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ABSTRACT. A comparative study of the solar radiation and sunshine data recorded during the IGY at
four representative stations in India, viz,, Delhi, Calcutta, Poona and Madras, using Moll-Gorozynski solarimeters,
Bellani Spherical Pyranometers and Campbell-Stokes sunshine rocorders has been made. The seasonal and diurnal
variation of total radiation from sun and sky on a horizontal surface 7' at all the four stations is discussed; also
the variation month by month of the total radiation from sun, sky and ground on a spherical surface 7, and the
hours of bright sunshine S. The percentage of annual radiation received in any of the scasons October—January,
February—May and June —September is roughly the same despite the large variations during the monsoon and
winter. Poona receives more radiation than the other stations thronghout the year except during the monsoon
when it receives the lowest. While the ratio T'/T” varies with tho sun’s elovation, the seasons and with the nature
of the surroundings and is a maximum during the summer and least during the winter, it is nearly constant at all

the four stations and has an average value of 2.

The constants of Angstrom’s formula giving the empirical relationship between both radiation from sun and
sky and the duration of sunshine have been determined for all tho four stations for both eloudy and all days using

the IGY data.
1. introduction

Measurements of solar radiation have been
made at Poona since 1931 and the results of
the measurements of the total radiation from
the sun and sky made at Poona during 1935
have been published by Raman (1938).
Radiation observations were started at
Delhi in 1955 and at two more stations, viz.,
Caleutta and Madras, in connection with the
implementation of a scheme of radiation
measurements in India in September 1957.
Radiation observations taken during the IGY
at these four stations consisted of (1) con-
tinuous records of the total incoming radia-
tion on a horizontal surface with solarimeters
at all four stations, (2) measurements of the
total radiation from sun, sky and ground
with spherical pyranometers at all four
stations, (3) daily measurements of the direct
solar radiation with and without filters at
two stations, (4) daily measurements of the
longwave effective outgoing radiation at

two stations, (5) continuous records of the
diffuse radiation from the sky at two stations
and (6) records of the duration of sunshine
at all four stations. The present paper makes
a comparative study and discusses the
results of the measurements of the total solar
radiation and of the duration of sunshine at
the four stations. Though the mean data
for the 18 months of the IGY are given in the
paper, only the data for January to December
1958 are discussed.

The radiation data obtained for these four
stations may be considered to be roughly
representative of the climatic conditions exist-
ing in the north, northeast, centre and south
of the Indian Peninsula. Delhi (Lat. 28°35"
N and Long. 77° 13’ E) is typical of the
north/northwest part of the country with
the extreme summer and winter conditions,
while Caleutta (Lat. 22° 39" N and Long.
88° 27" E) is typical of the northeast region
with its more humid summer followed by
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the monsoon and a mild winter, Poona (Lar.
18 32" N and Long. 73" 51" E) data mav
be considered to be characteristie of condi-
tions in the centre of the conntry and to some
extent of the west coast of India. Madras
(Lat. 13°00" N and Long. 807 11" E) further
south, on the east coast of the Peninsula has
climatic conditions quite different from that of
the rest of the country, the northeast monsoon
occurring during October and Novenber,
being a special feature of this area. The
data for all the four stations for one vear,
cannot be considered to be ‘normal. Thev
may however, he considered to be generally
representative of the conditions prevailing
over the country during the main seasons,
viz., summer (March to .June), monsoon
(July to September), post-monsoon (Octoher
to November) and winter (December to
February).

2. Description of instruments and exposure

The instrumental equipment at the four
stations consisted of Moll-Gorezynski solari-
meters with Cambridge thread recorders for
the continnous record of the total incoming
vadiation of sun and skyv received on a hori-
zontal surface, Bellani spherical pyranonicters
for the integration of the total radiation
from the sun, sky, surroundings and from
the ground on a spherical surface and
Campbell-Stokes sunshine recorders for the
record of the duration of the hours of hright
sunshine.

2.1. Moll-Gorezynski  Solarimeter—  The
theory and principle of working of the instru-
ment has been discussed in detail by Bener
(1950), The szolarimeters used were model
(18 (at Delhi model G2 was in use) hy Kipp
and Zonen, based on an improved model
developed in the South African Union Radia-
tion Service (Drummond 1956).  The thermo-
pile mounting in the improved model is
on a separate inner sliding tube, which re-
duces the risk of damage to the thermopile,
should reblackening or repairs he required:
the thermopile surface can also be easily set
to the correct exposure height, as the mount-
ing can be screwed up or down this mner
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tube and it can be properly levelled in the
laboratory.  Both glass  hemispheres are
mounted on rings which unscrew., facilitating
the removal of condensed moisture between
the two glass hemispheres, which is often a
great source of trouble in the tropics. The
space hetweey the hemispheres is kept dry
by means of a dehydrating agent like silicagel,
The sensitivity of the solarimeter is about 7-
Smv. per cal em? min and the resistance
approximately 10 ohms.

The thread recorders used were model B
recording  millivoltmetres by Cambridge
Instrument Co. with a range of 15 millivolts.
The clock works were electrically driven and
made one complete revolution in a day.
The hourly values of total radiation in cal/
em?® hr were measured hy estimating the
mean intensity for the hour on the record
by means of a transparent scale and multiply-
ing this value by 60. The daily totals in
calories em? day were obtained by summing
the hourly values for the day.

The solarimeters were installed at the
highest point available on the roofs of the
observatory buildings at all stations and in
such a position that there were no obstacles
to obstruet the sun’s ravs in all seasons
hetween sunrise and sunset, and between
the strument and sky down to the horizon
in all directions.  In order to reduce to a
minimum the variation of sensitivity of the
instrument  with  azimnth and to make
ohservations at the different stations strictly
comparable, the solarimeters were mounted so
that the longer line ol thermocouples of the
sensitive element always lay along the N-S
direction.  The recorder  was installed
indoors and time marks were given every
three hours by shorting the galvanometer.

