth's retation, dis--
stance from the sun, magnetic field and chemical

composition of the atmosphere.

The sun is 4.0 billion. years old as an ordinary
celestial body. But despite . | this ordinary feature,
it has a . tremendous influence on earth's 1life due to
unique characterstics. It is 300,000 times closer to
earth than the next nearest star. The sun is about
1.5 x108 km away from the earth and is the sole source
of energy to earth. The sun is a .gaseous sphere of

. 5
radius 6.96 x 105 km and mass approximately (.99 x 1&

w
kg. It consists of ma%}y hydrogen and helium plus some
of heavier elements i.e. iron, silicon and carbon.

fo)

The temperature of the sun is 5 x 106 'k at the centre

)



td ssoook at the surface. The density varies from 150

3 at the centre to 1077 g cm™3 at the surface.

g cm
The source of the sun's energy is believed to be
generated by fusion process of converting four hydrogen

atoms to one helium atom.
NG

This reaction takes place in the deep interior
of the sun with very high température. The energy
released is due to the mass difference that occurs when
four hydrogen atoms combine. to form one helium atom
.and energy 1is released obeying Einstein's mass-energy

relationship

E = mC2

Where E is the released energy and m is the mass defect
and c is the velocity of light. This energy released
travels in the form- of electromagnetic radiation to
reach the earth where it is conventionally known as

solar radiation.

Electromagnetic radiation emitted by the sun
encompasses flray, X-rays, ultra violet 'raYS, iight,
heat, radio waves. Most important of these radiations
for meteorological p@?oses aré the thermal radiation

which includes the heat and light waves.

Electromagnetic radiation is classified by its
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wave length (A). - The thermal range encompasses the
wave Jengthranging 0.2 - 1000 pm. The visible spectrum
having range of 0.39 to 0.77 jm. The ultravoilet
includes 0.001 to 0.4 pum and the infra-red (thermal)

radiation lies within 0.77 and 1000 um.

Another subdivision of thermal radiation is short
wave and long wave. They are divided some what
arbitrarily. In solar energy tefminology, any radiation
within 3 ﬁo 4 am is considered to be short wave and
any radiation of wave 1length greater than 4 aum is

considered as long wave.

The temperature of a body is an indicator of
which type of wavelength ()), the body emitts. A black
body is that which radiates and absorbs all wavelength.
~So a black body is a standard body with which all real
bodwﬂs performance is compared with. Since both emitter
sun and absorber and re-emitter earth will be compared
with the black body, it is desirgable to g0 through
the fundamentals of the black body radiation. The basié
three laws of black body radiation are
(a) | Plank'sLaw: It relates the hemispherical spectral

emissive power with the wavelength (A)  and

temperatufe (T) bykfollowing relation.

(3)



b)

c)

tion constant (3.74 x 10 wum© m

o = mmmmmmod . |

A% lexp (C,/AT) - 1]
Where ebA is the spectral emissive power of a

black body in me/um"'1 and C, is the first radia-

© 4 w2 C, is the
second radiation constant 1.388 x 104 ,uﬁk).
is the wavelehgth (um) and T is the temperature

._ O
in k.

Stefan - Blotzﬁann%Law : It states that emissive
power of a black body is pfbbortional to the
fourth power of temperature (T)
eb = 6T4
Where g = Stephan - Blotzmann's

constant

=5.6697 x 10°% wm?k 4

Wein's Displacement Law : It states that the
product of maximum wavelength emitted and its

temperature is a constant.v
T

[}

Amax Constant

2897.8 am K.
The radiation obeying these three basic laws
reaches the top of the earth's atmosphere. So

the first frontier of the study now comes into

play.

(4)



The distribution of electromagnetic radiation
emitted by the sun as‘a function éf the wavelength on
the top of the atmosphere is called the Solar Spectrum.
The sblar constant is the rate of total solar energy
at all wavelengths incident on a unit arey . exposed
normal to rays of the sun at one astronomical unit
(Igbal, 1983).1t is not exactly a constant but it changes
vslightly by a few tenths - o percent over a period
of vyears., It is in the true sense should be called

"Solar Factor".

From the beginning of this century solar constant
is being computed from the ground based spectral measure-
ments | then extrapolated to their predicted yalue at
the top  of the atmosphere by taking into account the

depletion in the atmosphere.

More recently, high altitude measurement is
carried out with the help of aircraft, balloons and
space-probes. The valuei of constant from the high
altitude méasurements varies from 1338 to 1368 lyﬁg.
The NASA value of solar constant® (NASA, 1970) is based
on a weighted average of several values and is

isc = 1353 wm2

(5)



Frolich and Colleagues [Frolich and Brusé, 19811
examined eight solar constant measurements and
recommended the revised value

isc = 1367 w2
Measurements of these type will continue for many years.
Although no significant change is expected in the solar
constant but there is some change of its spectral distri-
bution. This radiation that enters the earth's

atmosphere forms the basis of the‘present study.

Solar radiation comming from the sun is attenuated by
the earth's atmosphere and it classified broadly by
two types (1) Atmosphere without clouds (2) Atmosphere

with clouds.

The standard earth's atmosphere consists maily
of nitrogen and oxygen. Clear dry air contains about
70% nitrogen, 21% oxygen, 1% argon and 0.33% carbon-
dioxide, by volume. In addition, earth's atmosphere
contains water vapour and particulate matter (aerosols,
such as soot, dust, water vapour and ice «crystals.
They are the key factors to produce diffuse. radiation
. from the radiation reaching at the topvof the atmosphere.

The total atmospheric matter near the " earth

(6)



according to the radiation climatology is classified
into three parts (1) dry air molecules. (2) WwWater
Vapour (3) Aeﬁ?ols. The solar radiation entering into
atmosphere is attenuated and diffused by each of these
groups. Hence only some portion of radiation gets

e
diffused and rest g§ches the earth as direct radiation.

The air molecules, aerosols and water vapour
deplete solar radiation by the process known asscatter-
ing. Scattering that occursrzhe atmosphere is generally
of two kinds (1) Ray_'leigh (2) Mie scattering. Mie
scattering takes place when the particle size is in
order of the wavelength of incident radiation. Ray
leigh. scattering occurs’ when the particle. size 1is
smaller than one t}{enth of the wavelength of 1light.
'Rayleigh's solution, in other words, forms oné individual

case of Mie theory. Rayleigh' scattering is applied

to the scattering of air molecules which is based on

the assumption that particles are spherical, and their
diameter is less than 0.2U. The particle scattered
is also independent of one another. Mie scattering
is applied to the water vapour and dust particles.
Although the size of water molecules are comparable

to that of dry air molecules but as they coagulate,

(7)



they form bigger molecules. Also because of humidity,
the size of the particles of hygroscepic nature will
gfow as a result of condensation of water vapour. Hencc
the water vapour plays a significant role in Mie
scattering. Scattering and absorption in specific bands
by different aerosols, water vapour and promingnt gases
leads to the attenuation of solar radiation. They also
diffuse to a large extent and thus create two types
of radiation. One the beam or direct radiation and
second diffuse radiation. These form the basis of this
study which relates them with the pollution parameters

like dust,aerosols and sunshine duration.

Solar and terrestrial radiation data are also
needed for wvarious purposes. The requirement is
-generally three fold (1) in engineering design of the
collector and storage system (2) to evaluate the collec-
tors efficiency or solar energy'system calibration and
(3) in research and for short and long term predictions

of solar radiation.

The engineering purpose of collector and storage

system requires the solar radiation data to select the

(8)



suitabte site among several locations and for designing

the most efficient collector and storage system. Radia-
tion climatological data will provide the radiation

potential for a site.

The storage system requires information about
the persistencé of solar radiation greater than the
threshold value .. The network data should be
supplemented by site specific data and actual measure -
ments at the site will be required. It is essential
for the design engineer to have predictions of future

energy.

To find the collector's efficiency, meteorological
parameters required in addition to global radiation,
diffuse radiation are the long wave radiation (LM -and
L¥) ,temperature (T),wind speed , humidity (h), turbidity
(B ),cloud amount (N) sunshine duration (S) and the
precipitation (P). The frequency distribution of radia-

tion and the spectral distribution are also necessary.

Large amount of data has been collected by many
National Meteorological services since TGY in 1957 when
global observations of different components of short
and 1ong wave radiations were tabulated at a large number
of stations in the world. Based on these data and other

values from different meteorological parameters, radia-

(9)



tion maps of global, diffuse and extra-terrestrial

radiation have been prepared on global and national

scale.

Sunshine: A study of the distribution of
sunshine duration over the Indian peninsula shows that
the eastern states comprisiwg .¢ West Bengal, Tripura,
Assam and Sikkim has a mean daily suwshine between 6.0
to 7.0 houms. The southern peninsula is having sunshine
between 7.0 and 8.0 hours. The central peninsula is having
8 hrs sunshine. Western India is having hours of sun-
shine ranging from 8.5 to 10.0 hours. The northern
India is having ~, sunshine between 6.5 and 8.5 hours.
The centrai India is having a range between 7.5 and
8.5 hours. In a year, the north-west central zone
receives 3300-3700 hours of bright sunshine and central

peninsula receives 2900 hours of bright sunshine.

During cold season, December to March, the
highest duration is observed over central 1India and
least over the nbrth and northwest because of the
passage of winter disturbances and decrease in length
of the day with latitude. With the change of season

the region of clear sky and maximum sunshine shifts

@:9)



from the central to northern part. With the onset of

monsoon in June, over the peninsula, the duration is

" highest over the north western part.

skies

and by

With the withdrawal of monsoon over the peninsula

become clear in the north and central portion

‘November, skies clear again over central India.

Global Solar Radiation (H): Since cloudiness
is the main parameter ., influencing the sunshine
and radiation, the distribution of sunshine 1is
expected to be similar to that of sunshine,.
Eastern zone mean daily global radiation varies

2 1.'Yhe southern penin-

1

from 4.0 to 5.4 KWhm ° day

sula is having a range of 5.4 to 5.8 KWh day:1

The western and northern zone is having a range
2 1

of 5.6 to 6.4 and 5.4 to 5.8 KWh m © day .

There is a low gradient of radiation intensities
on a clear day in winter for the north and high
for the south. But the situation reverses for
the May-July with the apparent north wé&imovement‘
of the sun and the onset of the monsoon over
the peninsula. During April, the radiation

received is high and fairly uniform over the
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subcontinent. The highest value of over 220
KWh/bz/month is received in the month of April-
June in arid and semi-arid zone of the subcﬁntine—
nt. It is low and fairly uniform again in August
(140 KWh/mz/month) when the monsoon has covered
the whole country. The lowest value occurs in

July-August and November-February.

