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Abstract

The Food and Agricultural Organization method for estimating reference crop evapotranspiration (ET,), FAO56, is the
standard method across the globe. Daily ET, estimated using seventeen potential evapotranspiration (PET) methods that
has less data requirments were compared with FAO56 at five sites in Ethiopia (Bahir Dar, Bale Robe, Hawassa, Metehara,
and Nazareth). The average rank of five model validation metrics namely standard deviation, RMSE, MAPE, NSE, and cor-
relation were used to compare the methods. By taking the areal average ET, and PET, ten methods, Wen, Ant, Pen, Mak,
PT, Ha5, Ha4, Tho, Rad, and Enk, having correlation >0.57 and MAPE < 28% were ranked 1st to 10th, respectively. Also,
at each site, the above ten PET methods were compared. By taking the average ranks of the five sites, Wen, Pen, Ant, PT,
and Mak & Ha5 ranked 1st to 5th, respectively. Wen & Ant methods which are applied in Ethiopia for the first time had
shown the best performance.
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1 Introduction

Evapotranspiration (ET) is the simultaneous process of water loss from the soil surface by evaporation and from the
crop by transpiration [1]. It consists of evaporation from open water, bare soil, and rainfall interception as well as tran-
spiration from plants [2]. Evapotranspiration (ET) is a key process in the energy and hydrologic budget of the earth with
implications in water management works such as agriculture and hydropower generation. For irrigation planning, ET is a
prerequisite [3]. Accurate quantification of ET, especially in arid or semiarid areas, is important in agroecosystems manage-
ment to efficiently use water resources such as in irrigation management, water allocation, environmental assessment,
protecting ground and surface water quality, and evaluating water yield for changing land use [4].

ET has also an important role in the land surface energy and hydrologic cycles [2]. On average, across all continents, the
annual ET amount is about 70% of annual precipitation. This figure varies from up to 90% in dry regions (e.g., Australia) to
approximately 60% in Europe [5]. Changes in actual evapotranspiration (AET) will change atmospheric dynamics which
have a direct impact on weather and climate as it changes the sensible and latent heat energy partitioning [6]. Thus, the
global water cycle and energy budget and their role in the climate system can be understood by a detailed understand-
ing and knowledge of changes in regional and global ET [7].

Actual evapotranspiration (AET) is measured by lysimeter, Bowed ratio, or the eddy covariance technique [8]. In
contrast to routine meteorological observations, in many regions across the world, in-situ measurements of AET are not
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available [9]. Evapotranspiration is a complex and nonlinear phenomenon because it depends on several interacting
climatological factors such as temperature, humidity, wind speed, radiation, type and growth stage of a crop [10, 111.
Since direct measurement of AET using lysimeter measurement is a difficult task, potential evapotranspiration (PET) and
Class A pan evaporation measurements have been used to estimate AET [12, 13]. PET is usually estimated using empirical
methods or equations or PET models and cannot be directly observed [14]. PET denotes the upper limit of AET and it is
used to estimate AET [9]. Note that PET is the total possible amount of moisture evaporating from the land surface that
would occur with sufficient water supply and under certain meteorological conditions without advection and heating
effects whereas AET is the total amount of ET that occurs [13, 15, 16].

Nowadays, PET and reference evapotranspiration (ET,) are considered to be the same [17]. The Penman-Monteith
method of the Food and Agricultural Organization (FAO56) of estimation of reference crop evapotranspiration or sim-
ply reference evapotranspiration denoted by ET, is the ET rate from a reference surface, not short of water [1]. This
method was developed for a reference hypothetical crop with an assumed 0.12 m height, 70 s m™' surface resistance,
and albedo=0.23, resembling closely actively growing and adequately watered green grass of uniform height and the
evaporation from its extensive surface, [1]. The equation by [1] has been suggested as the standardized ET, equation,
but it has a high climatic data requirement. As a result, there is a practical need to find other best alternative methods to
estimate ET, in the areas where full climatic data are deficient [18]. From the available conventional methods, selecting
the most reliable methods requires selecting methods that give reliable results with preferably minimum data prereqg-
uisite [19]. Moreover, the methods result in different estimates due to different data requirements, the different climate
regions, etc. they are based on. That means ET varies according to weather and climate conditions. Hence, for a particular
climate region, the most reliable method(s) has to be identified and selected from the available numerous methods or a
new method that is suitable for that particular climate condition has to be developed. In this regard, many studies have
been conducted to compare the different PET models [3, 16, 20, 25]. The studies concluded quite differently and PET
models vary across climate regimes. Thus, Numerous PET formulae exist.

Based on the types of input variables [25], and [26] classified PET models into three groups namely radiation-based,
temperature-based, and combination models. PET models can also be classified into five main groups: (1) water budget,
(2) mass transfer, (3) radiation-based, (4) temperature-based, and (5) combinational [27]. For example, the Penman-Mon-
teith (FAO56) method of estimation of reference crop evapotranspiration which is widely used for estimation of PET is
one of the combination models.

