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ABSTRACT 
Evapotranspiration is an important component 
in water-balance and irrigation scheduling mod- 
els. While the FAO-56 Penman-Monteith method 
has become the de facto standard for estimating 
reference evapotranspiration (ETo), it is a com- 
plex method requiring several weather parame- 
ters. Required weather data are oftentimes un- 
available, and alternative methods must be used. 
Three alternative ETo methods, the FAO-56 Re- 
duced Set, Hargreaves, and Turc methods, were 
evaluated for use in Mississippi, a humid region 
of the USA, using only measurements of air tem- 
perature. The Turc equation, developed for use 
with measured temperature and solar radiation, 
was tested with estimated radiation and found to 
provide better estimates of FAO-56 ETo than the 
other methods. Mean bias errors of 0.75, 0.28, 
and −0.19 mm, mean absolute errors of 0.92, 
0.68, and 0.62 mm, and percent errors of 22.5%, 
8.5%, and −5.7% were found for daily estimates 
for the FAO-56 Reduced Set, Hargreaves, and 
Turc methods, respectively.  
 
Keywords: Reference Evapotranspiration; FAO-56; 
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1. INTRODUCTION 

In many places throughout the world, increasing de- 
mands are being placed on limited water supplies. In- 
creases in water-use efficiency are being sought in irri- 
gated agriculture, a large user of water resources. Irriga- 
tion scheduling has long been advocated as an improved 
water-management technique which agricultural produc- 

ers can apply to better use water resources and improve 
crop yields. 

A common method of scheduling irrigations involves 
maintaining a daily account of soil-water resources via a 
water balance model. The water balance model estimates 
the amount of water available in the soil for crop use, 
and accounts for water removed from the soil through 
evapotranspiration and for water added to the soil 
through rainfall and irrigation. When remaining soil-wa- 
ter reserves, or total soil-water depletion, reach a critical 
level, an irrigation is required to replace depleted soil- 
water resources.  

Evapotranspiration (ET) is an important component in 
water-balance models and irrigation scheduling, and is 
often estimated in a two-step process. The evaporative 
demand of the environment is estimated based on wea- 
ther conditions, and is often estimated as the evapotran- 
spiration from a theoretical, reference grass crop (ETo) 
with the crop defined as an actively growing, uniform 
surface of grass, completely shading the ground, and not 
short of water [1]. The ETo value is then adjusted to es- 
timate the evapotranspiration of the particular crop of in- 
terest using a crop-specific crop coefficient [2]. 

Many methods have been proposed for estimating ETo 
based on weather data, and range from locally developed, 
empirical relationships to physically based energy- and 
mass-transfer models. To allow for greater understand- 
ing, sharing, and intercomparison of evapotranspiration 
information worldwide, under varying climatic and agro- 
nomic conditions, a standardized method of estimating 
ETo was developed [2], referred to as the FAO-56 Pen- 
man-Monteith method. While the FAO-56 method has 
become the de facto standard worldwide for estimating 
ETo, it is a complex method requiring several weather 
parameters, including air temperature, humidity, solar 
radiation, and wind speed, to be measured under strict 
instrumentation, siting, and maintenance conditions. Of- 
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tentimes, limitations (including financial, personnel, in- 
strumentation, and maintenance) make the weather data 
required for using the FAO-56 method unavailable, and 
alternative reference ET methods must be used. 

While there is no consensus on the most appropriate 
method to use when required data are not available [3], 
two methods are recommended [2]. One method involves 
using a reduced set of weather data, estimating missing 
weather parameters, and inputting these to the standard 
FAO-56 method. Air temperature is commonly measured, 
and procedures are outlined for estimating missing hu- 
midity, solar radiation, and wind speed data. A second 
recommendation is to use the Hargreaves equation [4], 
an empirical model based on air temperature and extra- 
terrestrial radiation. This method requires only air tem- 
perature as input, estimating the radiation term from air 
temperature data. 

Researchers from many parts of the world have com- 
pared available reference ET equations to the FAO-56 
method to determine suitable alternatives for use in their 
regions, including the FAO-56 reduced-set method [5-7]. 
A number of these efforts have been aimed at identifying 
methods suitable for use in humid regions [8-12]. One 
method which has consistently performed well under 
humid conditions is that of Turc [13]. The Turc method is 
an empirical equation which uses only air temperature 
and solar radiation as inputs, and is simple to implement. 
While the Turc method was originally developed with 
solar radiation as an input, the radiation term could be 
estimated in a manner similar to that used in the Har- 
greaves method, making it possible to use this method 
based only on air temperature. 

