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Reference evapotranspiration (ETo) defines the maximum evapotranspiration that can occur in a basin.
Its accurate estimation is therefore very important in accurately estimating how much water is available
in any Basin for use since the actual Evapotranspiration (AET) that occurs depends on the ETo
estimated. AET is a parameter that is difficult to measure on the field and therefore is mostly estimated
from ETo. Different empirical equations are used in estimating ETo with different levels of accuracy
mostly defined by the set of input data. FAO-56 Penman-Monteith (FAO-56 PM), Priestley-Taylor, and
1985 Hargreaves equation were used in computing ETo for a station in Koforidua and Accra airport and
the results were compared with a measured ETo estimated from pan evaporation data. When the FAO-
56 PM ETo was compared with the ETo from Priestley-Taylor and 1985 Hargreaves, the average root-
mean-square errors were 0.8659 and 1.1770 mm/d respectively. The Index of Agreement (d) between
FAO-56 PM ETo values and ETo values from Priestley-Taylor and 1985 Hargreaves were 0.79 and 0.59
respectively. The estimated ETo values were however improved through local calibration of the
Priestley-Taylor and 1985 Hargreaves equation. The results generally indicate that the Priestley-Taylor
equation better estimates ETo values from the FAO-56 PM equation than the 1985 Hargreaves equation.
When ETo values were estimated with FAO-56 PM, Priestley-Taylor and Hargreaves equations were
compared to measured ETo values from pan evaporation data, FAO-56 PM equation performed better
followed by the Priestley-Taylor and then the Hargreaves equation. This means that if enough data is
available for ETo estimation then the FAO-56 PM equation is best in estimating ETo values followed by
the Priestley-Taylor equation and then the Hargreaves equation. However, where only maximum and
minimum temperature are the only available data, then Hargreaves is recommended for the estimation
of the ETo values.
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INTRODUCTION

Water is a basic necessity in healthy living, however, poses serious public health challenges (Livingston,
many people living in different Cities in Africa are facing 2021). The problem of water scarcity in Africa can be
serious challenges in accessing clean water and this attributed to population growth, land use changes,
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economic development, and climate change (African
Climate Change Policy Centre report, 2011). In Ghana,
anthropogenic water pollution activities such as illegal
mining and inappropriate use of agrochemicals are
creating challenges in accessing basic clean water
(Bessah et al., 2021).

Some major factors influencing clean water availability
and causing water scarcity in some cities are climate
changes, increasing urbanization, and agricultural and
water pollution activities (Wang et al., 2024). The climate
change factors that are causing water scarcity are
changes in rainfall patterns, decreases in precipitation
and runoff, and increases in evapotranspiration (Leal
Filho et al., 2021). The evidence of climate change in
Ghana includes rising temperatures leading to higher
evapotranspiration rates, vanishing rainy seasons, and
increasing periods of dry season (Adjei et al., 2021). In
Ghana currently, one of the major issues causing the
closure of some drinking water treatment plants is due to
the high levels of pollution and influencing water scarcity
is illegal gold mining activities (Obiri-yeboah et al., 2021).
Based on a Water Resources Commission of Ghana
(WRC) report in 2017, about 60% of water bodies in
Ghana are polluted because of illegal mining, industrial
and household waste, farming, and other activities.
Access to clean drinking water is however very essential
in life.

United Nations Sustainable Development Goal Six
however requires that everyone on earth must have
access to safe and affordable drinking water by the year
2030. The worldwide problem of water scarcity must
therefore be solved in creating access to safe and
affordable drinking water. The continent of Africa is
endowed with a lot of water resources, however, some
cities in Africa are experiencing growing water scarcity
mainly because of water resources management issues
(Economic Commission for Africa report, (UNECA), 2011).
Therefore, to solve the problem of water scarcity in
Africa, the available water resources must be sustainably
managed and these must include water resource
conservation, environmentally friendly water usage,
appropriateness of water used technologies, and efficient
allocation of available water resources (Pereira, 2005).

Evapotranspiration (ET) is a process that combines
evaporation and transpiration. ET is defined by
meteorological variables, crop characteristics, and crop
management practices (Pandey et al., 2016). The
process of evaporation and transpiration occurs
concurrently and therefore is very difficult to separate
(Allien et al., 1998). ET and precipitation are the two most
important components of the water cycle, and they play a
very important role in the earth's surface water balance.

*Corresponding author. E-mail: ingfrankoadjei@yahoo.com.

In most cases, precipitation is the biggest component of
the water cycle followed by evapotranspiration (Zhang et
al., 2011). Precipitation is the major supplier of water to
any basin while evapotranspiration is the major means by
which water gets out of any basin. Accurate estimation of
evapotranspiration is a requirement to accurately
estimate how much-precipitated water is available in any
catchment for use. Accurate estimation of ET is very
essential in accurate water resources planning (Allen et
al., 2011).

