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Abstract

PATEL J., PATEL H., BHATT C. (2014): Generalized calibration of the Hargreaves equation for evapotranspiration
under different climate conditions. Soil & Water Res., 9: 83—89.

Accurate estimation of evapotranspiration (ETo) is a key factor in weather-based irrigation scheduling methods.
To estimate ETo using the Hargreaves equation, just the data on the minimum and maximum temperature and
solar radiation are required. However, this procedure cannot offer consistent accuracy for different climate
conditions. To attain the accuracy, calibration of the equation constants (C,and E,) for different climate condi-
tions have successfully been attempted by many researchers. Because these calibration procedures are lengthy
and location-specific, there is a need of a generalized calibration method to make the Hargreaves equation
more pertinent and effective. In this paper, fuzzy logic based calibration method for the Hargreaves equation
is proposed and validated. The fuzzy inference system is developed to compute appropriate values of the con-
stants C;;and E,; on the basis of past data on humidity and wind velocity of a selected location. The underlying
relationship between weather conditions and the best values of the constants C,,and E,, are used to establish a
fuzzy rule base. The performance of the method is checked at eight geographically different locations of India
with diverse climate conditions. The Mean Absolute Error (MAE) in ETo values estimated by the calibrated
modified Hargreaves equation and the Penman-Monteith (PM) equation is in the range of 0.3220-1.0325. It is
far more lower than if the error is calculated using the original Hargreaves equation. It confirms the correctness
of the calibration method for different climate conditions.

Keywords: accurate estimation; fuzzy logic; irrigation scheduling

Irrigation scheduling became very significant in
recent past due to ever decreasing water resources

curate data of reference evapotranspiration rate (ETo)
(NAADIMUTHU et al. 1999; LEIB et al. 2001; FORTES

and increasing demand for agricultural productivity
(PLAYAN & MATEOS 2004; FRAITURE & WICHELNS
2010). Three major approaches were found in the lit-
erature for irrigation scheduling. These are soil-based,
plant-based, and weather-based methods (KRUGERA
et al. 1999; HANSON et al. 2000; SHARON & BRAVDO
1998; GOLDHAMER & FERERES 2004; DUKES & SCHOL-
BERG 2005; ANDALES et al. 2011; CROPWAT 2012). Of
these three approaches, the weather-based approach
is gaining attention among research communities
as it does not require costly and specific sensors for
the measurement of e.g. soil moisture, canopy tem-
perature, leaf thickness, etc. (JoNEs 2004). On the
other hand, weather-based methods depend on ac-

et al. 2005; STEELE et al. 2010). Reference evapotran-
spiration rate depends on climate condition. Several
attempts were made to establish analytical relationship
between meteorological data and ETo. Comparison
between ETo values measured by lysimeter with those
calculated by eight different equations under humid
condition is well presented in YODER et al. 2005. The
comparison shows the most accurate performance by
the Penman-Monteith equation and the worst by the
Hargreaves equation under humid condition. Several
more such comparative studies between various models
of ETo under different climate conditions were found
in literature (ALEXANDRIS et al. 2008; MARTINEZ &
THEPADIA 2010).
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In spite of lower accuracy, the Hargreaves equation
was found to be more suitable in actual implemen-
tation to estimate evapotranspiration because it
needs minimum weather data. These are maximum
day temperature (7, ), minimum day temperature
(T;,)and extraterrestrial solar radiation (R ). These
data are normally available at most of the weather
stations. The equation is as follows (HARGREAVES
& ALLEN 2003):

ETo=C

T,

max min

)Pu(T,

. +17.8)R, (1)

