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A Test of Two Empirical Evapo-transpiration Formulae for Semi-Arid Regions

V l\lahalakshmi, 1\1F Ahllll'd*. K P Rail and F R Bidinger
CC/'cals Profjrall/, Il1Iemaliol/al Crops Rcsearch II/slilllle fw the Semi-Add Tropics (ICRISA T),
Pa/(fnchel1l - 50] 324 India

Abstract Potential evapo-transpiration (PET) data are required for a number of climatic
analyses. As measured PET values arc seldom available. particularly in historical climate data sets.
it is ncccssary to estimatc PET from available climatic data. which arc often limited to rainfall and
tcmpcraturc in ordinal)'. rural metcorological obsclvatories. Simplc. empirical PET estimation
procedures. e\'Cnthough generally location or region specific. are often the only alternative. In this
sludy we comparcd opcn pan cvaporation and estimates of daily PET from two empirical formulae
viz .. I.inaere and Campbell (a modified Priestly-Taylor formula). with PF:r estimates by the
Penman formula. usually considered the most accurate PET formula. for five diverse arid and
semi-arid locations in India. Estimates of PET fromlhe Linacre equation were (I) generally more
linearly correlated with Pennwn estimates of PET. and (2) the standard deviations of the difference
hetween Linaere and Penman estimates were lower. relative to similar comparison between either
open pan evaporation or Campbell PET estimates and Penman PET. Estimates of PET by the
Linaere formula were consistently higher than the Penman equation estimates. but with an
appropriate calibration factor. derived from a few years of complete weather data, the Linacre
formula can he used to estimate PET for scmi-arid locations where input data for the Penman

equation arc not availahle.

Key WOI"ds Potential evapo-transpiration, Empirical evaporation formulae.Open pan evapora-

tion

To estimate potential crop production or the
occurrence of drought stress, the available mois-
ture supply (rainfall plus stored soil moisture) must
be compared with water requirement or potential
evapotranspiration of the crop over the cropping
season. Potential evapotranspiration (PET) is
defined as the amount of water that will be lost from
a surface completely covered with short vegetation
if sufficient water was available at all the times for
use by the vegetation (Thornthwaite & Mather,
1955). Since actual measured PET data arc not
readily available in most arid and semi-arid regions,
especially in historical climate data sets, it becomes
necessary to use formulae which can estimate PET
from available climatic data. There arc two kinds
of such formulae, physical and empirical. The
detailed physical formulae such as that of Penman
(1948) need at least four climatic elements, i.e., net
radiation, saturation vapour pressure, wind speed
and temperature. These are not all commonlyavail-
able at many weather monitoring locations, and in
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older, historical climatic data sets. In practice, the
only available data for most locations in the arid
and semi-arid regions are maximum and minimum
temperatures and rainfall, often readily available
only as weckly means. Many simplified, empirical
formulae for ~stimating PET which require fewer
climatic elem.:nts than Penmans formula have been
published (Linacre 1977, Fitzpatrick 1963, Swan &
Volum 1986, Hargreaves & Samani 1985, Cahoon
et al. 1991). The major limitation to the use of these
empirical formulae is that their application is
limited to the climates, seasons or environments
similar to those used to derive them.

With only a relatively few meteorological sta-
tions in semi-arid India recording the full requisite
elements to compute PET by the Penman equation,
analysis of drought occurrence or water budgeting
will require the use of an empirical formula for PET
estimation. The choice of such a formula, however,
must be based on its ability to accurately estimate
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local PET. In this paper, we compare PET es-
timated by two simple empirical formulae, viz. the
Pellman formula, using daily weather data from five
selected semi-arid locations in India for which long
term input data for Penman PET are available. The
long term climatic data sets for these locations also
included US Weather Bureau Class A Open Pan
evaporation data. Although open pan evaporation
is a direct measurement, rather than an estimate,
the relationship between open pan evaporation and
PET varies with pan installation, surroundings, and
micro and macro meteorological conditions, and
therefore also requires local calibration. Pan data
were included in the study, to compare the relation-
ships (and the resulting calibration problems) of
the two empirical formulae with the Penman for-
mula to the relationship of open pan evaporation
with Penman-estimated PET.