The objective of this study was to evaluate alternative 
methods of estimating reference ET (ETo) under humid 
conditions when weather data are limited to only air 
temperature. Three alternative methods were tested: 1) 
the FAO-56 method with a reduced set of weather data as 
input, 2) the Hargreaves equation, and 3) the Turc equa- 
tion with estimated solar radiation. ETo estimates from 
these alternative methods and limited weather data were 
evaluated by comparing the estimates to those made us- 
ing the FAO-56 method and a complete set of weather 
data. 

2. MATERIALS AND METHODS 

2.1. ETo Estimation Methods 

2.1.1. FAO-56 Method 
The FAO-56 Penman-Monteith method [2] for estimat- 

ing reference evapotranspiration on a daily time scale is 
written as 
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where ETo = reference evapotranspiration (mm·day−1), Rn 
= net radiation (MJ·m−2), G = soil heat flux (MJ·m−2), 
Tmean = average air temperature (˚C), u2 = wind speed at 
2-m height (m·s−1), es = saturation vapor pressure (kPa), 
ea = actual vapor pressure (kPa), Δ = slope of vapor 
pressure curve (kPa·˚C−1), and γ = psychrometric con- 
stant (kPa·˚C−1). Supporting equations, tables, and de- 
scriptive information for determining each of the terms 
in the equation are extensive, and are detailed in [2]. To 
simplify the implementation of the FAO-56 method, 
computer software, such as RefET: Reference Evapotran- 
spiration Calculator [14], are available. RefET, which 
was used in this study, performs all calculations based on 
weather data input by the user. 

2.1.2. Reduced-Set Method  
When the complete set of weather data required for the 

FAO-56 method are not available, procedures are de- 
scribed for using a reduced set of weather data as input 
[2]. While air temperature measurements are almost al- 
ways available, reliable measurements of solar radiation, 
relative humidity, and windspeed may not be. Extensive 
discussion and methods for estimating missing values are 
presented based on temperature measurements and his- 
torical and general knowledge of local environmental 
conditions. The reduced set of values, consisting of mea- 
sured data and estimated values, is then input to the 
FAO-56 equation, Eq.1. In this study, this method (here- 
after referred to as the FAO-56 RS method) was used to 
estimate ETo assuming the availability of maximum and 
minimum air temperatures only. 

2.1.3. Hargreaves Method 
The Hargreaves method [4] estimates ETo based on 

maximum and minimum air temperature, and is written 
as 

    0.5

mean max min0.023 0.408 17.8o aET T T T R    (2) 

where Tmax = maximum air temperature (˚C), Tmin = 
minimum air temperature (˚C), Ra = extraterrestrial ra-
diation (MJ·m−2), and 0.408 is a factor to convert MJ m−2 
to mm. Extraterrestrial radiation, Ra, is estimated based 
on the location’s latitude and the calendar day of the year 
by 
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where Gsc = solar constant (0.0820 MJ·m−2·min−1), φ = 
latitude (radians), converted from degrees latitude to 
radians (radians = degrees(π/180)), and the term 24(60) 
is a factor to convert min to day. 

Based on the calendar day of the year, remaining fac- 
tors are determined: 

2
1 0.33cos

365rd
  
 


J

            (4) 

where dr = inverse relative distance from earth to sun, 
and J = calendar day of the year, 

2
0.409sin 1.39

365
J    

 
            (5) 

where δ = solar declination (radians), and 

   arccos tan tans               (6) 

where ωs =sunset hour angle (radians). 

2.1.4. Turc Method 
The Turc method [13] estimates monthly ETo based on 

measurements of maximum and minimum air tempera- 
ture and solar radiation using the equation 
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where ETo = reference evapotranspiration (mm·mon−1), 
Rs = solar radiation (MJ·m−2), and Tmean = average air 
temperature (˚C) calculated as (Tmax + Tmin)/2. To esti- 
mate ETo on a daily basis, the factor 0.40 is divided by 
30 (average days per month), and Eq.7 becomes 
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where ETo = reference evapotranspiration (mm·day−1). 
To estimate ETo using the Turc equation with only air 

temperature as input, measurements of solar radiation, Rs, 
in Eq.8 are replaced with estimates made using the me- 
thod developed by Hargreaves and Samani [15] and used 
in the Hargreaves equation (Eq.2): 