A few studies in Ethiopia have evaluated the performance of PET models using either a short period observations
[28, 29] or a single station [30]. Their result may not be representative of the climatology (a long period average) and for
a large area like Ethiopia where the climate varies regionally. Thus, evaluating the performance of different PET models
over longer periods in different areas across Ethiopia with different climate regimes was a necessity [20]. In this study, for
the period 1982-2020, the performance of seventeen PET models in five climatologically different sites across Ethiopia
is evaluated with reference to the ET, estimated using the FAO56 (Penman-Monteith) method.

Therefore, the merit of this study is to identify the most reliable method that can be used for estimaton of ET_ or PET
in places which lack full meteorological data to estimate ET, using [1] (FAO56). Thus, the finding of the study is more
relevant for countries having less number of synoptic or principal meteorological stations such as Ethiopia. Ethiopia is
selected as a case study because the number of stations recording meteorological parameters that are necessary for
calculating ET, are limited in number and they are sparsely distributed. Also, most of the stations have shorter records
(observation time) with missing values.

2 Materials and methods
2.1 Study area

The study was conducted at five sites in Ethiopia (Fig. 1). Ethiopia is located in the Horn of Africa. The climate in Ethiopia
varies from dry to sub-humid [31]. Ethiopia’s climate is multifaceted in the interior short horizontal distances; climates
from tropical to sub-humid and subtropical to arctic can happen [32]. 43% of Ethiopia is highland (altitude above 1500 m
a.s.l.) covering the whole 72 zones of Ethiopia [33]. Almost half of all the highlands of Africa are found in Ethiopia [30].
The major rain season for the highlands of Ethiopia is between June and September [34]. In Ethiopia, the summer period,
June-September, is locally known as ‘Kiremt’; Kiremt is the rainy period representing 50-70% of the mean annual rainfall.
The winter period, October-January, is locally known as ‘Bega’; Bega is the dry season in most parts of Ethiopia except
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some southern parts. February-May is locally known as ‘Belg’; Belg is the second rainy period in most parts of Ethiopia
representing 20-30% of the mean annual rainfall.

For the five study sites namely Bahir Dar, Bale Robe, Hawassa, Metehara, and Nazareth (Adama) cities, climate data
was obtained from the Ethiopia Meteorology Institute formerly called the National Meteorology Agency of Ethiopia
(NMA), and its regional offices at Bahir Dar, Bale Robe, Hawassa, and Nazareth. Bahir Dar city which is one of the most
beautiful cities in Africa is the capital of the Amhara regional state of Ethiopia where 85% of the water of the longest
river in the World (the Nile River) originates. The Nile flows within the city of Bahir Dar. Also, the largest lake in Ethiopia,
Lake Tana (area: 2156 km?), is also part of the city. Currently, the Amhara region is characterized by erratic rainfall, high
land degradation, high population density, high rate of poverty and malnutrition [35] and it has a monsoonal climate
with annual rainfall varying between 800 and 3000 mm and annual evapotranspiration amid 1400 and 1681 mm [30].
Bale Robe is the capital town of the Bale zone or district; 10 years ago Bale Goba, which has more tourist attractions,
was the capital city of the Bale district. Bale zone is characterized by bimodal rainfall categories with a total rainfall of
about 590 mm in Kiremt, 560 mm in Belg, and almost no rainfall in Bega seasons. Bale is highly productive and suitable
for agricultural activities. The highest elevations in Bale Highlands are at Mount Tuludimtu (4377 m) and Batu (4307 m).
Hawassa, like Bahir Dar, is one of the most beautiful cities in Africa. It is the capital city of the southern part of Ethiopia.
Lake Langano (area: 230 km?) is in the vicinity of Hawassa. Hawassa, Metehara, and Nazareth cities lie in the great rift
valley of Africa. Metehara station is characterized by an arid and semi-arid environment. In the district surrounding
Metehara & Nazareth cities, livestock production is the main source of income for the communities followed by mixed
crop livestock production [36].

2.2 Data

For the years from 1982 to 2020, 14,245 observations for each daily meteorological parameter such as precipitation
(P), maximum air temperature (T,,,,), minimum air temperature (T,,,), air Temperature (T), relative air humidity (RH),
wind speed at 2 m (u,), and sunshine hours/duration (SD) were obtained from Ethiopia Meteorology Institute (EMI).
The percentage of missing data was above 0.8% for RH, u,, and SD while P, T, and T,,;;, data have almost no missing
values. The missing values for the three daily meteorological parameters (RH, u,, and SD) were filled fitting simple linear
regression equation between observation data and global re-analysis data sets such as the National Aeronautics and

Space Administration (NASA) and Climate Research Unit (CRU) data sets (Table 1).
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Table 1 Brief overview of Meteorological Stations used in this study from 1982 to 2020. (

Station Name Lat ['N] Lon [E] Alt [m] Mean, minimum, and Minimum T, and Mean, minimum, and
maximum daily T [C] Maximum T, [C] maximum annual total

rainfall [mm]

Bahir Dar 11.595 37.380 1800 19.5,13.1,27.2 0.0,38.5 1330, 894, 1928

Bale Robe 7.875 39.622 2441 15.3,7.5,20.7 -57,319 765,527,991

Hawassa 7.065 38.483 1694 18.4,10.3,35.8 —-3,44.9 1005, 638, 1278

Metehara 8.858 39.919 944 25.6,12.2,34.7 19,415 520,272,770

Nazareth 8.55 39.283 1622 21.5,10.6, 28.2 -54,376 862,497,1229

Lat=latitude, Lon =longitude, T=air Temperature, ., = maximum air Temperature, T.,;,=minimum air Temperature)