However, accurate ET in any basin is always a difficult
parameter for hydrological scientists to measure directly
or estimate (Fernandes et al., 2012). Lysimeters, which is
a well-known apparatus used in measuring ET directly on
the field are expensive and also require well-trained
personnel for accurate ET measurement (Allen et al.,
1998). Different empirical formulas are also available in
estimating ET by first estimating Reference crop
evapotranspiration (ETo) from different climate variables.
Some of the developed methods for estimating ETo are
Food and Agriculture Organization Penman-Monteith
(FAO-56 PM), Camargo, Hargreaves-Samani, 1985
Hargreaves, Makkink, Jensen-Haise, Priestley-Taylor,
Hargreaves, 1982-KinberlyPenman, FAO-Corrected—
Penman, Penman-Monteith, Blanney-Criddle, FAO-
Radiation and FAO-Blanney Criddle (Fernandes et al.,
2012; Adeboye et al., 2009). The different equations for
estimating ETo required different climate variables and
hence resulted in different levels of accuracy.

FAO-56 Penman-Monteith (FAO-56 PM) has been
accepted as the best equation in estimating ETo because
of its accuracy in different parts of the world when it was
compared with other equations (Allen et al., 1998). The
FAO-56 PM equation was evaluated in different regions
of the world such as in Iran (Bakhtiari et al., 2011), Spain
(Lopez-Urrea et al., 2006), USA (Irmak et al., 2002), and
Nigeria (Adeboye et al.,, 2009) and the resultant
estimated ETo was more accurate than other equations
when the results were compared to measured values.
However, the FAO-56 PM equation requires a lot of
meteorological data such as maximum and minimum
temperatures, wind speed, solar radiation, and relative
humidity. These data are not always available, especially
in most stations in a developing country like Ghana. The
available limited data normally leads to the use of less
accurate equations in estimating ETo. In most stations,
readily available climate data are maximum and minimum
temperature. When only temperature data are available
then the best equation to use in estimating ETo is
Hargreaves (Ejieji, 2011; Allen et al., 1998).

Priestley-Taylor equation requires fewer data sets than
the FAO-56 PM equation but requires more data sets
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than the Hargreaves equation. The Priestley and Taylor
was developed from the 1948 Penman equation with an
assumption that the component of advection is very small
and hence the aerodynamic component of the 1948
Penman equation is reduced to a coefficient (Tabari and
Talaee, 2011). Priestley-Taylor equation has been
evaluated with the FAO-56 PM equation in different
regions of the world and was found to be less accurate
when their results were compared to measured data
(Fernandes et al., 2012; Suleiman and Hoogenboom,
2007; Utset et al., 2004; Gunston and Batchelor, 1983).
Both Priestley-Taylor and Hargreaves equations required
fewer data sets in estimating ETo as compared to that
required by the FAO-56 PM equation. The result is that
both Priestley-Taylor and Hargreaves equation are able
to accurately the ETo as compared to the FAO-56 PM
equation. To be able to reduce the error between the
values from the Priestley-Taylor and Hargreaves
equation and that from the FAO-56 PM equation,
Priestley-Taylor and Hargreaves equation ETo must be
locally calibrated (Tabari and Talaee, 2011; Allen et al.,
1998). These local calibrations can be done by
developing a relationship between the Priestley-Taylor
and Hargreaves equation ETo values and the values
from the FAO-56 PM equation. Several researchers have
done local calibration of both Priestley-Taylor and
Hargreaves equation ETo by developing a relationship
between FAO-56 PM ETo values and the values from
Priestley-Taylor and Hargreaves equation (Fernandes et
al., 2012; Tabari and Talaee, 2011).

Ghana is a developing country with limited climate
data. In all the meteorological stations within the Densu
River Basin in Ghana, there was only one station with
enough data to estimate the ETo using the FAO-56 PM
equation. Hence it was not possible to obtain enough
data to calculate a good distribution of accurate ET data
within the basin. However, there was enough data to
estimate ET using the Priestley-Taylor and Hargreaves
equation. The ET estimated using the Priestley-Taylor
and Hargreaves equation was not as accurate as the ET
estimated using the FAO-56 PM equation. To improve
the accuracy of the ET estimated using Priestley-Taylor
and Hargreaves equation, a local relationship was
developed between Priestley-Taylor and 1985 Hargreaves
equation ETo and the ETo values from FAO-56 PM
equation. Several researchers have done local calibration
of ETo equation values with limited data input and ended
up improving their estimated ETo values when they were
compared with measured values. Tabari and Talaee
(2011) did a local calibration of Hargreaves and
Priestley-Taylor equations and ended up with more
accurate ETo values in Kordestan and Kerman provinces
in Iran. Rahimikhoob et al. (2012) also did a local
calibration for Hargreaves and Priestley—Taylor equations
on the southern coast of the Caspian Sea (SCCS) in the
north of Iran which resulted in the improvement of the
estimated ETo values. Niranjan and Nandagiri (2021) did
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a local calibration of Hargreaves equations in Karnataka
State, India, and ended up with more accurate ETo
values. There is therefore the need to investigate if a
local calibration can be used to improve the ETo values
obtained in a limited data Densu basin in Ghana.