 0.5

max min0.16s aR T T R  .          (9) 

2.2. Weather Data 

Weather data were obtained for six locations in Mis- 
sissippi; Lyon, Macon, Onward, Sidon, Stoneville, and 
Verona, shown in Figure 1. Automated weather stations 
at each location, operated by Mississippi State University 
(www.msucares.com), provided daily measurements of 
maximum and minimum air temperature, solar radiation, 
relative humidity, wind speed, and precipitation. Data 
from each location were screened to remove observations 
with missing or erroneous readings, and the data sets  

 

Figure 1. Locations of weather stations. 
 
were reduced to include only those daily observations 
which included all parameters necessary (maximum and 
minimum air temperature, maximum and minimum rela- 
tive humidity, total solar radiation, and total windrun) for 
estimating daily evapotranspiration with each of the ref- 
erence ET methods. Geographic information and time 
periods of weather data for each location are shown in 
Table 1. 

2.3. Evaluation Criteria 

To perform the evaluation of the alternate ETo me- 
thods, the three methods were programmed into a spread- 
sheet and weather data from the six locations were input 
to the spreadsheet. The weather data were also input to 
the RefET software to generate ETo estimates for the 
FAO-56 method, which were then entered into the spread- 
sheet. The spreadsheet was then used to graphically and 
statistically analyze the data. 

Error in ETo estimates from the alternative methods 
compared with those from the FAO-56 method was 
quantified using three statistical parameters; Mean Bias 
Error (MBE), Mean Absolute Error (MAE), and Percent 
Error (PE). MBE is defined as 

 method -56

1
FAOMBE ET ET

n
        (10) 

where MBE = mean bias error (mm), ETmethod = daily ETo 
estimate from alternate ETo method (mm), ETFAO-56 = 
daily ETo from FAO-56 method (mm), and n = number of 
samples. MBE provides an overall average of the error, 
accounting for under- and over-estimates of ETo by in- 
cluding the sign of the error (negative indicating that 
ETmethod < ETFAO-56, and positive indicating that ETmethod > 
ETFAO-56). 

As a measure of the average magnitude of the error, 
MAE is recommended [16]. MAE removes the sign by 
taking the absolute value of the error, and is defined as 
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1
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Table 1. Location and weather data information. 

Location Latitude (N) Longitude (W) Elevation (m) start end number of samples 

Lyon 34.22 90.53 53 Mar 2001 Jul 2012 3919 

Macon 33.10 89.43 60 Jul 2002 Jul 2012 2783 

Onward 32.72 90.93 34 Feb 1999 Aug 2012 2860 

Sidon 33.40 90.20 38 Apr 1999 Mar 2010 3994 

Stoneville 33.42 90.92 40 Jan 1997 Jul 2012 5522 

Verona 34.18 89.27 99 Jul 2000 May 2012 3845 

 
where MAE = mean absolute error (mm). 

Percent Error (PE) quantifies the magnitude of the er- 
ror in the ETmethod values in terms of the expected ETFAO-56 
values and expresses the error, in percent, as 
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ET ET
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The performance of each alternative method, and the 
resulting errors, were evaluated over the entire year, and 
for the growing season, during the months of April 
through September. 

3. RESULTS AND DISCUSSION 

Weather data downloaded from the Mississippi State 
University weather station network (www.msucares.com) 
for the six locations were input to the four ETo methods 
to obtain daily ETo estimates. Weather data estimates 
were then averaged for each month, and summarized for 
each year. The data were also summarized over the entire 
period to give an overall picture of the environmental 
conditions of the region, and are provided in Table 2. 

Average monthly air temperatures ranged from a 
minimum of 10.9˚C to a maximum of 24.1˚C across the 
region, and high relative humidity values were consistent 
among locations. Average windrun ranged from 96 to 
198 km·day−1, indicating low average daily wind speeds 
of 1.1 to 2.2 m·s−1. Average daily solar radiation totals 
ranged from 15.5 to 16.6 MJ·m−2, and average yearly 
precipitation totals ranged from 1122 to 1316 mm. 