2.3 Potential evapotranspiration (PET) models

The Food and Agricultural Organization (FAO) Penman-Monteith method (FAO56) for estimation of the
reference evapotranspiration (ET,) by [1] is taken as the sole standard reference method for estimating reference
evapotranspiration as well as for comparing potential evapotranspiration across the world [37]. In this study, seveteen
methods of estimation of potential evapotranspiration (PET) are compared with FAO56 method (see Eq. 2.7 in Table 2).
The seventeen PET methods are selected based on literature review. For example, Enku (Enk) and Priestley Tayler (PT)
are selected based on their particular suitability for the climate condition of Ethiopia (refer Table 2 for references).
Penman (1963) (Pen) and Thornthwaites (1948) (Tho) are chosen because of their high global acceptance. Hargreaves's
(1985) method (Har) which requires air temperature and extraterrestrial solar radiation which is computed from the
latitude of the study site has been used in many countries. Wendling (1991) (Wen) is principally selected for data
spare areas. Antensay Mekoya's method (Ant) is recent and was applied to the climate of Germany; in this study,
the suitability of this method for the climate of Ethiopia is checked. The Albrecht (Alb), Schendel (Sch), Turc (Tur),
Makkink (Mak), and Blaney-Criddle (BC) methods are selected because they are applied in many tropical regions
across the world. In a recent study by [20], the Hamon version2 temperature-based method (Ha2) is found to be the
second best method next to FAO56 in estimating pan evaporation in China [20]. As compared to solar radiation, the
effect of humidity and wind speed in estimating ET is relatively minimal [38-40]. Thus, the so-called solar radiation
method (Rad) is also compared in this study. As compared to FAO56 (FAO), all seventeen methods are easy to apply
and applied in many countries when a full set of climate data is not available.

2.4 Model validation metrics

The above seventeen PET models are compared with each other and with the reference method (FAO56) using model
validation metrics such as Nash-Sutcliffe efficiency (NSE), root mean square error (RMSE), mean percent of error (MPE)
or equivalently mean absolute percent of error (MAPE), standard deviation (s) or equivalently the standard deviation
difference from the reference method (sd), and correlation (r) [20, 51-56]. The model evaluation statistics were applied
by considering the reference method (FAO56) as measured (observed) values (x) while the rest seventeen PET models
were taken as estimated (simulated) values (y). In the linear regression equation (‘'y=ax + b’), the y-intercept (b) and
slope (a) indicate how well 'y’ relates or matches with ‘x" The y-intercept indicates the presence of a lead or lag, or
that the data sets are not perfectly aligned while the slope indicates the degree or magnitude of the relationship
between model predictions and measured data[57].

’ P2

2.5 Standard deviation (s)
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Table 2 The PET models

Models or Methods of Estimation of PET References E
(methods) used in the study; d
for names of input variables _ A p . _ [37] 2.1
seeTable 3 PETPen = (A+7(Rn G) + kw * e (aw + bw * u2)(es — ea))/A

PETWen = g = (‘% + (0.5 + 0.54 + u2) * (100 — RH) * 97“.’5) [41,42] 22

=aof A - [28] 23

PETPT = (x( = )(Rn G)/2

PETEnk = (ne” 29] 24

PETAnt = (0.372Rs + 0.1312Tmax — 0.028RHmin + 1.4866)/3.24 [41] 25

PETRad = (RT) [43] 26

04088, 1 22 Uy (e, ) [1] 2.7

PETFAQ = =i e

For RH<50% as cited in [44] 2.8

_ Tinean 50—RH
PETTur = 0013( 12 ) (R,  23.8846 + 50) (1 + %)
For RH>50%
Tmean
PETTur = 0.013( 1= ) (R, + 238846 + 50)
PETMak = 0.61-2%0.12 as cited in [45] 29
Y+A A

PETBC = p(0.46T,y,, + 8.128) as cited in [44] 2.10
PETAIb = (0.1005 + 0.297 = u, ) (e; — e,) as cited in [46] 2.1

C(—415.85 +32.24T,; — 0.43T2) T,r > 26°C as cited in [47] 2,12

< ;
PETTho = 16C(1°li) 10°C < T, < 26°C
0;T,; < 0°C

Where, 1=6.75 107 ’~7.71 107 1°+1.7912 10721+ 0.49239

PETHar = 0.0023(Typ = Toin ) (Tomean — 17:8)R, (48] 213

PETSch = 162 [46] 2.14

2 (T 4 2.1

PETHa2 = (%) e(®) [49] >

2
ETHa3 = <%) e(%) [49] 216
(49] 217

2 T
PETHa4 = [0.5 + (%) ()

T

PETHa5 = [0.5 + (522 el %)

[49] 2.18

where; s: sample standard deviation, o: population standard deviation, u: the population mean, xi: each value from the
population, N=14,245 days from 1/1/1982 to 31/12/2020: the size of the population. In this study, the standard devia-
tion difference (sd) was calculated by subtracting the standard deviation of the reference method from the standard
deviation of the PET models.