The objective of this study therefore are as follows:

1) Compare the performance of well-accepted ETo
values estimated with the FAO-56 PM equation to ETo
values estimated with Priestley-Taylor and 1985
Hargreaves equations in the Densu River Basin in Ghana
2) Develop and test the accuracy of the developed
empirical linear equation relating Priestley-Taylor and
1985 Hargreaves estimated ETo values to FAO-56 PM
estimated ETo values for the Densu River Basin in
Ghana.

Meteorological data for stations within the Densu River
Basin (Koforidua), Meteorological data for Kotoka
International Airport, Accra, and Pan Evaporation Data
derived from reference evapotranspiration data from the
premises of Water Research Institute (CSIR-WRI) in
Accra were used. The meteorological station in Koforidua
is the only station within the Densu Basin with enough
data to estimate ETo values using the FAO-56 PM
equation. The station at Kotoka International Airport,
Accra is outside the Densu River Basin but was used
because it is the closest station to the Densu River Basin
with enough data to estimate FAO-56 PM ETo equation
values. No station within the Densu River basin had
measured ETo or evaporation data. The closest station
with ETo values estimated from pan evaporation data
was the station within the premises of CSIR-WRI at
airport area in Accra.

Data and Study Area
Study area: Densu River basin

The River Basin is part of the Coastal River System in
Ghana with an estimated total area of about 2,600 km?2.
The basin is located within latitude 5°30-6°17’N and
longitude 0°10-0°37°W. The river covers a distance of
about 116 km and it flows from the Atiwa Mountains in
the Eastern Region of Ghana to the Weija Dam in the
Greater Accra region in Ghana then it enters the sea
through the Densu Delta Ramsar site also known as
Sakumo | Lagoon at Bortianor in the Ga Municipality. The
population density within the Basin is very high and this
has resulted in the over-exploitation of the Densu River
(WRC, 2007).

Most of the communities within the Densu River basin
and even some communities outside the basin depend
on the Densu River for their drinking water supply. The
Densu Basin has eight drinking supply schemes that
supply water to the communities within and outside the
basin. Five of these water supply schemes rely directly
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on the Densu River while 3 of the schemes are
groundwater supply systems.

MATERIALS AND METHODS

In this analysis, FAO-56 PM, Priestley-Taylor, and Hargreaves
equations were used in estimating ETo for stations within the
Densu River basin. Each of the equations requires different sets of
meteorological station data. The station in Koforidua is the only
station within the Densu basin with enough data to estimate the
ETo values using the FAO-56 PM equation. Priestley-Taylor and
Hargreaves equations that require lesser sets of data as compared
to the FAO-56 PM equation were also ETo values.

ETo values estimated using the FAO-56 PM equation were used
as the reference values in estimating ETo (Allen et al., 1998). An
empirical linear relationship was developed between the ETo
values obtained from the FAO-56 PM equation and that obtained
from Priestley-Taylor and 1985-Hargreaves. These developed
empirical linear relationships were then tested with data from a
station in Accra (which is closer to the Basin) to verify how
applicable the linear equations were outside the station from which
they were developed.

The ETo values obtained from the Priestley-Taylor and 1985-
Hargreaves equation were compared to the ETo values obtained
using the FAO-56 PM equation. The analysis was done using
statistical tools such as Root Mean Square Error (RMSE), relative
error (RelRMSE), and index of agreement (d).