Each of the alternate ETo methods included a solar ra- 
diation term, Rs, which was estimated using the proce- 
dure outlined in [15]. For each location, daily extrater- 
restrial radiation, Ra, was first calculated based on the 
location’s latitude and the day of year using Eqs.3-6. Rs 
was then estimated based on air temperature measure- 
ments and Eq.9. When air temperatures were below 0˚C, 
Rs could not be calculated with Eq.9 due to the negative 
temperature values, and a value of Rs = 0 MJ·m−2 was 
assigned. 

Daily ETo estimates for each of the ETo methods were 
summarized on monthly and yearly bases. Monthly av- 

erages of daily ETo for each estimation method are 
shown for each of the six locations in Figure 2. Average 
yearly total ETo estimates for each method are shown in 
Table 2. 

The FAO-56 RS method consistently overestimated 
daily ETo compared with the full FAO-56 method for all 
months and locations. During periods of peak ETo in 
June and July, FAO-56 RS predicted average daily ETo 
values around 6.5 mm·day−1 compared to FAO-56 values 
of 5 mm·day−1. 

The Hargreaves equation tended to underestimate ETo 
early in the year, from January through April, then again 
in the last few months of the year at most locations. 
From May through September, daily ETo estimates ex- 
ceeded those from the FAO-56 method, with daily ETo 
estimates nearing 6 mm·day−1 compared to FAO-56 val- 
ues around 5 mm·day−1. 

The Turc equation produced average daily ETo esti- 
mates very near or slightly lower, in general, than those 
from the FAO-56 method. Estimates in the first half of 
the year were usually slightly lower, then very near or 
slightly higher in the remaining six months. 

3.1. Error in Monthly Averages of Daily Rs 
and ETo Estimates 

Allen et al. [2] recommended that estimates made us- 
ing Eq.9 be averaged over longer time periods, from 
several days to a week to a month, to remove errors as- 
sociated with daily estimates. Since the three alternate 
ETo methods each used values of solar radiation esti- 
mated using Eq.9, the methods were first evaluated 
based on daily ETo estimates averaged over monthly time 
periods. Daily Rs and ETo estimates were made for each 
day in the weather-data set at each location, then aver- 
aged for each month of each year of data. 

Monthly averages of daily measured and estimated Rs 
for each location are shown in Figure 3, with error sta- 
tistics listed in Table 3. In general, estimated values were 
slightly overpredicted for low measured Rs values and 
slightly underpredicted at higher Rs measurements. At all 
locations, Percent Error (PE) ranged from −2.6% to 4.0%,  
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Table 2. Summary of average weather parameter data and ETo estimates for yearly time period. 

Location Weather parameters ETo estimates 

 
Tmax 

(˚C) 
Tmin 

(˚C) 
RHmax 

(%) 
RHmin 

(%) 
Windrun 

(km·day-1) 
Rs 

(MJ·m−2)
Precip 
(mm) 

FAO-56 
(mm) 

FAO-56 RS 
(mm) 

Hargreaves 
(mm) 

Turc 
(mm)

Lyon 23.2 11.6 94 47 165 16.1 1163 1244 1468 1303 1129 

Macon 23.8 11.9 95 47 159 15.8 1248 1227 1498 1328 1158 

Onward 24.1 12.6 94 47 198 16.6 1146 1345 1508 1325 1161 

Sidon 23.9 12.7 97 53 174 15.5 1122 1211 1493 1314 1150 

Stoneville 23.9 12.1 94 49 96 15.7 1316 1127 1505 1342 1162 

Verona 22.8 10.9 93 44 147 16.0 1243 1204 1450 1284 1112 

 

 

Figure 2. Average daily ETo for each month at each location. 
 
with an overall average of 1.5%. Mean Bias Error (MBE) 
ranged from −0.44 to 0.64 MJ·m−2, with an MBE = 0.24 
MJ·m−2 for the combined data set. Mean Absolute Error 
(MAE) ranged from 0.86 to 1.52 MJ·m−2, with an aver- 
-age value of 1.19 MJ·m−2 for the combined data. 

Monthly averages of daily average ETo for each alter- 
nate method were plotted against average FAO-56 esti- 

mates, shown in Figure 4, with error statistics calculated 
and shown in Table 4. Results for the FAO-56 RS me- 
thod, shown in Figure 4(a), show consistent overestima- 
tion of ETo at all locations throughout the range of FAO- 
56 estimates. Simple linear regression lines fit to the data 
for each location had high correlation coefficient, R2, 
values ranging from 0.91 to 0.96, indicating a strong  
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Figure 3. Comparison of monthly averages of measured and 
estimated solar radiation, Rs. 
 
