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On the global solar radiation climate
and evapotranspiration estimates in India

M. GANGOPADHYAYA, 8. V. DATAR and C. J. GEORGE

ABSTRACT. Constants a and b are worked out utilizin
edtimating the average maonthly global radistion (@s) receiy
monthly solar radistion received outside the atmosphere

Meteorological Office, Poona
(Received 6 February 1969)

g the available data for 17 radiation stations in India for
ed at any low elovation station in India from the avernge
(@4) and the actual hours of bright sunshine (n) at the

station, using the rolation Qs=Q 4 [a--b(n/ ¥}] where N=possible hours of bright sunshine. Tt is suggested that parti-
tioning the Radiation Network by Thiessen’s mean method, use ean be made of tlmsc: constants to form estimates
of global radiation for any place in India, which compare well with the average global radiation estimates formed from
the clear day radiation values and hours of bright sunshine. The importance of global radiation in estimating the pan
evaporation from meteorological factors is diseussed and computations of the monthly values of pan evaporation for
9 atations located in different Agroclimatic Zones of India for one year are presented to demonstrate the practical
applicability of the method suggested for estimating the Q@+ values for our country.
-

1. Iniroduetion

Development of improved methods for esti-
mating evapotranspiration from meteorological
paramoters is of prime importance to many
agrometeorological investigations and particu-
larly to the agroclimatic studies of droughts,
Penman (1948) was the first to derive, through
a combination of the aerodynamic and energy
balance approaches, an equatior free from water
surface temperature and relating the evapora-
tion rates to the standard meteorological data,
™z., mean air temperature, mean dew point
temperature, mean wind velocity and mean
daily duration of sunshine. The last parameter
is roquired to form the onergy balanee estimate,
Penman (1948) also showed that “evaporation
rates from wet bare soil and from turf  with
an adequate supply of water are obtained as
fractions of that from open water, the fraction
from turf showing a seasonal change attributed
to the annual eyclo of length of day light”,
Very extensive work which it is impossible to
adequately mention here has since  been done
I respect of correlating the measured evapo-
transpiration rates from lysimeters to the eva-
potranspiration caleulated by various methods
i respect of different crops. Eagleman (1967)
ina recent study coneluded that “average yield
of corn, soyabeans and wheat were obtained
when total Precipitation during the growing
season averaged 72 per cent of the maximum
evapotranspiration’’,

Among the methods which have come to he

recognized as useful for estimating evapotrans-
piration wo have Penman’s method. Graphical
Coaxial Technique (developad by Kohler, Nor-
denson and Fox 1955) and Mellroy method.

(1) Pemanw's Method—The generally accepteq
current definitive form of the equation (Cocheme
and Franquin 1967, Penman 1956) is —

E=[Aly{(1—)Qs (0184 0-55n/N) —
—o T4(0°56—0° 092 y/e, ) (0- 104090 n/N)} +
+0°35 (€0 —e4) (0°5 + u/100) ] = (A/r +1)

whaere,

A = slope of the temperaturs versus saturation
vapour pressure characteristic for waterp
at mean surface temporature 7,

¥ = psychrometric constant,

fa = saturation vapour pressure,

¢4 = actual vapour pressure,

r = surface reflectivity,

# = actual hours of sunshine,

N = total possible hours of sunshine,

Q4 = radiation received outside the

atmosphere and

% = mean daily wind travel.

The first part of the numerator, the energy
budget (within middle brackets) estimates not
radiation by subtracting the amount of energy
reflected back into space from the incoming
global radiation. It may be mentioned here that
the magnitude of the global radiation is generally
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Fig. 1. Revised Class A pan relation of Kohler, Nordenson and Fox:
E(A —l-rP yor ()." A —}‘Eo 1'?

of the order twice or thrice that of the reflected
radiation component.

(2) Graphical Coazial Technique (developed by
Kohler, Nordenson and Tox 1955)—In this me-
thod the mean daily evaporation value for
the month is determined graphically from a
nomogram using the monthly averages of the
daily values of air temperature, dew-point
temperature, wind speed and global radiation.
TFig. 1 is reproduced from Kohler et. al (1955).