Materials and Methods

Computational methods

The rate of potential evapotranspiration from
well watered vegetation was estimated using the
Penman (PETp) fromula (FAa 1983) as:

PETp = [Ea/ ~]I[1 + T / ~], in mm dai1, where:

~ = aerodynamic component slope of the
curve of the saturation vapour presssure
against temperature,

T psychrometric constant,

Ea aerodynamic component, and

~n :;:;,,\. net'radiation in evaporation units (mm).
Unacre (1977) estimated the of PET Ifrom well

watered vegetation as

PET, = [500Tm/100 -A) + 15(t - td)JI(80- T)
in mm dai1 , where:

Tm = T + O.OO6h(where h = elevation in meters).
T = daily mean temperature

A = latitude in degrees, and

td = dew point temperature.

Further Linacre (1977) estimated T-Td :.Ising
the following eq uation :

t-td = 0.OO23h + 0.3Tf + 0.35 Rann -10.9, where:
h = elevation in metres

R = mean daily range in temperature, and

Rann = mean annual range of monthly mean
temperature

Campbell (1977) comput ed potential
evapotranspiration using a modified Priestley-
Taylor equation (Priestley & Taylor 1972) as fol-
lows:

PETc = [0.0014 (T + 3)] ., Rn in mm dail, where:

Rn = net solar radiation in mm, estimated from
sunshine hours and latitude (FAa 1983), and

T = daily mean temperature.

Long-term (1950-1980) daily weather data
were obtained from the India Meteorological
Department, for Akola, Jodhpur and Agra, from
ICRISAT (1972-1989) for Patancheru, and from
the Andhra Pradesh Agricultural University for
Anantapur (Table 1). The locations represent a
broad range of semi-arid environments in India, in
terms of latitude, rainy season length and aridity.
The data were not complete to calculate PET by
Penman equation for all the years. For locations
other than Palancheru, where measured solar
radiation data were nol available, solar radial ion
was estimated from sunshine hours and global
radiation as described in FAa (1983). Regression
of the FAa estimates of solar radiation on aClual
measured radiation for Patancheru indicated a very
good fit of etimatcd to actual data with the FAa
formula (I' = 0.99 and b=0.97).

Comparisons among eSlill/i.. , \
Evaporation estimates for each local ion from

the two empirical formulae, plus the open pan-

Table 1 LmitUle, IOllgitude" clcl'Qtioll alld 10llg tCI7t1meall all/llIl
raillfall Of the ft'·c testlocutiolls.

Location Latitute Longitude Elevation Rainfall*
(N) (E) (m) (mm)

Anantapur 14.66 77.62 348 590

Patancheru 17.45 78.49 545 764**

Akola 20.70 77.00 282 840

Jodhpur 26.30 73.02 224 383

Agra 27.17 78.00 169 824

• Source: Virmani et aI, 1982.

•• Mean of 15 years.
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Tahl" 2 Melli I.\" lIlId r<1l1!;e.\"ofyc<1r(r cOIn'llIIioll cocJJiciclI/s of PET estimatcd hy diffcrclI/ fonnlllac alld with measured USWB Class

A 1'1111 cl'Ql'0rlllioll.

ETmethod Ananlapur I'atancheru Akola Jodhpur Agra
(10 years) (17 years) (16 years) (11 years) (12 years)

Mean :-'1in Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Li nac re 0.82 0.75 0.88 0.91 0.83 0.95 0.89 0.67 0.94 0.82 0.79 0.88 0.89 0.67 0.94

Campbell 0.69 0.54 0.79 0.81 0.77 0.85 0.79 0.43 0.89 0.76 0.70 0.81 0.79 0.59 0.88

Pan 0.81' 0.69' 0.94' 0.93 0.82 0.96 0.88 0.59 0.96 0.92 0.88 0.95 0.84 0.62 0.94

, 7 year data only Correlations are based on daily data

evaporation values, were compared with estimates
from the Penman equation using correlation
analysis. Individual daily estimates from the dif-
ferent formulae for each location were compared
to Penman PET on a yearly (Table 2) and a monthly
(Tabk 3) basis to determine overall agreement and
seasonal trends in agreement, if any. The depar-
tures of mean (across years) weekly estimates
(weekly means of individual daily values) of PETI,
PETe and pan evaporation from PETp (Fig.I) were
computed for all 52 weeks of the year. The standard
deviations of the departures for weekly mean PET
estimated from different equations ant: pan-
evaporation were calculated to assess the mag-
nitude of the variation of the departure values over
the year (Table 4).

