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Abstract

Six reference evapotranspiration (ETo) methods including: Papadakis (1966), Turc (1961), Blaney and Criddle (1950),
Blaney and Criddle modified by Shih et al. (1977), Penman modified by Frere and Popov (1979) and Stephens and
Stewart (1963) modified by Jansen and Haise, were compared with the FAO-56 Penman-Monteith formula using
rain-fed grass data within the period of 15 years (1967 to 1982) in Yaoundé, extracted from the records of
climatological observations from meteorological stations published by the National Meteorological Center of
Cameroon. The methods compared daily ETo using linear regression and statistical indices of a quantitative
approach to model performance evaluation. The average FAO-56 PM ETo was 3.16 mm/day, but Penman modified
by Frere and Popov (1979) overestimated ETo by 25% (12.72 mm/day) and Papadakis (1966) underestimated ETo by
8% (0.28 mm/day). In general, the Stephens and Stewart (1963) modified by Jansen and Haise method produced best
statistics result (R* = 0.96, RMSE = 0.072, MBE = -1.260, RMSEs = 0.980 and RMSEu = 0.693) and generated ETo results of
2.76 mm/day (2% underestimate), closest to that of FAO-56 PM method. The results of statistical comparisons delivered
a confident statistical justification for the ranking of the compared methods based on performance indices.

Keywords: Reference evapotranspiration, Empirical methods comparison, Penman-Monteith formula, Rain-fed grass

Introduction

Water deficit is a key regulating element of plant growth
and development under the panoply of environmental
conditions around the world. Irrigation offers an impor-
tant feature of agricultural (cropping design) scheduling
in areas where rainfall is insufficient to meet crop water
requirements. Nevertheless, under rainfed agriculture, it
is crucial to determine the optimum time for sowing to
benefit from the existing soil moisture and precipitation,
while under irrigated agriculture, it is imperative to
establish the required amount of water and time of
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application. Generally, the determination of irrigation
water demand employs the procedures for estimating
evapotranspiration (E), which (apart from precipitation)
is an important component of the hydrological budget
[2]. The latter reckoned that weather stations must be
sited on standardized vegetation surfaces (grass or alfalfa)
in order to calculate crop reference or potential evapo-
transpiration (ETo). The high installation and mainten-
ance cost constraints limits many nations in Sub-Saharan
Africa from having vegetation reference sites or installed
ETo-networks. Consequently, the systematic usage of in-
congruous climatic data for calculating ETo from sites
that do not tally with standardization definitely results to
systematic aggregate errors in irrigation scheduling and
confounding conclusions.

Over the years, empirically based equations were estab-
lished and used under various climatic regimes to estimate

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40322-017-0039-1&domain=pdf
mailto:tvasong@yahoo.com
mailto:valentine.tellen@paidafrica.org
http://creativecommons.org/licenses/by/4.0/

Tellen Earth Perspectives (2017) 4:4

ETo from climatological data. To test the accurateness of
these methods in a different environment employs the use
of costly equipments (such as lysimeters) and profesionals
or standard reference surface conditions (protocols). Also,
many of these equations have limited global validity.
Intending to reduce the alterations associated with tree
canopy characteristics, FAO and working groups of the
International Commission on Irrigation and drainage
tested different formulas among empirical model equa-
tions extensively, and then recommended the standar-
dized Penman-Monteith reference evapotranspiration as
the potential evapotranspiration (ETo) for short grass or a
tall reference crop (alfalfa), whose characteristics have
been well defined [4, 18, 24].

Fortunately, there exist unconventional, empirical and
less weather demanding equations for accurate deter-
mination of ETo [18]. Since effective water resource
planning and management, irrigation scheduling and
controlled agricultural productivity relies on the accur-
acy of estimated values of ETo, numerous researches
have been carried out in different parts of the world to
ascertain appropriate models suitable for applications in
such parts.

Hari et al. [10] estimated ET using four different
methods for the Bapatla region in India and reported no
significant differences and similar trend between the
FAO-56 Penman-Monteith and Blaney and credible
method. Similarly, Zarei et al. [27] also compared several
methods to estimate reference ET in the South East of fars
province, Iran and reported a strong similarity between
the Pan Evaporation and the Penman-Monteith methods.
The latter reported a significant difference between
Penman-Monteith and the Jensen-Haise and Thornthwait
methods, while the Penman-Monteith results did not
differ significantly with those of Pan evaporation,
Hargreaves-Samani modified 2 and Blaney and cred-
ible methods. Oluwaseun et al. [14] evaluated four
different methods for IITA stations in Ibadan, Onne
and Kano states in Nigeria and reported that the
Blaney-Morin-Nigeria method was the best to be used
for estimating ET in these stations as it showed
strong correlation with the Penman-Monteith method,
required less volume of data for its application and
the ease of its use.