(3) Mcllory's Method —The equation suggested
by Mellory (1961) has the form —

E=[SI(S+7’)](Rn—-G)+h(D-Do)
where,

S = slope of the gaturation vapour pressure
versus temperature curve at el wet
bulb temperature,

y = psychrometric constant,
R,= net radiation,
G — heat flux into the ground or water,

I — transfer function empirically determined
for each crop or surface and for each
Jocation,

D — wet bulb depression at sereon height,
and

D, = wel bulb depression at the erop surface.

All these methods described above require
a knowledge of global or net radiation. Direct
measurements on these parameters are gene-
rally available only for 2 few stations, and it
becomes necessary in many cases 1o estimate
these quantities. Inthe energy budget estimate
Penman (1948) used the relation @s = Qa X
(0-18 4 0-55 u/N), for the short wave radia-
tion input estimate where Q. and Q4 denote
the radiation from sun and sky and the Angot
value of @, for a completely transparent at-
mosphere respectively. The constants 0-18 and
0-b5 were based on Rothamstead data over tho
period 1931-—40. Penman (1948) mentions that in
the relations Qs = Q4 [ 6+ b (n/N)],@ = 0-22,
L — 0-54 for Virginia, U.S.A. (Kimball 1914);
and @ = 0:25, b = 0-b4 for (fanberra,
Australia  (Prescott  1940). Fritz and Mac-
Donald (1949) have prepared maps depicting
the total radiation received at the surface for the
United States, and Mateer (1955) and Drummond




and Vowinckle (1957) for Canada and South
Africa respectively.

In India, Ramdas and Yegnanarayanan (1954)
studied the distribution of total solar radiation
@, received on horizontal surface on clear days
and also the distribution of total solar radiation
Q. received on a horizontal surface for a net-
work of 22 selected stations in the country,
Mani et.al (1962) have diseussed this work in
a study on distribution of sunshine and solar
radiation over the Indian Peninsula. Venkataraman
and Krishnamurthy (1967) in their study of the
radiation climate over India remarked that ‘the
clear-day values of Ramdas and Yegnanarayanan
are about 15 per cent greater than the observed
values, except at Dum Dum where the over-
estimate is 30 per cent and is perhaps due to
presence of larger quantities of suspended in-
dustrial impurities’. TFurther, taking into ac-
count the fact that even on clear days the value
of actual sunshine hours is only 90 per cent of
the corresponding possible sunshine hours, Venkata-
raman and Krishnamurthy have prepared month-
ly global radiation maps based on estimation of
this parameter, for a network of 52 stations,
using the relation

@ = @, (0:70 S + 0-4)

where @, is the expected clear sky radiation
for the whole day. Tt is interesting to note that
the monthly patterns of global radiation obtained
by them have many dissimilar features of details
to the eorresponding patterns presented by Mani
et. al (1962) based on computations of Ramdas
and Yegnanarayanan. Authors, therefore, con-
siderod it important to study the available global
radiation data for the present network of
radiation stations in India vis-a-vis the hours of
sunshine. Some interesting results of this study
aro presented in this paper.

2. Data

Table 1 shows the stations in Indis whose
daily observations of global radiation and sun-
shine hours were used in this study. For
these 17 stations, the available mean daily values
of the global radiation @, and the actual hours of
sunshine n were tabulated monthwise for the
periods ranging from 1 to 9 years. The cor-
responding observed mean daily values Q4 of
the solar radiation received outside the atmosphere
as well as the mean possible daily hours of sunshine
N were also tabulated monthwise for these stations
using the Smithsonian Tables. The ratios Q,/Q4
and n/N were formed. Fig. 2 presents the scatter
diagrams of Q/Q versus m/N (mean monthly
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values) together with the least square fit of the
form Q./Q4 = a+b (n/N) determined for each
station.