2.6 Nash-Sutcliffe model efficiency coefficient (NSE)

2
NS = 1 - Sz K2 Y

_— (2.20)
2P=1 (Xt - Xm)2

where Y, is PET by each of the seventeen PET models or methods at time t, X;: is PET by FAO56 method (FAO) at time t,
and X, is the mean of PET by FAO56 method; t ranges from t=1 to t=14,245.
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2.7 Root mean square error (RMSE)

RMSE = ,/(%) > (Ep-Et)’ (2.21)

whereas Ep; is estimated PET values by the 17 PET Models, Et; tested data from cross-validation (PET by FAO56 method)
and n is the total number of simulated values. It was used as the standard statistical metric providing a relatively high
weight to large errors.

2.8 Centered root mean square error (CRMSE)

CRMSE = \/ (%) 3 [(Epi—EPmean) — (Bti—Etpeyn )| (2.22)

CRMSE is centered as the mean values of the data (observations and predictions) are subtracted first.

2.9 Mean percentage of error (MPE)

n

1 (Yi—Xi)
MPE _EZ(TXWO% (2.23)

i=1

where MPE =0 is the optimal value and the positive and negative values of MPE indicate an over- and under-estimate of
the PET estimates by the seventeen PET Models as compared to FAO56, respectively [58].

2.10 Mean absolute percentage of error (MAPE)

1w (1Y =Xl
MAPE = — LT %100 %
nz< ~ o> (2.24)

i=1 i

The mean absolute percentage error (MAPE) also called mean absolute percentage deviation (MAPD) is the most
common measure used to know model (forecast) error; it works best if there are no zeros and no extremes to the data,

2.11 Correlation coefficient (r)

The correlation coefficient is an index of the degree of parallel relationship between observed and simulated data and
Pearson’s product-moment correlation coefficient (r) is calculated as shown below:

2 (1 F)(1-7)

Yz G-y e ()

where X; is the ith observation for the constituent being evaluated, Y; is the ith simulated value for the constituent
being evaluated, n is the total number of observations, and the overbar denotes the mean for the entire period of the
evaluation with r ranging from— 1 to 1. If r=0, no linear relationship exists. If r=1 or— 1, a perfect positive or negative
linear relationship exists, respectively.

r =

(2.25)

2.12 Methodology (research design)

This study compared and evaluated the performance of seventeen selected PET models in estimating reference
evapotranspiration (ET,) over five sites in Ethiopia (see Appendix 1). First, daily PET values were calculated for each of
the five sites using the seventeen PET models. The Penman-Monteith (FAO56) method for estimating crop reference
evapotranspiration (ET,) simply denoted here as‘FAO’ was the reference method. Second, areal average ET, and PET (for
the seventeen models) computed using the five sites were used as a proxy value for Ethiopia. For precise comparison
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of the performance of the seventeen PET models with each other, five ranks were computed for each of five validation
metrics (statistical measures) namely standard deviation difference (sd), RMSE, MPE, NSE, and correlation (r). Then, the
rank of the average rank of the five ranks was taken as a final rank. Third, out of a total of seventeen PET models, ten more
reliable models having 1st to 10th rank, r > 0.58, and MAPE < 27.3% were screened for the next analysis. Note that the
absolute values of sd & MPE (not shown in (Tables 4, 5, 6, 7, 8, 9) were used to rank the seventeen and ten PET models over
Ethiopia and in the five sites, respectively. While ranking, equal weight was given to each of the five validation metrics.
Box plots and Taylor diagrams were also used for visual comparison. Fourth, for each of the five sites, the screened ten
PET models were also compared with each other using FAO56 as the reference method. Validation metrics were also
applied to compare the ten PET models with each other in a similar way as described for the seventeen PET models.

3 Results and discussions
3.1 Results
3.1.1 Areal average ranks of PET models

For each of the five sites, the correlation test showed that the seventeen PET models were significant at a 95% confidence
level indicating that all are appropriate methods for estimation of reference evapotranspiration or potential evapo-
transpiration; df =n—2= 14,243, p-value < 0.05. Six PET models namely Alb, BC, Ha2, Ha3, Har, and Sch highly under or
over-estimated PET (MAPE > 47%); they had also lower correlation (see Table 4 and Fig. 2). On the other hand, one PET
model namely Tur had negative correlation although it had not highly over- or under- estimated PET (MAPE =12.24%).
The average of the five sites ET, can be used as a proxy value for Ethiopia particularly in data-scarce areas. On the basis
of the areal average of the five sites, Wen, Ant, Pen, Mak, PT, Ha5, Ha4, Tho, Rad, and Enk ranked 1st to 10th (see Table 4
and Fig. 2).

3.1.2 Rank of PET models over selected five sites in Ethiopia

For each of the five sites the ten PET models (Wen, Ant, Pen, PT, Mak, Ha5, Ha4, Tho, Rad, and Enk) which were ranked
1st to 10th, respectfully were selected for next steps (see Table 4 and Fig. 2). For a site, the rank of the average rank of
the five statistical measures was used as a measure to compare the ten PET models. For example, at Bahir Dar site, as
seen in Table 5, PT, Pen, Wen, Ant, and Ha5 were ranked 1st to 5th (see also Figs. 3, 4). At Bale Robe and Hawassa sites,
PT and Tho got the first rank while Wen was ranked first at two sites, at Metehara and Nazareth sites (see (Tables 6, 7, 8,
9, Figs.5,6,7,8,9,10,11,12).