Under the nominal climate condition, the values
of the constants C,; and E,, are proposed as 0.0023
and 0.5, respectively. Limitation of the Hargreaves
equation is its inability to estimate accurate ETo
under extreme weather conditions. It overestimates
under hot and humid conditions (SUBBURAYAN et
al.2011). Error in the ETo estimation from the Har-
greaves equation under non-ideal climate condition
is reported by many authors under different climate
conditions (HARGREAVES 1989; JENSEN et al. 1997).
As presented in the chronological evolution of Har-
greaves equation (HARGREAVES & ALLEN 2003); it is
reported that the effect of humidity, cloudy condi-
tion, and wind gust is indirectly considered under
the difference of maximum and minimum tempera-
ture. As these effects are not considered explicitly,
the Hargreaves equation does not provide accurate
estimates of ETo in extreme weather. The calibra-
tion of C;, and E,, for different climate conditions is
an accepted approach to accomplish an error-free
estimation from the Hargreaves equation. A large
number of attempts on calibration of the Hargreaves
equation were found in the literature. The calibra-
tion of C,,and E,, was presented for different climate
conditions like arid-cold (TABARI & TALAEE 2011),
dry-hot (VANDERLINDEN et al. 2004), arid-semiarid
(MoHAWESH 2011), and different locations like high
and low elevation (RAVAZZANI et al. 2012) and coastal
and inland (MENDICINO & SENATORE 2012).

The calibration methods published are quite lengthy
and valid for confined location only. Further, there is
a wide variation in the climate condition of a single
location during different seasons of a year. Localized
calibration is not a convenient approach. There is a
need of a generalized and simplified method of calibra-
tion of the Hargreaves equation. A fuzzy logic based
approach is presented to obtain appropriate values of
C,and E, used in the Hargreaves equation, to improve
the accuracy of evapotranspiration estimation. A fuzzy
inference system is developed to correlate C,;and E,,
values with past data on humidity, wind velocity, and
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temperature. The proposed generalized approach
eliminates the need of location specific calibration
methods. Development of the fuzzy ruled base is
discussed further on in more details.

Fuzzy logic based calibration method. Very soon
after the first proposal of the fuzzy set and theory
(ZADEH 1965), it became a very useful tool for mod-
elling, analyzing, and controlling of partially known
or under-modelled systems. The Hargreaves equation
is under-modelled as it does not explicitly consider
humidity and wind velocity. Therefore fuzzy logic
is a suitable approach for generalized calibration of
C, and E,; values of the Hargreaves equation. Fuzzy
Inference System (FIS) to suggest a modified value of
Hargreaves constants C,,and E,, is developed and veri-
fied. The conceptual diagram of the proposed scheme
is presented in Figure 1. More details on fuzzification
and defuzzification are presented subsequently.

Fuzzification. Fuzzy sets are a basic building block
of the fuzzy theory. It contains Degree of Member-
ship (DoM) of variables of interest. A fuzzy set is
defined by the following expression:

D = {(x,puy, (x)|x € X} (2)
where:

Hp(@) € [0, 1] — Membership Function (MF) of fuzzy set D
X — universal set

x — element in X

D — fuzzy subset in X

Degree of membership (DoM) for any set ranges
from O to 1. The value 1 represents 100% member-
ship, while the value 0 represents 0% membership.

Past average seasonal data for rule base

Humidity Temperature Wind
(%o) difference AT (°C) velocity(m/s)
2. S Z A4

Fuzzy interference system
l7
Online data Calibrated value of Online data
of T T . Hargreaves coefficient of solar radia-
C) Cyand E;, tion (m/s)
Reference evapotranspiration ETo,\iar
(mm/day)

Figure 1. Conceptual diagram of fuzzy based calibration
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MF is a curve that defines how each point in the
input space is mapped to a membership value be-
tween 0 and 1. There are many forms of MFs such
as Triangular, Trapezoidal, and Gaussian, etc. Se-
lection of appropriate MF is based on the influence
of the input variable on the output. Triangular and
Gaussian type MFs are used for FIS for C,, and E,,
as shown in Figures 2 and 3.

The if-then rule statements are used to build fuzzy
logic. The structure of the single if-then rule is as follows:

If x is A then z is B

where:
A, B — input and output representation

More generally, the rules have more than one
premise, that is:

R:ifx,is A, and y, is B, then z, is C,

where:
A, B, C, — fuzzy sets for the inputs (x; and y) and the
output z, for the i rule (R))

Membership values of sets A, B,, and C, are the
linguistic terms such as very low, low, medium, high,
very high, etc. (Xu et al. 2002).