2.2, Bellani Spherical Pyranometer—The
instrument used was the improved model,
recently developed at the Davos Physical
Meteorological  Observatory and  deseribed
by Courvoiserand Wierzejewski (1954). Tt
conzists of a glass sphere filled with very
pure aleohol, which when warmed by the
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solar radiation falling on the sphere, distils
into a graduated tube below. The glass
sphere has a metallic coating which acts as
a partial non-selective (grey) absorber. The
speed of distillation is dependent on the
intensity of radiation that falls on the sphere
and the integrated radiation for any given
time is proportional to the amount of liquid
which condenses in the tube. The difference
between the readings of the liquid in the
graduated tube at the beginning and end of a
given period multiplied by a calibration
factor expressed in cal/em®/em, gives the
total shortwave radiation received during
the period on a sphere of unit surface, in
cal/em? (as a mean of their radiated and
shaded faces). The indications of the spheri-
cal pyranometer are not comparable with
those for horizontal surface pyranometer;
the ratio between them varies with the sun’s
elevation, with the season and with the nature
of the surroundings.

The pyranometers were standardised at
Davos and were provided with calibration
factors, the calibration constants being given
for every ten degrees Celsius, since the
amount of alcohol that evaporates is de-
pendent on the air temperature. The instru-
ments have a range of 37 em and with a
calibration constant of the order of 8 cal/em?
per em division of the tube, they can record
a total radiation of about 300 cal/cm? at one
setting.

The spherical pyranometers were installed
in the observatory enclosures at each station
and were mounted on wooden posts so that
the upper scale end was slightly above the
level of the eye. The instruments were set
every evening after sunset and read both at
noon and evening when it was reset again.
A second resetting at noon was found
necessary at most stations during the summer
months,

3. Standardisation of the insiruments

3.1. Solarimeter—The solarimeters were
standardised initially at the Central Radiation
Unit at Poona before installation and later
at the stations themselves during the annual
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mspection, (1) by direct standardization
against a primary or working sub-standard
pyrheliometer using the sun as source and (2)
by comparison over a suitable period with a
standardized solarimeter under natural condi-
tions of exposure.

In the direct method (1) the output of the
solarimeter iz measured first when it is
exposed to radiation from both sun and sky
and when temporarily screened from the
sun’s rays by a small dise.  The intensity
of the direct radiation is measured with an
Angstrom pyrheliometer while the solarimeter
is screened and three or four such standar-
disations around solar noon are made at a
time. If 7" is the toal solar radiation from
sun and sky and D the diffuse radiation
from sky alone when the solarimeter is shaded
the direct solar radiation on a horizontal
surface is given by 7-D, and is equal to
I sin i obtained with the Angstrom pyrhelio-
meter, t.e., I=(T-D)/sin h, where [ is the
direct intensity and A the mean solar height
over the interval of shading. Normally the
comparison is carried out several times each
day for several days over a range of air
temperatures and solar elevations exceeding
20—25°,

In method (2) usually 100-150 occasions
are selected over a period of days with cloud-
less skies, when the traces provided by the
standard and station solarimeters are steady.
The electrical output in millivolts of the two
solarimeters are derived either from the recor-
der to which theyare both connected or hy
means of an independent potentiometer,

The primary standard instrument main-
tained at Poona is Angstrom pyrheliometer
No. 145, standardised at Stockholm, while
pyrheliometer No. 72 repaired and standardi-
sed at Poona is used as a travelling sub-
standard. The reference standard solarimeter
at Poona is No. 1039 received in 1957. It has
also been used as a travelling standard when
additional instruments to serve as touring
standards were not available. The standards
at Poona were intercompared frequently
among themselves, whenever the skies were
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clear.
national Pyrheliometric

All readings were hased on the Inter-
Scale 1956,

The resistance of the thermopile and
thread recorder, the output of the solarimeter
in mv, per cal em min, the current sensitivity
of the recorder in microamperes for full scale
deflection of the recorder and the radiation
intensity to which the full scale deflection

corresponds, were determined during the
standardization at Poona. Normally the

full scale deflection of the recorder was made
to correspond to a radiation intensity of
about 2+0 cal em? min by connecting a fixed
resistance in series with the solarimeter.

One chart division then corresponds
to 0013 cal/em?*/min. The solarimeter
record was  calibrated as  a  whole
during intercomparison at the ontstation,

e., the solarimeter with leads, resistances
and thread recorder combmed. Calibration
constants are not changed unless a persistent
change of more than 1 per cent has been
noticed during a number of comparisons.

3.2, Spherical Pyranometer —The checking
of the calibration of the  spherical
pyranometer was carried out by comparing
the readings of the test instrument with a
reference standard exposed simultaneously.
This was done at Poona before the instru-
ments were issued and later annually at the
outstations. Pyranometer No. 56016 re-
ceived from Davos in 1957 is used as the
reference standard. During comparison, both
instruments are exposed simultaneously for
some days and the ratio ¢ between the
amounts of distillation. measured in em
established. To obtain the calibration fac-
tor, the station pyranometer is shielded
from the sun temporarily to receive sky and
reflected radiation from the ground oaly
and the solar intensity  at the time of shading
s measured simultaneously with a pyrhelio-
meter. The difference between the distilia-
tion amount /Y, of the first instrument
and the amount ¢~ Y, of the second re-
presents the effect of divect solar radiation
on the first instrument.
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Y, —QAY,=kS

where I is constant and S is the energy re-
~H\c=d pol <q. em during the period of shading.

i.e., [T dt.