On the whole, the global radiation received is

1 2 1

7.5 KWhm? day~ ' or 225 KWh m “ month~ over the arid

and semiarid areas in the north and north-west.

Diffuse Radiation : Diffuse radiation distribution
matches with the distribution  of cloudiness.™

For the eastem region, the mean daily diffuse
radiation varies from 2.4 to 2.6 KWh w2 day ~1
The southern peninsula is having a range of 2.2

to 2.4 KWh m 2 day_1 and the western zone having

variation from 1.4 to 2.0 KWh m=2 day_1. Diffuse

radiation in the northern 1India 1lies between
2 1

1.8 and 2.2 KWh m “ day .

Considering the year as a whole 700 KWh/ng' of

diffuse radiation 1is received over the country



with maximum in the extreme south-west and north-

east regions where the maximum cloudiness occurs.
About 50% of the diffuse radiation occurs during
the monsoon months and 30% during the cloud less

dusty summer months.

The diffuse radiation ags a fraction of global
radiation varies widely depending on the cloudiness
of the sky. The maximum 77% occurs during June-August
and a minimum 17% during the November-February. This
implies that as much as 80% of shortwave. radiation
received is scattered during the monsoon months. In
arid and semi-arid regions 20-25% of the global radiation
is diffuse even with clear skies. It increases to 35%
in June. Delhi receives:about 3.5 kwh/mz/day as diffuse

radiation in June.

Direct Solar Radiation : Direct Solar radiation
is maximum in winter and minimum in monsoon and summfer
months, for the same optical airmasses rand solar
elevations. The lower value in premonsoon months can
be attributed to scattering and absorption by dust and

aerosols. It is highest when the atmosphere is dry

(1)



and dust-free. The rain out and washout decreases the
dust but increases the water vapour and thus reduces

the intensity of solar radiation.

Solar radiation is attenuated in the atmosphere.
It is therefore necessary to understand the characteris-
tics of attenuating parameters i.e. wavelength exponent

() and turbidity (B) and their spatial distributions.

Wavelength Exponent(ﬁ) : The soutﬁern half of
the subcontinent is having '@®' as 1.0 throughout the
year. This condition occurs for North India only during
the winter months. In summer the value of 'e¢' falls
to zero or becomes negative indicating neutral haze

scattering and presence of predominantly large particles.

Turbidity (ﬁ): For the whole year, the values
of B‘are'higher over the north and central India than
over the peninsula. They are highest during the hot,
dry summer months and least during the winter forythe

whole subcontinent (Mani et. al. 1969).

The present dissertation aims at analy sing

the radiation parameters of Delhi.

!
Delhi (latitude28°/2 longitude 77°23') is selected

(12)



becausei%uite good amount of available data. Secondly,
Rajasﬁ?n,being in proximity {o the Union'Taqiuxy,plays
a vital role in Delhi's radiation climatology especially
during summer. So one can readily observe the influence
of this desert. For, Delhi,.winter to summer contrast
occurs in humidity and aerosol content. A marked change

occurs particularly at the onset of monsoon.

These factors éive rise to a peculiar shortwave
attenuation at Delhi. All attenuation factors show
a pronounced annual trend. Monsoon months show maximum
absorption and then décreasing slowly. Aerosol .
scattering increases steadily from January to June with

a significant change during monsoon (Latteu, 1961).

All these factors lead to an interesting aqnual
trend and interrelationships between radiation parameters

and attenuation parameter.

The study therefore comprises of (1) Correlation
studies between radiative parameters and sunshine
duration (ii) interrelationship between the radiative
parameters and (iii) the turbidity and its relationship

with the radiative parameters.

U3s)



Correlation between total radiation and sunshine

duration was first observed by Kimball (1919) and later
Angstrom (1924) gave relationship by taking it as a
fraction of a berfectly clear day insolation. This
method was followed by Fritz and MacDonald (1949) who
based their work on eleven stations in United States
to give a different equation. Keeping a view of the
problem " arising ouk of the insturments
which are unable to record during the period when sun
is less than 5° above the horizon. Mateer (1935) incor- -
porated the correction factor for it, to come up with
a new correlation. To remove the difficulty in defining
a perfectly clear day, Prescott (1940) replaced the
perfectly  clear day insolation with extraterrestrial
radiation. Based on Préscott's equation, many resear-
chers performed regression. analysis for  different
places to compute different values of slope and intercept
of the regression equation. Igbal (1979), Scerri (1982),

Andretta et.al. (1962) carried out their work based
on Prescott's equation. In India, Modi and Sukhatme
(1979) performed similar regression analysis by
dividing the country into two zones depending on the

winter monsoon characteristics of the places. This

()




regression analysis was performed not only with sunshine

but also with cloud amount and precipitstion. Rietveld
(1978) éarefully scrutinised the intercept and slope
values of Prescott's linear regression equation td even-
tually find out that intercept is linearly related and
slope hyperbolically related with the mean value of
sunshine. Hence he gave a correlation believed to ‘be
applicable globally. Some researchers tried to incorpo-
rate geographic factors such as latitude and elevation.
Glover and McCulloch (1958) incorporated latitude effect
wherq:zas Bernet (1965) incorporated the elevation.
Hay (1979) introduced ground albedo and cloud cover
factor to give site independent correlation. Hay, while
correlating, assumed albedo of the cloud free atmosphere
to be 0.25 and that of cloud base is 0.6. Taking these
two values and using Mateer's elevation correction in
sunshine duration, Hay (1979) introduced a new site
independent correlation. His method is prefeﬁ%d by
Mani and Rangarajan (1982) in India who performed similar
regression vanalysis for 15 stations spread over the

country.

Many of the interrelationships Dbetween the

(A8)



ave .
radiation parameters ; worked out by Igbal (1979) who

proposed a linear form of equation based on the data
of _three Canadian cities. The diffuse radiation in
this case was taken as a fraction of total fadiation.
Léter he removed this restriction by replacing the total
radiation by extr%ferrestrial radiation. Hay (1976)
generalised the procedure by considering radiation before
and after multiple reflections between earth and cloud

cover.

Igbal (1979) gave a regression equation relating
beam as a fraction of total radiation to sunshine.
Later he replaéed total radiation by extr@terrestrial

radiation to give another relation-ship.

The first to relate the diffuse radiation to
total radiation was Parmalee (1954) who performed it
for cloudless day. Later on Liu-Jordon (1960) extended
it fdr cloudy day too. Apart from the distinction based
on meteorological (cloudless or cloudy) conditions,

betw e
the correlationskthe radiative parameters are categorised

in accordance to the type of interval chosen. The first

catagory involves hourly, second daily and third monthly



average values of the radiation parameters used.

The hourly correlations are expressed as interre-
lationship of the ratio of hourly diffuse radiation
to the hourly global radiation, to Ky, the ratio of
the hourly global radiation to hourly extra terrestrial
radiation. The correlation of this type is attempted
by Boes (1975), Orgill and Holland (1977) and Bruno
(1978). Burgler (1977) developed the correlation of
hourly global radiation to K%, the ratio of hourly global
radiation to an estimate of hourly "clear" radiétion.
Randall and Whitson (1977) developed a statistical

algorithm to estimate beam radiation.

Daily correlations relating daily diffuse radia-
tion fraction to K;, the ratio of daily global radiation
to daily extraterrestrial radiation H/Ho is worked out
by Liu-Jordon (1960) Choudhury (1965), Stanhill (1968)

Tuller (1976) and Collares-Pereira and Rabl (1979).

The monthly average daily correlations relating
fraction of diffuéef radiation to Ky, ratio of monthly-
average daily global radiation to monthly average daily

extraterrestrial radiation are of two types; (1) Liu-

(17)



Jordon equation (2) Page's Liﬁear regreséion equation.
Liu-Jordon (1960) developed a correlation which is
applicéble globally based on several station's data with
a substantial range: of Kf. This correlation was later
studied by Klein-Duffe (1976), Igbal (1979) and Modi-
Sukhatme (1979) and found the applicability of the
equation although the equation arrived at was not
identical owing to the geographic and climatic factors.
Page (1940) developed a linear regression equation based
on data from ten locations between 40°N and 40°s
latitude. Igbal (1979). further developed it slightly
by adding shadow band correction. Collaris-Pereira

and Rabl (1980) Vignola and Mcdanials (1984) developeé

a correlation whose coefficients vary with season.

All the three types of correlations (i.e. hourly,
daily and monthly averagé relationships) differ from
each other considerably. The discrepancies are due
to variation in instrumentation, measurement techniques,
different methods of correlating the data, locational
dépendence of data or insufficient data (Erbs et.al.

1982) etc.

Turbidity was first systematically defined by



Linke (1922) who considered all the waveiengths which

undergo Rayleigh scattering. Angstrom (1964) used RG-
2 filters to take only the irradiance band of 0-0.63
b and Scheupp (B) prefemed to take only the 0.5 h of

the visible spectrum.

Some interrelationships between these three
coefficient . are established by Katz, Baille and
Mermeir (1962). 1In India, Majumdar et. al (1965) attemp-
ted to establish a new index analogous to Linke's para-
mter with 1less virtual variation with air mass. The
new index of turbidity is defined on the bésis of two
measurements of direct solar intensity with and without
filter. Ramanathan and Karandhikar (1949) carried out
a comprehensive study in Delhi to find the effect of
haze scattering on the measurements of ozone with Dobson
spectrophotometer. Rangarajan (1960) carefully scruti-
nised the data at Delhi and Pune to conclude that aerosol
scattering over India is independent of wavelength and
aerosol particles at New Delhi and the particle size
diétribution of India is different than that of other
temperate latitude places. Mani et.al. (1969) observed

seasonal changes in Angstrom turbidity for a number

(19)



of stations in 1India. The wavelength ‘exponent ()

distribution was also studied.

Krishna Nand and Maske (1983) observed seasonal
variance of the tubidity index over  India with Volz

sunphotometer.

Relationship  between t@pidity' and radiative
parameters has been found by many authors. But most
of them are either too elaborate in computational pro-
cedures or not accurate enough. Among them Braslan
and Daveis' model (1972) fits best. Hoyt's model (1978)
incorporates Rayleigh's and dust scattering. This model
is preferred by Mani and Rangarajan (19€4) to estimate
turbidity from nomogram based on formula relating B

to the ratio of diffuse and direct radiation.