8. Discussions

Table 1 shows that the values of the constants
a and b in the above relation determined for
the Indian stations vary in their magnitude over
a considerable range. Tt can easily be verified
that for the extreme values of n (n = 0 and n—J})
the average ratios of the radiation received at
the surface to that outside the atmosphere
turn out to be 43 to 110 per cent due to variation
in a and 87 to 110 per cent due to variation inb
as compared to the average radiation ratios that
would result by using the constants 0-18 and
0-55 determined for Rothamstead. Thus the
use of these later values to estimate the global
from the solar radiation received outside the
atmosphere would result in a considerable under-
estimate of evaporation determined by Penman’s
or Kohler’s method in parts of our country.

The value based on all the latest available data
of the constants « and b for a large number of
stations also provide a useful comparison bet-
ween the evaporation estimates based on the
global radiation values obtained in two ways,
In one, the global radiation values were derived
from the solar radiation received outside the
atmosphere and the hours of bright sunshine and
in the other from the extrapolated values taken
from the mean monthly maps of global radiation
prepared from the clear-day surface radiation
values and hours of bright sunshine (Venkatara-
man and Krishnamurthy 1967).

It is also seen that the corresponding values
of the constants @ and b differ considerably even
for stations at nearly the same latitude. Thus
we have for Ahmedabad, Nagpur and Dum Dum
the corresponding values of ¢ and b as -42,
*16, +29 and -30, -68, -49 respectively. Again
for the stations Mangalore, Bangalore and Madras
the values of a and b are -24, -18, +30 and
-47, 62, .44 respectively. This is to be
expected in view of the different average at-
mosphere over the stations, where apart from
the geographical and climatic differences (coastal,
continental, arid etc) other factors such as the
desert-dust and pollution of the atmosphere
through developing industries may also come
into play. For the same reasons, the values for
the coastal, inland and island stations also
do not exhibit any marked similarity,

The question then arises as to how best to
estimate the global radiation values from the
sunshine hours in the absence of actual data. In
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TABLE 1

s g Computed relations
Station S & Height Q =0, [a--b(n|N))
a.m.s.l. ¢ <
{m) Values of
Ly
a

Period of data

Minicoy £ i 14 Jul G4<Dec 66 )-3418 <3048

Trivandrum i 60 Dee 50-Ang 66 3700 <3827

Kodaikanal ! 2339 Mar 62=-Aug G6 ¥ -4007

Port Blair
Mangalore
Bangalore
Madras
Goa
Hyderabad
Visakhapatnam
Poona
Nagpur
Dum Dum
Ahmedabad
Shillong
Jodhpur
New Delhi

Jan 64-Dee 64 - 225¢ 4798
Jan 64-Dee 65 -2 4651

Jan 66-Dec 66 % 6157
Qct 57-Aug 66

Jan 64-Dec 65

Jan 66-Dee 66

Jan 61-Aug 66

Jul 57-Jun 66

Apr 60-Aung 66 : 6762
Sep H7-Tun G6 0 g 4885
Feb 62-Feb 67 L - 2005
Sep 66-Aug 67 . 6589
Mar 60-Aug 65

Jul 57-Jun 66

the authors’ opinion, a good compromise will be
to partition the network of radiation stations
by Thiessen and Alter (1911) method. The method
was originally developed to find area-means
of rainfall over a basin when widely differing records
are available at a relatively few irregularly spaced
stations. In the application of this method, the
adjacent stations from the network are joined
by straight lines thus dividing the entire area into
a series of triangles. Perpendicular bisectors are
erected on each of these lines thereby form-
ing a series of polygons, each containing one and
only one station. The entire area within any
polygon is nearer to the radiation station
contained therein than to any other and it is
therefore, compromised that the constants deter-
mined in respect of that station should apply to
that area. It is to be noted that elevation of the
station also plays an important role in the radiation
receipt. In the present study however, as will be

soen from Table 1, except Kodaikanal and Shil-
long all the other stations arve of fairly low eleva-
tions. Similarly, the coastal stations will be contain-
ed in the polygons covering the land as well assea
areas which may have different climatological cha-
racteristies. In the absence of adequate data over
the Arabian Sea adjoining the west coast of India
and over the Bay of Bengal, the afore-mentioned
compromise is therefore to be accepted. Fig. 3
shows one such scheme of partition utilizing the
stations for which the global radiation data
have been studied in this paper. With
more data from a larger number of stations
becoming available in future this scheme of par-
tition is subject to suitable revisions and may
be given up altogether only when the radiation
network is expanded to cover all the situations.

