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Abstract The objective of this study was to quantify differ-
ences associated with using 24-h time step reference evapo-
transpiration (ETo), as compared with the sum of hourly ETo
computations with the standardized ASCE Penman-Monteith
(ASCE-PM) model for semi-arid dry conditions at Fanaye and
Ndiaye (Senegal) and semiarid humid conditions at Sapu (The
Gambia) and Kankan (Guinea). The results showed that there
was good agreement between the sum of hourly ETo and daily
time step ETo at all four locations. The daily time step
overestimated the daily ETo relative to the sum of hourly
ETo by 1.3 to 8% for the whole study periods. However, there
is location and monthly dependence of the magnitude of ETo
values and the ratio of the ETo values estimated by both
methods. Sum of hourly ETo tends to give higher ETo during
winter time at Fanaye and Sapu, while the daily ETo was
higher from March to November at the same weather stations.
At Ndiaye and Kankan, daily time step estimates of ETo were
high during the year. The simple linear regression slopes be-
tween the sum of 24-h ETo and the daily time step ETo at all
weather stations varied from 1.02 to 1.08 with high coefficient
of determination (R* > 0.87). Application of the hourly ETo
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estimation method might help on accurate ETo estimation to
meet irrigation requirement under precision agriculture.

1 Introduction

Accurate estimation of crop evapotranspiration (ETc) in
rainfed and irrigated agriculture is becoming increasingly im-
portant for better planning and efficient use of water resources,
especially in arid or semi-arid environments under changing
climate conditions. The most common procedure for comput-
ing crop evapotranspiration is to adjust reference evapotrans-
piration (ETo) using a crop coefficient (Kc, where ETc = ETo-
Kc). The Kc represents the integrated effects of changes in leaf
area, plant height, crop characteristics, irrigation method, rate
of crop development, crop planting or sowing date, degree of
canopy cover, canopy resistance, soil and climate conditions,
and management practices (Irmak et al. 2013; Djaman and
Irmak 2013). Different methods for estimation of reference
evapotranspiration exist and range from direct measurement
from a reference crop such as a perennial grass (Doorenbos
and Pruitt 1977; Watson and Burnett 1995) to computation
from weather data using: (a) temperature models
(Thornthwaite 1948; Doorenbos and Pruitt 1977), (b) radia-
tion models (Doorenbos and Pruitt 1977; Hargreaves and
Samani 1985), and (c¢) combination-based energy balance
models (Allen et al. 1998; ASCE-EWRI 2005). Numerous
worldwide studies have shown that the FAO 56 Penman-
Monteith (PMF-56) model is the most accurate one under
different climatic conditions across the world (Allen et al.
1998; Irmak et al. 2003; Hargreaves and Allen 2003; Garcia
et al. 2004; ASCE-EWRI 2005; Lopez-Urrea et al. 2006;
Bodner et al. 2007; Irmak et al. 2008; Jabloun and Sahli
2008; Xing et al. 2008; Trajkovic and Kolakovic 2009;
Martinez and Thepadia 2010; Tabari et al. 2011; Xystrakis
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and Matzarakis 2011; Azhar and Perera 2011). Mendonca
et al. (2003) reported that the PMF-56 method provided the
best ETo estimates when compared to lysimeter data. Utset
etal. (2004) and Villa Nova et al. (2006) also reported that the
PMF-56 method is the most accurate to calculate the ETo
compared to other models. However, data requirement for
the PMF-56 method is a problem in developing countries,
and the procedure developed by Allen et al. (1998) to estimate
missing data has showed accuracy of the ETo estimation un-
der different climatic conditions. The Penman-Monteith
evapotranspiration model (PM-ETo) applied when only max-
imum and minimum air temperature in general provided sat-
isfactory ETo estimates as compared to the Penman-Monteith
model using full data in various locations in Tunisia under
semiarid conditions (Jabloun and Sahli 2008). Sentelhas
etal. (2010) reported that the PM-ETo method was still a very
good option for estimating ETo for Southern Ontario under
missing relative humidity (RH) and wind speed, with root
mean squared errors (RMSE) smaller than 0.53 mm/day.
Ngongondo et al. (2013) demonstrated good performance of
the PM-ETo under limited data conditions in the Southern
Malawi. In contrast, when deriving solar radiation from max-
imum and minimum air temperature, the PM-ETo method
consistently overestimated daily ETo as compared to the
PM-ETo with full data in Mississippi (Fisher and Pringle
2013).