The calibration factor is

S

HAT, QAT
The factor 4 makes allowance for the fact that
the surfaceof a sphere is 1§ times its cross-
section. The calibration factor in cal 'em?/
em is then given by QE. Changes of calibra-
tion constants within 3 per cent are neclected,
since this is the order of accuracy of observa-
tions possible with the instrument.

E —

4. Analysis of the results and discussion of data

Aectual and possible duration of sun-
shine at Poona, Dellii, Madras and Calcutta—
Before discussing the actual measurements
of solar radiation it is worthwhile considering
the actual and possible hours of bright sun-
shine at these four stations and the impor-
tance of sunshine data in the estimation of
solar radiation at other stations. Table |
gives the average number of hours in each
month during which the sun is above the
hovizon and the mean number of actual
hours of bright sunshine per day as recorded
by the (ampbell -Stokes sunshine recorders,
at the 1 stations during the IGY, from July
1957 to December 19)8 In the last column
the actual hours of bright sunshine are ex-
pressed as percentages of the possible hours
of sunshine.

Table 1 and Figs. 1(a) and 1(b) give an
idea of the variation of the amount of hright
sunshine and cloudiness in different months
at the four stations, which may be considered
as ronghly representative of the different
climatic regions of India.

The largest variation in the possible hours
of bright sunshine per day occurs naturally ub
Delhi, the minimum value heing 10-3 hes i
December and maximum 14-1 hrs in Iunc.
The smallest variation is at Madras, the
lowest and highest possible values being




TOTAL RADIATION FROM SUN AND SKY IN INDIA

F M A M J J A S 0

Fig. 1(a). Mean hours of bright sunshine (S) per day in each month (1958)

M A M J J A S

Fig. 1(b), Mean hours of cloudiness per day in each month (possible hours of bright sunshine
minus actual hours of bright sunshine) (1958)
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11.4 hrein December and January and 12-9
hrs in June. The values for Poona and Caleurta
lie between these. The actnal mean daily
hours of sunshine during the TGY was highest
at Poona (7-9 hrs). and lowest in Madras
(7-2 hirs); Delhi and Caleutta had nearly
similar values (7+5 and 71 hr<).

The lowest amount of =unshine actually
received is naturally lowest during the mon-
soon months July — August at all the stations.
During this season. it was only about I8
per cent of the possible value at Poona. 33
per cent at Madras, and about 38 per cent at
both Caleutta and Delhi.  During the north-
cast, monsoon months of October-November,
the amount of sunshine received was l[owest at
Madras as compared to other stations, being
only about 5 hrs per dayv. ax compared to
ahout 9 hrs at Poonaand Delli during this
period. The effects of evelones and distur-
bed weather in the Bay of Bengal affecting
northeast India during Oectober-December
are reflected in the values of the duration of
sunshine at Caleutta.  Sunshine exceeded
on an average. 8 hrs per day at Poona and 7
hrs per day at Delli throughout the yvear
except during the monzoon months June
September, The corresponding value for
(faleutta was 8 hrs per day except during the
four months June to October and {or Madras
7 hrs except during the maonths July to
Aucust  and Octoher to November. The
la!‘;iﬁ'.*t percentage of the possible hours of
duration of sunshine was recorded in Novem-
ber in Delhi (87 por cent). in Decembier at
Calcutta (81 per eent). and February in
Poona (92 per cent), and at Madras (83
per cent).

1.2, Total solar radiation {0 eacl wmonth*—
The monthly means of the total solar radia-
tion T in cal em? dayv received from the sun
and sky obtained from solavimeter records. the
total solar radiation 7 in cal em? day received
from the sun, sky and ground obtained from
spherical ~pyranometer measurements, the
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mean duration of sunshine, the mean actual
sunshine expressed as a percentage of the
possible duration ete are given in Tables 2(a)
to 2(d) for the 4 stations for the different
months of the vear. The highest and lowest
values of the daily totals of T and 7" recorded
during each month and the ratios of mean dailv
values of T and T are also given. The mean
values of both T and 7" on clear days,
clondy davs and on overcast days are given
separately with the number of occasion of
each type.

In Figs. 2(a) to 2(d) are shown the values
of the mean daily radiation income 1" and 7"
in cal em? day for the various months of the
vear for the 4 stations, the hours of bright
sunshine S and ¢, the mean daily radiation
for cloudless skies in different months com-
puted by Ramdas and Yegnanarayanan (see
ref. and Section 6). As the air temperature
near the ground depends on the amount of
radiation  received, the mean of the daily
maximum temperature have also been shown
in these figures.

1.3, Meaw daily total solar radiation from
sun and Ly~ The mean daily total radiation
T (cal em? day) attains its maximum value
at Poona (661), Delhi (630) and Caleutta (542)
in May. while at Madras it is maximum in
April (591).  The mean daily hours of sun-
shine is maximum in April (9-4) at Madras
and in May (9-9) at Poona. while at Delhi it
is highest m October (9+6) and only 84 hrs
in May. and at Caleutta it is highest in
November (9-6) and only 8-9 hrs in May. But
while the number of hours of bright sunshine
in May is less at Delhi than at Caleutta, the
amount of radiation received at Delhi is
more than that at Caleatta by 88 cal/em?. It
will be seen from Tables 2(b) and 2(¢) that
while Delhi had 5 clear days in May,
(‘aleutta had none, and therefore presumably
though Caleutta received a slightly larger
amount of bright sunshine, the total radia-
tion received was slightly less than that at

#Radiation observations are available for only about 10 days at Delhiin July and September 1958 and
at Calentta in July. The available 1957 data for thess stations during these onths, it is felt, will he more

representative of the average econditions than that for 1958,
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Delhi as a result of the greater cloudiness at
Caleutta.

The mean daily radiation on only clear
days at Poona is 716 in May and 731 cal/em?/
day in June, while the highest sums are 736
and 745 in these two months respectively.
So though the mean value of 7'is higher in
May than in June at Poona, the maximum
daily radiation was received in June, the
difference between May and June being
however, small.