It is suggested, however, that for the present it
would seem logical and practicable to estimate
the global radiation values from the values of
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Fig. 3
Part iLi_nu' of the Indian Sub-continent for estimation of the sun and sky
radiation with the present network of radiation measuring stations
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TABLE 2
Actual and estimates of pan evaporation using Penn

AxD |

s

GEORGE

1an’s equation and Kohler's graphical technique

Station
(Agroclimatic
Z0one)

KRIMGAN]

(Very wet climate)

CHINSURAH
(Wet climate)

NEW DELHI

(Moderately wet clinate and

extremes of temperat nure)

NAGPUR
((

Tontinental monsoon eliny

RAJAMUNDRY
(Peninsular

BELLARY
{Peninsular semi-

PATTAMBI

SW mongoon
active NE monsoon climate)

avid climate)

{Active S monsoon

climate)

SAMALKOTA

(Peninsular SW monsoon and
active NE monsoon climate)

ADUTHURAT

(Northeast monsoon clin

and 2

Estimates*

R

1ate)

=R

i)

o . i
Jan  Feb M

35 $-7

S8 a0t

3-8 ah

$-3 S0

{-=8 BRI

35 52
2.7 il S0
31 48 71
38 58 79
2:2 4-0 ad
33 5-1 G-3
Letd 4k 010
1.8 30 BN
-6 39 a6
LRSI N S | R
2.0 34 a4
3+1 I-fi S5-4
28 40 7-0

Apr May Jun

Meteorological data
for computation

45 N
R iy
G-Y
Rl
a1
T2
47 G0 69
48 a7 80
G-3 8 0.9
51 66 T-H
BEE S 6 9.4
71 s 11-6

Mean daily values (mm)

.

H-0 1-2
-3 a8 5-4
6 {-8 13
58 52 4-7
58 48 45
57 o) a0
70 68 53
84 T-% i
] L | a8
63 ({8 ] 5-2
74 -4 53
0.7 8.6 A6
a8 73 9.0
744 T8 D0
78 07 10-2
G D S0 82
70 Jo0-2 -4
u-H 129 36
not availahle

64 701 61
sl S0 71
81 81 6
700 76 740
74 AR | 71
9-3 11-9 12-4
71 78 80
-0 90 8-2
9.7 0.0 107
7.4 83 84
9-1 86 97
2.1 12-7 14-1

Meteorological data not available
for eomputal i

Meteorological data not available
for compntation

3.3 f-4 b7
4:6 H-1 71
46 a8 i
3.7 47 #-1
4-3 b8 3R
-4 50 O3

o
o s

b-3 -
-9 T
B0 L
67 7
b =

Jul Au

= M St = Tt

[ A Al

—

S e Sl = tn

—

& =1 =1 =1

-

[ s I A =

0 =1 =) =]

v e

et SSbe LS

Oct

Sep Non
39 4.7 37 H 2:
56 &1 47 : 3
51 46 41 2 36
44 54 42 ) B0
36 31 B6 3 ERH
43 33 2 2:1)
47 44 33 34 220
56 58 4-4 3-8 3.2
46 48 46 43 @8
5-2 4-9 35 33 2-5
4-3 4-8 4-6 3-8  u-l
G0 4-9 3-9 31 32
4 4-2 41 32 19
e80T 53 39 2-4
S | S T B (B | BN 2-8
5.4 a1 47 30 22
46 46 66 1-1 2.8
4-06 55 o4 1-5 2-4
4.9 Hd 49 39 28
6H-H oy 08 48 -1
41 448 G4 46 4-3
50 59 30 45 45
3.6 46 26 385 41
1-2 33 44 42 56
43 50 47 46 33
6:1 6-1 58 61 16
48 o8 b3 8L ol
o1 a1 hed 50 37
4-6 51 48 56 -3
53 68 58 b4 49
60 66 47 53 -3
6-4 6.6 H0  H6 5-D
63 74 6-1 66 G-]
62 71 51 by AT
6:0  S-4 H 1 6.9 50
88 10-8 7.6 o7 G-8
47 45 48 4D
i3 46 52 6-1
4:3 46 51 63
G-1 8 60 56
G¢1 48 51 506
o+ 1-7 He6 NI
45 6 46 30
5-6 S50 4-8 n-1
Do -6 4-8 o1
57 51 49 40
48 46 46 41
G4 a0 47 41
52 62 »9 36 36
7.2  G+8 56 47 I G
8.1 62 SR B | 38
i (IR % (NN T S S S A |
58 G666 48 33 046
38 07 46 39 40