The FAO-56 penman-monteith equation

The FAO-56 PM equation for estimating reference ETo is
expressed as:

P’ Soo
0.408 AR, -Gl dy——U.ile;—eg )
ETo = _ T+a7s @
At+y(1+0.0834U,)

. o mm .
where ETo is the reference Evapotranspiration {T} A is the

slope of the vapor pressure curve (kPa®C™) , Rn is the net
radiation (M] m ~>d™!),G is the Soil heat flux density
(M] m ~2d™1),T is the mean daily air temperature at 2 m height
[ “Cj, U, is the wind speed at 2 m height, e_ is the saturated
vapor pressure | kPa),EE, actual vapor pressure, Y is
psychrometric constant (I-LPEI“'C_lj, and e, — e, is saturated

vapor pressure deficit { kPa)

The FAO-56 PM equation (Equation 1) requires maximum and
minimum air temperature, and wind speed at 2 m height, solar
radiation (calculated using sunshine duration), and relative humidity

in estimating ETo. The step-by-step calculation of the ETo using

the required meteorological data is defined in a publication by
Zotarelli et al. (2015). Some of the parameters in the procedure are
summarized as follows:

Mean air temperature (Tmean)

Tmin+Tmax
Tmean = —— )

where Tmin is the minimum air temperature and Tmax is the

maximum air temperature.
Atmospheric pressure (P)

293—0.006E )528 @)

P=1013 (—
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Actual vapor pressure (ea)
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where Tmin is the minimum air temperature (°C)

Saturated vapor pressure (es)
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The slope of the vapor pressure curve ()
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Psychrometric constant (}f]

y = 0.000665FP (7)

The inverse relative distance earth-sun (dr)
- Ly
dr=1+ 0.33(:05[365 i) (8)

where j is the number of the day in the year between 1 (1 January)
and 365 or 366 (31 December)

solar declination (d)

- (2T
8 = 0.40‘3‘Sln[365] 1.39) 9)
Sunset hour angle (W)

w, = arcCos(—tan(¢)tan(§)) (10)

where P is the latitude of the station in decimal radians
Extraterrestrial radiation for daily periods (Ra)
24 (60} . . :
Ra = TGSEdr(wssm(ip)sm[dr) + cos(¢@)cos(§)sin(w,))
(11)
where Gg = solar constant = 0.0820 MJ m? min
Possible daylight hours (N)
24

=_w, (12)

Solar radiation (Rs)



Rs = (Hs +b, %) Ra (13)

where n is the sunshine duration and as, bs is the coefficient and
most literature define

a, =0.25and b, = 0.5

Priestley-Taylor

Pereira et al. (1997) defined the Priestley-Taylor equation in
estimating ETo as

ETo = aW(Rn — G) (14)
where W is an index which is defined as

A
W= (15)

and Rn is the net radiation which is defined as

R, =(1-A)R,—[(0.1+ 09n)(0.34— 0.14e*%)0(T,,,,, + 273)*] (16)

mean

where A is the albedo or canopy reflection coefficient, n is the
actual duration of sunshine (hours), @ is the Stefan-Boltzmann

constant, which is equal to 5.67x107% W.m™ 2. K™%

T is the calibration constant, which is equal to 1.26 and G is the soil
heat flux density (MJ.m=2.day)

1985 Hargreaves

Hargreaves and Allen (2003) defined 1985-Hargreaves reference
Evapotranspiration as:

ETo = 0.0023Ra(Tmean + 17.8)((Tmax — Tmin)®*) (@17)

Conversion of pan evaporation to reference evapotranspiration

The pan evaporation (ETc) values were converted to reference

evapotranspiration (ET,) using the pan coefficient (Kp).
The reference evapotranspiration is defined by Snyder et al.
(2005) as:

ETo = fi'p # ETc (18)

The values of Kp range from 0.35 to 0.85 and it depends on the
local environment (Grismer et al., 2002). Kp depends on upwind
fetch distance, wind run, and relative humidity at the pan site. The
pan evaporation (ETc) data from the premise of CSIR-Water

Research Institute (CSIR-WRI) were converted to ETo values using
equation 18.

Statistical analysis

Priestley-Taylor and 1985-Hargreaves equation was used in
estimating ETo and compared to ETo estimated with FAO-56 PM
equation. These comparisons were done using five (5) goodness-
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of-fit statistical tools, namely, (i) Correlation Coefficient (R), (ii) Root
Mean Square Error (RMSE), (iii) Relative error (RelRMSE), (iv) R-
squared (R?) and (v) Index of Agreement (IA). Because there are no
measured ETo data within the Densu River basin, the
recommended FAO56-PM equation ETo values were used as a
reference ETo for comparison (Allen et al., 1998).

The RMSE is defined as:

[EX ip.—0;)?
RMSE = [=2——— (19)
A N

where P; is ETo calculated with Priestly-Taylor and 1985-
Hargreaves, equation (mmd?), and O; is ETo calculated with
FAO56 PM equation (mmd™?) and N is the number of observations.

The Relative error (RelRMSE) is expressed as a percentage and
is defined as:

RelRMSE = ——2F 20)

Averege

where O awerage IS the Average of ETo values calculated using
FAO56 PM equation (mmd-1).

