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ABSTRACT. A new empirieal method has been developed for computing the pan evaporation (E) using solar
radiation intensities as obtained from the formule of Reddy (1971) for total and net radiation intensities, The
results obtained are in good agreement with observed values, which ure presented. The formula of Reddy (1971) for
total (R¢) and net (Rn) radiation inteasities are extended vo hill stations and are discussed. Curves suitable for

direct reading of Rf, Rn and E values to the required aceuracy are also presented.

1. Introduction

In arecent paper, Gangopadhyaya et al. (1970) had
examined different methods [viz., Penman (1948),
Kohler et al. (1955), Mellory et al. (1961)] of cal-
culation of pan evaporation using meteorological
factors. They found only Kohler’s method on the
average giving closer estimates than the values
obtained by other methods. Therefore, they have
undertaken to modify Kohler’s formula to obtain
a close fit with the observed values but as yet these
results are not available. However, though the
estimationg derived from Kohler’s method are the
best examined so far, they are not good enough.
Evaporation is an important factor that has
considerable significance in the fields of hydrology,
agriculture and water budgeting in general. The
network of evaporimeter stations is relatively sparse
in this country. In view of the foregoing remarks,
an attempt has been made to evolve a new empirical
formula for the estimation of pan evaporation from
meteorological parameters which are recorded at a
larger network of stations. It may be mentioned
that there are appreciable variations in the pan
evaporation readings. These variations may be
attributed to observational errors or poor exposure
conditions. This can be seen from the values given
in Table 1 for the same station for two different
sites located not far from each other.

The two sites do not, however, show significant
variations as far the other meteorological para-
meters are concerned. It is, therefore, prmumed
that computing evaporation, using a few signi-
ficant meteorological factors, could provide rea-
sonably accurate and reliable results.

The deviations of the estimated values using the
empirical formula for evaporation from the ob-
served are computed and presented for a few
Indian stations which are grouped asinland, coastal
and hill stations and are situated at different

latitudes, The percentage deviations of the
estimated values of R, (by using the formula of
Reddy 1971a for inland and coastal stations and
nsing the method given in the present work for hill
stations) from the observed values are calculated
and presented for afew Indian stations under the
above classifications.

In this paper, curves suitable for use for the
reading of R,, R, and F are also presented.

2. Method and eomputation

Tt is a well known fact, that solarradiation has
the direct effect on evaporation. Correlation studies
by the aunthors (results are not presented), reveal
that pan evaporation is directly proportional to the
solar radiation (i.e., to be exact — the product of
total and net radiation intensities). Tt is also notic-
ed, by the authors, inthecaseof coastal stations
situated on the same latitudes, that there is con-
siderable variation in the values of humidity and
the number of rainy days, the effect of which is
significantly seen in the evaporation values. But in
the case of inland stations this effect is insignificant.
The authors also find that this can agree with the
views of Papadakis (1961) that ‘though the increase
in the loss of water by evaporation can be attribut-
ed to increase in the wind speed by preventing
the formation of layer of moist air over the eva-
porating surface, a light breeze is enough for this
purpose and increase of wind velocity does not
add to this effect’.

Keeping these points in view, the following empi-

rical formula was developed for pan evaporation

E=plogd+ef (1)

where E = Mean pan evaporation (mm) per day
in the month

e = exponential function,
187 '
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TABLE 1

Average daily evapo-

No. of ration (mm) Difference
Station vears ey (1)
Agromet  LM.D.
data data
New Delhi 7 G-4 7-97 —1-3
Nagpur 7 6-8 6-3 0:5
Sabour 5 5-1 39 1-2

¢ = Latitude of the place, in degrees,
f— R, R, X105
B,—E(1:0+0'85) (1'0—020)/0.14/k (2)
c:!.l/cmz/(.la,y
[if <359, then 2=359, only]
R,=K (064002 Ts—-0-04 /1) -
—h (4. 3—4/T) calfen 2/day (3)
[if 7' is negative then / =7 — — /7]

K—Radiation constant at the surface of the
observations in cal/em?/day
K = (AN + ;. cos $)102 (in which 7 —1. 2
for inland and coastal stations respectively)
A and ¢ are latitude and seasonal factors
respectively (Reddy 1971 a)
and K—=K'+ e (for hill stations, in which K’—
(AN 4 if5,,cos ¢) 102, and e=0.5H (12—N)10-2,
height  correction factor H being the height
of the place above mean sea level in m)