CHAPTER - II
MATERIALS AND METHODS

This study is.designed to understand the nature
of atmospheric constituents which attenuate and determine
the solar radiation received ultimately at thé g:ound.
Secondly, the study aims to determine the 1long term
trends in the transmission and attenuation of solar

radiation.

Keeping these in view, three radiation parameters

amely, global,diffuse and direct radiation were chosen.

Sunshine duration and two extinction/attenuation or

pollution parameters i.e. wavelength exponent (&) and

the turbidity (ﬁ) were also -taken into account.

Radiation and sunshine duration data for five
years (1983-87) of Safdafjﬁﬁg,)New Delhi were collected

from India Meteorological Department. Available Volz

sunphotometer data for one and half years(ﬁ987-88) were

collected from India MeteorologicalwDepartment to compute

the wavelength exponent («) and the turbidity factor:

(B).

Global Radijation:

Global Radiation consists of (a) the beam or
s %M\&
551 521:3(545)
A0



direct radiation and. (b) the diffuse radiation. Infact,

it is the total incoming shortwave radiation hence often
known as Insolation. This is generally measured with
a thermoelectric pyranometer coupled to a recorder -
either a strip chart or an integrator printer. The
pyranometer consists of thin blackened surface i.e.,
a black body supported inside a relatively massive well
polished case. When exposed to the solar radiation,
the black surface temperature rises until its rate of
loss of heat is equal to the rate of gain of heat.
This rise of temperature sets up a thermo electrq:motive
force (e.m.f.) The thermo e.m.f. 1is caused by the
temperature difference of the black surface and the
well polished case which is kept at ambient temperature
by the massive body of the case. Maintenance of the
ambient temperature is achieved with the help or gaurd

plate which covers it from direct radiation.

A pyranometer measures the incoming shortwave
radiation from a solid angle of 27\ stardians i.e.,
a hemisphere. This has a 1linear thermal response
throughout the range so that the electrical output is
directly related to the radiation input. It has relative

freedom from the thermal effect so that the callibration

(22)



factor is only a small function of temperature of the

observing instruments. It has uniform spectral response
across the whole range of wavelengths so that the cali-
bration factor does not depend on the precise solar
energy spectrum. It has accurate cosine response so
that the instrument gives an accurate output to the

radiant inputs that are incident on the surface obliquely,

i.e.
H, = cosi.
Where HS = Irradiance on the surface
Hn = Irradiance normal to the solar beam
i = Angle of incidence.

It should have the relative freedom of azamwmth effects
i.e., instrument should read the same readings regardless
of the direction from which solar radiation is incident.
Finally, it has freedom from weather effects due to
wind. So, in accordance to the last requirement., the
thermopile surface is protected from wind and femperature
by a pair of high quality optical glass domes. These
domes are double grazing i.e, which do not modify the
incoming radiation to much amount. The black thermopile

surface is obtained by using durable optical black paint.



Lastly, the instrument is to be levelled for accuracy

especially at low solar altitude. (Page, J.K. 1979).

The above discussion points out that the global
raaiation measurements involve lotj\complications. In
order to obtain global radiation from easily measureable
parameters, global radiation is correlated with sunshine

duration which is much more easier to measure.

In this approach, the monthly average daily radia-
tion was used as a fraction of extréterrestrial radiation.
This fraction 1is correlated yith different parameters
including the sﬁnshine duration. These relations signify
thé importance of global radiation. It is also expected
to give a long term trend apart from giving an estimation
of unknown parameters from the basic relation relating
them. This can be computed by substituting the wvalues
- of known parameter to find the unknown. A gooa relation

is necessary with all other parameters to serve this

purpose.
Direct or Beam Radiation:

Direct or beam radiation is the radiation
incident normally from the Sun. Instrument for the
measurement of direct radiation is called pyrheliometer.

A pryheliometer is a device to study the input of any
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focussing system. The direct rays are associated with

any area of sky of higher radiance, mainly due to forward
scattering. This circumsolar sky radiation may also
be focussed. The best way is to use a standard meteoro-
logical aperture of the pyrheliometer to the collector.
If the aperture is too small, instrument alignment pro-
" blem arises. 1f it is wide or big, it allows too much
circumsolar sky radiation to study the properties of
direct solar radiation. The blackened absorbing surface
of collector (thermopile) must have uniform absorptance
over the entire solar specturm. The most widely used
instruments are the Line Feussner Actinometer which

has adi dP‘\YQJh}Qd aperture angle 10°12' and the

SensZ it

temperature'\of about ~0.2% per degree celsius. (Page,

J.K, 1979)

Second one is known as Eppley's normal incidence
pyrheliometer with a narrow aperture of 5°43' and a
temperature dependence of 1% over the ambient temperature
range —ZOOC to 4OOC. A thermo resister temperatura
compensating circuit is in the heat sink of the thermo-
pile. Both are relative instruments requiring accurate
calibration against a radiation standard before setting

in use. (W.M.O. 1957).
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The beam or direct radiation in this study is

based on a ratio of both global radiation (H) and the
extraterrestrial radiation (Ho). These rétios are
correlated with a number of other parameters in order
to obtain a long term trend. An attempt is also made

to estimate the values of radiation.

Diffuse Solar or Sky Radiationv:

When the solér radiation enters the atmosphere,
it is scattered by air molecules and aerosol particles
to yield diffuse radiation. This diffuse radiation
is due to two types of scattering. Firstly, the primary
scattering which takes place because of the first intera-
ction with the air molecules and aerosol particles.
Secondly, the multipie scattering, which takes place
by the numerous scatterings of the same ray by different
particles. The contribution in the generation of diffuse
radiation is maximum by the primary scattering. (Igbal,

- 1983).

There are three methods of obtaining diffuse
radiation on a horizontal surface. The first 1is to

combine the observations of pyrheliometer with those
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made with global pyranometer. Using Cosine Law and

assuming the cosine response of the pyranometer the
diffuse radiation can be estimated. The estimation
is made by taking the difference between the measured
global radiation and the resolvéd component for the
horizontal surface of the direct beam irradiance obtained
by the pyrheliometer. The second methéd of measuring
diffuse radiation is by shading ring lﬁethod. In this
shades the horizontal surface pyyanometer witha movable
occulating disc. The occulating disc is chosen to have
same .shading area és a- standard pyrheliometer would
have been used in that place. The disc is rotated on
a equitorial mount to follow accurately the motion of
the sun to record the diffuse radiation only. The advan-
tége of occulating disc is that it covers only a very
small portion-of the sky. So no correction 1is needed
for the obstructed sector of the sky. The main problem
lies in devising an instrument which will help the disc
to give accurate  shading. The third method which is
widely used is the method of shading band. In this
case, the shading is done by mounting a band on a pyrano-
meter so that sun's rays do not fall directly on the

pyranometer. The advantage of shading band is that

mebhhed,,



no mechanical moving parts are necessary} The disad-

vantage is that the instrument is to be adjusted daily
with the change in the sun's declination. But the
greatest disadvantage lies in the errative assumption
of considering sky of a uniform radiance. The sky
radiation is in fact having very strong non isotropjc
effect which ultimately gives the error in the data.
(Steren, W. 1980). The diffuse radiation forms about
17 percent of global radiation on a clear day and can
be as high as 35 percent with hazy sky and 80 percent

during. monsoon months. {Mani and Rangarajan, 1983).

The diffuse radiation is expressed as a §r§;ion
of global radiation (H) and used in the study. Some
correlations are made with other parameters to understand
the role of diffuse radiation in the radiative processes
in the atmosphere. An estimation of diffuse raaiation
values was‘attempted. Same attempt was made regarding
the establishment of some global radiation equations
under this terrain conditions. Likewise attempts were
made by taking the diffuse radiation as the fraction

of the extraterestrial radiation (H).

Sunshine Duration :

The number of hours of sunshine is a very
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important parameter which determines the amdunt of solar
radiation reaching the earth's surface. There are two
types of sunshine duration sensors namely focussing

type and photovoltaic types.

The focussing type is the Campbell-Stokes
sunshine recorder. It consists of a solid polished
sphere of precision optical glass. It is mounted on
a brass-bowl with grooves to hold the recorder cards.
The sphere burns a trace on the card which is held
always at the focal length of the spherical lens when
exposed to the sun. The length of the trace is a direct
measure of duration of bright sunshine. The major
drawback with this instrument is the effect of humidity
on cards and its ability to establish a fixed threshold
level of radiation. Under very humid conaitions, burn

may not begin until the threshcld level is 280 W2

while in very dry climates it may begin at 70 Wm 2.
The sunshine hours expressed as a fraction of
possible sunshine hours (S) can be obtained from
S =n/ Nd
Where 'n' is the monthly average number of instru-
houwrs :

ment recorded bright sunshinekper day, and

'Nd' is the average day length.
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For a given month, the average day 1length can

be obtained from

n
— _ 1. 2 2 cos_1 (- tan¢ tang) ] LR (l)

Where 'n" and '

ni' are day numbers at the beginning
and end of the month.

'$' is the latitude of the station, and

'§' is the declination.

Assuming the sunshine hour angle 1is equal to
the sunset hour angle except for the sign difference,
the average day length becomes :

Nd = 2 cos_1 (—tan¢ tangé) [ Igbal,1983]--(2)

15

where 'gh' is the characteristic declination,

This method is particularly suggested by Igbal
(1979) for establishing correlations between sunshine

duration and other radiative parameters.

Wave Lquth Exponent (&) and Turbidity Coefficient (P)

It is well known that there 1is always some
difference in sun's intensity at the top of the

atmosphere and down at the ground. This depletion of
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solar radiation intensity can be partly‘ attributed to
the particulates present in the atmosphere. Conversely
it can be said turbidity is partly responsible for this
depletion. The essence of this study lies in the fact
that one can relate a radiation parameter to a pollution
index., Not much 1is done either in instrumentation or

in clearly defining the parameters so far.

Turbidity is a measure of the total vertically
integrated particulate 1load in the atmosphere. (Mani
et.al. 1984). It" is a wuseful parameter influencing
the incoming solar radiation flux and is a measure of

the amount of air pollutants.

The wave length exponent 'e&' is a measure of

the 'particulate size distribution, '&' can vary from
0 to 4 but in practice it falls between 0.5 and 3.0
In many cases, it 1is considered as a constant. More
details are given while defining the Angstrom turbidity

Coefficient. (Mani, Rangarajan, 1983).