The Index of Agreement (1A) was developed by Willmott (1981) and
is used as a standardized measurement of the degree of model
prediction error. D values range from 0 to 1. A value of 1 indicates a
perfect match, and a value of 0 indicates no agreement at all. The
Index of Agreement (d) is defined as

L(p-0p)”

IA=1—— -
EL“J'L_Dnva-raga|+|Dl_Dnvarnga|:'

(1)

The correlation coefficient (r) measures the strength and direction of
a linear relationship between two variables (Taylor, 1990). The
value of r is always between +1 and —1. A perfect negative linear
relationship has a value of —1 while a +1 indicates a perfect positive
linear relationship. When r is 0 then there is no linear relationship
between the two parameters. The correlation coefficient (r) is
defined as

Lo NIy -

ul&zf—q&fcf ¥)*-(Ty)?

where, M is the number of pairs of ETo parameters, E X is the sum
of the ETo parameter calculated with the FAO-56 PM equation,
E ¥ is the sum of ETo calculated with Priestley-Taylor or 1985-
Hargreaves empirical equation.

R-squared (R?) simply determines the proportion of variance in the
dependent variable that can be explained by the independent
variable or it explains how well the data fit the regression model,
whereas correlation explains the strength of the relationship
between an independent and dependent variable, R-squared
explains to what extent the variance of one variable explains the
variance of the second variable.

R — N E xy—(Zx)(Ey) 23

[N I -E 0NN - T3
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Figure 1. Monthly average ETo values from 2000 to 2003 calculated with FAO-56 PM, Priestley-Taylor, and 1985-Hargreaves

equations.

RESULTS AND DISCUSSION

The analysis was conducted with data from 1st January
2000 to 31st December 2003 for the meteorological
station in Koforidua which is within the Densu river basin.
Figure 1 a, b, ¢ and d shows plots of average daily ETo
values for each month from 2000 to 2003 estimated with
Priestley-Taylor, 1985-Hargreaves, and FAO-56 PM
equations.

The ETo values from the FAO56-PM equation were
then compared with the ETo values estimated with
Priestley-Taylor and 1985-Hargreaves equations. The
summary of the results obtained is shown in Table 1.

The Priestley-Taylor and 1985-Hargreaves equation
ETo values were higher than the values obtained from
the FAO56-PM equation (Table 1). In general, the highest
values of ETo were from the 1985-Hargreaves equation
followed by Priestley-Taylor. This is similar to the results
by Chen et al. (2005) in Taiwan which concluded that
Priestley-Taylor and 1985-Hargreaves mostly
overestimate ETo values. This overestimation of ETo
values results in a higher error when values from the
Priestley-Taylor and 1985-Hargreaves equation are
compared to measured values.

However, the Priestley-Taylor equation generally
produced a better result when it is compared to the
results from the FAO56-PM equation, with an RMSE of
0.87 mmd? and RelRMSE of 23.08%. The ETo values
from the 1985-Hargreaves equation were higher than the
values from the Priestley-Taylor equation. 1985-
Hargreaves equation produced an average RMSE of 1.20
mmd* and RelRMSE of 31.90%. The Index of Agreement
produced by Priestley-Taylor and 1985-Hargreaves
equations relative to the FAO56-PM estimates were 0.79
and 0.59 respectively. The index of Agreement from both
Priestley-Taylor and 1985-Hargreaves equations was
greater than 0.5, which indicates that their level of
agreement with values from the FAO56-PM equation was
above average and hence were good. This result is
similar to what was observed by Tukimat al., (2012) in a
study at Muda Irrigation Scheme in Malaysia, where they
concluded that radiation-based methods like Priestley-
Taylor always perform better than temperature-based
methods like 1985-Hargreaves when compared to the
result from FAO56-PM equation. However, in Semi-arid
Regions in Northeast Iran and in the Campos dos
Goytacazes region, in Rio de Janeiro State, the 1985-
Hargreaves equation performed better than the Priestley-
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Table 1. Summary of ETo estimates for Koforidua, Ghana (2000 -2003) calculated with Priestley-Taylor, 1985-Hargreaves and FAO-56 PM methods.

Average Yearly ETo (mm/d)

Methods Overall Average ETo (mm/d) RMSE (mm/d) RelRMSE (%) 1A
2000 2001 2002 2003

1985-Hargreaves 4.9393 47726 4.7843 4.7985 4.8240 1.1970 31.90 0.59

Priestley—Taylor 4.5490 4.5992 4.5748 4.6554 4.5946 0.8659 23.08 0.79

The FAO-56 PM 3.7373 3.7413 3.7186 3.8095 3.7518 - - -

Table 2. Linear equations for adjusting ETo estimates calculated with
Priestley-Taylor and 1985-Hargreaves equations to match ETo estimates from
FAO-56 PM equation at the Koforidua meteorological station

Methods

Equations

Priestley-Taylor
1985-Hargreaves

0.8088x + 0.0357
0.7506x + 0.1309

Taylor equation when their results were compared
to the results from FAO56-PM equation (Sheikh
and Mohammadi, 2013; Fernandes et al., 2012).