#- very low

0.5

Degree of membership

2.5

Hargreaves coefficient value (C,,) x 1073

3

40
Humidity level

midity, temperature difference,
and wind velocity

In FIS, three conditions are used in the if-part of
the rules for C,; (humidity (5 levels), temperature dif-
ference (5 levels), and wind velocity (4 levels)), while
two variables (humidity (5 levels) and temperature
difference (5 levels)) are used for E,,. Fuzzy rule base
is developed on the basis of the influence of these
variables on C}, and E,,values. Research literature on
the Hargreaves equation was referred to develop these
equations. 100 rules for C,;and 25 rules for E, have
been developed. The rules are presented in Table 1.

Defuzzification. An output from FIS is obtained
by defuzzification. Defuzzification methods such
as the Center of Gravity (CoG), mean of maximum,
first of maximum, etc. are well documented in lit-
erature. The present work uses the CoG method
as it is considered one of the precise methods for
defuzzification. The method is briefly explained by
the Eq. (3) (Xu et al. 2002).

n
A XcC.
i=1 1 L
n
a.

i=1 ¢

G=

where:
a; — areas of the truncated triangular under the aggre-
gated functions

035 04 045 05 055 0.6 0.65
Hargreaves exponent coefficient value (E,,)

Figure 3. Membership Function (MF) of output variables C,, and E,,

85



Soil & Water Res., 9, 2014 (2): 83-89

Original Paper

Table 1. Fuzzy rules to evaluate the C,, and E,, values

Rule No. Rule
C,, values
1 if (environment condition is dry) and (temperature difference is very low) and (wind velocity is very low)
then (C,, value is low)
9 if (environment condition is dry) and (temperature difference is very low) and (wind velocity is low)
then (C,, value is medium)
3 if (environment condition is dry) and (temperature difference is very low) and (wind velocity is low)
then (C,, value is high)
50 if (environment condition is medium-humid) and (temperature difference is medium) and (wind velocity is low)
then (C,, value is medium)
99 if (environment condition is medium-humid) and (temperature difference is very high) and (wind velocity
is high) then (C,, value is medium)
if (environment condition is medium-humid) and (temperature difference is very high) and (wind velocity
100 Lo C 1.
is high) then (C,, value is high)
E,, values
1 if (environment condition is dry) and (temperature difference is very low) then (E,, value is low)
2 if (environment condition is dry) and (temperature difference is low) then (E,, value is low)
15 if (environment condition is medium) and (temperature difference is medium) then (E,, value is high)
25 if (environment condition is very humid) and (temperature difference is medium) then (£, value is very high)

C, — coordinates of their centres on the x-axis
n — number of areas
G - centroid of the aggregated area

The location of CoG determines the value of output.
In the present application these represent Hargreaves
coefficient Cj;and E,,.

RESULTS

To verify its generalized nature, the proposed method
is validated for eight different locations of India. The
locations are selected such that each of them represents

different climate conditions, altitude, and vicinity to
water bodies. The locations considered are Agra (hot
and humid), Ahmedabad (hot and dry), Ajmer (hot and
semi-arid), Mumbai (humid), Chennai (hot, humid, and
costal), New Delhi (hot, dry, and inland), Bhuj (arid and
dry), and Jammu (cold and dry). Monthly average data
of the minimum temperature, maximum temperature,
humidity, solar radiation, wind velocity, and humidity
of the locations are taken from CLIMWAT (MARTIN
1993). The past one year data on humidity, wind veloc-
ity, and temperature difference are used to typify the
location. Once the location is classified, the proposed

Table 2. Error analysis for the original Hargreaves (HAR) and modified Hargreaves (MHAR) equations in comparison

to the Penman-Monteith (PM) equation

Mean Absolute Error

Mean Absolute Percentage Error

Systematic Estimated Error

Location (MAE) (MAPE) (SEE)