Linke (1922) first defined a turbidity parameter
(T) indicating the number of standard atmospheres of

pure and dry air which produces the same depletion or

(3D



give rise to the same intensity of diréct radiation
as in‘ given turbid condition. This is based on the
consideration that scattering and absorption by pure,
dry air is the basic atmospheric effect (Majumdar et.al.)
Therefore, Linke factor, T, can also be defined as the
ratio of mean extinction coefficient to the mean Rayleigh
extinction coefficient.

T = 3 / 3, (Karz et.al., 1982) +---- (3)
But this Linke's parameter is having one disadvantage
i.e. even under constant turbidity, 'T' was found to
exhibit diurhal variations or the virtual variation
with airmass. One can say that 'T' is not strictly
independent of airmass. This is ascribed to the
dependence of extinction coefficient on wavelength of
radiation (Robinsoq, 1966). In order to eliminate the
effect of water vapour which Linke's factor has taken
care of, Angstrom introduced the Scoctt. red filter
RG-2 having transmission from 0.63 to 2.8 pme. This

accounts for two basic effects i.e. moleculer or Rayleigh

scattering and scattering due to aerosols.

Angstrom (1929, 1930) gave an empirical relation-

ship relating extinction coefficient 'h&}with wavelength

(32)



'Gé in the form:
N

-
- )
aDA P ceeccccsaacnns . (4)
Voltz (1956) and Angstrom (1961) found that

« = 1.3 + 0.2 can be taken as average value and

when substituted in the equation (4} we get.

_ -1.3 »
abz_ﬁ% ceseccsecssscses (5)

But it is erroneous to take 'x' as a constant
for tropical country like India and the present study
also does not confirm this hypothesis. The approach

taken for computing '&«' and 'B' is as follows.

The basic equation used for computing the extinc-

tion coefficient 'aD)' is of the form.
.
ath = log A
I, s - (aR')+ 27‘) P cee (8)
m P
n o
Where,

Io is the extra terresterial intensity for the wave-

'

length 'A' at mean sun-earth distance

I, is the intensity at wavelength 'A' observed.
m is the relative airjmass

aRA Rayleigh extinction coefficient

az) is the absorption coefficient of Ozone

S is the reduction factor for mean solar distance

(829



P is the surface pressure at the staﬁidn
Po is the mean sea level pressure

The instrument measuring the turbidity is called
Sunphotometer. Sunphotometer does not give the actual
solar intensity but a meter reading 'J ' which is pro-

portional to the intensity. The calibration constant

of the instrument 'Jo)' is taken in such a way to give
the extra terresterial intensity 'IO)' respectively
to get.
1 JO?\
aE% = og _j;;:__
X - (aR) + a%>) g e ()
Mh o

One can ask the purpose of '

mn' the relative
airmass and the pressure 'P' in this equation. The
answer is in the difinition 1itself,. Relative airmass
is defined as the ratio of the optical path along with
the oblique trajectory, to the vertical path in the
zenith direction (Igbal, 1983). So, one can see that
this ratio gives the relative distance the 1light has
travelled. The ratio of the station level pressure
(P) to the sea level pressure-(Po) gives the total height

of the air column. The ray travelled te ¥reaeh the

ground. Combining these two definitions one can see



that the former gives direct information about the total
distance travelled by 1light and the latter gives the
total length at which depletion can occur. Thevyplz twin
filter . sunphotomer used in this study had two selective
wavelengths or filters i.e. 640 nm and 440 nm. The

Rayleigh extinction coefficient ( ) and absorption

aR)
coefficient of Ozone (az ") were taken from the standard
tables. The relative airmass (mh) is calculated as
a function of the apparent solar height. Corresponding
pressure is measured. iBy taking these readings, i.e.
pressure, meter deflection and relative airmass the
values of '&k' are obtained after computing 'l ' by using
following equations. |
log ab)1/a£&z R ()
10g?&/%1)

X =

This '«' was latter used to compute 'P' by calcu-
lating first '@,' from
.. (9)

By = apy x'@A

and then 'p' by using following relationship :

ﬁ; B, /2 b e e es .-Qw

These wvalues of 'ﬁ' are also correlated with

other factors. After computing and tabulating each

(35)



parameter, an attempt has been made to correlate these
parameters to determine the degree upto which these
relationships are reliable. The objective is also to
compare the results of the present study with the earlier
studies. Keeping these objectives in view, following

methods are identified.

a) Correlating the Average Daily Global Radiation

with the Hours of Sunshine :

Since it is a known fact that more sunshine will
yield more insolation and vice-versa, . there

has to be a direct relationship with the number of

sunshine hours and the insolation.

Kimball, (1919), and Angstrom (1924) studied
the relation between sunshine hours and the average
daily global radiation. Angstrom found out the

following relationship.

H /H

a

o 1 +(1-a1)S

= a, + b1 S teeecaccsssss (11)

Where H is perfect clear day horizontal insolation and
S the monthly mean daily fraction of possible
sunshine obtained from

S =T / NA teceveeennaccacanns (12)

Where n = monthly average number of instrument recorded
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hours of bright sunshine per cday.

Nd = Average day length which can be calculated from

D2 :
Nd = __l_____,: [ 2 cos (-tand+ tand) ]
n2." l’l,] 5
n:n1 ’ «a & o o ° (13)

Where n, and n, are the number of days at the begining
and end of the month, & is the latitude of the location

and & is the declination. 'ﬁa is calculated in this
: . L ) ]
case by replacing & by E%' i.e., the characteristic

declination of that month. This 'gc' or characteristic
declination is the declination at which the extraterres-
trial irradiation is identical to monthly average value.
Characteristic d%}ination varies slightly with the
latitude. So the characteristic declination is
calculated from the table based on 35° N latitude and

substituted in the following relationship to compute

the values 'Nd

L ]
Na = _2 cos (-tand tangc)
> (Igbal, 1983)

ceneea. (W)

ay and b1 are empirical coefficients obtained
from regression analysis using measured value of H and

S.
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But the main problem with the egq. 01 is to
define the perfectly clear day from which to calculate
E. Therefore, Prescott (1940) and others modified the
equatidn by feplacing H by extraterrestrial irradiation,

equation(1ﬂ gets modified to

H/Ho

a+ b (n/ N&)

a + b S tieeiiieennenaess (15)

This equation is used in the present study by
computing iiﬂ the extquerrestrial radiation, from the

standard table for the particular latitude.

In this relation, it can be seen that ©/Nd becomes
zero under overcast conditions. This in fact implies
that 'a' is a measure of the global radiation received
at the ground through aﬁ overcast sky as a fraction
of extrqﬁerresfial radiation. Thevcoefficient 'b' shows
the rate of increase of 'ﬁ/ﬁo with increase of 'E/Na.
So the magnitude of 'a' should be depending on the
type and the thickness of prevailing clouds and 'b'
on the transmission characteristics of cloua—free atmos-
pheré. The value of 'a' varies from 0.14 to 0.54 and
that of 'b' from 0.18 to o0.73. But remarkably the values
of (a+b) or transmitivity is constant for a location.

So if the values of 'a' increases for a set of vyears,
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the values of 'b' should decrease and vice-versa. The

sum assumes the values ranging from 0.65 for a moist
turbid atmosphere to 0.8 for dry and dust-free atmosphere.

(Mani and Rangarajan, 1983).

In this correlation, knowing a and 'b' one
can estimate the values of H or the average daily global
radiation for any location provided the sunshine hours

are available.

After finding the regression coefficients, the
correlation coefficient (r) is found out to establish
the wvalidity of the estimation method of the global
radiation. The coefficient of determination (r2) and

standard error are found out to further confirm - the

result.

b) Correlation of Diffuse Radiation with Sunshine

Duration:

Both sunshine duration and the fraction of
diffuse radiation are dependent on the cloud cover hence

the relationship between them can be established.

Igbal (1978) expressed the average horizontal
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diffuse radiation as a fraction of maximum possible

sunshine hours as

ﬁd/ﬁ- = (1— ?l-)'o;...o....o (16)
Ng
Where ﬁd is the monthly average daily diffuse

radiation

H is the monthly average daily global radiation
n is the average number of bright sunshine hours
per day and

Nd is the monthly average day length.

The eg (16} can be written as

Hd / H=1c¢c +4d (T / Ng) ceeeeees (17)
where it was assumed that C = + 1 and d = -1. In practice,

'c' and 'd' were obtained by regression

the values of 'c
analysis

The correlation coefficient (r), coefficient
of determination_(rz) and the standard error are deter-

mined.

As discussea earlier sometimes problem arises
in measuring H or the monthly average daily global
radiation. To eliminate  this, folldwing equation
relating H with sunshine was used to find the empirical

relationship between diffuse radiation and sunshine
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duration
H/ Ho =a+ b (ﬁ/ﬁd
This relation given by Angstrom (19.24 is
critically reviewed by Schulze (1976) particularly the
estimation method.
Multiplying equation (17) with eg. (18) we get
Hy/H = a; + a, (M/Ng) + ag (B/Ny) .. (19)

(M. Igbal, 1979)

This equation'is solved by methodof least squares

and the standard error is found out.
c) Correlation of Beam Radiation with Sunshine Hours:

As in the case of diffuse radiation, the fraction
of beam radiation also can be correlated with the sun-
shine hours. The beam radiation 1is taken as the
difference between the global and the diffuse radiation.
(Igbal 1983). Both global and diffuse radiations are
functions of sunshine hours. Hence the beam radiation
i.e., their difference should also be a function of
sunshine hours.

The average beam radiation on a horizontal surface

is

—

Hb:H-Hd * ® 8 ® 0o 068 0 06 s e (20)
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Substuting this in equation (17) one gets

=C4+d( n)

- Nd

T

1 - Hb/H = C + 4 (n/Nd)
~or Hb/H = J+K (A/NQ) ceevinviinna. (21)
Again dividing the original equation by Ho
(ﬁ - Hd/Ho = H/Ho - HA/HO vevveeea.. (22)
Inserting in eq. (2!) and (i®) in the right side
of(22)one gets.
N

(A/Nd) + .a (n/majy” = L....

Hb/Ho = a + a 10

8 9

(Igbal, 1979)
Using Gaussian-Newton least square technique
of curve fitting, the coefficients agr a9, a10 are found

out. The standard error is also estimated.

d) Correlation between Diffuse Radiation and G.ldal

Radiation

On a cioudy day, the global radiation received
is an indication of the extent of cloudiness and hence
éhould be an indicator of diffuse radiation. So, for
a location, the parameter KT = H/HO is an indicator
of clearness, can be related to the fraction of diffuse
radiation, Kd where Kd = Hd / HO ( . Igbal 1c¢ga). This

relation based on daily values can be extrapolated to
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monthly averages. So, the fraction of monthly average

—

of the diffuse radiation Kd Where Rd = Hy / H can be
related to the fraction of global radiation'?T, where

KT = H/Ho.