For eaeh location the mean weekly estimates
of PET I,PETe and pan evaporation were regressed
against eSlimates from PET p to test the deviation
of intercept from zero and the slope-from 1.0 (Table
5). PET estimates from the Linacre and Campbell
formulae and pan evaporation were then adjusted
using the regression parameters for five years
chosen at random as calibration factors for each
location: The estimated PET from the calibrated
empirical formulae were then compared to Pen-
man-deviations of the calibrated formulae from
Penman PET, to assess the improvements in the
accuracy of estimation with a local calibration fac-
tor.

Results and Discussion

Compmisons among estimates
Weekly mean values (for 10-17 years) of daily

PET calculated by the three methods (Penman,
Linacre and Campbell) for the five stations are

illustrated in Fig.l. At all the five locations the
Linacre formula overestimated Penman PET, but
the magnitude of the difference varied with loca-
tion. The differences in the two were less at Anan-
tapur and Pataneheru than at Jodhpur, Agra and
Akola which had higher absolute PET values. PETI
estimates were generally parallel to Penman es-
timates, however. The CampbelI formula also over-
estimated PET but the differences were greater in
the dry periods (weeks 1 to 22 and 40 to 52) than in
rainy periods (weeks 23 to 39, Fig.l). Pan evapora-
tion rates showed a similar trend as the CampbelI
estimates, but with a greater tendency to overes-
timate Penman in the dry season, when advective
energy inputs were the greatest (Fig.l).

Overestimation of PET by the Linacre formula
has been reported for similar arid and semi arid
climates in Africa (Linacre 1977, Anyadike 1987)
and Australia (Linacre 1977). For locations in more
humid regions of Africa, however Anyadike (1987)
found satisfactory agreement between Linacre and
Penman estimates of PET. Cahoon et ai. (1991)
found that the Linacre formula underestimated
Penman PET in humid regions of southern United
States of America (annual rainfall 1100 mm). Thus
the Linacre formula is apparently sensitive to ex-
tremes of vapour pressure and will require calibra-
tion in arid regions ..

Despite the tendency of the empirical for-
mulae to overestimate PET as calculated by Pen-
man, there were strong correlations between daily
PET estimated by the Linacre and Penman for-
mulae (Table 2). With the exception of Jodhpur,
mean correlation coefficients for daily PETI and
for pan evaporation were very similar across loca-
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Tahk -' .l/olllh/l·11/('<111co,.,d<llioll'·O,jJicicl1Is "('I\\'C('II dai/I' prr ('.Will/ilIC.I·"y diJJiTcl1l ':",,"ulac, alld mCl1.I'l/Jwl USWB class A
1"11/ c"<lI'Ol'lllioll f 1'<111I ji,r thc IIl1m"{'/' 0F"clIrs illdicillcd ill TIIh/c 2. JiJl' <'IIch I1lOl1Ih for thc jil'C locatiolls. Con'C/llliOIlS arc
h,lscd 011d<li/,' dl1ll1.

\10111h ..\I1;1I1I;'p"r l'alal1chcrll ..\~ola .Jouhpur Agra

ITI IT,· Pall ITI FT, Pall lOTI ET,· pall ETI EI',· pall E'r, . ET< pan

.1<lll. O.J'I lJ.06 05') 0.55 0.:15 0,(,5 0.51 0045 o.m -0.05 -O.~ 0.67 0.38 0.41 0.72

Fel>. 0.50 0.:15 O,(,.J 1I,(,r) 0.55 OX, 0047 0.56 0.65' a.·n 0.39 0.6') 0.63 0.71 0.67

\1",". 054 0.22 0.24 0.57 0.5') 0.R2 004-1 0043 0.71 0.37 D.36 0.73 0.72 0.75 0.79

"\1'1'. 0047 11.05 0.11) 0,(,(, D.61 0.77 fJ.(,O D.55 D.75 0042 0.33 0.81 0.54 0.51 0.65

\la~ OS, o.Jr, o.n 0.74 O,(,f, 0.8-1 0.53 D.54 0.70 0041 0.39 0.81 0.59 OAC) 0.71