3.2 Discussions
3.2.1 Areal average ranks of PET models

The NSE values were relatively ranged from — 255.40 to 0.36. The largest drawback of NSE was that calculation of squared
values was required to show the relationships among the measured and the imitation values which may result in over-
and under-estimation of larger values while the lower values were neglected [59, 60]. As suggested by [28] the Priestley-
Tayler calibrated method as the most suitable method for ET estimation in Ethiopia. In his study, Seleshi used monthly
data from 167 stations found in different climatic zones of Ethiopia for the period from 2011 to 2015 to compare PT with
BC and Enk methods using FAO as the reference method. The result of this study is in agreement with Seleshi; however, it
has the advantage of using long-year daily data and consideration of many methods. In another study conducted using
the last 20 years’ daily climate data of 27 sites in the Nile Basin of Ethiopia to compare four methods, the estimated PET
ranged from 3.5 to 5.5 mm/day [61]. Their result does not contradict the current study result (1.73-5.74 mm/day). Using
four statistical measures and daily climate data from 1985 to 2014 for Malaysia, a tropical country like Ethiopia, [62]
compared 31 methods. In their study, they found PT to be the most reliable method. In another similar study conducted
for the evaluation of eight ET estimation methods using 30 years of daily data in Iran, PT was also the most reliable
method [63]. The result of the above studies is in agreement with the result of this current study.
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3.2.2 Rank of PET models over selected five sites in Ethiopia

For the Bahir Dar site [61], suggested that ET, ranged from 2.06 to 4.54 mm/day and had a standard deviation of 0.77
while in this study it was 1.64-7.71 mm/day and 0.54, respectively. The calibrated Priestley-Taylor model was found to
be the most reliable ([13, 28]). In a similar study that uses average ranks of statistical measures (validation metrics) to
compare PET models with FAO, Mak obtained the 7th rank [51]. However, in another study conducted ten years ago, the
Mak method was the most suitable method followed by Tur and PT [47]. [30] compared eight PET models and Piche pan
evaporation with 11 years of Class A pan measurements and found that Enk is the most reliable method next to FAO.
However, in this study, Enk was the 10th most reliable method. For Bale Robe ET, ranged from 1.48 to 4.47 mm/day with
a mean of 2.81 mm/day. In another study, the range and mean values of PET for Bale Robe and its surrounding areas
were overestimated (3.1 to 3.9 & 3.4 mm/day, respectively) based on information extracted from five meteorological
stations’ data from 1987 to 2017 [64].

For the Hawassa site and its surrounding Rift Valley areas of Ethiopia such as Ziway, the PET estimates are expected to
be similar. [38] used remotely sensed data to estimate Lake Ziway evaporation due to the limited availability of observed
meteorological data. Using NOAA's spectral data from 1994 to 1995, PET was estimated to range from 4.6 to 6.1 mm/day
with a mean and standard deviation of 5.6 mm/day and 0.5, respectively [65]. [65] also overestimated ET, as compared

Table 3 List of input variables

used for the calculation of PET Input variable name (Value; Reference) Symbols Units

models Latent heat of vaporization (2.45 [49]) A MJ kg™
Potential Evapotranspiration PET mmd™’
Wind function coefficient (6.43; [49]) Ky -
Wind function coefficient (1.0; [49]) a,, -
Wind function coefficient (0.537; [49]) b, -
Maximum temperature Trax °C
Minimum temperature Toin °C
Air temperature; T= (T, + Trmin)/2 T °C
Mean air temperature; for n observation values: Ta:z:,'.’:1 T; T, °C
Wind speed at 2-m height u, m/sec
Relative air humidity RH %
Net radiation R, MJm=2d""
Slope vapor curve A kP, /°C
Mean daily percentage of annual daytime P hr
Saturation vapor pressure e kP,
Actual vapor pressure e, kP,
Daily extra-terrestrial solar radiation R, MJ m~2 day™
Psychrometric constant r kPa °/C
Solar or shortwave radiation R, MJm=2d™
Coefficient; wet and dry phase (48 * T,,,,—330; [28]) K -
Coefficient; dry phase (73 *T,,,—1015; [28]) K -
Coefficient; rain phase (38 * T,,,—63; [28]) K -
Day length (the daylight hour) N hr
Daily soil heat flux density G MJ m=2d™!
Daily sum of global radiation G Jem™
Surface albedo (1.26; [9]) a -
Local constant (2.5; [29]) n -
Daily minimum relative air humidity RHin %
Sunshine duration (Sunshine hours) SD hr
Mean sunshine duration hour SDinean -
Function depends on air temperature G -
Thermal index (a function of monthly temperature; [50]) | -
Euler's number (2.71828 18,284) e -
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Table 4 Statistical summary and rank of ten PET models as compared to FAO over Ethiopia