Using data for ten widely spread sites located

between 40° N and 40O S, Page (1961) arrived at a linear

relation
Hd/H= 1.0+ 1.13 KT e e es 0 sse0sss e (24)
Where.RT = ﬁ/ﬁo is the cloudiness Index.

Liu-Jordon (1960) gave a new dimension to the
whole approach by generalising this distribution. He
used global data to obtain a relationship of the form

Hd/H = A, - AK, + AJK, -A K, (Liu-Jordon, 1960)..(25)

The present study is to examine the wvalidity

of this equation in this condition with the help of

available data wusing Gaussian - Newton Least Square
rethod.
e) Correlation between Turbidity and Radiation

Parameters :

Solar radiation gets depleted as it passes through

(42)



the earth's atmosphere. The particulate | load causing
this depletion, as already mentioned, can be termed
as turbidity. As discussed earlier, not much work has
been done in the field of instrumentation for measuring
the tqpidity. The present available insturmentation
has one great disadvantage. The sunphotometer used
to measure the t&pidity cannot be used during too much
of hazy and cloudy months. Therefore w monsoon months

it practically becomres non—operétive. But radiation
measuring instruments are operative round the year with
no such restrictions. So, here an attempt is made to
observe any kind of relationship with the turbidity
and the radiation parameters. This attempt is based
on the study of Mani and Rangarajan (1983) who estimated
turbidity from the ratio of diffuse radiation Eo the
beam radiation. They observed a 1linear relationship
between them. In the present study also regression

analysis is made to substantiate the earlier results.

f) - Annual Variation of Wavelength (alpha) and

Turbidity Coefficient (beta) :

As discussed earlier on Angstrom's (1963)

.

assumption to have a constant value of 1.3 was verified
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here. The values of '(3' are added to give a monthly

average. This procedure is followed for each month.
Annual variation of alpha is then observed. Similarly,
for turbidity coefficient, the daily values are added
to give the monthly averages. Annual wvariation of
turbidity as well as periods of differing turhicity are
observed and suitable physical explanations are pfoposed

for the variations.
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CHAPTER III

RESULTS AND DISCUSSION

Correlation Between the Global Radiation and Sunshine

Duration:

The regression equation according to Prescott (1940) is

ﬁ/ﬁo =a+b ‘B/Ndf

Where
H = Monthly average caily global radiation
ﬁo; Monthly average daily extraterestrial radiation
n = Average number of instrument recorded bright
sunshine per day
Nd = Average day length.
and 'a' and 'b' are regression constants

For Delhi

(26)

ﬁ/ﬁo = 0.4065 + 0.3387 (ﬁ/ﬁd)

s
For, author, 'a' was found out to be 0.4065 and

'b' to be 0.3387. tn other words the global radiation
received under overcast condition as the fraction
of extra&errestrial radiation (ETR) came to 0.4065 and
the rate of increase of globalvradiation with respect

to (n/Nd) be 0.3387. (a+b) or transmittamce is 0.7452.
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It is not the 'a' and 'b' which are site specific but
- (a+b) which remain characteristic of a place over the
years. This is confirmed by comparing the present values
with those obtained by Mani and Rangarajan (1981).

The values of 'a' and 'b' obtained by them for the same
site were 0.256 and 0.434 respectively. Although they
are quite different individually but their sum is equal
to 0.71 which 1is comparable to the present author's
value. This wunique characteristic of constant sum

attests the reliability of the data used.

Igbal 1979), deduced the constants 'a' and 'b'

for several U.S. and Canadian cities.

Table
Station a b
Resolute 0.319 0.683
Bergen 0.175 0.633
Trappes 0.219 0.468
Montreal 0.295 + 0.371
Carpentras 0.313 0.386

By comparing these results with the present study
one can observe that (a+b) wvalues of Carpenﬁés are

closesh | The reason for this proximity is attributed
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to the monthly average hours of bright suﬁshine (Yorke
and Kendall,1882 In: Solar Radiaticn). In this study
éarpentras with 2773 hrs is the closest to that of
present site. Another interesting thing one observes
is that (a+b) is maximum for Resolute than for any other
site. Although there is no sun shine during first two
months for this place, both H/Ho and sunshine hburs
abruptly increase for six months and drép down to =zero
for next four months. So, these phenomenon give rise
to this peculiar behaviour of high (a+b) value. The
high values of (a+b) observed at Resolute and Bergen
indicate their dry and dust free atmosphere. Though
(a+b) values of Resolute ié not in confirmity with the
limit drawn by amna Mani & Rangarajan (1983) but it
can be attributed to the prevailing climatic condition

of that location.

Andretta et.al. (1982), from global radiation
and sunshine duration data for Italy, found a regression
equation of the form

H/Ho = 0.23 + 0.37 (7/Nd) @7

This regression equation is valid for Italy as a whole.

Individual analysis for 25 cities yielded this form
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of the regression equation. The individual (a+b) values

of each site is found to be between 0.5 and 0.7. This

gives an idea of moist and turbid atmospheric condition

prevailing at the place. It also shows that the trans-
' akvnos phere

mittonce of Italygis much lower than that of Delhi.

Biga and RUI R©sa (1979) carried out similar
analysis for Lisbon and arrived at a regression equation
of the form

H/Ho = 0.24 + 0.52 (n/Nd) Q@&

One can observe here also that the (a+b) is 0.76 which
is comparable to the present study. It may be inferred
also that the radiation climates o¢of these two places
are similar, for both of them are having same type of
dry and hazy climate.

Scerri (1982) found out for Malta, relationship
between H/Ho and n/Nd _

H/H, = 0.254 - 0.498 (fi/Nd) (29)

No physical explanation could be given to thé negative
slope in the equation as it is contrary to the basic

concept. Ibrahim $aid (1985) correlated ﬁ/Hoand sunshine

for seven Egyptian cities and generalised his result

as

H/H_ = 0.32 + 0.43 (n/N) ~ (30)
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The sum 'of (a+b) in this case also.is 0.75 which
reflects the dry and hazy conditions of the location.
This value is comparable to the author's result showing

similarity between Delhi's and Egypt's climate

In India. for 8-21 years data;regression analysis
was performed and the values of 'a' and 'b' were tabula-
ted (Mani and Rangarajan, 1982) 1t may be interesting

'a' vary between

to note that the individual values of
0.24 to 0.3 and the values of 'b' lie within 0.4 and
0.46.‘gBut in the present study the individual values
of 'a' and 'b' are quite different. This further shows

that the individual values of a and 'b' are also

dependent upon ﬁhe group of years taken into account.
Therefore, it is (a+b) wvalue which characterises the
site but not the individual values of 'a' and 'b'.
Another interestihg observation is that the (a+b) values
for a ;.vast couﬁtry like India lie within a small range
or 0.68 and 0.7f. This small variation of (a+b) can
be attributed to:.the average' over a large number of
years taken. Thi§ gives scope for further investigation

this aspect.

As already stated (a+b) value of the present study is

close to that of: Mani and Rangarajan (1982) but they

1

[
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are not ‘equal. This difference may be due to the
methodology adopted to calculate the average day length.
Mani and Rangarajan (1982) followed Hay's (1979) method

i.e. average day length or 'Nd' is taken as a

o ' o
Nd = arc Cos ( cos 85 - sind siné )

cos¢ cos &

7.5
But'ﬁd, in tﬁe present study, is based on characteristic
declination. _
Secondly, the method adopted to find extraterrestrial
radiation is different from that of Mani and Rangarajan

(1982). -

Modi and Sukhatme (1979) carried out the studies
all over the subcontinent and divided it in two =zones.
Delhi lies in zoheiﬂi with the values of which a compari-
son has been madé,

For the zone II Modi and Sukhatme (1979) found out the
following relationship.

H/H_ = 0.412 + 0.334 (1/Ny) 37)

One can observe éhat even the values of 'a' and 'b'

coefficients and dbviously the (a+b) wvalues for this

zone which is 0.744 are the same as that of the present
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results. Further it shows that though 'a' and 'b'
coefficients change with the group of years taken,
(a+b) values remain constant irrespective of all other
factors.

Also based on the study of Modi and Sukhatme (1979)
one may conclude that this result is valid for all the
places which fall under zone 11 i.e. Aﬁmedabad, Bhavnagar
Goa, Jodhpur and Poona. It is wvalid even for the
radiation conditions of Pakistan. For zone I, Modi
and Sukhatme (1979) obtained following relationship.

WA, = C-42% -+ C-2F(WR/N4)

Even this 1is comparable to the present result. The
comparability of results gave iﬁspiration in the present
study to try to find out whether the global data satis-

fying empirical relationships 1like Liu-Jordon (1960)

is valid for the present set of data or not.

To substantiate the result statistically,
correlation coefficient (r) between global radiation
and sunshine duration, coefficient of determination
(fﬁ and standard error were determined for equation
(26). The correlation coefficient (r) was found to
be 0.7174 and the coefficient of determination (r2)

was 0.515. In comparison to the present result, the
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correlation coefficient (r) and coefficient of determi-

nation ;uZ) of Mani and Rangarajan (1962) were as high
as 0.87 and 0.760 respectively. This perhaps mayr;ecause
of the analysis performed involving data for gquite a
large number of years. The bias of difference, variance
with the estimated value and the Mean Square error
(M.S.E.) in the present study are as low as 0.0035.
0.0368 and 0.0011 respectively. Standard error obtained

by Mani and Rangarajan (1982) was 0.042.

The mean percentage error found out by Modi and
Sukhatme (1979) was 2.3 for zone I and 2.6 for zone

II.

Broadly one can easily say that the result
obtained is valid for the present site and statistical

analysis éf_the data confirms the estimation method.

An attempt was also made to examine the applica-
bility of Rietveld equation which is supposed to be
globally applicable.

- - /R - (32)

n/g - 0.18 + 0.62 (n/Nd)

o
For the above equation, the test for finding standard

error has been performed. It shows a bias of difference

and the variance from the estimated wvalue to the 6.495
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% 10_2 and 2.4 x 10_5 and average absolute gross error

to be 7.14 X 1O~2. The mean square error is

3

6.447 x 10 °. Hence, it can be concluded that Rietveld

equation is applicable for Delhi too.