Alexandris et al. [18] compared the ET results from
the surface of rain-fed grass in central Serbia, using six
empirical methods against the Penman-Monteith method
and reported that Turc’s and Makkink methods produced
underestimated results while the Priestley-Taylor,
Hargreaves-Samani, and Copais methods performed well
for the region and generated results closest to the
Penman-Monteith method. Similar studies were carried
out in Abeokuta, Ijebu-Ode and Itoikin in Nigeria [1] and
Bulgaria [19], these and many other studies emphasized
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the necessity of comparison, sensitivity testing and calibra-
tion of methods in a local context.

The objective of this paper is to compare and evaluate
the performance of six globally used methods of ETo
computation namely: Papadakis [15], Turc [23], Blaney
and Criddle [6], Blaney and Criddle modified by Shih et al.
[21], Penman modified by Frere and Popov [9] and Ste-
phens and Stewart [22] modified by Jansen and Haise [11].
The aim is to determine which method apart from the
FAO56-PM [3], can best be applied in Yaounde for the
estimation of ETo, that is easiest to use in terms of para-
meters required and that can accurately and consistently
capture evapotranspiration losses in the region. This will
guide irrigation engineers, hydrologists, agronomists and
meteorologists in the calculation of reference and crop
evapotranspiration as well as estimating crop water de-
mands for rain-fed and irrigated agriculture.

Description of the equations

FAO-56 Penman-Monteith [3]

This is a combination of Penman [16]; Penman [17]
method which is based on Bowen ratio principle (compri-
sing radiation, wind and humidity factors) and Montieth
[12, 13] method which considers the resistance factors (in-
cluding surface resistance and aerodynamic resistance).
The equation was used by Allen et al. [3] on an hourly
basis with the resistance term having a constant value of
70 s/m throughout the day and night and recommended
the FAO-56 Penman Monteith equation as the sole stand-
ard method for determining reference evapotranspiration
in all climates, especially when there was availability of
data. The equation has the form:

0.4084(R,-G) + y(& le> (es—es)

T+273
A+y(1+0.34U,)

ETo =

Where: ETo is the reference evapotranspiration (mm/
day), R, is the net radiation at the crop surface (MJ/m?/
day), G is the soil heat flux density (M]/mz/day), T is the
mean daily air temperature at 2 m height (°C), U, is the
wind speed at 2 m height (m/s), e is the saturation
vapour pressure (kPa), e, is the actual vaour pressure
(kPa), (es-e,) is the saturated vapour pressure deficit
(kPa/°C), 2 is the slope vapour pressure curve (kPa/°C)
and y is the psychrometric constant (kPa/°C).

Turc [23]

Turc’s method is based on the assumption that ETo
(mm/month) is a function of the average relative humi-
dity. The method calculated ETo using relative humidity,
average temperature, and solar radiation. Since relative
humidity was >50%, the correction term was ignored
and the following formula was used:
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ETo = K(Rs + 50
0= K(Rs +50) =

Where: K is monthly crop coefficient, R is solar radi-
ation (MJ/m/day), t is the average monthly air temperature,
and ETo is the reference evapotranspiration (mm/day).

Papadakis [15]

Papadakis method is based on saturation vapor pressure
corresponding to monthly temperatures to estimate ETo
(mm/month). The equation is presented as follows:

ETo = 0.5625(e,1max—€4)

Where e,;rmax is the water pressure corresponding to
average maximum temperature (kPa), and eq is the sa-
turation water pressure corresponding to the dewpoint
temperature (kPa).

Stephens and Stewart [22] modified by Jansen and

Haise [11]

The Stephens and Stewart [22] method is a radiation
method adjusted for mean monthly temperature. It is
basically the same form as the original Jensen and Haise
[11] method. The equation is of the form:

ETo = 0.01476(T,, + 40905)R, /A

Where: Tm is the monthly potential ET in mm, Rs is
the monthly solar radiation in cal/cm?, and A is the la-
tent heat of vaporization of water, 59.559 - 0.055Tm,
cal/cm®.mm.