Max Mean Min s Sd R1 NSE R2 RMSE R3 MPE R4 r R5  AverageRank Rank
FAO 589 324 1.64 0.5 0 1 0 0 1
Alb 255 046 0.03 021 -029 10 -2554 17 2.8 16 -87 17 0.74 5 13 15
Ant 465 344 1.51 051 0.01 1 -0.06 6 0.5 2 7.8 3 0.74 5 34 2
BC 8.5 5.72 0.02 164 1.14 16 - 2.68 12 29 17 75.8 16 0.5 13 14.8 17
Enk 8.13 4.1 1.09 098 048 14 -05 9 1.18 10 27.3 10 0.62 9 104 10
Ha2 343 174 0 0.75 0.25 9 -4.18 15 1.68 12 -47.1 12 0.33 16 12.8 14
Ha3 466 1.76 0 0.8 0.3 1 -34 13 1.62 1 -473 13 0.53 12 12 1
Ha4 787 357 129 092 042 13 0.08 4 0.88 8 8.7 5 0.63 8 7.6 7
Ha5 715 33 1.28 0.81 0.31 12 0.18 2 0.7 6 0.8 1 0.64 7 5.6 6
Har 723 484 1.64 0.59 0.09 4 —7.98 16 1.74 13 53 14 0.42 14 12.2 12
Mak 5.07 357 1.29 062 0.12 6 0.16 3 0.58 5 114 4 0.78 3 4.2 4
Pen 645 3.75 1.8 0.54 0.04 2 0.06 5 0.54 3 16.1 8 0.98 1 3.8 3
PT 499 3.3 1.67 046 -0.04 2 -0.7 10 0.56 4 -14 7 0.77 4 54 5
Rad 7.07 394 218 065 0.15 7 -1.22 1 1.02 9 258 1 0.58 1 9.8 9
Sch 17.88 5.46 294 134 084 15 -38 14 26 15 66.8 15 0.42 14 14.6 16
Tho 572 371 1.04 0.7 0.2 8 -04 8 0.8 7 15 9 0.59 10 8.4 8
Tur 5.16 276 0.03 174 124 17 -0.28 7 1.98 14 -10.3 6 -0.08 17 12.2 12
Wen 506 35 134 059 0.09 4 0.36 1 0.48 1 9 2 0.8 2 2 1
Table 5 Statistical summary and rank of ten PET models as compared to FAO56 (FAO) at Bahir Dar

Max Mean Min S sd R1 NSE R2 RMSE  R3 MPE R4 r R5 Average Rank  Rank
FAO 771 297 164 054 O 1 0 0 1
Ant 477 342 153 057 0.03 2 -04 8 0.66 4 16.9 4 0.62 7 5 4
Enk 9.3 4.06 131 092 038 9 -1 1 1.32 1 38.2 10 0.6 8 9.8 10
Ha4 718 337 131 097 043 10 0.18 4 0.88 9 13.8 3 059 10 7.2 8
Ha5 6.53 3.14 131 085 0.31 8 0.32 3 0.7 6 6.1 2 0.6 8 54 5
Mak 5.15 354 135 067 0.3 6 -03 7 0.76 8 20.3 7 0.7 6 6.8 7
Pen 8.78 35 1.71 059 0.05 3 0.14 5 0.55 3 183 6 0.97 2 3.8 2
PT 5.7 2.79 1.29 049 -0.1 4 0.56 2 0.33 2 -57 1 0.87 3 24 1
Rad 5.2 3.58 165 054 0 1 -0.8 9 0.72 7 22 8 0.76 4 5.8 6
Tho 6.63 3.83 098 084 03 7 -0.8 9 1.13 10 30.8 9 0.5 1 9.2 9
Wen 536 344 137 065 0.11 5 0 6 0.66 4 16.9 4 0.72 5 4.8 3
Table 6 Statistical Summary and Rank of ten PET models as compared to FAO56 (FAO) at Bale Robe

Max Mean Min S sd R1 NSE R2 RMSE R3  MPE R4 r R5  Average Rank  Rank
FAO 447 281 148 044 O 1 0 0 1
Ant 443 3.5 134 058 0.13 5 0.32 4 0.48 5 12 4 0.81 5 4.6 4
Enk 6.3 3.37 1 0.68 0.23 8 -047 8 0.82 10 20.9 9 0.48 7 8.4 10
Ha4 495 257 1.03 0.7 0.26 9 -0.23 7 0.78 8 -7 2 023 10 7.2 6
Ha5 449 24 1.03 061 0.17 6 - 0.64 9 0.78 8 -134 5 0.24 9 74 7
Mak 4.83 3.24 1.2 0.71  0.27 10 0.31 5 0.59 6 14.6 6 0.86 3 6 5
Pen 502 3.27 163 05 0.06 3 0.12 6 0.47 4 16.5 7 0.99 1 4.2 3
PT 4.5 2.73 148 043 -0.01 1 0.66 2 0.25 2 -2.7 1 0.85 4 2 1
Rad 5.15 3.61 216 049 0.05 2 -209 M1 0.86 1 29.2 10 0.76 6 8 9
Tho 522 331 115 051  0.07 4 -098 10 0.72 7 19.3 8 0.41 8 74 7
Wen 459 3.08 1.2 0.65 0.21 7 0.55 3 0.44 3 8.8 3 0.87 2 3.6 2
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Table 7 Statistical Summary and Rank of Ten PET Models as compared to FAO56 (FAO) at Hawassa