Table 3. Error in average monthly solar radiation estimates. 

Location MBE (MJ·m−2) MAE (MJ·m−2) PE (%) 

Lyon −0.03 1.02 −0.2 

Macon 0.35 1.40 2.2 

Onward −0.44 1.19 −2.6 

Sidon 0.45 0.86 2.9 

Stoneville 0.64 1.52 4.0 

Verona 0.15 1.09 0.9 

all 0.24 1.19 1.5 

 
Table 4. Error values of average daily ETo estimates on mon- 
thly basis as compared to FAO-56 method. 

 Reduced Set Hargreaves Turc 

Location 
 

MBE 
(mm) 

MAE 
(mm) 

PE 
(%) 

MBE 
(mm) 

MAE 
(mm) 

PE 
(%) 

MBE 
(mm) 

MAE
(mm)

PE
(%)

Lyon 0.62 0.63 18.0 0.16 0.33 4.8 −0.31 0.36 −9.3

Macon 0.78 0.82 23.4 0.29 0.46 8.6 −0.17 0.35 −5.2

Onward 0.50 0.59 13.1 −0.02 0.34 −0.6 −0.41 0.42 −10.8

Sidon 0.77 0.79 23.2 0.28 0.44 8.4 −0.17 0.35 −5.1

Stoneville 1.02 1.02 33.2 0.58 0.58 18.8 0.09 0.28 2.8

Verona 0.67 0.70 20.0 0.21 0.35 6.3 −0.28 0.35 −8.3

all 0.74 0.76 22.3 0.28 0.42 8.3 −0.18 0.34 −5.5

 
relationship between the FAO-56 RS and FAO-56 ETo 
estimates. Slopes of the regression lines ranged from 
0.70 to 0.79, indicating that FAO-56 RS estimates were 
significantly higher than FAO-56 estimates. Error statis- 
tics listed in Table 4 show PE values ranging from 
13.1% to 33.2%, with an overall PE of 22.3% for all data 
combined. Since the FAO-56 RS method consistently  

 
(a) 

 
(b) 

 
(c) 

Figure 4. Monthly averages of daily ETo estimates from the (a) 
FAO-56 RS; (b) Hargreaves; and (c) Turc methods compared to 
FAO-56 ETo. 
 
overestimated ETo, errors in ETo estimates were almost 
always equal to their absolute values, resulting in MBE 
and MAE values similar to each. MBE and MAE values 
ranged from 0.50 to 1.02 mm, with an overall average of 
0.74 mm, and from 0.59 to 1.02 mm, and an average of 
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0.76 mm, respectively. 
Results for the Hargreaves method, shown in Figure 

4(b), show that the method slightly underestimated ETo 
at lower ETo values, but overestimated over most of the 
ETo range. Correlation coefficients ranged from 0.92 to 
0.97, with slopes of the regression lines ranging from 
0.79 to 0.89. Error statistics in Table 4 showed the Har- 
greaves method to be an improvement over the FAO-56 
RS method, with PE values ranging from −0.6% to 
18.8%, with an overall average of 8.3%. MBE ranged 
from −0.02 to 0.58 mm, with an average of 0.28 mm, and 
MAE ranged from 0.33 to 0.58 mm, with an average of 
0.42 mm. By averaging over a monthly time period, under- 
and over-predictions partially offset each other, reducing 
the MBE error terms compared to the MAE values. 

Results for the Turc equation, shown in Figure 4(c), 
show that this method underestimated ETo throughout the 
range of FAO-56 ETo values. Correlation coefficients 
ranged from 0.92 to 0.96, with slopes close to 1.0, rang- 
ing from 0.92 to 1.02. Errors were lower at almost all 
locations compared to the other two methods, with PE 
values ranging from −10.8% to 2.8% with an overall 
average of −5.5%. MBE values ranged from −0.31 to 
0.09 mm, with an average of −0.18 mm, and MAE 
ranged from 0.28 to 0.42 mm and an average of 0.34 mm. 
The negative values for MBE indicated that ETo esti- 
mates made with the Turc equation were almost always 
less than those from the FAO-56 method. 