Blaney and Criddle [6]

This method is very simple and is based on temperature,
percent daylight hours and crop coefficient. The equation
is of the form:

ETo = 25.4P(1.8T,, + 32)/100

Where: P is the monthly % annual daylight hours, and
T, is the mean monthly temperature (°C).

Blaney and Criddle modified by Shih et al. [21]

Shih et al. [21] modified the Blaney-Criddle [6] method
by substituting the measured solar radiation instead of
the percent of daylight hours. The equation was
expressed as:

ETo = 25.4R,(1.8T,, + 32)/ TR,

Where; R is the monthly incoming solar radiation in
cal/cm?, TR, is the annual sum of mean monthly solar
radiation in cal/cm® and T, is the mean monthly
temperature (°C).
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Penman modified by Frere and Popov [9]

This is a mass-transfer method commonly used for esti-
mating free water surface evaporation because of its sim-
plicity and reasonable accuracy [26]. The equation is of
the form:

ETo— (R,.C+A)

C+1

Where R, is the net solar radiation in cal/cm?/day, C
is an empirically determined constant involving some
function of windiness and A is the aerodynamic term.

Methods

The study area is Yaoundé, situated between Latitude 3°
85” N, Longitude 11° 32” E, with an altitude of about
750 m asl (Fig. 1). The 15 years (within the period of
1967 to 1982) climatic data Yaoundé was extracted from
the records of climatological observations, published by
the National Meteorological Centre of Cameroon. The
variables of the equations included: average monthly
temperatures, total precipitation, vapor pressure, dura-
tions of sunshine, wind speed, relative humidity and
solar radiation.

Statistical analysis

Quantitative approaches to the evaluation of models per-
formance were applied. Fox [8] recommends, in essence,
that at least four types of different measures be calcu-
lated and reported. The average difference between
model performances was measured by root mean square
error (RMSE). Its values can range from zero to infinity
and, of course, lower values are better. The relative bias
was explained by the mean bias error (MBE). Further-
more, RMSEs and RMSEu are the systematic and unsys-
tematic components respectively and are computed and
reported in addition to RMSE. Normally, the systematic
RMSE is the estimated distance between the linear re-
gression best-fit line and the 1:1 line, while unsystematic
RMSE is estimated distance between the data point and
the linear regression best fit-line [25]. Berengenal and
Gavilan [5] expounded that, the unsystematic compo-
nent represents the “noise” level in the model under test
and it measures the scatter about the regression line
(this can be inferred to as a measure of the potential ac-
curacy). It is assumed that the systematic component
represents the space available for local adjustment. A
good model is considered to have a very low RMSEu
and the RMSEs close to the RMSE. The correlation
measure (R?), the intercepts (b) and slopes (a) for the
least squared regression analysis are also reported. All
computations were done with the aid of Microsoft
Office Excel 2010 and SPSS version 17 statistical



Tellen Earth Perspectives (2017) 4:4

Page 4 of 8

a Centre Region in Cameroon
rarethg N

b Yaounde (Mfoundi Dvivsion) In the Centre Region

ADAMAWA

©
Ngaoundere

Mbam and Kim

Mbam and Inoubou

Mefou and
Afamba

Nyong and Kelle [a

Upper Sanaga

Nyong and
Nfoumou

Nyong and Soo

- The Centre Region

e International Boundary

Regional Boundary

- The Study Area = Regional boundary

KEY

== Divisional boundary

Source: Cameroon Geographical Review (1999) and Ministry of Plan and Regional Development

Fig. 1 Location of (a) Centre region, and (b) Yaoundé (Mfoundi Division) in the Centre Region of Cameroon

package. Computational forms of some indices are
given bellow:

N
MBE = N"'Y (Pi-0))
i=1

L
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RMSE = [N " (P; + 0y
L =1
- N - 0.5
RMSEu =[N3 (P + )’
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N 105
RMSEs = [N‘IZ (Pi+0,)
i—1 ]

Where O; stands for observed values (estimated by
FAO 56-PM) and Pi stands for values predicted by the
compared methods, P;=a0; +b.

FAO 56-PM method was a reasonable benchmark be-
cause according to Allen et al. [3] it overcomes the
weaknesses of the previous FAO Penman method and
provides values that are more consistent with actual
crop water use data worldwide. Recommendations have
also been developed for using the method in case of limi-
ted climatic data, thereby largely eliminating the need for
any other reference evapotranspiration methods and

creating a consistent and transparent basis for a globally
valid standard for crop water requirement calculations.