N = Mean length of the day during the month

s = Mean bright sunshine as fraction of the day’
length in the month—=n/N (hours/hours)

n = mean hours of bright sunshine per day during
a month

t=1r/M (r=No. of rainy days during the month,

M =No. of days in the month, days/days)

h = Mean relative humidity per day in the month
(per cent)

T == Mean daily screen temperature in the month
given in degrees centigrade

p==a;+¥, (#=1,2and3in whichl to 3stand
for inland, coastal and hill stations res-

pectively, j=1,2,....... .. 12 in which
1 to 12 stand for January to December
respectively)

z,=0,

xy=Constant given by Fig. 7,

ﬂ"s — 5&‘2 X ]02,

#s,j—Constant given in Table 2.
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TABLE 2
! J
3 A -
Far 2 3 4 5 6 7 8 9 10 (ARt gy
Y1 2-0 2-5 4:0 40 40 4-0 2-5 1+5 1'6 2:0 2:0 2'0
Yo 10 1:0 1-0 1-0 1:5 15 1'6 1'5 10 10 1-0 10
!la-j a a a a a a B B B B B B

(@, B are constants which vary with height and latitude), a =1300/H log ¢, B = 800/H log ¢,

Meteorological data taken for computation
are shown in Table 3. Fig. 7 is drawn for x, against
(Zh; Zr;) %1073 where mean » and k are summed
up for 12 months (i.e., mean annual total).

Using formulae (1) and (2), the percentage
deviations and deviations respectively of the
estimated values from observed values are calculat-
ed for some Indian stations and tabulated in

Appendices 1 and 2.

8. Preparation of curves for R, B and &

The method of evaluating E, B, and R, from the
ourves using equations (1), (2) and (3) respectively
is as follows :

(i) Preparation of curves for the caleulation of R,

Figs. 1 and 2 are drawn for A and y;;
functions varying with ¢ and j (twelve calendar
months) respectively used in the caleulation of K,
Figs. 3 (a) and 3 (b) are for N and ¢ functions vary-
ing with ¢ and height respectively. Figs. 4 (a), 4 (b)
and 4 (¢) represent the curves drawn with K in case
of coustal and inland stations and K’ in case of hil]
stations against ¢ for 12 calendar months. In
Figure 5 the curves on the right represent ¢
against s for different values of ¢ and the curves
on the left represent ¢ against A for different values
of P, Therefore, knowing ¢, s, t and A the value of
R is obtained as R,=PK.

[P=g/0-14/h, q=(1'04-0-8s) (1-0—0-2¢))
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TABLE 3

Lati- Longi- Period
Station tude tude of
°N) °E) data

(a) Imland stations

Hyderabad 27
(Begumpet)

Poona 32 51

78° 28° 1059-68

1962-70
Nagpur 06 03 1959-68
Chinsurah* 52 24
Ahmadabad 04 38

New Delhi 35 12

1962-68
1959-67
1961-67,
Coastal stations
Trivandrum 76 57 1959.68
1959-68
1962-68
1959-67

Madras 80 11

Visakha- 83 18
patnam
Bombay ] 72 49

Okha 69 07 1963-67

(c) Hill stalions

Kodaikanal 10 14 77 28 1959-68 10

Bangalore 12 58 77 35 1959-68 10

Shillong 26 34 91 53 1963-67 5

*Data based on non-rainy days only (observed evaporation)

(¢8) Preparation of curves for the calculation of R,

Fig. 6 (a) is drawn with h against « for different
values of 7. InTig. 6 (b)the curveson the right
represent ¢ against s for different values of 7'
and the curves on the left represent 4 against &
for different values of P. Therefore, Lnnwmtv I,
s, T and ¢ the value of R, is obtained as R,
PK—u.