*Fvapor
1—Penman's method v
9 & 3—Penman’s and Kohle

ation values estimated by
wsing constants, 4=0- 18
's method respeetively using v

taraman and 1

4 & 5—Penman’s and Kohler's
6—Actual values ol eyapors

rishnanuurthy

nethod rospe

gctively nsing radiation values estimated by the

tion measured by class A pan

and b=0-50
liation values extrapolated from the charts prepared by Venka-

method indieated in the paper
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TABLE 3

%* values resutling from the observed and estimated pan evaporation values of Table 2

Statims d.t. Method
— = S e T
1 2 3 1 5
Karimganj 10 1:05 2:64 2-92 2:20 340
Chinsural 11 G607 1-82 257 588 4.7
New Delhi 11 11-99 623 367 548 123
Nagpur El 13-01 26-06 9-29 1455 G-52
Rajahmundry » 10 10-32 4-60 5+59 . 6-98 604
Bellary 11 15-33 13-16 380 13-24 6-32
Samalkota 3 0-13 0-30 0-33 0-03 0-10
Patambi 3 0-36 0-10 0-49 0-53 0-05
Aduthurai 11 3:40 4-06 2-96 2-54 256
Probability levels corresponding to »* values above

Karimganj 10 100 99 98 100 06
Chinsurah 11 87 100 100 85 96
New Delhi 11 38 85 08 67 094
Nagpur 4 1 0 6 9 16
Rajahmundry 10 42 1 85 72 81
Bellary 11 I Iy § ‘ 29 89 28 85
Samalkota : 99 96 95 100 99
Patambi 3 95 99 92 91 100
Aduthurai 11 08 07 99 100 100
“‘;;‘.j,‘.,i"};fii‘r":!;t;‘;, e 64-10 77-33 $4-66 72-44 85-22

solar radiation outside the atmosphere with the
constants determined for the various polygons
and the data for sunshine hours (available for a
fairly large number of stations in India) for car-
rying out the agroclimatic and agrometeorolo-
gical sutdies of evapotranspiration. It is :;lso
seen that the use of the clear-dey radiation
values to estimate the global radiation docs not
give any particular advantage.

As an example of application of the above sug-
gestions, the computed mean daily values for
different months of pan evaporation for each
of the 9 stations located in different Agrocli-
matic Zones of India, for the year 1963. are given
in Table 2. The estimates given are —(1) By

Penunan method using the constants ¢ — 0-18,
h=0-55 for the energy budget term ; (2) and (3)
by Penman’s and Kohler'’s methods respectively
using the radiation values extrapolated from
the maps prepared by Venkataraman and
Krishnamurthy (1967); and (4) and (5) the
ovaporation values estimated by  Penman
and Kohler’s methods respectively but with the
values of global radiation estimated for each of
the 9 stations by the Thiessen partition method
described earlier in the paper. The values actuslly
observed are also given. All the methods dis-
cussed generally give under estimates of eVApO-
ration, departures being greater in summer than
in winter. Table 3 gives the resulting values of
X* and the corresponding probability lavels for
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all these different estimates of evaporation
and clearly brings out the usefulness of the method
suggested. 1t could also be econcluded that
in the above study, the Kohler’s method by anc
large gave closer evaporation estimates. Work
has already been undertaken to modify Kohler’s
formula to obtain a closer fit with the observed

values.
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