Max Mean Min S sd R1 NSE R2 RMSE R3 MPE R4 r R5  Average Rank Rank
FAO 484 282 157 04 0 0 0 0 1
Ant 463 322 131 0.6 0.2 4 0.6 6 0.55 4 13.8 4 078 3 42 3
Enk 797 375 093 127 086 10 -0.24 9 1.41 10 316 9 062 2 8 9
Ha4 852 293 1.1 093 0.53 8 047 4 068 8 22 2 078 3 5 4
Ha5 836 287 1.1 0.9 0.5 7 049 3 064 6 03 1 0.78 3 4 2
Mak 4.9 333 122 07 0.3 6 0.2 7 066 7 17.1 6 0.84 7 66 7
Pen 554 333 169 048 0.08 3 -017 8 052 3 17.9 7 097 10 62 6
PT 504 36 2.2 045 0.05 2 -232 10 0.82 9 283 8 081 6 7 8
Rad 1398 4.96 3 125 084 9 -283 1N 244 1 774 10 031 1 84 10
Tho 405 272 159 039 -0.02 1 0.7 2 021 2 -33 3 089 9 34 1
Wen 479 325 127 067 0.26 5 026 5 057 5 144 5 085 8 56 5
Table 8 Statistical Summary and Rank of Ten PET Models as compared to FAO56 (FAO) at Metehara

Max Mean Min S sd R1 NSE R2 RMSE R3 MPE R4 r R5  AverageRank Rank
FAO 6.3 3.93 187 057 0 0 0 0 1
Ant 478 3.87 195 034 -0.23 6 —0.79 8 045 4 -03 1 063 10 58 5
Enk 864 5.17 096 1.05 048 9 -093 9 146 11 317 10 07 8 94 10
Ha4 11.16 5.1 1.6 1.08 0.5 10 -0.68 7 1.39 10 297 9 074 5 82 8
Ha5 9.72 455 1.6 092 035 8 0.1 4 087 8 15.7 6 076 4 6 6
Mak 529 3.98 14 045 -0.12 4 0.09 5 043 3 22 2 068 9 46 4
Pen 6.52 449 212 056 -0.01 1 —-0.01 6 056 6 14.6 5 099 2 4 2
PT 5.1 3.21 155 048 -0.09 2 -167 11 0.79 7 181 7 083 3 6 6
Rad 596 3.74 207 048 -0.09 2 01N 3 045 4 -42 4 07 7 4 2
Tho 6.5 5.03 0.66 0.88 031 7 -131 10 1.33 9 29 8 052 11 9 9
Wen 542 4.02 148 045 -0.12 4 0.21 2 0.4 2 3.2 3 0.73 6 34 1
Table 9 Statistical summary and rank of ten PET models as compared to FAO56 (FAO) at Nazareth

Max Mean Min S sd R1 NSE R2 RMSE  R3 MPE R4 r R5 Average Rank  Rank
FAO 6.15 3.68 164 055 O 0 0 0 1
Ant 465 354 144 045 -0.11 6 0.44 6 0.33 3 -33 4 0.84 3 44 3
Enk 843 421 1.26 096 041 10 0.16 9 0.88 11 14.2 10 0.68 8 9.6 10
Ha4 7.52 3.89 1.4 092 037 9 0.57 4 0.61 8 5 7 0.82 5 6.6 6
Ha5 6.66 3.53 138 0.78 0.23 7 0.63 3 0.47 5 -4.7 5 0.82 5 5 4
Mak 519 3.77 1.26 055 O 1 0.57 4 0.36 4 29 3 0.8 7 3.8 2
Pen 641 4.7 1.86 056 0.01 2 0.25 8 0.49 6 13.4 9 0.99 2 54 5
PT 461 332 1.83 046 -0.09 5 -084 1 0.63 9 -8.7 8 0.5 10 8.6 9
Rad 5.04 38 202 049 -0.07 4 -0.51 10 0.6 7 47 5 037 N 74 8
Tho 6.19 3.66 082 09 0.35 8 0.39 7 0.7 10 -0.7 1 0.63 9 7 7
Wen 5.15 373 137 054 -0.01 2 066 2 032 2 1.6 2 084 3 2.2 1
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with the result of this study (range =1.57-4.84 mm/day, mean=2.82 mm/day, s=0.4). In another similar study conducted
in Malaysia to compare PET models using climate data from 1972 to 2001, Tho estimated ET, with the least error [47].
For the Metehara site and its surrounding areas, according to a study conducted in a similar climatic area with Metehara
which is located in the Rift Valley of Ethiopia using climate data from 1977 to 2018, Tho was found to be the best method
[66]. Nazareth (Adama) is also located in the Rift Valley of Ethiopia. For Nazareth and its surrounding areas, Wed & Mak
were found to be the most reliable PET models. The result of this study (see (Tables 5, 6, 7, 8, 9) agrees with the findings
of a study conducted using monthly average daily data from 1950 to 2014 [9]. In another study conducted in Tharandt,
Germany using ten minutes and daily climate data from 2004 to 2014, Wen was found to be the most reliable method
[67]. Mak method is preferred for a region where its geographic feature is multifaceted such as southern China where all
the calculated values were based on daily (1962-2013) meteorological data [17].
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3.2.3 Justification of the results