(i77) Preparation of curves for the caleulation of E

Fig. 7 is the curve representing the variation
of z, with (Zh; Zrj) x 1073 Fig. 8 (a) is drawn
with ¢ against g for different values of u’, where

=1+4zand B = (1 +w) log ¢, u” = nlozd.
For coastal stations u=y,,; + 7,. For January to
April and September to December, ('Ol'l‘t'qp(}]ldlll”
to ¢ and p' (i.e.. a*,) the value of " — B, but for
May to August u"=B+4 (B value obtained corres-
ponding to ¢ on p’ = 60 curve). Tor inland
station p =y, j -+ #,. Here " = B (value corres-
ponding to ¢ on p' =60 curve)x (2 for Janu-
ary, October to December; 1-5 for August and

2
w/Day

w calsc

"
e

= N.B-THE NUMBERS ON TME CURVES | TO 12
REPRESENT MONTHS FROM JANUARY TO DECEMBE
RESPECTIVELY.

L 1 1
30 40 50
£ IN DEGREES

Fig. 4 (a)

Variation of & with ¢ for 12 calendar months (inland
stations) for northern homisphere

September; 2-5 for February and July : and 4-0
for March to.June). For hill stations p = y,,;+%,
and p" = p log ¢.

Fig. 8 (b)isdrawn with R,against (ef), for diffe-
rent values of R,. Knowing R, and R, from
Figs. b and 6 reqpocfn'o]v e/ can be obtained.
Knowing p” and ef,, pan evaporation eventually
can he obtained from the relation E = u” - ef.

4. Discussion of results

Appendices 1(a) and 2(a) show the mean percent-
age deviation and deviation respectively of R, and
E as obtained by the use of the Hqgns. (1) and
(2) from the observed. Appendices 1 (b) and 2 (b)
show the mean percentage deviations and deviation
of estimated values of R, and E for individual years,
as obtained by the use of the Eqns. (1) and (2)
respectively from the observed. On the whole,
the results at Appendices 1and 2 show good
agreement with observed values.

Results of R,— The results of Appendix 1 (a)
show that out of ten stations results (7.e., 10 points)
only 13 points are having percentage dev'atmns
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more than or equal to 10 per cent from the observed
(i.e., 11 per cent of total values). This shows that
the results are in good agreement with the observed.
Alsoitis seen that the Eqn. (2) gives most accurate
results in the case of coastal stations. Similarly
the results at Appendix 1 (b) show that out of
three stations considered for individual years (i.e.,
b years — 97 points) 42 points are having percentage
deviations more than or equal to 10 per cent from
the observed (i.e., 14 per cent of total values),
In the case of Ahmadabad four out of twelve points
are deviating to the extent of 10 per cent or more
and in case of Kodaikanal for 1966 and 1967 the
percentage deviations exceeding 10 per cent or more
are five out of twelve. Except these two cases, in
all other cases the agreement hetween calculated
and observed are good.

Results of E— The results at Appendix 2 (a) show
that out of 168 points (i.e., for 14 stations) only 17
points are exceeding the deviation limit of 1 mm or
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Fig. 8(b)

Variation of ef with Ryand R,

more (i.e., 10 per cent of total values). The results
at Appendix 2 (b) show that out of three stations
(i.e., 29 years = 348 points) only 27 points
are having deviation of 1 mm or more from the
observed (i.e., 8 per cent of total values). In the
case of Ahmadabad the observed values for Octo-
ber, November, December of 1967, are widely
divergent compared to the observed values of the
other years for the corresponding months, even
though much deviation is not seen in other meteor-
ological elements, A similar situation is observed
in the case of Kodaikanal for July, September and
November for the year 1959.

On the whole the results at Appendices 1 and 2
show a good agreement for coastal and hill stations,
where the local effects on meteorological elements
are less. Most of the observed deviations are in
case of inland stations. This could be attributed
to the greater susceptibility of inland stations to
the influence of local factors other than the stan-
dard meteorological elements taken into aceount.
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5. Conelusions

(?) Appendices 1 and 2 show a good agreement
between calculated and observed values. which,
in other words means that the empirical methods
suggested for E, R, and R, are aceurate enough
to be used in tropical and extratropical regions.

(17) It is observed that even in places on the same
latitude, the effect of different meteorological para-
meters on E, B, and R, is not the same buft it differs
with the location of the station (i.e., depending on
whether it is an inland, a hill or coastal station)
and the extent to which it is influenced by other
local effects.

(714) The results in Appendices 1 and 2 show that
the deviations are more 1n case of inland stations
which could be attributed to the greater suscepti-
bility of inland stations to the influence of local
factors other than the standard meteorological
elements taken into account.