At Delhi, the mean radiation received on
clear days was 742 and 684 cal/em?/day in
May and June respectively and the maximum
radiation received in a day was 756 in May
and 728 in June. They are similar to the
values at Poona during these months,

At Caleutta, clear days were few during
the year, the largest number being in the
winter, »z., November and December 1957
and 58 and January 1958. The highest value
received on any day was 640 calfem? in
May 1958,

The number of clear days was very small
at Madras during the year, the largest number
(7) being in February 1958,

The lowest mean daily radiation occurs
during July—August at Poona and is of the
order of 400 caljem¥day and is a conse-
quence of the monsoon clouding, the number
of overcast days being 10 and 8 respectively.
The minimum radiation in winter is in
December when about 450 caljem?/day are
received and this is slightly higher than that
in the monsoon.. The lowest minimum on any
day occurs in July (99 cal/cm? /day).

At Delhi the lowest mean daily radiation
was received in July (245 cal/em?/day)
during the monsoon in 1958 based on obser-
vations on 10 days 6 of which were overcast.
However, in July in 1957, the mean radiation
was 485 cal/em?/day with an average of 249
for the 7 overcast days. During winter, the
minimum radiation is received in December
(350 cal/em?day). The lowest minimum
radiation was received in July (98 callem?/
day)..
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At Calcutta, the lowest mean daily radia-
tion oceurs in January (339 cal/em?/day)
while the lowest value in the monsoon is
454 in July. The lowest minimum radiation
was received in Oectober.

At Madras, the minimum mean daily
radiation occurs in the most clovdy months
during the northeast monsoon (October-
November). The lowest minimum occurred
in October 1958 (only about 11 cal).

It is observed that during the fairly clear
months January—March and Oectober—
Dezember at Poona and Delhi, the mean
daily radiation received is less than the com-
puted value of the radiation ), for cloudless
skizs by about 100 cal/em?. The correspond-
ing value for Calcutta is 200 cal/cm? and for
Madras it is about 150 cal/cm2. The larger
difference at Calcutta and Madras is pre-
sumably due to the cloudiness. Also during
the monsoon months, July and August, the
decrease of T below @, is of the order of 350
cal/em® at all the four stations except at
Delhi in July. This is observed also during
northeast monsoon months of October-
November in Madras.

A comparative study of the annual varia-
tion of the mean daily radiation 7' and 7
at the different stations has been made and
is illustrated in Fig. 3. Poona receives the
maximum radiation throughout the year
except during the monsoon months June—
September. The highest radiation occurs at
Poona in May (664 cal/cm?®/day). Poona also
receives the lowest radiation during the
monsoon months July—August except for
July 1958 at Delhi. This is due to the larger
amount of cloudiness at Poona than at any
of the other stations. During the winter
months November—February, though Cal-
cutta is warmer than Delhi, Calcutta receives
lesser radiation than Delhi, presumably due
again to the larger cloudiness. It is also seen
that the rate of increase of radiation from
month to month is larger at Delhi than at
Poona and the rate of decrease for October
to December is larger at Delhi than at Poona.
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Fig. 3. Mean daily total radiation (eal cm*® day) in each month (1958)

However taking the vear as a whole, the
mean daily radiation at Poona. Delhi, Cal-
entta and Madras are 315, 471, 438 and¥481
respectively. '

The percentage of annual total radiation
received 1n each of the seasons  Oectober-
January, February-May, and June-Septem-
ber for each station is given below —

Oct-Jan Feb-May  Jun-Sep
Poona 30 99 31
New Delhi 29 30 32
Caleutta 29 a6 15
Madras 238 39 33

It is interesting to note that the percentage
of the annual radiation received in any
season at all the stations is almost the same,
Also nearly the same proportion of energy is
teceived in the different seasons, :-_wm-[.}' foi
a small inerease in the period February-May,
4.4, Frequency distribution of daily totals-
The percentage frequency  distribution of
daily values of total radiation for each month

is given in Table 3 in steps of 100 cal’em?®.
The maximum radiation is received in the
vear in the interval 501-600 cal'em?® at all
stations except at Caleutta where it is in
the range 401-500 cal'em®.

1.5, Total solar radiation from sun, sky
and grownd —The annual march of the mean
values of the daily totals of solar radiation 7"
measured with the Bellani spherical pyrano-
meter at all the four stations is also illustrated
in Fig. 3. T" represents the total radiation
(cal'em?) on a sphere of 1 sq. em surface
and is a mean of the irradiated and shaded
surfaces and is naturally smaller than 7',

At Poona, the values of 7" in February
and May are nearly the same and reach the
largest value for the vear. The minimum 1s
reached during the monsoon months July
August. At Delhi and Caleutta, the maxi-
mum values are reached in May and the
lowest during the monsoon month of July.
However at Mndms the highest value occurs
in March and the lowest in July-August.

The annual march of 7" agrees fairly with
that of T from Jannary-August at all the
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three stations except at Poona from Febru-
ary to May. The highest values of 7" occur at
Delhi in May, while that of T’ occurs at Poona
in the same month. During the post-monsoon
months, there is an appreciable fall in T at
Madras during the northeast monsoon from
September to October and 7' also shows
the same trend. At Delhi, there is a steep
fall in 7' from October to December while 7"
shows such a change only from November to
December. Some of the differences in the
variation of 7' and 7" arise probably from
the difference in exposure at the 4 stations
and the amount of radiation reflected from
the ground and surroundings which vary at
each station.