Correlation Between Diffuse Radiation and Sunshine

Duration

Regression analysis gives equation of the form

HA/H = ¢ - 4 (R/NA) [Igbal, 1979]
Where
N HA = Monthly average daily diffuse radiation
H = Monthly average daily global radiation
N = Number of instrument recorded bright sunshine
hoursvper day

Nd = Average day length

'c' and 'd' are regression coefficients

and
The regression equation obtained in the present study
is of the form

HA/H = 0.88 - 0.765 (7/Nd) (33)
One can infer from this equation that 88% of global
radiation diffuses under overcast conditions. And the

rate of decrease of diffuse radiation is 0.765 with

the increase in sunshine duration.
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Igbal (1979) found out ¢ and 4 for three Canadian
cities in the range O.729Ito 0.828 and 0.534 to 0.704
respectively,K of these cities, Goose Bay is having com-
parative result with the present value.
The equation obtained by Igbal (1979) for Canada baséd

on data from three stations is

HA/H = 0.791 - 0.635 (n/Nd) (34)
One can readily observe that both the diffuse radiation
under over cast conditions and the rate of decrease
with sunshine duration, are gquite 1less than that Iof

Delhi.

Scerri (1981) from similar analysis for Malta

found a regression equation as

HAd/H = 0.832 - 0.626 (R/Nd) 3
it can be seen that the diffuse radiation fraction is
0.83 which is quite comparable to the present result
but the rate of decrease of diffuse radiation is 0.626
which is comparatively quite low. Scevrre (1981) replaced
'"H' by 'Ho and correlated H/Ho and sunshine and obtained

following relationship.

Hg/H_ = 0.385 - 0.215 (f/Ny) (36 )
Similar attempt wa$ made for the present site '
Ha /5 = 0435 - 03 (F/Ry) AT

4 /f_= 043 (7/Ra (369

(57
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Close scrutiny of the last four equations suggests

that the rate of decrease of diffuse radiation at Malta
is smaller in comparison to that of . Delhi inspite
of having comparable diffuse radiation under over cast
conditions. This clearly shows that Delhi is having

rélétively more turbid conditions than that of Malta.

Correlation coefficient (r) between HA/H and
sunshine was found out to be -0.92 which is quite high.
For the same equation, coefficient of determination
a’z) was 0.85. The bias of difference was 4 x 10—3
and the variance from the estimated values was 0.0012.
Mean square error and average gross error came out to

be 0.011 and 2.9 x 10°° respectively.

The statistical analysis shows that the above
equation may be used for the prediction or estimation

of diffuse radiation for Delhi.

An empirical relationship was proposed by Igbal
(1979) eliminating H and substituting by Ho in equation

as
H,/JE = a, + a, (n/N,) + a, (n/N )2
d’ o 1 2 d 3 d
By using Newton's least square method, a similar equa-
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tion of the following form was obtained

- - -, — -y 2
Hy/H, = 0.2858 + 0.222 (R/Ny) - 0.451 (R/Ny) (37)

Using Canadian data, Igbal (1979) recommended following
Hy/H = 0.163 + 0.478 (n/Nj) - 0.655 (ﬁ/ﬁd)‘?(gg)

correlation. A critical Jook at all these equations
for different stations around the world shows that ratio
of diffuse to global radiation is qguite high for Delhi.
But it is known that higher latitude stations Aike

Canadian and even to some extent Malta are having higher
air mass and larger surface albedo which ' generally
increases the ratio of diffuse to global radiation.
This is contrary to the present results. This indicates
‘that local climate is having greater contribution in
predicting diffuse raciation. The local climate of
Delhi which is greatly affected by the yegterly winds
from Rajastan and clouding during monsoon season offsets
the latitude effect. It may therefore be concluded
that no site independgnt predictive correlation of this

order can be obtained.

Correlation between Diffuse Radiation and Global

Radiation

It is perhaps the most widely worked out
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relationship over the globe. Page (1940) gave the

following form

Hg/H = 1.00 - 1.13 ET' (39)
Where |

HA = Monthly average daily diffuse radiation

H = Monthly average daily global radiation

K, = H/H

ﬁo = Monthly average daily extraterrestrial radia-
tion-

The regression analysis in the present study shows the

following form.

Hy/H = 1.181 - 1.253 K, (40

The interecept is the fraction of total radiation
that is diffused when the total radiation received at
the earth's surface is very small. Page (1940) recom-
mended an ideal value of 1.0, when the total radiation
is fully converted into the diffuse radiation. This
is the maximum vlaue one can get theoretically but in-
practice one can see that present correlation gives
much higher intercept. The reason being thét the instru-

ment used for measurement of diffuse radiation was not

(¢1)
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N

having a proper shadow band correction. It naturally

includes the nmultiple reflected diffuse radiation.
The negative slope indicateé the rate of decrease of
diffuse radiation fraction with the increase in Global
radiation fraction. This 1is obvious due to the fact
that ﬁ/ﬁo indicates the clearness, and more the clearness,

less is the diffuse radiation.

Mani and Ranjarajan (1982) carried out similar
studies for 14 stations all over India and computed
the coefficients. The intercept vaftried from 1.108 to
1.469 and the slope between 1.351 and -1.809. For New
Delhi, the coefficients are 1.137 and -1.373 which are
comparable with results of present study. Thé minor
difference may be due to different values of solar
constant used and the method of computation.

Mani and Rangarajan (1962) also reported the coefficients
greater than 1. Therefore, in their case also, perhaps
fhe correction for the Shadow band was not taken into

account.

For Malta, Scerri (1981) obtained a relationship
of the form

He/H = 1.103 - 1.179 Kq (41)
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The infercept and the slope of the above equatioh are
much closer to the Page's equation (1940) than the
present result. This obviously indicates a better
result obtained owing to the accuracy of the measuring

.instruments. High correlation of -0.98 further confirms

this. .

Vignola and Mcdanells (1983) correlated diffuse
and global‘radiation for the North-Pacific with different
intervals to identify the pest fitted interval of avera-
ging the data for such study. For 30 days average,
the coefficients came out to be 1.093 and -1313 and
for the 15 days average, these coefficients turned out
to be 1.104 and -1.325. For 10 and 5 days average,
these coefficients were 1.118, - 1.341, 1.155 and -1.388
respectively. Although it 1is quite evident that the
error increases with the decrease in the time interval
but even a 5 days average can be yged for this purpose
with only a small degree of error.

Therefore, in the present study, the monthly average
taken is expected to give the utmost accuracy baring
the instrumental errors. It can be also observed that

the results obtained by Vignola and Mcdaneils (1983)

- (é4)



aré comparable to the results of present~study. Hence
it . not only corroborates Page's (1940) equation but
also supports the equation obtained after the regression
analysis of the available data. It also shows that
with a small degree of error, the equation is applicable

globally.

Igbal (1979) too carried out such a study to
'prOpose a slightly different correlation using Canadian
data which are corrected for the shadow band effects.
He also used different value for solar constant than
that of Page (1961). He proposed

H

g/H = 0.958 - 0.982 X, 42)

Which has RT value between 0.3 and 0.6. Here it is
interesting to note that he has specifically given an
extra stress on the range of -RT which unfortunately
most other authors ignore. Here one should understand
that although for a small range of RT Page's equ;tion
behaves ideally but it is mostly site specific. There

is a possibility of its dependence on latitude and hence

becomes site specific,

For the long range of RT’ Liu Jordon (1960) propo-
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sed an empirical relationship. The value of .RTr for

the present study ranged between 0.5309 and 0.6649 which
is very small. Therefore, the equation can be

rewritten as

Hy/H = 1.181 - 1.253 K., 0.5 < K. < 0.7 43)

T'! T

Another important point is that most other authors ignore
to spell out the magnitude of solar constant used.
Page (1981) while proposing the equation used the older
value of 2.0 1langley for the solar constant whereas
Igbal (1979) used the latest based on the NASA design

value of solar constant 1355 wm_2. For the present

study latter's solar constant is used in the computations.

As stated earlier, Liu—Jordon (1960) to obtain
universal correlation, tried to establish a distribution
curve with a substantial range of RT values (0.3 - 0.7)
based on global radiation data of several stations.

He found out a relationship of the form. ‘
BB = 1.39 - 4.027 K. + 5.531 K 2- 3.108 Ky
T T T

ceee (84)

The results in the present study were found to

d

be quite different. The Newton - least square method
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was used to get the equation in the following form.

Hg/H = -0.713 + 1.33 Ky - 1.13 K,° + 3.39 K> -- &5)

T T

Modi and Sukhatme (1979) obtained a linear corre-

lation for India as.

- - %6)
Hd/ = 1.4711 - 1.696 KT (

and found that Liu-Jordon equation (1960) is wvalid for
Indian conditions. The reason for this descripancy
lies in the fact that Modi and Sukhatme used a large
range (0.34 - 0.73) while in the present study the range

is very small.

As Liu-Jordon equation is valid for a very wide
range, it is not surprising that it failed to satisfy
the above equation. One may conclude therefore that
even all other equations one'satisfies, the Liu-Jordon
equation (1960) cannot be satisfied unless one has a
large range of RT values although Klein and Duffie
(1978) suggested this even for large range of KT, Liu-
Jordon equation is generally dependent on the geographic
and climatic conditions of the station. Several authors
viz M. Igbal (1979) D.G. Erbs et.al (1982) Vignola and
McDaniels (1983) used K,, with a very large range to

T

sastisfy Liu-Jordan equation.
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The correlation coefficient betweeﬁ diffuse ra-
diation obtained in the present study is lower than
that obtained by Mani and Rangarajan (1982). They had
obtained a correlation coefficient of 0.89 were as the
present study gives only 0.72. Consequently, the
coefficient of determination came out to be 0.8 for
Mani and Rangarajan (1982) and only 0.504 for the present
study. The coefficient of determination for Modi and
Sukhatme (1979) too came to be as high.as 0.93
To further confirm the result, standard errors were
estimated for the equation ({6) - The bias of difference
from the estimated values came out to be 0.0117 and
the variance came out to be §.0037. The mean square
error was found out to be 0.0034 and the average gross
error was estimated to be 0.0468. All these show quite
low values of error in estimation. Hence these statis-
tical analysis not only confirmed the result for the
location but also gives enough suypport for the validity

of the estimation method.

Using the equation developed, the author estimated
the diffuse radiation fraction for all the nmronths.

The result shows that the observed diffuse radiation
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is less than the estimatedvduring the winter probably
due to prevailing dust free atmosphere.

During premonsoon seasons, the radiation reflected from
the earth gets relfected back to the earth by the pre-
vailing dust ©particles ‘in the afmosphere. These
reflected short wave radiation inflates the observed
diffused radiation.