(#v) Evaporation studies show that the effect of
variation in humidity and number of rainy days
is more marked in coastal stations than in inland
stations.

(v} The negative deviations in evaporation values
in Appendix 2 during the months January,
February, November and December at most of the
stations could be probably attributed to the dew
deposition.

(vi) Appendix 3 gives the evaporation values ob-
tained using Penman’s (1948), Kohler et al.’s (1955)

formulae and equation (1) for four representative
months (i.e., January, April, July and October)
for 9 stations. Tt also contains the deviations from
the observed evaporation data for 8 stations
(i.e, except Jaipur, where observed data are
not available). It is seen from this Appendix
that the number of values deviating more than
I mm from observed are : (a) 18 in case of
Penman’s method (60 per cent of the total
number of values), () 13 in case of Kohler's
method (40 per cent of the total number of
values). an1 (¢) 3 in case of the present formula
using Eqn. 1 (10 per cent of the total number
of values).

(vi7) Also results of Gangopadhyaya et al.
(1970) for pan evaporation values for 9 stations,
using different formulae (viz., Penman’s, Kohler)
show that 45 to 60 per cent of calculated values are
deviating more than 1 mm from observed values.
But in the present study in Appendix 2 (a), itis seen
only 10 per cent of calculated values are deviating
more than 1 mm from observed values, which show
the superiority of this me‘hod over those methods,
Therefore, the authors now claim that this method
can be used to get good estimates of evaporation.
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Appendix 1(a)

Mean percantage deviation of estimated values of R,, as obtained by the use of the formula (2)

Station

Trivandrum
Madras

Visakhapatnam

Poona
Nagpur
Dum Dum
New Delhi

Ahmadabad

Kodaikanal

Shiilong

Jan Feb Mar £ May Jun Jul Aug Sep Oct Nov

Coastal stations
-7 -1
8 8
0 —2

Inland stations

Hill stations
-+
-8

Dee

No

of

Appendix 1(b)

Mean pzreentage deviation of estimated values of ‘?t for individual Years, as obtained by the use of the formula (2)

Year

1959
1960
1961
1962
1963
1964
1965
1966
1967
1968

P*

Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec

Coastal station (Madras)
3 9 9
7 8 8
7 4
8 —1
10
16

18

P*—No, of points exceeding 10 per cent

P*
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Appendix 1b (contd)

Apr May Jun Jul Aug

P*—No, of points exceeding 10 per cent
Appendix 2(a)
Mean deviation of estimated values of pan evaporation (E) as obtained by the use of the Eqn, (1)

Jan Feb  Mar Apr May Jun Jul Ang Sep Nov Dee @

(Clonsial stations

Trivandrum
0
C
D
Bombay
0
C
D
Madras
0 41 o . 3 : ¥ . v a 25
C 37 5 ; ; 5. 5- : . 5 3.3

D —d . o o) . . . 4 — . — - —_—39

QO—Ohbserved C—Computed value D—Deviation @—No, of points exceeding 10 mm
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Appendix 2a (contd)

Jan Feb Mar Apr May Jun Jul Aug Bep Oct Nov Dec @

Visakhapatnam

0 5.7 7:0 74 88 9-4 81 63 6-0 4-9 5.7 6-1 6-0

C 55 68 76 8-4 9-1 =1 62 6:5 5-8 6-1 59 57

D —_2 —2 2 —4 —3 =10 —1 *5 -9 4 —2 —3 1
Okha

h-4 5:5 6+5 74 10-1 88 66 6:0 64 52 61 56
C 57 63 67 76 87 78 68 67 7-0 70 64 58
*3 *8 *2 ‘1 =14 ~—1-0 2 i f 6 1-8 3 2 3
Inland stations