Figure 2 shows a plot of ETo values estimated
with the FAO56-PM equation against the ETo
values from Priestley-Taylor and 1985-Hargreaves
equations. The coefficients of determination (R?)
obtained from a graph of FAO56-PM equation
values against the values from Priestley-Taylor
and 1985-Hargreaves equations are 0.98 and
0.54, respectively.

The ETo values estimated from the Priestley-
Taylor equation show a higher agreement to ETo
values estimated from the FAO-56 PM equation.
This means that the ETo values from the
Priestley-Taylor equation agree better with the
ETo values from the FAO-56 PM equation than
the ETo values estimated from the 1985-
Hargreaves equation.

A linear relationship between ETo values was
estimated with FAO56-PM equation and that
estimated with  Priestley-Taylor and 1985-

Hargreaves equations were established and
evaluated. The ETo values estimated with the
FAO56-PM equation were used as the reference
ETo values because there were no measured ETo
data within the Densu River basin. The linear
equation established between the ETo values
estimated from the FAO-56 PM equation and the
values estimated with Priestley-Taylor and 1985-
Hargreaves equations is shown in Table 2.

These linear relationships were applied to
climate station data in Koforidua from 2010 to
2013. This was to determine if the linear equation
can be used to estimate the FAO-PM equation
values at the same station using values from
Priestley-Taylor and 1985-Hargreaves equations
for a period other than the one used in developing
the equations. The results from the linear equation
and ETo values from Priestley-Taylor and 1985-
Hargreaves equations were then compared to the
values calculated with the FAO-PM equation. A
summary of these results is shown in Table 3.

The results show that when the linear equation

together with the Priestley-Taylor and 1985-
Hargreaves equations were used, the ETo values
estimated were better with less error than when
only the Priestley-Taylor and 1985-Hargreaves
equations were used if the results are compared
to the ETo values estimated from FAO-56 PM
equation. The adjusted Priestley-Taylor and 1985-
Hargreaves ETo values with the linear equations
were much closer to the ETo values from the
FAO-56 PM equation than the unadjusted
Priestley-Taylor and 1985-Hargreaves estimates.
The RMSE obtained in this situation for Priestley-
Taylor and 1985-Hargreaves equations were
0.1150 and 0.5373 mm/d, respectively. This
means that by using the Priestley-Taylor and
1985-Hargreaves equations together with the
established linear equation, the FAO-56 PM ETo
values can be better estimated.

A similar local calibration was done by Gao et al.
(2015) in Guizhou Province in the Southwestern
region of China and they concluded that when
ETo equations are calibrated locally, they perform
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Figure 2. A graph of ETo values estimated by FAO PM equation against those estimated from 1985-Hargreaves and Priestley-Taylor

equation.
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Figure 3. A graph of FAO-56 PM estimated ETo values against Priestley-Taylor and 1985-Hargreaves equations estimated ETo.

better than the original equation in estimating ETo values.
The RelRMSE for ETo was estimated from Priestley-
Taylor and 1985-Hargreaves equations together with the
linear equation and compared to the FAO-56 PM
estimated ETo is 3.10 and 14.50% respectively. The
Index of the agreement produced by Priestley-Taylor and
1985-Hargreaves equations relative to the FAO56-PM
equation were 0.99 and 0.81 respectively. This means
that the FAO56-PM estimated ETo values are nearly
perfectly estimated from Priestley-Taylor and 1985-
Hargreaves equations with the help of the locally
calibrated linear equations.

Figure 3a and b show a graph of the FAO-PM
estimated ETo values when plotted against the adjusted
Priestley-Taylor and 1985-Hargreaves estimates of ETo
values.

The linear equation therefore can be used to predict the
FAO-56 PM ETo values at the station in Koforidua even
when there is limited data available for ETo values
estimation using Priestley-Taylor and 1985-Hargreaves
equations.

The same linear equations were then applied to a
station at kotoka International Airport, Accra to determine
whether the linear equation could be applied at a station

outside Koforidua where the equations were established.
This station in Accra was chosen because it is the closest
station to the Densu basin with enough data to estimate
the FOA-56 PM Eto values. The summary of the results
when the equation was applied at the station in Accra is
shown in Table 4.