4.6. Relation between total solar radiation
T and T'—The ratios of the values of daily
totals of solar radiation 7' from sun and sky
with a solarimeter on a horizontal surface
to the daily totals of solar radiation 7" from
sun, sky and ground with a spherical pyrano-
meter were calculated for all days of the IGY
and the mean values for the different months
at the 4 stations are tabulated in Table 4
and its variation during the year is illustrated
in Fig. 3. It will be seen that while the ratio
T/T" is roughly 2, it varies from station to
station and from month to month. Poona has
the highest mean ratio 2-3 and this reaches
its maximum values in May and minimum
in December. Delhi has the lowest mean with
T/T", 1-9 and it reaches its maximum value
in September and the lowest in November, In
Madras it is more or less constant throughout
the year. While the ratio between the indi-
cations of the horizontal surface pyranometer
and the spherical pyranometer are generally
found to vary with the sun’s elevation, with
the season and with the nature of the sur
roundings it has been found to be nearly
constant (Radiation Instruments and Measure-
ments—See Ref.) in the tropical regions. A
study of Table 4 shows that while the ratio is
practically constant at all four stations, it is
maximum during the summer months March-
May and least during the winter months.
With the onset of the monsoon, there is
only a small decrease in the value of the
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ratio. The clouding appears to have little
effect since even in October at Madras the
value remains steady at 2- 1.

1.7, Mean howrly variation of radiation T

Jrom the sun and sky during different months

of the year—Tables H(a) to 5(d) and Figs.
4(a) to 4(d) give the mean values of 7' durimg
each hour of the day during different months
of the IGY for the four stations. The values
refer to the total radiation received during
the hour ending at each hour LAT. The
information contained in these curves is also
illustrated in the isopleth diagrams in Fig, 5,
where lines of equal intensity of radiation in
cal/cm?hr have been drawn for the four
stations.

4.7.1. Poona—From January to May and
October to December the intensity of radia-
tion increases from the time of sunrise upto
about 12-13 hrs LAT and decreases later.
During the monscon months Junz to
September, due to the cloudiness, the
variation is small from 11-14 hrs.

If we compare the intensity of radiation
at equal time intervals before and after 12
hrs LAT, it is found that the values are
neatly symmetrical about 12 LAT though
the forenoon values are slightly higher than
the afternoon values.

The intensity during cach hour increases
from January to February by neaily 10 eal/
cm® From February to March, the increase
is only half of this value, and it occus only
up to the maximum epoch, after which the
intensity is neaily the same in both the
months. However in April and May, the
intensity is nearly the same upto about 12
hrs LAT after which the hourly values in
May are greater than the corresponding
values in April by nearly 10 cal/em?® The
highest intensity occurs in May at 12-13
hrs LAT (87 cal/cm?/hr).

The effect of the monsoon can be noticed
in June , by 4 fall in the maximum intensity
and a flattening of the curve during the
maximum epoch. The radiation received
during the day in July and August are nearly
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Fig. 4(a). Hourly variation of solar radiation 7 (cal’em? hr) at Poona

the same, being the lowest during the vear
at each hour and there is an increase in Sep-
tember with a secondary maximum in Octo-
ber, after which the mtensity decreases
gradually till December. The above feature
is strikingly illustrated in Fig. 5(a).

4.7.2. Delhi—The intensity of radiation
in each hour increases month to month from
January to March by nearly 10 cal’em? hr;
this rate of increass is later reduced and con-
ditions are almost similar in April, May and
even in June. The change from June to July
is characteristic of the mousoon. Later there
is an inerease with a secondary maximum in
October as at Poona, but it 1s a little more
pronounced. After October there is a steady
decrease in the radiation in each hour by
approximately 5-10 cal from month to month;
December and January are nearly the same.
Except during the monsoon months of July

and August, the maximum intensity of radia-
tion occurs at Delhi between 12 to 13 hrs
LAT as at Poona.

The intensity of radiation at equal intervals
of time before and after 12 hrs LAT showed
that as in the case of Poona the values were
symmetrical about 12 hrs LAT with a
tendency for the forenoon values to predo-
minate,

4.7.3. Caleutta—The variation  from
month to month for the twe periods from
January to March and April to June nearly
resemble those at Delhi. The intensity of
radiation in each hour inereases by about 5
cal/em?® from January to February and hy
about 10 eal/em? from February to March.
In April and May the values of hourly radia-
tion are nearly the same. A maximum is
registered in May. The effect of monsoon on
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the radiation can be noticed in the months
of June and July by a fall in the maximum
intensity. The variations from month to
month for the period January to June re-
semble those at Delhi. There is an increase of
radiation from July to August with a second-
ary maximum in August. The hourly radia-
tion decreases thereafter till December. As
in the case of Poona and Delhi, the values
are symmetrical about noon. The maximum
intensity of radiation occurs between 12 and
13 hrs in all months except during July and
August.

4.7.4. Madras—While at Poona, Delhi
and Calcutta there is almost a similar rate
of increase in radiation in each hour from
month to monthsfrom January to March, at
Madras there is an increase of nearly 5-10
cal/em?/hr from January to February after
which the change is small till June. In June

there is an appreciable reduction in the after-
noon presumably due to the increase in
clouding of a convectional type. The condi-
tions in July and August are similar, with
minimum variation from 11 to 13 hrs LAT.
There is an increase from August to Septem-
ber and a decrease in October. The conditions
from October to December are similar. While
the secondary maximum occurred in Octoher
at Poona and Delhi, it is observed in Septem-
ber at Madras.

From an analysis of the records of total
radiation at Kew Observatory, Blackwell
(1954) has observed that there is a high degree
of symmetry about noon LAT with a slight
tendency for the forenoon values to be a
little higher than those of afternoon. The
observations in India also show that the
forenoon values are slightly higher than the
corresponding values in the afternoon except
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in the case of Madras where the afternoon
values are predominantly higher.