3.2. Error in Daily Estimates of Rs and ETo 

Evaluation of the solar radiation model and the alter- 
nate ETo methods on a monthly time scale show the per- 
formance of these methods under a best-case scenario. 
Each method exhibited variation in estimates on a daily 
time scale, with under- and over-predictions throughout 
the year. For many uses, such as water-balance irrigation- 
scheduling models, however, estimates are needed on a 
daily basis. To evaluate the performance of these meth- 
ods on a daily basis, an analysis similar to that discussed 
previously was conducted for daily estimates.  

Rs estimates on a daily basis, shown in Figure 5, ex- 
hibited considerable variability throughout the year. 
Correlation coefficients were much lower than those ob- 
tained from monthly averages, shown in Figure 2, but 
slopes of the regression lines were closer to 1.0. MBE 
and PE statistics, listed in Table 5, showed a slight in- 
crease, in general, in these error terms compared to those 
for monthly averages shown in Table 3. Due to the in- 
creased variation in daily estimates, however, MAE val- 
ues were considerably higher.   

Comparison of ETo estimates on a daily basis, shown 
in Figure 6, showed a similar behavior. Correlation coef- 
ficients were lower, indicating increased variability in 
estimates, but slopes were similar, indicating consistent  

relationships between estimates from the alternate meth- 
ods and the FAO-56 method. MBE and PE statistics, 
shown in Table 6, were very close to those shown Table 
4, suggesting that under- and over-predictions tended to 
partially average out in a manner similar to monthly av- 
eraging. MAE values were higher for the daily data, re- 
flecting the increased variability in daily estimates. The 
error statistics showed the Turc method to have lower  
 

 

Figure 5. Comparison of measured vs estimated Rs for daily 
values. 
 
Table 5. Error values of daily solar radiation estimates. 

Location MBE (MJ/M2) MAE (MJ/M2) PE (%) 

Lyon 0.00 3.97 0.0 

Macon 0.57 4.14 3.6 

Onward −0.51 4.01 −3.0 

Sidon 0.46 3.56 3.0 

Stoneville 0.65 3.64 4.1 

Verona 0.27 3.98 1.7 

all 0.29 3.84 1.8 

 
Table 6. Error values of daily ETo estimates. 

 Reduced Set Hargreaves Turc 

Location
 

MBE
(mm)

MAE
(mm)

PE
(%)

MBE 
(mm) 

MAE 
(mm) 

PE 
(%) 

MBE
(mm)

MAE
(mm)

PE
(%)

Lyon 0.62 0.81 18.1 0.16 0.64 4.8 −0.32 0.65 −9.3

Macon 0.76 0.96 22.4 0.29 0.73 8.6 −0.18 0.65 −5.4

Onward 0.50 0.82 13.0 −0.03 0.66 −0.8 −0.50 0.74 −13.1

Sidon 0.77 0.97 23.3 0.28 0.71 8.5 −0.17 0.62 −5.1

Stoneville 1.04 1.08 33.4 0.59 0.72 18.9 0.09 0.54 2.9

Verona 0.64 0.82 20.0 0.20 0.62 6.2 −0.26 0.60 −8.1

all 0.75 0.92 22.5 0.28 0.68 8.5 −0.19 0.62 −5.7
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errors, on average, than the Hargreaves method, which 
had lower errors than the FAO-56 RS method.  

3.3. Error in Daily ETo Estimates during the 
Growing Season 

To evaluate the performance of the alternate ETo meth- 
ods for application to irrigation scheduling, daily esti- 
mates during the time period of the normal growing sea- 
son in the region, from April through September, were 
analyzed. Data shown in Figure 6 were reduced to in- 
clude only daily values from the April-September time 
period, and are shown in Figure 7, with error statistics 
listed in Table 7. For each ETo method, trends during the 
growing season period were similar to those over the 
entire year. The FAO-56 RS method consistently overes- 
timated ETo, the Hargreaves equation underestimated at 
low ETo values and overestimated at higher values, and 
the Turc method, consistently underestimated ETo. Cor- 
relation coefficients were lower for the reduced data set 
since the variability in estimates remained but the major- 
ity of the ETo values occurred over a smaller range. In 
general, error values also increased, with MBE, MAE, 
and PE values higher during the shorter time period. The 
Turc equation, however, showed a slight improvement in 
MBE at several locations, with smaller (numerically) un- 
derestimated ETo values, and showed a slight improve- 
ment in PE values at all locations. The Turc method con- 
tinued to have the smallest average errors and the FAO- 
56 RS method the highest.   