The trend in ETo values for the station at the Kotoka
International Airport, Accra, is similar to the results
obtained from the station in Koforidua. When the results
of the ETo values from the FAO-56 PM equation were
compared to the values from the Priestley-Taylor and
1985-Hargreaves equations, the Priestley-Taylor equation
performed better than the 1985-Hargreaves equation.
These results are shown in Table 5. The RMSE for
Priestley-Taylor and 1985-Hargreaves equations were
0.7522 and 0.5622 mmm/d respectively. The Index of
Agreement produced by Priestley-Taylor and 1985-
Hargreaves equations with the ETo values from the FAO-
56 PM equation were 0.91 and 0.73 respectively.

When the linear equations were applied to the station
at Kotoka International Airport, Accra, 1985 Hargreaves,
and Priestley-Taylor together with their established linear
equations underestimated the FAO-56 PM ETo.
However, the Priestley-Taylor equation performed better
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Table 3. Summary of comparing FAO-56 PM ETo equation and that estimated with Priestley-Taylor and 1985-Hargreaves and adjusted with station developed linear equation

for the Koforidua meteorological station (2010-2013).

Average Yearly ETo (mm/d)

Methods Overall Average ETo (mm/d) RMSE (mm/d) RelRMSE (%) IA
2010 2011 2012 2013

1985-Hargreaves 3.6647 3.7437 3.6788 3.6891 3.6891 0.5373 14.50 0.81

Priestley—Taylor 3.6964 3.6248 3.6790 3.6683 3.6684 0.1150 3.10 0.99

The FAO-56 PM 3.7330 3.6760 3.7414 3.7034 3.7133 - - -

Table 4. Summary of ETo estimates for Kotoka International Airport, Accra, Ghana (2000 -2003) calculated with Priestley-Taylor, 1985-Hargreaves and FAO-56 PM methods.

Average Yearly Adjusted ETo (mm/d)

Methods Overall Average ETo (mm/d) RMSE (mm/d) RelRMSE (%) 1A
2000 2001 2002 2003

1985-Hargreaves 41173 3.9362 4.0267 4.0135 4.0235 0.7522 17.15 0.73

Priestley—Taylor 4.7100 4.8650 4.8237 4.9401 4.8346 0.5622 12.82 0.91

The FAO-56 PM 4.3766 4.3199 4.3490 4.4910 4.3857 - - -

Table 5. Summary of yearly FAO-56 PM ETo value for Accra (2000 - 2003) calculated using linear correction method developed for Priestley-Taylor and 1985-Hargreaves

methods for Koforidua for a station in Accra Airport.

Average Yearly Adjusted ETo (mm/d)

Methods Overall Average ETo (mm/d) RMSE (mm/d) RelRMSE (%) Al
2000 2001 2002 2003

1985-Hargreaves 3.2213 3.0854 3.1533 3.1434 3.1509 1.4111 32.18 0.54

Priestley—Taylor 3.8451 3.9705 3.9371 4.0313 3.9460 0.5180 11.81 0.91

The FAO-56 PM 4.3766 4.3199 4.3490 4.4910 4.3857 - - -

than the 1985-Hargreaves equation which is
similar to the results in Koforidua. The relative
error for both Priestley-Taylor and 1985-
Hargreaves equations were all less than 50%
while their Index of Agreement was also greater
than 0.5. The values of ETo calculated with the
original 1985-Hargreaves equation were better
than the ETo values calculated with the linear
equation and 1985-Hargreaves equation. The

values from the original Priestley-Taylor equation
were not that different from those calculated with
the linear and Priestley-Taylor equation.

Comparing results with ETo estimated from
measured pan evaporation data

Since there were no available measured ETo data

within the Densu river basin, data from Kotoka
International Airport, Accra were analyzed to
verify which of the equations give a better
estimation of ETo values compared to ETo
estimated from pan evaporation data. Climate
data was obtained from the station at Kotoka
International Airport, Accra together with ETo
estimated from pan evaporation data measured at
the premises of CSIR-Water Research Institute
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Table 6. Summary of correlation of Pan Evaporation values and ETo from FAO-56 PM, Priestley-
Taylor and 1985 Hargreaves equations for Accra (2000 - 2003).