Fig. 6 gives the mean maximum radiation
intensity during the day for each month for
the 4 stations. This shows that before the
monsoon, Poona gets the maximum intensity
and Calcutta receives the least; during the
monsoon, the corresponding stations are
Madras and Caleutta. Afrer the monsoon till
December, Poona gets the maximum inten-
sity and Madras the least.

It has to be remembered that the conclu-
sion made in this and in some of the pre-
vious sections are based on the data for one
vear onlv. All the same except for certain
details, it is felt that many  of the gencral
features have been brought out by these
observations.

5. Calculation of total solar radiation ¢/ from values of
duration of sunshine &

It was first suggested by Angstrom (1928)
in 1924 that an approximate estimate of the

solar radiation received at the surface of the
earth could he obtained from observations
of bright sunshine by a consideration of the
relationship between recorded solar radiation
at the earth’'s surface and the duration of
sunshine. He expressed it in the form:

0= Q. {ua (-

where @ is the radiation actually received,
{)o is the total radiztion income on a clear
day, S is the number of hours of sunshine
measured on 2 sunshine recorder and S,
is the maximum possible hours of sunshine;
a, and e, are constants, With an ovarcast
skv ) 2o cquals  a,, while with a perfectly
clear skv, Q=@, ~As pointed out by
Angstrom (1956), a, is dependent on the
Jatitude and altitude of the station and on the
reflectivity of the ground and the fiequeney
with which high or low clouds are uresent
when the sky is overcast.
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Fig. 4(d). Hourly variation of sclar radiation 7' (eal/em? hr) at Madras

Angstrom found «; to have a value of
0-25 for Stockholm and Kimball and Hand
(1936) obtained a value of 0-22 for Washing-
ton. Fritz and Macdonald (1949) have used
the equation, Q/Q,=0-35--0:61 S/S,, which
allows for the fact that no recording instru-

ment gives a full record of sunshine om

clondless days. Raman (1938) has caleulated
the value of a, from a year’s data at Poona
and obtained the equation @/Q,=0-37-
0-68 S/S,. Black, Bonython and Prescott
(1954), using a simplified formula Q/Q =
a-+D. S/Se, have calenlated vaiues of @ and b
for a number of stations all over the woild,
mcluding Poona. ¢4 corresponds to a per-
fectly transparent atmosphere; a and b are
constants so that a; =a/(a+b). They

found @ and b to be 0-27 and 0-613 respec-
tively for Poona and a; to he 0-306.

Estimates of the values of a; and a, have
been made using Angstrom’s formula, from
the daily values of the total radiation @ and
the duration of sunshine S for the four stations
in India, on the basis of the IGY data for
1958. The values estimated by Ramdas and
Yegnanarayanan (1954) for €, and the
theoretical values of S, given in Table 1
were used. The values of a; and 1—a, for
the four stations with the correlation co-
efficient y between Q/Q, and S/S, are
tabulated helow—-

%5 l—a, b
Poona 0-44 0-51 0-93
New Delhi 0-38 0-57 0-90
Caleutta 0-33 0-48 0-84
Madras 0-37 049 0-89
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Angstrom’s formula gives only approxi-
mate values of @, the total radiation actually
received, for typical average days when
cloud cover is nearly normal. In India, the
variations are very large in the different
seasons during which long spells with skies
either perfectly clear, overcast or partly
cloudy generally occur. Thus if using the
relation  Q/Qy=a, on overcast days one
obtains the value of a, and the values of a,
are estimated, the values of ¢ may be under-
estimated on partly clouded days, since the
cloud layers on overcast days are much
denser than at other times and will give a
low figure for the constant a,. However,
the formula can give a fair estimate of the
radiation values on clear days, if the values
of the constants are known for such days.
Estimates of the values of a; and ay were
made for the four stations in India for the
monsoon months July to September and for
the rest of the year. They are given below—

Jul—Sep Rest of the year
—t——
a l—a, ¥ a, l—a, Y
Poona 0-42 0-61 0-91 0-42°-0:52 0-90
New Delhi  0-20 0-71 095 0-47 0-45 0-85
Caleutta 0:35 0-64 0-83% 0-32 0-49 0-86
Madras 0-39 0-49 0-89  0-37 0-49 0-90

6. Comparison of the values of radiation measured
during the IGY with those computed by Ramdas

Ramdas and Yegnanarayanan (1954) as
stated earlier have worked out, on the basis
of sunshine data at 43 stations in India, the
provisional estimates of the total solar radia-
tion received during the day for different
months of the year at a network of 22 selected
stations in India. Actual observations at
only one station, viz., Poona was available
at the time these important and valuable
results were first published. For computing
the values of g, the amount of radiation from
the sun and the sunlit clear sky per sq. em on
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a horizontal surface per minute at the ground
surface, they used isopleths of ¢ computed by
Fritz (1949) for different values of the preci-
pitable water and air masses corresponding
to the different hours of the day at the selee-
ted stations for the middle of each of the
months of the year. From curves showing the
computed diurnal variation of ¢, the total
mean daily radiation ¢, for cloudless skies
on different months of the year were esti-
mated by integration.

From the data of duration of sunshine
available at 43 stations in India, the ratio
S/Sy was calculated and using the formula
Q=0-35-10-61 S/S, and computed values
of @)y, the values of (), the actual insolation
on a horizontal surface for the different
months of the year were calculated.

Table 6 shows the observed values of @
at Poona, Delhi, Caleutta and Madras and
the corresponding values computed by
Ramdas and Yegnanarayanan. It is interest-
ing to note how well the computed values
for these four stations agree with the actual
observed values of the total radiation from
the sun and sky during the IGY.