Result and Discussions

A summary of average monthly climatic data from 1967
to 1982 of Yaoundé are presented in Table 1. All para-
meters vary within the years. The results indicate that
the average monthly temperature values ranged from 22.5
to 252 °C with the least obtained in July and August
(coldest month) while February recorded the highest value
indicating the annual hottest month. Average monthly
precipitation ranged from 19.0 to 290.5 mm. Wind speed
was low throughout the year ranging from 1.0 to 2.4 m/s.
Insulation was highest in February.

The average ETo obtained from 1967 to 1982, by the
FAO 56 PM (benchmark) method was 3.16 mm/day, but
that of the Papadakis model was 0.28 mm/day (Table 2),
indicating underestimation. The Penman modified by
Frere and Popov model yielded considerable overesti-
mates (12.72 mm/day). The progressive average monthly
ETo values showing under/overvaluation difference of
all the tested methods are represented in Fig. 2

Comparisons for each empirical equation were made
between monthly reference evaporation values and
monthly values calculated using the FAO 56-Penman M.
method. The FAO 56-Penman M. was selected as a
benchmark against which comparisons were made be-
cause of its global acknowledgment and its assorted use
[2]. Drawing experience from the latter, the relationships
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Table 1 Summary of some average daily climatic parameters per month for Yaoundé between the years 1967 — 1982

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Av. T-Max (°C) 288 304 29.8 288 286 27.2 26.0 260 27.2 276 284 284
Av. T-Min (°Q) 193 20.0 200 185 195 19.2 19.0 19.0 19.0 189 19.2 19.0
Av. Temp (°C) 241 252 249 23.7 241 232 225 225 231 233 238 23.7
Av. Precip (mm) 313 587 1443 150.8 199.7 1369 53.1 83.0 2539 290.5 98.0 19.0
Av. WVP (mbar) 22.7 22.7 234 244 24.3 226 226 227 23.1 234 233 226
Av. RH (%) 76.2 73.7 77.7 764 815 829 79.8 833 822 816 79.2 775
Av. WS (m/s) 23 24 20 15 1.0 20 24 24 22 0.8 0.7 1.1
Av. Insol. (hrs) 6.1 6.3 54 54 54 43 3.1 26 35 44 59 6.3

Av. T-Max Average maximum temperature, Av. T-Min average minimum temperature, Av. Temp average temperature, Av. Precip Average precipitation, Av. WVP
average water vapour pressure, Av. RH Average relative humidity, Av. WS average wind speed, Av. Insol average insolation

(regression equations) between monthly ETo estimates
for each method against the FAO 56-PM ETo and the
cross-correlation coefficient (R%) are shown in Fig. 3,
using the linear regression formula Y =bx +a instead
of regression through the origin (Y = bx).

Stephens and Stewart [22] modified by Jansen and
Haise, and Turc [23] models, correlated very well (R?
=0.96 and R*=0.95 respectively), while Blaney and
Criddle [6] and Papadakis [6] equations showed a
weak correlation with FAO-56 PM model (R?=0.357
and R*>=0.859 respectively) throughout the vyears
under local conditions. This result agrees with Ade-
boye et al. [1] who reported a strong correlation (R*
=0.97) by Jansen and Haise model with the FAO-
56 PM model. With regards to regression equations,
the Stephens and Stewart [22] modified by Jansen and
Haise [11] equation resulted in a slope (b=1.39) close to
unity and an intercept close to zero (a =-1.62) which pre-
sumably gives the best predicted (P) values (Table 3). This

result also conforms with the findings of Adeboye et al. [1].
The second best values were obtained by Blaney and Crid-
dle modified by Shih et al. [21] (b=2.68, a=-3.25). The
Papadakis method systematically produced the greatest un-
derestimates (-8%) while the Stephens and Stewart [22]
modified by Jansen and Haise [11], model produced the
least underestimate (-2%) giving the best estimates among
all the tested methods. This is probably due to the limited
data input for these two methods. The results are in agree-
ment with Adeboye et al. [1] and Alexandris et al. [2] who
reported underestimation of ETo by the Jansen and
Haise and Turc’s methods respectively. Conversely,
Penman modified by Frere and Popov [9] method sys-
tematically overestimated by as much as 25%, giving
worst estimates amongst all the tested methods. This
is probably due to the effects of the advective condi-
tions (dry/high wind speed) in the study area. This
result conforms to the assertion that the Frere and
Popov [9] method presents over estimates in areas