The underestimation of the diffuse radiation during
the monsoon months is a result of increase in water
vapour content. in the air. Since water vapour's for-
ward scattering component is quite higher than Rayleigh
scattefing by air molecules, the high concentration
of water vapour increasé the diffﬁse radiation to result

in the under-estimation of observed diffuse radiation.

Hence, incorporation of earth's albedo or refle-
ctivity in premonsooh months and effect of water vapour
scattering during the monsoon months should give more

realistic approach in the estimation method.

Correlation Between Beam Radiation and Sunshine Duration:

The beam radiation as a fraction of global radia-

tion is related to sunshine duration as

ﬁb/ﬁ = J + k (H/Nd)

()



ﬁb = Monthly average daily beam radiation

H = Monthly average daily global radiation

n = Number of instrument recorded bright sunshine
hours per day

ﬁd = Average day length

and 'J' and 'k' regression c:onstants

Regression analysis of the present data yields

the following equation
H /H = 0.135 + 0.74 (A/Ny) “7)

The intercept in this equation shows that 13.5% of global
radiation is beam part under the overcast conditions.
The slope of the equation shows that there is a rate
of increase of 0.74 in the beam radiation fraction for

the increase in the sunshine duration.

The correlation coefficient (r) between beam
radiation and sunshine duration was found to be 0.914
and coefficient of determination (r2) as 0.835. Standard
error methods applied to it, gave the bias of difference
from the estimated value to be 0.008. Both variance
and mean square error came out té be 0.001 but the

average gross error 1is 0.024, All these confirm the

()
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result and also validates . the estimation method.

Igbal (1979) proposed an empirical relationship
with sunshine duration as
H /B = a, + a, (A/R,) + a,. (7/N,)?
b’ e d 10 d

8 9

Using Newton's least square method, the above

equation was solved for the present site to get

gb‘/gc.-;_ - 0-001 + Q69 (‘ﬁ/ﬁd‘)- 0-06 (j/adf

ANNUAL VARIATION OF WAVELENGTH EXPONENT AND TURBIDITY
COEFFICIENT :

The gmnuol variation of turbidity (B) is shown
in fig. % for the year 1988. Turbidity (p) steadily
increases form January to June i.e. in the winter and
pre-monsoon period. This 1is because of the advection
of dust from Rajastan, by reentrainment of dust in the
lower atmosphere by surface winds and by transport of
this .dust by convection and turbulance into the higher

566).

levels (Rangarajan,
With the advent of monéoon i.e. in July, there is a
steep fall in the turbidity. This is due to the rain

. out of hygroscopic dust within the clouds and washout

(73)
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below the clouds. (Mani et.al 1969) After fhe withdrawal
of monsoon turbidity increases slightly again during
the winter. This is due to calm winds, inversions and
suspension of inorganic and organic particles which
are light brown in colour (winter haze) in the air.
This winter haze generally settles during hight and
rises up in the forenoon and gets dissipated by thermal
turbulence and mixing of upper winds by noon (Ramanéthan
and Karnadikar, 1949). The annual average turbidity
was calculated to be 0.22; which is higher than 0.182
observed by Mani et.al (1969). This shows that Delhi's

atmosphere has become more turbid over the years.

The wavelength exponent (®) remained more or
less steady throughout the year. Although there has
been marked increase in turbidity (B) no much variationé
are observed in the wavelength exponent. This implies
that concentration of particles increase is summer to
three to four times the  winter values. This shows
particle size distribution remain unchanged through
out the year and is independent of B. :This resuit does
not support Rangarajén (1966). But it is felt that
previous year's synoptic situations influence the

succeeding year's atmospheric optical characteristics..
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The year 1987 was a drought year with meagre rainfall.
Small suspended particles remained suspended 1in the
atmosphere through out the year and contributed to the
size distribution of particles in the next year, 1988.
The average particle size distribution came to 0.88
for the year 1988. This shows that there is a decrease
in the:particle size as Mani et.al. (1969) show that

the average alpha (%) to be 0.7.

It can therefore be concluded that although there
is a general decrease in particle size there is an
increase in turbidity over the year. This fact directly
indicates that there is a marked increase in the number
of particles remaining suspended in the atmosphere.
The study thus points out that there is a steep increase
in the amount of pollutants or particulates through
the years in the atmospheric environment over the Capital,

New Delhi.

Correlation Between the Radiative Parameters and

Turbidity:

As discussed earlier, the radiative parémeter
and turbidity are related because of latter's role in

depleting the former and its contribution to diffuse

1)
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radiation. According to Mani and Rangarajan (1982)

and Hoyt (1972) a linear correlation is expected.

Regression analysis of diffuse radiation and

turbidity yields the following relation.

B = 8.687 x 107> + 0.4745 _(%9.) “¢)

The small intercept indicates the dependency of diffuse
radiation on B. The rate of increase of g with respect
to diffuse radiation is 0.47.

Since the aim of this equation is to estimate B, the
correlation coefficient (r) and the coefficient of
determination (r2) were calculated which came out to
be 0.71 and 0.5041 respectively. The bias of difference

from the estimated value is 6.67 x 10—4 and the variance
3

is 1.88 x 10 °. The mean standard error (MSE) is
1.57 x 10—3 and similarly aveage dgross errxor is
3.3 x 1072,

The regression analysis of the beam radiation

with turbidity yields

H
B = 0.4736 - 0.4604 (—=b) “9q)
H

This equation clearly indicates the beam radiation and

turbidity are not closely related. The rate of decrease

(89)
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B with incréase in beam radiation is 0.4604.

The correlation coefficieﬁt (r) and the coefficient
of determination are 0.68 and 0.4624 respectively.
The bias of difference and the variance from the

-5 -3

estimated wvalue are 3.3 x 10 and 2.11 x 10

respectively. The mean square and the average gross

-3

error were 1.87 x 10 and 3.55 x 1072 respectively.

The regression analysis of the ratio of diffuse
radiation to beam radiation and turbidity yields follow-

ing relation

Hg (50)

P = 0.0925 + 0.149 (_HB—)

In this case too, B is much dependent on the diffuse
to beam radiation ratio. The rate of increase of 'B'
for the increase in the diffuse to beam radiation ratio
is 0.149.

The correlation and the coefficient of determination

are 0.71 and 0.5041 respectively. The bias of difference

and variance from the estimated values are
5.5 x 10™° and 1.9 x 1073 respectively. The mean square
and the average gross error are 1.73 x 10™°  and

3.29 x 1072 respectively.
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Although the statistical anélysis of the entire
data gives indication of a good estimation but individual
' seasons/months show some discrepancy.

Estimated values for monsoon months are 1low and for
post monsoon are higher. In the monsoon months the
diffuse radiation is due to the clouds and turbid
atmosphere. This 1leads to under estimation of the
turbidity by the equation. During post monsoon most
of the large particles are scavenged from the atmosphere\
either due to rainout or washout leaving clear skies.

Hence turbidity is over estimated by the eguation.

Should thecorrelotion for albedo of clouds during
monsoon and for rainout/washout during post monsoon
are incorporated into the regression equation, it is
expected to give more realistic results. This is a

potential problem for future research.
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CHAPTER 1V
SUMMARY

Interrelationship between 1) diffuse and global
radiation 2) global, diffuse and beam radiations with
sunshine duration and turbidity have been established.

Global radiation and sunshine duration are related
as

H/H = 0.4065 + 0.3387 (Q/N,)

Where

= Monthly average daily global radiation

foof

ﬁo = extraterrestrial radiation
n = Instrument recorded bright sunshine per day

q° Average day length

=4\

The sum of the slope and intercept of the above
equation came out to be 0.7452 which indicates transmi-
_ 7 aXesphare
ttance of DelhisPhysically, it means that the atmosphere

over Delhi is dry and turbid.

The available data satisfies Rietveld equation

viz. H/H, = 0.18 + 0.62 (fi/Ny). This further confirms

the authenticity of the data used.

Correlation between diffuse and sunshine duration

(87)



yielded the follwing result
Hy/H = 0.88 - 0.765 (fi/N,)
Where
Ea = Monthly average daily diffuse radiation
Physically it means that 88% of the racdiation
is getting under overcast concdition and theA rate of
cdecrease of diffuse radiation with increase in sunshine

duration is 76.5%.

An empirical equation connecting diffuse radiation
as a fraction of extréférrestrial racdiation and the
fraction of actual possible sunshine 1is obtained by
using Mewton's least square method.

Ho/H = 0.2858 + 0.22 (i/Ng) - 0.451 (ﬁ/ﬁ;)z

Correlation between beam vadiation and sunshine

duration vielded

Hb/H = 0.135 + 0.74 (n/Nd)

This can be interpreted as 13.5% of total radia-
tion is left undisturbed as beam racdiation under overcast
condition and the rate of increase of beam racdiation

with the sunshine Auration is 74%.

The interrelationship between diffuse and global

radiation is as follows:

HG/H = 1.181 - 1.253 KT

Although theoretically it can have maximum
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intercept of 1.0 i.e. when all the total.radiation will
be converted to diffuse radiation but cdue tc r:ltinle
reflections, the intercept greater than 1.0 is obtained.
shadowband correction if applied for the instrument

is likely to give more realistic result.

Liu-Jordon equation «could not be satisfied
with the present data, Newton's fLeast square method was
applied to get the following result.

Hd/H = - 0.713 + 1.33 KT - 1.13 KT‘+3'39 K

The failure of data to satisfy Liu Jordon eguation
may be attributed to the small range of 'ﬁf obtained
for Delhi. The turbidity was related with all three radiative
parameters. Regression énaleis of diffuse radiation
and turbidity yields

3

- H
B = 8.687 x 107> 4 0.4745 (Td__)

The equation shows total dependence of turbidity
over diffuse radiation. The rate of increase of turbidi-

ty with diffuse radiation is 47.45%.

Regression analysis of beam radiation and
turbidity yields

-—

Hy,
B = 0.4736 - 0.4604 (——)
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The above equation shows that turbidity and beam

radiations are not closely related. The rate of decrease
of turbidity with the increase of beam radiation is

46.04%

Lastly regression analysis is performed with
the ratio of diffuse to beam radiation and turbidity.

It gave
ﬁ = 0.0925 + 0.149 (__Hg )

It shows that the turbidity is dependent on the
above ratio and the rate of increase of turbidity with

the increase of diffuse to beam radiation is 14.9%

All these relations are confirmed with suitable
statistical tests. Some dJdiscrepancies are noticed for
some individual months which avre due to the prevailing
climatic conditions. S8Suggestions for proper corrections
for the interfering factors are indicated to obtain

more realistic results.