7. Conclusion

This paper summarises the radiation data
obtained with the Moll-Gorezynski solari-
meter, Bellani pyranometer and the Camp-
bell-Stokes sunshine recorder during the IGY
at the four stations in India, viz., Poona,
Delhi, Calcutta and Madras. It brings out
clearly for the first time the seasonal and
diurnal variation of radiation from sun and
sky in the representative regions of India.
It is hoped that this summary for India will
be useful to other investigators in this field
and to those engaged on radiation problems
on a world scale collected during the IGY.
Data relating to other aspects of radiation
are being summarised and it is hoped to
publish them separately in the near future.
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TABLE 1
Actual and possible hours of duration of sunshine during the IGY at Poona, Delhi, Calcutta and Madras

Hours of possible Hours of actual Percentage of possible
sunshine per day sunshine per day sunshine
e A ] {_'4_"————\ 's A N
PNA DLH CAL MDS PNA DLH CAL MDS PNA DLH CAL MDS
1957

Jul 13-2 13-9 13-5 12-8 37 540 -+ 4-1 28 36 — 32

Aug 12.9 13-3 13-0 12-6 31 6.8 55 52 24 51 42 41

Sep 12.3 12-5 124 123 75 7-0 6-1 6-2 61 56 49 b0

Ot 118 11-G6 11-7 11-9 a0 9.6 72 60 t0 83 61 )

Nov 11-3 10-8 1-1 11-6 8-1 9-2 06 5-7 72 85 87 49

Dee 110 10-3 10-7 11-4 97 7.0 89 64 88 " 68 83 56

1958

Jan 11-1 10-4 10:8 11-4 95 7.2 82 88 86 69 76 71

Feb -5 11-1 11:3 11-7 106 8-5 5 9.7 92 77 0 83

Mar 11-9 11-8 11-9 12-0 91 86 90 89 % T 76 74

Apr 12-5 12-7 12-6 12-4 9-3 87 B8R 904 74 69 70 76

May 13-0 13-5 13-2 12.7 9-9 4 89 87 76 62 67 68

Jun 13-3 14-1 13-5 12-9 80 &1 66 7-0 60 N7 49 o4

Jul 13:2 13-9 13:5 12-8 23 39 48 38 17 28 35 30

Aug 12-9 13-3 13-0 12:6 2.5 61 55 45 19 46 42 36

Sep 12:3 12-5 12-4 12-3 61 4-9 7 72 50 39 46 59

Oct 118 11:6 11-7 11-9 8-4 6 6-6 4-7 7l 74 H6 h9

Nov 11:3 10-8 11-1 116 88 94 80 61 78 87 72 53

Dec 11-0 10-3 10-7 11-4 9-7 7.5 87 71 88 72 81 62
Mean for

1958 12:0 12-0 12-0 12-0 79 75 T4 72 66 63 62 61

PNA — Poona DLH — Delhi CAL — Calcutta MDS — Madras
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Mean values of 7 and 7
T—=Total radiation of

un and sky on

cal em” day) on all days

TABLE

ronfal surface

Mean T' (eal/em?®/day) 510 121
No. of days 11 30
Mean hours of sunshine 3.7 3.1
9/ possible hours of sun<hine = 4
Max. value of T (02 603
Min, value of T' 339 242
Yatio Max/Min 7 2.0 3.5
Mean T' on clear days s .
No. of ' . i 0
Mean 7' on overcast days - oy
No, of " . m Il
Mean 7' on clondy days Al 143
No. of - - 11 26
Mean 7" (eal/em?/day) 185 186
No. of du._\'s 31 31
Max. value of 7" ° 2700 274
Min. value of 7 13 104
Ratio Max/Min 7" 63 2.0
Mean 7 on clear days o .
No. of ' . 0 0
Mean 7" on overcast days 113 122
No. of ' o 5 =
Mean 7 on cloudy days 201 199
No. of 25 » o a5
Ratio mean daily sum (7'/T) 2.3 2.9

Mean 7' (calfem?/day) 185 540
No. of days 25 23
Mean hours of sunshine a0 ;-8
9/, possible hours of sunshine 36 51
Max. value of T 772 725
Min. value of T 143 119
Ratio Max/Min 7' G4 6-1
Mean T on clear days 725 =
No. of e - 1 0
Mean 7' on overcast days 244 114
No. of ”" » 7 1
Mean T on cloudy days 568 559
No. of - » 17 22
Mean T” (cal/om?/day) 231 246
No of days 31 31
Max, value of 77 341 346
Min. value of T 70 102
Ratio Max/Min 7" 44 3.4
Mean T” on clear days 334 500
No. of . . 1 1

262

26

262

528

i

=1

241

3040

303

191
23
9-6G
53
339
455
1-2
495
12

(1]
184
11

o

277
31
320

157

291
12
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2
and on clear, cloudy and overcast days
"—Total radiation from sun, sky and ground on a spherical surface
1958

gt P,

Feb  Mar Apr May Jun  Jul

(a) POONA
460 598 617 G64 588 395
31 : 31 26 24 28 30
9.5 91 9.3 90 8:0
86 2 76 74 76
b42 g 710 736
200 412 320
1-7 3-3
669 716
10 10
— 320
] 1
584 651
16 13
234 2500
31
286
145
2-0
272
11
145
1
243
19
2.0 5 y i 2.7
(b) DELHI
350 i
24 2
7 . 2 o - - . 3 s 4 . 9
69 ¥ 2 a7 £ 39
445 j 80
182 i { 401
2 = 4 * ¥ LFy D 1 4
408 i
7
0
J26
17
2056
31

108
2:5
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TABLE
1957
r = R - —_———— — ————