Table 2 Monthly climatology of ETo values (mm/day) calculated by six empirically based methods and FAO-56 PM during

1967 — 1982
Month  Methods (mm/day)

Turc's  Stephens and Stewart [22], Blaney and Blaney and Criddle modified by ~ Papadakis P.M modified by Frere FAO-56

[23] modified by Jensen and Haise Criddle [6] Shih et al, [21] [15] and Popov [9] P.M
Jan 87 3.09 5.06 5.7 0.31 13.12 33
Feb 944 345 58 6.96 039 1548 363
Mar 8.82 318 525 5.81 032 1354 358
Apr 86 3.03 531 579 033 14 342
May 832 2.94 523 542 0.28 12.97 3.32
Jun 7.1 242 529 4.65 023 11.82 292
Jul 6.17 2.03 5.03 3.81 0.22 10.53 261
Aug 596 1.95 4.99 3.66 0.2 1045 2.59
Sep 6.82 23 5.19 444 0.24 11.83 29
Oct 7.56 26 5 4.84 0.26 12.21 3.07
Nov 867 3.06 519 585 0.28 13.64 33
Dec 8.69 3.07 5.02 5.68 0.28 13.07 327
Average 79 2.76 52 522 0.28 12.72 3.16
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Fig. 2 Trends of Monthly climatology of ETo values (mm/day) calculated by six empirically based methods and FAO-56 PM during 1967 - 1982.
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Table 3 Statistical summary of Monthly climatology of ETo values (mm/day) calculated by six empirically based methods during

1967 - 1982
Turc's (%) Stephens and Stewart [22], (®) Blaney and () Blaney and Criddle (") Papadakis (%) P.M modified by @)
[23] modified by Jensen and Criddle [6] modified by Shih et al, [15] Frere and Popov [9]
Haise [11] [21]
a (Slope) 325 5 139 1 039 2 268 4 014 3 402 6
b (Intercept) -236 4 -162 3 397 6 -325 5 -017 2 004 1
R 0951 2 0960 1 0357 6 0928 3 0859 5 0916 4
RMSE 0080 2 0072 10289 6 0097 3 0135 4 0105 5
RMSEs 0975 5 0980 6 0598 1 0963 3 0927 2 0957 4
RMSEu 0293 4 0693 1 0919 3 0340 2 6.006 5 0228 6
MBE 1463 4 -1.260 19321 3 3872 2 -2195 5 3121 6
Rank 4 1 5 2 3 6

(%) Daily estimate rank number for each statistical index

under advective conditions [20]. The latter stated that the
Frere and Popov method considers that the effect of wind
on E or ETo is linear while FAO [7] explained that this ef-
fect is non-linear and that the effect of wind on E is higher
than on ETo under advective conditions.

Generally, all the statistical measurements agree with
the results attained by the regression analysis. All rele-
vant statistics and rankings of daily methods are enu-
merated in Table 3, where the ranking of the methods
against FAO-56 PM model is made, taking into account
all the above mentioned statistical indices. It is requiered
that a weighting coefficient for each statistical index in
any complex evaluation system, be determined separ-
ately. Considering the same symptomatic tendency and
the behavior of the indices, a simple grading of the de-
termined index was made. With a MBE of -1.260 mm/
day, RMSE of 0.072, RMSEs of 0.980 and RMSEu of
0.693, the Stephens and Stewart [22] modified by Jansen
and Haise [11], model gave by far the best result and is
therefore recommended for estimating ETo when input
data parameters are limited in Yaoundé stations.

Conclusion

The overall results indicate that some of the simpler em-
pirical equations compare reasonably well with the
FAO-56 PM method while several other methods pro-
duced ETo estimates which differ from those obtained
by the FAO-56 PM method. The Stephens and Stewart
[22] modified by Jansen and Haise [11] method ranked
first among the methods evaluated. The Blaney and
Criddle modified by Shih et al. [21] method ranked sec-
ond with regards to statistical analysis on monthly data
basis. The third and fourth spaces were occupied by the
Papadakis [15] and Turcs [23] methods respectively. The
fifth was the Blaney and Criddle [6]. Finally, Penman
modified by Frere and Popov [9] equation was ranked
the least position amongst the other five methods due to

its consistent high overestimates and this was also re-
ported by Alexandris et al. [2].

These results provides a reference tool that offers con-
crete guidance on which method to select, based on
available data, for accurate and consistent estimates of
monthly ETo related to FAO-56 PM method, under
arid-humid conditions.
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