Turbidity shows marked annual variation. High
turbidity is noticed in premonsoon periods which falls

abruptly during monsoon cdue to washout and rain out.

Wavelength exponent (&) did not show any annual

(20)



variation.

There is an overall increase in turbidity through
the years aﬁd decrease in the particﬁlate size over
the years indicating that thé atmospheric environment
over Delhi is getting more and more polluted by prticu-
late matter of small size which can remain longer in

the air owing to their low density and settling velocity.
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APPENDIX
Wind Power as Transmuted Solar Energy:

Wind is mostly generated due to thermal imbalances
between two surfaces which manifests as air movement
or wind. One may therefore consider wind power as
transmuted solar radiant energy. Keeping in view of

this fact, wind power analysis was performed for Delhi.
Wind Power Analysis for Delhi:

Wind energy is perhaps the oldest form of non
conventional energy whose application goes as far as
400 B.C. in Hindu classic Arthasastra. By 4th Century
A.D,, wind mills were widely used in Persia presently
known as Iran and then it spread its sphere of utility
over Europe. There it was used as a power source for
domestic and industrial purposes. The discovery of
internal combustion engine caused 27,000 large wind
mills in Germany alone to disappear. Thousands of
windmills in Australia, France and United Kingdom
suffered the same fate. But with the threat of rapidly
deplefing 0il resources and equally big threat of -

environmental pollution, there has been a revival of

(97)



interest for developing small and large sized wind mills
in recent years and attempts are underway all the world
over to introduce cost effective wind power system for

pumping water for electric generators.

It- has been estimated that 106 -107 MY of

usable power is éontinously available in the surface
wind. lence for developing countries like India, wind
power utilization can play useful role in water management
and agriculture (in ECDCTCDC). At Delhi with growth of
urban population the dJdemand for power both dJdomestic
and incdustrial purposes as increase¢ many fold. The
two locél power stations namely Indraprastha and Racdarpur
cannot meef the»demands of Delhi. Hence it has to draw
power from the northern grid to make up the deficif.
Under such state of power defijcit it is always advisable
to look for an alternate source. It is a known fact
‘that any unit of Thermal Power Station cannot be operated
for all the 24 hours and also.it is known that one unit
takes around six to seven hours to reach its full effici-
ency. 80 if the deficiency occuring during that time

can be provided by the windmills there is 1less need

of borrowing power from the northern gric
or placing extra load on other
working units. So this study is thus
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aimed at assessing the usable energy from wind at each

hour in a month.

Ramanathan and Viswanath (1963) found out the
hourly wind speeds at New Delhi and estimated the energy
obtained. Simiiar work was attempted for Madras, Luck-
now and Jodhpur. Thomas (1981) classified the wind
velocities in the four classes and worked out the
percentage frequencies for Ahmedabad and Baroda. A
comparative study (1985) showed that out of three
stations Jamnagar is most favourable to derive wind
energy with 68.9% of winds above 9 kmph which is the

threshold for economic wind energy utilization

Thé ideal way of‘' predicting wind potential of
a region is to aéquire long term records of wind speed.
To estimate long term average at a site minimum'conti—
nuous observations of one year is needed. ( gamsdell
et . al. .1980). In this case, five years data of the
Safdurjung are collected from India Meteorological
Department. Theée data were recorded using Dyne's
Pressure tﬁbe amenograph. The winq&elocity is recorded
at 10m hight as per the standards of World Meteorological

Organisation.
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There are three ways of estimating wind potential

a) Calculation of theoretical wind power available.

b) Calculation of practical power obtainable from
the wind i.e. after the conversion, a known
"wind energy conversion system" (WECS)

c) Estimating the practical power with rules of

thumb.

The first method was chosen for its simplicity

and availability of data required.

All wind power calculations are based on the
fact that wind power increase with cube of wind speed.
So the power due to the kinetic energy of wind with

a constant speed V passing through an area A is given

by P =j’%liv3-where ¢ is the density of air and P.is expressed in
watts or kilowatts.

3

The 'P' is taken as 1.29 Kg m ~ and the unit of area

is in Sg.m.
The power density or power per unit area normal to the
wind is given by = zlfvg |
Since the velocity is in m/s. the overall equation comes
out to be

3

Pd = 0.64 V~ watts

(1eo)



Using the above eguations data for the five years are

analysed. The results are tabulated.(Table -1)

Conclusion @ Although Delhi is having appreciable amount

of utilizable power throughout the year but from March
to June significant power between 10th and 16th hour
is available. So one can really harness the energy
out of the wind during these periods to supplement the

needs.
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TABLE A

UTILISABLE UWIND POUWER

MAXIMAM UTILISABLE WIND POUWER

MONTH HOURS OF -OCCURANCE
IN KILOWATTS

JANUARY 80-140 14,24
 FEBRUARY 100 14

MARCH 120 15,16
APRIL 80 13,14,15

MAY 100 18

JUNE 150 9,10
JULY 80 10,13
AUGUST 50 11,12
SEPTEMBER 50 10,11,12
OCTOBER 80 18,20,24
NOVEMBER 19 14
DECEMBER 70 13,14,15




A -
i |..a... e
= _.r ..... N I
T T T T T T T T T
o3 =] o3 =3 = [ =] = fome ] [~] w [} | ~] ] [ =
Wy o4 - =3 f=1] m ™ w0 2] My ot had
g —~ o~ L od
) S1LLVYM’

spubenowrs
4-¥3MOd ANIM " “3TgVSITILA.

24

M 22 23

18 18 20

810 11 17 13 14 15 1B 17

B

-
a4

J
S
m n
(<4
D
o
e
| T : I ! i T
- Gy 2 2 g 2 & 2 =
o Slivym’
S puvENoyL

‘4= WIMOJANIM.

g S 1IN

123

94

X5

7otg otR ap

13 14 15 18 1

i 1 12

B

APRIL
HOURS —



11

108 -

BR -

L T T T
=3 [~ m [~ = e~ et
. nB 5, b Lt [ Rad

80
.“B-ﬁ

SO M
'S puDER oL

¢mmzomnzi ﬁ,mmm:;:l

L x4 .
HOURS+.

1 T 1 i i i ! { i
£23 ] m o2 c3 o2 [ o3 [l e ey =2 [l g3 £z == ]
>~ d moor -~ LS e < ] Yl o- oW Py 4 ™~
Lol N - - - hd

A»«m:so& az,Z H_m <w 3 :D

- dUNE

TTHOBURS

3.(‘5

(lok)



<+ N_mzoa_ ANIM .ﬁm<w 1T1LN

M

18 18 20

-
py
h

8 1

10 41 12 13 14 15

B

JoLy
HOURS —+

B

SILYM _
spunsnoyl:
. AT meoa anim m._m_mfzb

AUBUST
HOURS +
By

s
)

%-‘
(1oS



#i

13 14 15 18 17

T
=2 £
fm3 T

S1LY M
% ‘§$ ouls

4= ™3INOd ANIM 31BWS IT1LN

18

10 11 13

B

B

2

Mwon

2

(o]

s

N
L S S e S e By S R N S

m..hﬂuﬁ_‘,,Bﬁ4*ﬂﬂ‘,1nu9ﬂm...nuﬁjr5‘1g.1ﬁ

Rl L A LB o Lt

~ S1IYM
..‘,a_ucua:o:.rm

4 u3IM0d ANIM F1BYSITILA]

i

hE!

I
b
L]
b

oy

8 18 20

ERZ N L

1%

1

12

g1

3

NOVEMBER

HOURS

F‘j?.lS‘

(i)



T ——— T
N RS ENY
g.. R T .

]

i
g F R

1 l

SLLYM
.ﬂvcssg—_r

uuzoa aNIM ué«m:?:

10 11 12 13 14 15 1B

24

23 23

18 1H 20 M

-
K

1

B B

B 7

5

(9]

DECEBMBER

~

‘11D

SL1LY
) _.ﬂﬂcg:z

A\ mmZo& oz_Z m.dm(m_.:._.:

B 10 11 12 13 14 15 18

b R S R ML

18 18 20

17

f

#
i

g

a .,,.
1
MR
23
gz




o - :
e N
e — S
P =
n g ",
|

Dt e

3l
40
iD
A}

L

STYYM

e 4 43IM0d

R T B

tF

q

12 15 14 15

11

i

3

HOURS —

SEPTEMBER

JANUAR Y
HAOURS 4

F

}’- \5

(\OS\



	TH29400001
	TH29400002
	TH29400003
	TH29400004
	TH29400005
	TH29400006
	TH29400007
	TH29400008
	TH29400009
	TH29400010
	TH29400011
	TH29400012
	TH29400013
	TH29400014
	TH29400015
	TH29400016
	TH29400017
	TH29400018
	TH29400019
	TH29400020
	TH29400021
	TH29400022
	TH29400023
	TH29400024
	TH29400025
	TH29400026
	TH29400027
	TH29400028
	TH29400029
	TH29400030
	TH29400031
	TH29400032
	TH29400033
	TH29400034
	TH29400035
	TH29400036
	TH29400037
	TH29400038
	TH29400039
	TH29400040
	TH29400041
	TH29400042
	TH29400043
	TH29400044
	TH29400045
	TH29400046
	TH29400047
	TH29400048
	TH29400049
	TH29400050
	TH29400051
	TH29400052
	TH29400053
	TH29400054
	TH29400055
	TH29400056
	TH29400057
	TH29400058
	TH29400059
	TH29400060
	TH29400061
	TH29400062
	TH29400063
	TH29400064
	TH29400065
	TH29400066
	TH29400067
	TH29400068
	TH29400069
	TH29400070
	TH29400071
	TH29400072
	TH29400073
	TH29400074
	TH29400075
	TH29400076
	TH29400077
	TH29400078
	TH29400079
	TH29400080
	TH29400081
	TH29400082
	TH29400083
	TH29400084
	TH29400085
	TH29400086
	TH29400087
	TH29400088
	TH29400089
	TH29400090
	TH29400091
	TH29400092
	TH29400093
	TH29400094
	TH29400095
	TH29400096
	TH29400097
	TH29400098
	TH29400099
	TH29400100
	TH29400101
	TH29400102
	TH29400103
	TH29400104
	TH29400105
	TH29400106
	TH29400107
	TH29400108
	TH29400109
	TH29400110
	TH29400111
	TH29400112
	TH29400113
	TH29400114
	TH29400115
	TH29400116