Jul Aug Sep Oet Nov Dee
Mean T on overcast days 154 102 59 - — 7h
No. of 7 1 7 0 0 3
Mean T on cloudy dﬂ-"b 250 249 265 267 234 176
No. of - 23 et 9 10 I8 14
Ratlomeandaﬂyﬁum(T[T' 2.0 2-1 2-1 1-7 1-6 16
Mean T (caljem?/day) - - 402 384 406 364
No. of days - — 20 28 29 31
Mean hours of sunshine - 6-1 7-2 9-6 89
9% possible hours of sunshine — 49 61 N7 83
Max, value of T’ - 303 320 14 308
Min, value of T' - - 110 185 345 203
Ratio Max/Min T' -- — 34 2.8 1-3 1-3
Mean T on clear days — — - 441 416 372
No. of ya —_ e 0 3 20 17
Mean T on overcast days - - 168 235 . -
No, of o - - 3 2 1 0
Mean T on cloudy claya - — 443 380 3sd ENTS
No, of — — 7 23 0w 14
Mean T {cal]cm d,u.y) -— — 184 1853 224 212
No. of days — - 21 31 30 31
Max. va.lue of 1 — - 265 244 267 233
Min, value of 7" — 47 8 1492 156
Ratio Max/Min T — — 56 3-2 1-4 1-3
Mean T on clear day= - - - 223 227 214
No, of — — (U 3 21 17
Mean 7" on 0\f c.rc.’;at days — — (] 119 . -
No. of - .- 3 2 0 0
Mean 7" on clm:(ly llavs — - 2014 186 215 210
No, of s ¥ — ~ 18 26 i 14
Ratio mean daily sum (T/7") - 2:2 2-1 1-8 1-7
Mean 7' (cal/cm?/day) — — —_ 425 338 354
No. of days —_ — _ 25 27 28
Mean hours of sunshine — — — 60 57 G4
9/, possible hours of sunshine — — — 50 449 ab
Max. value of 7' — - - a4 527 476
Min. value of T — — — Lo a7 180
Ratio Max/Min 7 - - 34 5-4 2-6
Mean T on clear days - — - 527 171
No. of " " - - - 0 1 2
Mean T on overcast days - — 141 1635 194
No. of - — — 3 7 3
Mean T' on c!oudv duyn - — - 464 391 BliES
No. of v — - = 22 19 23
Mean T (cal/em? 'duy) — — - 206 174 153
No. of di ays - — — 30 30 1
Max. value of T — — - 206 258 250
Min, value of T - - il 13 83
Ratio Max/Min 1" - - a8 -0 3-0
Mean 7" on clear days — - 258 248
No. of - — —- 0 1 2
Mean 1" on overcast days — — — 68 8 0l
No. of -— — - 3 7 3
Mean T on c]our[y du.ys — - 221 2010 1588
No, of " ” =% == —_— 27 22 26
Ratio mean daily sum (7'/7") - —_— — 9.1 1.9 1-9
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2(contd)

1958
e o IS

Jan Feb May Jun Jul
(b) DELHI—contd . gl
o 86 - - 25§ 85
— | 8
189 248 26 305 228
23 17 g 2 23
1-7 1-8 . . . . 20
() CALCUTTA
339 394 o016 454
26 23 . : 10
3.2 35 {8 ]« 4.8
76 5 37 35
429 486 BL 622
221 220 g 240
1-9 2-2 . . 3 32 26
364 451 - =
7 = ]

0 ]
369 5 454
16 3 ;
206
28 31
255 -
110
23
235
11

0
186
14 17
1-8 20
(d) MADRAS
472 559
26 26
88 97
77 83
551
205 446
149 1-4
547
3 7
ot o
462 549
23 19
233
31 28
278
124
22 15
266
5 7

0

20
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TABLE 3

Percentage frequency distribution of daily values of total radiation (cal em®) for each month

=100 101 —=2010 201 —300 301 —400 401 =300 301 —600 BO1 =T TOI—8IH)

ar POONA

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov p .
Dec 13
(by NEW DELHI

9 ({21

51

13
00

(e} CALCUTTA
74

20
12

May : : :
] 34 44 9

Jun 3 i
Jul 5] 16 11 24 14
Aug 20 27 41 12
Sep 7 15 449 29
Oct 1 10 19 D 15
Nov 5 37 it
Dec H2 S
(d) MADRAS ‘

Jan 2 0 42 ) 47
Feb 7 85 8
Mar 2 3 48 47
Apr 11 20 64
May <l 4 4 44 18
Jun 1 3 19 48 a7
Jul 2 8 19 20 42
Aug 2 9 11 30 29 19
Sep 1 3 33 43 20
Oot 1 4 9 24 24 38
Nov 1 3 13 13 46 24

2 5 30 63

Dec
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TABLE 4

Ratio of daily totals of Solar Radiation 7' from sun and sky on a horizontal surface fo the
Solar Radiation 7 from sun, sky and ground on a spherical surface

Poona Delhi Calcutta Madras

1957

2-0
21
2.1
1-7
1-6

Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
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TABLE 5

Mean hourly values (cal cm?®'hr) of total radiation from sun and sky (7') on a horizontal surface

06 07 g k by 16 19 hrs LAT
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TOTAL RADIATION FROM SUN AND SKY IN IN DIA

TABLE 5 (contd)

11 12 18 19 hrs LAT
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ANNA MANI e al.

TABLE 6
Sun and sky radiation on a horizontal surface (cal ‘cm? day)

Feb  Mar Apr May Jun Jul Aug

POOXNA
Computed by Ramdas 88 ) 620 632 480
Measured during 1GY j 562 617 664 380

DELHI

Computed by Ramdas 4 : 399 610 471 49

Measured during IGY 536 606 630 614 (245)*
(485)

CALCUTTA

Computed by Ramdas 617 682 482
Measured during IGY E S 542 472

MADRAS

Computed by Ramdas 526 610 643 626 581 495 442 467 510 489
Measured during IGY 472 559 591 395 546 523 423 422 503 369

*245 cal/em®/day were received in July 1938 while 485 cal ‘'em?/day were received in
one may assume that July 1958 was an abnormal month