Methods

Correlation Coefficient (r) of Pan Evaporation

1985-Hargreaves
Priestley-Taylor
The FAO-56 PM

0.3336
0.5023
0.5414

Table 7. Summary of yearly pan evaporation and values with FAO-56 PM, Priestley-Taylor, and 1985-Hargreaves equations from 2010 to 2013 for the Kotoka International Airport,

Accra.
Methods Average Yearly ETo (mm/d) Overall Average ETo (mm/d) RMSE (mm/d) RelRMSE (%) IA
2010 2011 2012 2013
1985-Hargreaves 3.9941 4.6185 4.1141 4.0366 4.1898 1.4913 34.37 0.4247
Priestley-Taylor 4.8659 4.7588 4.6702 4.8182 4.7780 1.4552 33.54 0.6604
FAO-56 PM 4.4909 4.5601 4.4924 4.6028 4.5313 1.3386 30.88 0.6639
ETo From Pan Evaporation 4.2735 4.3330 4.2911 4.3573 4.3386 - - -

(CSIR-WRI) which is located close to the Kotoka
International Airport. FAO56-PM, Priestley-Taylor,
and 1985-Hargreaves equation were used to
estimate the ETo values and then compared to
the ETo estimated from pan evaporation data.
The correlation between the ETo estimated from
pan evaporation data and the ETo values
calculated with FAO-56 PM, Priestley-Taylor, and
1985-Hargreaves equations were estimated and
are shown in Table 6.

The values of ETo from the FAO-56 PM
equation had a better correlation with the ETo
estimated from Pan evaporation data than ETo
from Priestley-Taylor and 1985-Hargreaves
equations. In general, when ETo from FAO-56
PM, Priestley-Taylor and 1985-Hargreaves
equations were compared to ETo estimated from
pan evaporation data, ETo from FAO-56 PM had
a better correlation with ETo estimated from pan
evaporation data with a correlation value of 0.54,

followed by the Priestley-Taylor equation with a
correlation value of 0.50, and then the 1985-
Hargreaves equation with a value of 0.33. Both
FAO-56 PM and Priestley-Taylor equations ETo
had a correlation coefficient higher than 0.5 which
was good, while the 1985-Hargreaves equation
ETo correlation coefficient with the ETo estimated
from pan evaporation was less than 0.5 indicating
poor results.

The ETo values calculated with FAO-56 PM,
Priestley-Taylor, and 1985-Hargreaves equations
were compared with the ETo estimated from pan
evaporation values, and the summary of the
results is shown in Table 7.

The FAO-56 PM equation performed better than
all the other equations when the results were
compared with the ETo estimated from pan
evaporation data. When the ETo estimated from
pan evaporation values were compared to the
values from the FAO-56 PM equation, the RMSE

was 1.3386 mm/d, the ReIRMSE was 30.88% and
the Index of Agreement was 0.6639. In the case
of the Priestley-Taylor equation, the RMSE was
1.4552 mm/d, the RelRMSE was 33.54% and the
Index of Agreement was 0.6604 which is greater
than 0.5. The worst performance came from the
1985-Hargreaves equation with an RMSE of
1.4913 mm/d, RelRMSE of 34.37%, and Index of
Agreement of 0.4247.

These results are similar to those reported by
Temeepattanapongsa and Thepprasit (2015),
where the FAO-56 PM equation performed better,
followed by the Priestley-Taylor equation and
1985-Hargreaves when their results were
compared to ETo estimated from pan evaporation
data in Thailand.

However, studies by Adeboye et al. (2009) in
Nigeria stated that 1985-Hargreaves performed
better than the FAO-56 PM equation when their
results were compared to ETo estimated from pan



evaporation data.

Conclusion

The results show that the relative error when ETo values
from 1985-Hargreaves equations were compared with
ETo values from the FAO-56 PM equation was about
32%. When the ETo values from the Priestley-Taylor
equation were compared with ETo values from the FAO-
56 PM equation, the relative error was 23%. The
Priestley-Taylor equation therefore better estimates the
ETo values than the 1985-Hargreaves equations when
their results were compared to the ETo values from the
FAO-56 PM equation. The results also showed that even
though empirical linear relations can be established
between FAO-56 PM equation ETo values and that from
Priestley-Taylor and 1985-Hargreaves equations, the
empirical linear relationships are station specific or
localized and hence cannot be transferred to other
stations. The empirical relationship developed for a
station can therefore only be used to estimate FAO-56
PM ETo values for that station. Once the station
changes, a new empirical linear relationship is required to
estimate the FAO-56 PM ETo values.

In the absence of enough data to estimate the FAO-56
PM ETo values in the Densu basin, Priestley-Taylor and
1985-Hargreaves equations can be used, with some
adjustments using an established linear equation.

When the values from FAO-56 PM, Priestley-Taylor
and 1985-Hargreaves were compared to an ETo
estimated from pan evaporation values from Kotoka
International Airport, Accra, FAO-56 PM performed better
than the rest. This means that in the absence of
measured ETo data, FAO-56 PM ETo values better
represent the measured ETo values, followed by
Priestley-Taylor and 1985-Hargreaves equations.
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