Hyderabad

0 55 7-3 89 95 11:5 8:9 6-4 59 6ol 0 58 . B8 53

C 4-6 58 87 10-0 13-5 86 58 47 47 6+1 46 44

D -9 =15 -2 *5 2:0 -3 —6 -1'2 -7 -2 -7 -9 3
Poona

o} 4-7 6-8 89 10:7- 118 78 485 36 43 5.1 45 40

C 4:5 60 89 10-8 11-6 85 5-2 4:-0 45 53 46 4-2

D -2 -8 0 -1 3 <7 «7 4 -2 +2 1 2 G
Nagpur

0 4-0 6.0 T 99 13-2 91 T T TR L SR A IR e SR L

C 4-2 60 81 10°7 150 9-2 54 40 446 53 46 41

D -2 0 *4 '8 1'8 L | -7 2 1 4 -3 6 )|
Chinsurah

0 3-3 60 75 92 92 0 AP L L SR RN 3-2 29

(4] 3-9 5.2 78 89 9-3 78 b6 45 44 47 43 40

D -6 -2 -3 —3 °1 3 *2 =] *b 1-0 1-1 1-1 3
Ahmadabad

0 53 6-9 90 11-:5 13-1 10-2 62 45 53 65 59 53

C 4-9 6-3 89 111 137 10-5 60 43 52 6-3 54 4'8

D -4 -6 =1 — 4 -6 -3 -2 -2 -] -2 =5 -5 0
New Delhi

0 33 44 64 104 12-1 12-3 67 51 51 62 46 33

C 40 50 76 94 11'4 10: 0 6:6 48 52 66 45 39

D &7 -6 12 ~1'0 -7 -2:8 ~—1 —3 | =l =l 8 g

O—Ohserved C—Computed value D—Deviatjon @—No. of points exceeding 1:0 mm
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Kodaikanal

0

C

D
Bangalore

0

o

D
Shillong

0

¢

D

Jan

Feh

on

Mar Apr May
41 35 3+ 2
3-8 3-5 i 4
-3 0 2
7:8 T3 64
78 81 68
0 '8 1
3.2 36 31
2:8 31 30
| —_ 5 —1

Appendix 2a (conid)

Jun Jul

Hill stations

2:8 2-4
2:-9 2+5
-1 1
4-8 3-9
- 8 37

0 -2
2:4 21
25 2-2

1 1

Aug

(3]
&

[

(3]
]

. JEEVANANDA REDDY axp K. RAMA RAO

.“;:-p Oct Nov
2:6 2+1 2-]
2:6 2.4 2:3
0 -3 2
3.7 3-8 36
37 38 36
0 0 0
2:2 1-9 1:7
2:2 2:0 1*8
0 1 1

g
o

0w

0O — Observed average

Mean deviation of estimated values of &, for individual years, as obtained by the use of the Eqn, (1)

' — Computed average

D.

Appendix 2(b)

- Deviation

(@ — No. of points exceeding 1+ 0 mm

Year

D

Jan

ot
o

4-6
4-3

4-6
4-3

5.1
4.0
—1-1

Feh

&
=

49
4.6

48
44

—_—4

ot
(=]

|

Jun Jul

Aug

Coastal station (Trivandrum)

Mar Apr May
6-1 59 4-7
70 56 36

9 —3 —1-1
5-4 4-4 3-5
6-0 4-5 3.4
6 o | —-1

58 5-1 4-0
3 -3 -1

O—Ohserved average

C—Computed value

4-8 3-9

4-4 4-0
3-2 3.3
—1-2 .7
3-8 3.4
3.7 3-3
—i1 —1
3.7 2.8
3-4 3-0
—-3 2
4-4 3.4
4.2 3.4
—_2 0

D—Deviation

4-3

45

3-2
3-4

)

Sep Oct Nov
4-3 4-4 35
4-1 4-0 33
—2 —-4 —-2
35 4.0 2.4
31 3.7 25
—4 —3 +1
3:9 4-2 3-3
3-8 41 3:2
—] —-1 —-1
4-0 3-0 4-1
36 2:8 3-8
—-4 —2 —3

@—No. of points exceeding

Dee r.«';‘
3-8
3:6
—2 2
39
3-7
—-2 0
4-1
35
—6 0
4:1
36
—:5 1
lir 10 mm




EVAPORATION FROM FREE SURFACE OF WATER

Appendix 2b (conmid)

May Jun Jul Aug

5-6 3:3 2-7
" 66 33 3-0
1:1 0 -3
Inland station (Ahmedabad)

14-2 10:6 6-6
14-6 11-0 6-2
4 ‘4 —4

0 6-9 7-0 10-3 12-5 5-1 48 58 5.0
C 50 6:2 98 12-8 5-6 . 44 . 5-4 4-8
D =g 8 |8 0 .3 4 - —d e 1