HAR MHAR HAR MHAR HAR MHAR
Ajmer 1.9210 0.8601 3.5575 1.5929 2.5235 1.0801
Mumbai 1.8192 0.5516 3.7744 1.1444 1.9530 0.6907
Madras 1.7200 0.4335 3.3206 0.8369 1.8279 0.5402
New Delhi 2.5489 0.8055 4.2061 1.3293 3.0004 1.1256
Jammu 1.3591 0.3220 3.2207 0.763 1.5369 0.4265
Bhuj 2.9050 1.0325 4.2534 1.5118 3.3653 1.5856
Ahmadabad 2.5508 0.7030 3.9609 1.0917 2.9745 0.9274
Agra 1.0284 0.4783 2.3167 1.0777 1.3868 0.5888
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fuzzy based calibration method evaluates the values of
C,and E,. Evapotranspiration based on the modified
Hargreaves equation (ETo,,;,;,5) is calculated. Similar
climate data are used for calculation of ETo using the
Penman-Monteith equation (ETo,,,) and the original
Hargreaves equation (ETo, ;). Comparison between
ETo,,;;4z and ETo,,,, for one-year data is presented in
Figure 3. It shows that a majority of ETo,,,,,, points
is located near to zero error lines of ETo,,,, Figure 4
shows the performance of the modified Hargreaves
equation in comparison with the original Hargreaves
equation on overall data of different locations. Statistical
analysis of the error in ETo calculated using the original
and the modified Hargreaves equation considering the
Penman-Monteith equation for standard is presented
in Table 2.

DISCUSSION

The practical limitation concerning the non-avail-
ability of current weather data like humidity, wind
velocity etc. is well thought-out in the proposed
fuzzy rule based calibration method. The calibration
of the constants C,, and E,, needs only past data on
humidity, temperature difference, and wind velocity.
Once the C,,and E,, are established for the concerned
location, then ETo estimation requires only current
air temperature values. The above result confirms
better accuracy of ETo estimation at all eight loca-
tions. It also suggests the generalized nature of the

ETo,

Figure 4. Comparison between ETo,, 1, »
and ETo,,, values for different climatic
conditions

ETo — evapotranspiration; MHAR —
modified Hargreaves equation; PM —
Penman-Montheit equation

calibration method as all the eight locations under
consideration have different climate conditions and
geographic location. The proposed fuzzy rule based
calibration method helps to get rid of lengthy and
localized calibration methods required in the Har-
greaves equation. Consistency in accuracy of round
the year for individual location suggests that the
proposed calibration method takes care of seasonal
variation of the particular location. This is very
essential as the majority of the subcontinent loca-

(a) All locations
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<<
T 5
S 5
* gk
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Figure 5. Comparisons with evapotranspiration (ETo) esti-
mation using the Penman-Monteith equation: (a) — original
Hargreaves equation, (b) — modified Hargreaves equation
with calibrated C,;, and E,, values
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tions undergo a vast variation in climatic conditions
during a year.

CONCLUSION

A fuzzy based generalized calibration method
for the Hargreaves equation is developed. As this
method needs only past weather data to character-
ize the location, it has a potential to be used for the
locations where only current air temperature data
are available. The method is verified at eight loca-
tions of India with diverse climate conditions and
geographic locations. The results are presented in
the form of comparison of evapotranspiration evalu-
ated using the Penman-Monteith equation, origi-
nal Hargreaves equation, and modified Hargreaves
equation. The result confirms better accuracy with
the modified Hargreaves equation compared to the
original Hargreaves equation. The proposed calibra-
tion method provides a successful solution of ever
persisted problem of inaccuracy of the Hargreaves
equation and development of the location specific
calibration method. It also takes into consideration
a wide variation in the climate conditions of the
specific location during a year and thus it provides
better accuracy than location-specific calibration
methods which are based on average values of C},
and E,,.
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