The best performed models for estimtation of ET, at the five sites in Ethiopia were Wen or PET\,,, (Eq. 2.2), Ant or PET,
(Eg. 2.5), and Pen or PET,,, (Eg. 2.1). Wen and Ant are radiation-based methods while Pen is combination method.
According to [26], combination and radiation-based models give more reliable PET estimates compared to the mass
transfer- and temperature-based methods. From the three best performed models, Wen and Ant are better than Pen
(or they are preferred to Pen) due to their low data requirements. The two radiation-based models (Wen and Ant) are
a function of relative air humidity (RH). RH may have significant impact in PET or ET, estimation in Ethiopia. It may also
be a dominant meteorological parameter affecting ETo changes in the country. Thus, the justification of the result may
require further study.
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4 Summary, conclusions and recommendations
4.1 Summary

For five sites in Ethiopia namely Bahir Dar, Bale Robe, Hawassa, Metehara, and Nazareth daily potential evapotranspiration
(PET) values were calculated for selected seventeen PET models using 39 years (1982-2020) of daily meteorological data
such as maximum and minimum air temperature, maximum and minimum relative air humidity, wind speed at two meters
above the ground, and sunshine duration hours. The Penman-Monteith (FAO56) method was used as the reference
method to calculate daily reference evapotranspiration (ET,) values. Then, in each site, the seventeen PET models’ daily
values were compared with ET, values. Out of the seventeen PET models, ten PET models with correlation = 0.58 and
mean absolute percent error (MAPE) < 27.3% were selected (screened) as reliable methods for the estimation of ET, or PET
in Ethiopia, particularly at the five sites. Wen, Ant, Pen, PT, Mak, Ha5, Ha4, Tho, Rad, and Enk, ranked first to tenth, were
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taken as reliable PET models for estimating ET, or PET over Ethiopia. To compare and rank the seventeen and ten PET
models over Ethiopia and at the five sites, the rank of the average rank of five model validation metrics namely standard
deviation (s) or equivalently standard deviation difference from the reference method, root mean square error (RMSE),
mean absolute percent error (MAPE), Nash-Sutcliffe Efficiency (NSE), and correlation (r) were used.

The result showed that at Bahir Dar and Bale Robe sites and nearby areas Priestly-Taylor method (PT) was the best
method while the Wendling method (Wen) was the best method for Metehara and Nazareth and in their vicinity. The
method by Thornthwaites (Tho) was found to be the most reliable method for Hawassa and nearby areas. For each of
the ten reliable PET models, by taking the average ranks of the five sites, Wen, Pen, Ant, PT, Mak, and Ha5 were found to
be the most reliable methods in the five sites; ranked 1st to 6th, respectively.

International relevance (appeal statement) All the methods used in the study are standard methods of estimation
of PET. The comparison is also performed using standard model validation metrics. Thus, the models used in this study
are useful to compare and identify the most reliable methods of estimation of PET in a particular place across the world.
The models can be used by practitioners following Table 2. For example, to estimate ET, using the Wending (1991) and
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Mekoya (2020b) methods which require less data inputs, Eq. 2.2 and Eq. 2.5 can be used, respectively (see Table 2 and
Table 3). The models can also be used for spatial mapping.

4.2 Conclusions

Generally, evapotranspiration (ET) has a crucial role in the land surface energy and hydrologic balances as well as in
agricultural activities such as irrigation management in water stress areas. Because direct measurements are difficult,
they are often replaced by indirect methods. Also, the lack of sufficient meteorological data is a constraint for estimating
ET, from widely used well-known models such as the Food and Agricultural Organization method by Penman-Monteith
(FAO56). Agricultural planning in arid and semi-arid areas cannot be achieved without an understanding of the
meteorological parameters; particularly precipitation and evapotranspiration. While precipitation is measured,
evapotranspiration can only be predicted from other climatic parameters. The approach is presumably simple but
provides reliable estimates in the data-scarce conditions of Ethiopia. The methodology applied in this study can be
extended and applied to any location in the world to understand the regional hydrological phenomena; for instance, to
know the water resources capacity and the irrigation needs of East Africa.
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The novelty of the study is that an old method by [42] (Wen) and a new method by [41] (Ant) which are applied for the
first time in Ethiopia performed the best in estimating potential evapotranspiration (PET) over the study area without any
calibration. Although these two methods had shown good performance in a few studies that they are applied, e.g., [26,
671, and [68], they have not often been used worldwide. For instance, PET by [41] was not even considered in the recent
study which compared 127 PET models in two sites in Greece [26] that inturn makes this study unique.

4.3 Recommendations

In Ethiopia, particularly in Amhara and Oromia regional states where the five sites are located, if climate data is a constraint
to compute ET, using the reference method (FAO56), ensembles of three or more of the best performed six PET models
(Wen, Pen, Ant, PT, Mak, and Ha5) are recommended in Ethiopia because they can estimate ET, with reasonably good
accuracy. However, to produce a more reliable result, a detailed investigation using long year (above 30 years) climate
data from as many meteorological stations as possible (> 100 stations or > 300 grid points) that can represent the whole
Ethiopia is recommended.
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Appendix 1

A scientific flowchart summarizing the comparison of seventeen PET models with ETo
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