.Il1l1. 0047 1132 0.32 OX,) 0.R1 D.R') 0.R4 0.7r) 0.87 055 0.57 0.85 0.83 0.64 0.54

.Ill!. 0041 (1.-11 O.W 0.78 0.74 0.82 0.75 0.(,<) 0.74 0.74 0.66 om 0.84 0.65 0.81

Alig. O.2r, 1I.1C) 0.-11 0.71 0,(,8 0.78 0.73 0.75 0.(1) 0.72 0.67 0.87 0.76 0.64 0.77

Scpo IU(, 0.20 fUI OJ,8 0.67 0.75 0.67 OJ,8 0.68 0.56 0.51 0.79 0.74 0.63 0.70

OCI. OAJ 0.25 D.n 0.73 0.73 0.79 0.65 0.44 0.59 0.45 0.40 0.67 0.76 0.69 0.59

:'\'l\'. 0047 0.J5 0.37 0.55 0.42 0.6') OJ>! 0.J5 0.62 0.31 0.14 0.76 0.62 0.63 0.60

l)cc. 0.40 0.20 054 0.51 0.31 0.71 0.37 0.3') O,(,(J 0.10 om 0.61 0.30 0.31 0.54

tions. Both PETI and pan were consistently more
closely related to PET l' than was PETe (Table 2).

Thc comparison or the correlation codlicients
or the various PET estimations with PETp on a
monthly basis was more revealing of differences
among ihem. Wit h the exception or Anantapur
(when; the monthly mean PET estimates were
poorly correlated to PET p for all months), there
was a clear trend of much belln agreement or the
two emJl:rical forumulae and Penman in the rainy
season (.Iune- Septembn) than in the dry season
(Table ~). In many of the locations, the two empiri-
cal formulae were as good as pan evaporation in
predicting PET p in the rainy season, but definitely
poorer in the dry season. Monteith (1991) reported
a similar dilTcrence in PET estimates by the Priest-
ly-Taylor and Penman-Monteith formulae between
the rainy and dry seasons in semi-arid Niamey,
Niger. The Linacre equation is known to be less
accurate in the absence of rainfall and at low mean
temperatures, as the estimation of dew point
temperature from annual and diurnal temperature
ranges in less accurate in the absenee of rainfall
(mm) and! or atluw mean temperatures (Linaere
1977) .

For the rainy months only, l.he Linacre and
Campbell formulae provided- .:qually good
est mates of PET at Patancheru aod Akola, while

the Linacre estimates were marginally better at
Agra and Jodhpur, based on the strength of their
correlation coeflieients to the Penman estimates of
PET (Table 3). Linacre estimates were as good as
pan evaporation at Pataneheru and Jodhpur, but
somewhat poorer at the other two locations, based
on the same criterion.

The means and standard deviations of the dif-
ferences between weekly means of daily PET es-
timates of the empirical formulae and of pan
evaporation and the weekly mean Penman es-
timates were calcuated to evaluate the magnitude
and consistency of the errors in the empirical es-
timates (Table 4). The mean differences were in the
order of PETt, pan evaporation and PETe. The
standard deviations of the departures (which
measures the range in weekly mean differences)
were, however, much lower for the Linacre than for
either Campbell or even for pan evaporation. Thus
the Linaerc formula, although it overstaimates
PET 1" does so in very systematic fashion. Although
the mean departures of estimates from Campbell
formula frum those of Penman were lower at all
locations than the departures of the estimates from
Linacre equation, the standard deviations were
very high, indicating that calibration of the
Campbell formula would be less effective than
calibration of the Linaere formula.

Calibration oj empiJical estimates
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Table 4 Mealls alld stalldard del"iOliolls (SDJ of dqJOrlures ofll"eek~\' mcollS of dai~\' PET estimalCs by the Ullacre alld Campbell
fonnulae, alld meall wcek~r measured USW/J Class A pall el'lJporatioll. fi"om week~\' mealls of dai~r PET estimates by the
Pellmall fonnula, for the /i1'C 10cO/iolls.