0—OQhbeerved average C—Computed value D—Deviation @—No. of points exceeding 1-0 mm




JEEVANANDA REDDY axp K. RAMA RAO

Appendix 2b (conid)

May Jun Jul

10 EF: 4-

0
¢ 7

D +4 . . Y .1 . 3 + ’ . 0

0—Observed average

@-—No, of points exeeding 140 mm

C—Computed value D—Deviation @




Jan
1962

0 3:1

¢ 3-0

D —-1
1963

0 2-6

¢ 2:6

D 0
1964

0 4+3

(¢ 3.7

D L
1965

0 3:1

2.8

D —3
1966

0 2-9

a 2+8

D —1
1967

0 3.0

¢ 2.8

D —2
1968

(0] 2.9

C 2.8

D -1

39

3-4

&

EVAPORATION FROM FREE

SURFACE OF WATER 151

Appendix 2b (conid)

Mar Apr May Jun Jul Aug Sep Oct Nov Dec @
3-0 3:2 2.6 2.9 2-2 2.5 2-5 1-1 2:5 2:4
30 3:4 3-0 3:2 2:5 2.6 2-6 2-4 2-6 2.5
—d 2 4 *3 3 1 1 1-3 1 1 1
38 34 3:0 3:1 21 2-3 2-4 2:0 15 2.6
3-3 33 34 3-0 2:5 2-6 2:7 2:b 2-4 2:6
—-b —] 4 —-1 4 3 -3 b 9 0 0
3:9 4-1 3.2 3-0 1-5 2.2 2-9 2-0 2-2 3:0
PRy QRN TR T T el Y T T R e T
—d 0 .3 1 1:0 g es-g 5 g 1
4-4 3:1 3-2 3-8 3-3 1-9 2:5 2:4 1-7 2:1
36 3+3 3:3 32 2:8 2-5 2.7 2:6 2-4 2:5
—-8 2 1 —6 —5 6 2 -2 7 4 0
3:9 3.7 4:0 2-2 1-9 2-1 18 1-8 1:9 2:3
3+6 3-5 4-0 3-0 2-5 2-6 25 256 25 2.5
—3 —-2 0 -8 6 *5 7 7 -6 3 0
3:7 3:9 3-2 2:0 25 2:4 2:0 1:3 2-4 1:9
3-4 4-2 3-6 2-9 2.7 2:6 2-6 2-4 2:6 2:4
—3 3 4 9 2 2 1] 1-1 2 b 1
34 31 32 2:4 2:0 27 2:1 2:2 1.4 2:1
3-3 3:4 3-8 3-0 2.5 2-9 2:0 2:6 2-4 25
) 3 6 6 5 2 5 4 1-0 -4 1

0—Ohserved average

C—Computed value

D—Deviation @—No. of points exceeding 10 mm




S. JEEVANANDA REDDY axp K. RAMA RAO

Mean daily evaporation (in mm) as computed from Penman’s (1948) (P),
(E) at four rapresentative months for 9 stations

Appendix 3

Kohler ef al. (1955) (K)

Apr  Jul

34 3

—0:3 —0-1 —0-

5-3 390 4.2

03 04 0-4

Bombay

30 4.0

3-3 4

0:3 0-

34 4
0:4 0

Caleulta

53 40 3
—0-9 —0:2 0-4

Jan Apr  Jul Oect

Madras

66 67

0 65 61

1 —=0-1 —0-5

Vieakhapatnam

58 6

84 6

—0-4 —0-

54 3-8 40

7 —3'4 =25 —1-7

54 39 4.4
7—3-4—24-—13

Jatpur

-2 10-6 8.2

Hyderabad

95 6-4

—1-3 —2:1 —1-0

Almadabad

5.3 115 6

4.9 11-1 6
—0-4 —0-4 —0-

2:9 56 4
—24 —6:0 —2-2

3.0 54 4.

—2-3 —6-1 —2-

New Delhi

3:3 104 67

40 94 66 56
07T —1:0 —0-1 —0-6

1'5 53 46 3-9
—1+8 —5-1 —2-1 —2-3

19 51 46 4.0

—1-4 —5.3 —2-1 —2-2

0—Observed average C—Computed value

D—Deviation {@—No. of points deviating more than 1-0 mm

formulae and from Eqn. 1