4. CONCLUSIONS 

While the FAO-56 method for estimating ETo has be- 
come the de facto standard worldwide, limitations on 
availability of reliable weather data required for use by 
this method often exist, and alternative reference ET 
methods must be used. Three alternate ETo methods, us- 
ing only air temperature measurements as input, were  
 
Table 7. Error values of daily ETo estimates on daily basis for 
April-September time period. 

 Reduced Set Hargreaves Turc 

Location 
 

MBE 
(mm) 

MAE 
(mm) 

PE 
(%) 

MBE
(mm)

MAE 
(mm) 

PE 
(%) 

MBE 
(mm) 

MAE
(mm)

PE
(%)

Lyon 0.98 1.11 20.2 0.33 0.79 6.9 −0.36 0.73 −7.5

Macon 1.25 1.35 27.4 0.60 0.90 13.2 −0.09 0.69 −2.0

Onward 0.83 1.05 16.7 0.11 0.73 2.2 −0.57 0.82 −11.4

Sidon 1.25 1.34 27.5 0.56 0.88 12.4 -0.12 0.65 −2.7

Stoneville 1.47 1.50 33.6 0.82 0.95 18.8 0.11 0.61 2.4

Verona 1.09 1.16 24.0 0.45 0.77 9.9 −0.20 0.61 −4.3

all 1.17 1.27 25.4 0.51 0.85 11.1 −0.18 0.67 −3.8

 
(a) 

 
(b) 

 
(c) 

Figure 6. Daily ETo estimates from the (a) FAO-56 RS; (b) 
Hargreaves; and (c) Turc methods compared to FAO-56 ETo. 
 
evaluated against the FAO-56 using all required weather 
data for six locations in the humid region of Mississippi 
USA. Two methods recommended as alternatives to the 
FAO-56 model, the FAO-56 method using a reduced set 
of weather data (FAO-56 RS) and the Hargreaves equa- 
tion, were evaluated along with a third method, the Turc 
equation with estimated solar radiation. The three meth- 
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(a) 

 
(b) 

 
(c) 

Figure 7. Daily ETo estimated with the (a) FAO-56 RS; (b) 
Hargreaves; and (c) Turc methods compared to FAO-56 ETo 
during the April-September period. 
 
ods were evaluated by comparing daily estimates aver- 
aged over monthly periods, and daily estimates during 
the entire year and during the normal growing season 
(April-September).  

The FAO-56 RS method consistently overestimated 
ETo, the Hargreaves equation underestimated at low ETo 

values and overestimated at higher values, and the Turc 
method, consistently underestimated ETo. Error statistics 
were compiled for each ETo method at each location, as 
well as on the data set for all locations combined. For 
average daily ETo estimates on a monthly time period, 
mean bias error (MBE) values were 0.74, 0.28, and −0.18 
mm, mean absolute error (MAE) values were 0.76, 0.42, 
and 0.34 mm, and percent error (PE) values were 22.3%, 
8.3%, and −5.5% for the FAO-56 RS, Hargreaves, and 
Turc methods, respectively. For daily ETo estimates dur- 
ing the entire year, MBE values were similar at 0.75, 0.28, 
and −0.19 mm, MAE values increased to 0.92, 0.68, and 
0.62 mm, and PE values increased slightly to 22.5%, 
8.5%, and −5.7% for the FAO-56 RS, Hargreaves, and 
Turc methods, respectively. During the growing season 
(April-September), MBE values were 1.17, 0.51, and 
−0.18 mm, MAE values were 1.27, 0.85, and 0.67 mm, 
and PE values were 25.4%, 11.1%, and −3.8% for the 
FAO-56 RS, Hargreaves, and Turc methods, respectively.  

Under the humid weather conditions encountered in 
the region under study, the Turc equation appears to be 
an appropriate alternate method for estimating ETo. While 
the Turc equation was developed with air temperature 
and solar radiation measurements as inputs, the equation 
was used successfully with measured air temperature and 
estimated solar radiation. The Turc equation with esti- 
mated solar radiation provided more accurate estimates 
of FAO-56 ETo than the recommended alternate methods, 
the FAO-56 reduced set (FAO-56 RS) method or the Har- 
greaves equation. This method would be of use in this 
region if the complete set of weather data for the FAO-56 
method was unavailable, or if a computationally simpler 
method was desired. This method may be an option and 
should be evaluated in other similar regions as an alter- 
nate ETo estimation method if use of the FAO-56 method 
is not feasible.   
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