Linaere Campbell Pan
Location Mean SO Mean SO Mean SO

Anantapur 2.60 ±0.654 0.75 ±1.]80 1.98 ±0.765
Pataneheru 3.36 ±0.367 0.76 ± 1.25 ] 1.90 ± 1.149
Akola 4.79 ±OA36 1.90 ± 1.379 3.19 ±2.336
Jodhpur 4.39 :!:0.844 1.11 ± 1.262 3.70 ± 1.550
Agra 5.28 ±0.800 1.8] ± 1.582 1.72 :!:1.577

We determined calibration coefficients for
both empirical formulae and for pan evaporation
by linear regression of weekly means of daily PET
estimates by these three methods on weekly means
of daily PET estimates by the Penman formula for
the five sites (Table 5). In this method of calibra-
tion, weekly mean PET estimates are calibrated by
multiplying by the regression coefficient (b value)
and adjusting the product by the intercept (a value).
Although the PETI estimates had significant nega-
tive intercepts for all locations, the regression coef-
ficients were not different from 1.0 for all but one
location. In contrast, intercepts for both PETe and
pan evaporation data were not significantly dif-
ferent from zero in most cases. but the regression
coefficients were significanlty lower than 1.0 (Table
5). Cahoon et al. (1991) also reported significant
negative intercepts for Linacre PET estimates
calibrated against pan evaporation of Penman PET
estimates. Thus the Linacre formula, although sys-
tematica:Ily overstimating PET (significant inter-
cepts), did not have a systematic bias in its estimates
(regression coefficients not different from 1.0).
Therefore simple additive correction factors could
be used for Linacre estimates. For both the
Campbell formula and pan evaporation, a more
complex correction based on both the a and b
values from the regression would be required.

Appropriate calibration factors for each PET
estimation procedure for each location were calcu-
lated from the respective regression coefficients for
data for five years chosen at random, and used to
adjust the mean weekly estimates for the remaining
years. The adjusted PET values were compared to
PET p estimates for the same years on the basis of
mean weekly difference and its standard deviation.

The calibration significantly reduced the differen-
ces between the Penman and the other PET es-
timates. The adjusted PETj estimates had the
smallest mean departure and standard deviation of
departure of the three estimates. For example, for
the year 1990 at Patancheru, the departure for the
adjusted Linacre estimate was 0.004±0.39 mm dOl,
for the adjusted pan evaportion the dep~rture was
0.12±0.41 mm dot, and for the adjusted Campbell
PET it was 1.42±0.76 mm d,l.

Conclusions

Empiricial formulae requlflng limited
meteorological observations for computing PET
are essential for crop water balance applications
and for climatic studies in many areas where only
rudimentary weather data an; avaiable. The results
from the present study indicate that the Linacre
forumula based on air temperatures and site
parameters (latitude and altitude) oversetimated
PET for semi-arid Indian locations, but it can be
easily calibrated, if a few years of complete climate
data are available for locations of interest. The
Linacre formula appeared to be superior to the
Campbell formula as its deviation from Penman
PET is systematic where that of the Campbell for-
mula is not. The other advantage of the Linacre
formula over the Campbell formula is that the
former is based on temperatures and the latter in
addition to temperaturers requires an estimate of
solar radiation in addition. In view of the very
limited availability of the necessary meteorological
data to compute PET by physical equations, the
Linacre formula seems to offer a particularly useful
tool for variety of agroclimatic studies based on soil
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Table 5 Reb~'essioll i/llerC/]lts (a ill mm) alld rcp'essioll coChicic/ll (b illlllln'l), alld con'datioll coefficie/ll (r) belWeell •••.eekll' mealls
of dai~l' PEt (~wimale,\·by the Pellmall formula alld In'ek~l'mcalls of dai~l' PET estimates!>.\' the Lillacre and Campbell
}ll/7nulae alld "'eek~l' meall USWB Class A pall el'aporatioll (PAN).

Location Linacre Campbell Pan •
a b a b a b

Anantapur -3.66 1.13 0.9i 1.64 0.63 0.80 -0.03 0.75 0.93

Patancheru -4.-11 J.J3 0.98 1.61 0.59 0.87 0.95 0.59 0.98

Akola -6.07 1.13 0.98 0.-12 0.66 0.85 1.18 0.46 0.97

Jodhpur -3.68 0.93 0.92 0.72 0.72 0.87 0.12 0.58 0.97

Agra -2,85 0.76 0.96 0.83 0.57 0.87 0.98 0.56 0.96

water balance modeling for the semi-arid regions
of India.
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