Moreover, to overcome data non-availability for the use of
the PM-ETo method, different simple ETo equations were
evaluated across the world for their accuracy. Singh and Xu
(1997) reported good performance of evaporation equation
after their calibration to the local climatic conditions in
north-western Ontario, Canada. Xu and Singh (2000) and
Xu and Singh (2001) evaluated some radiation-based evapo-
ration equations (Abtew, Hargreaves, Makkink, Priestley, and
Taylor and Turc) at Changins station in Switzerland and had
reported that recalibration of the equations improved their
performance and concluded that the simple Abtew equation
could be used when other meteorological data except radiation
are missing. Xu and Singh (2001) demonstrated necessity of
recalibration of seven temperature-based equations for evap-
oration estimation in north-western Ontario, Canada indicat-
ing that with proper recalibration, the modified Blaney-
Criddle, the Hargreaves, and Thornthwaite methods can be
recommended for estimating evaporation in the study region.
Martinez and Thepadia (2010) recommended the Turc equa-
tion to be used in Florida for estimating ETo when locally
calibrated equation is not available. Tabari et al. (2011) report-
ed that the two radiation-based equations developed by the
authors, the temperature-based Blaney-Criddle (Blaney and
Criddle 1962), and the Hargreaves-M4 equations
(Hargreaves and Samani 1985) and the Snyder pan
evaporation-based equation (Snyder 1992) were the best
performing methods from 31 ETo equations under their
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investigation. The Hansen and Turc equations were reported
as the most useful with the least average monthly errors in
Greece (Xystrakis and Matzarakis 2011). Trajkovic and
Kolakovic (2009) indicated that the Turc’s equation was the
best in the Western Balkans in Europe. Lopez-Urrea et al.
(2006) reported that the Hargreaves and Samani (1985) meth-
od was the most accurate among five equations for estimating
ETo under a semi-arid climate in Spain. Valiantzas (2013a, b,
¢, d) had developed simplified forms of the PM-ETo equation
that estimate daily ETo with accuracy under limited data in
Turkey (Kisi 2014), the Senegal River Valley (Djaman et al.
2015), in China (Gao et al. 2015), Iran (Valipour 2015),
Australia (Ahooghalandari et al. 2016), and Burkina Faso
(Djaman et al. 2016). The applicability of different ETo
methods under different climate conditions depends on their
complexity and the required climatic variables data and their
availability (Droogers and Allen 2002; Xu and Singh
2000;Yoder et al. 2005; Xing et al. 2008; Tabari et al. 2011;
Liou and Kar 2014; Valipour 2014, 2015; Tabari et al. 2013;
Trajkovic and Kolakovic 2009; Sentelhas et al. 2010; Perera
et al. 2015; Djaman et al. 2015; Gao et al. 2015; Arellano and
Irmak 2015; Djaman et al. 2016; Almorox and Grieser 2016;
Koedyk and Kingston 2016; Ahooghalandari et al. 2016).

The standardized Penman-Monteith equation has been
adopted and recommended for daily ETo estimation (ASCE-
EWRI 2005) among the various methods, and new forms of
the equation were developed for ETo estimation at hourly or
shorter time steps with different parameters for daily, hourly,
or shorter time steps. The standardized ASCE Penman-
Monteith (ASCE-PM) equation, based on a surface resistance
of 50 s m ' during daytime and 200 s m ™' during nighttime,
provided the best agreement with the full form of the ASCE-
PM method applied on a daily basis. Numerous comparative
studies of the sum of 24-h ETo and daily time step ETo were
reported for several parts of the world including the USA
(Itenfisu et al. 2003; Irmak et al. 2005, 2011; Jia et al. 2008),
Turkey (Yildirim et al. 2004), Australia (Perera et al. 2015),
Spain (Gavilan et al. 2008), and Iran (Bakhtiari et al. 2009).
Gavilan et al. (2008) showed very small average difference of
2% between the two ETo estimation steps in Andalusia,
Southern Spain. Good and consistent agreement between the
sum of hourly PM-ETo using 15-min climate data and the
daily average ETo in humid climate across the state of
Georgia in the USA was reported by Suleiman and
Hoogenboom (2009).

While the aforementioned studies provide valuable infor-
mation on the accuracy of using the ASCE-PM under hourly
and daily time steps at several parts of the world, extremely
limited data and information is available on the agreement of
the evapotranspiration time steps in western part of Africa,
particularly in the Senegal River and Gambia River basins
where irrigated and rainfed rice productions are predominant
beside rainfed sorghum, millet, maize, groundnut, and water
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melon. The variations between the hourly and daily time step
ETo computations within these basins, especially in semi-arid
regions of the Senegal River Basin, are not known. The ob-
jective of this study was to quantify differences associated
with using 24-h time step ETo, as compared with the sum of
hourly ETo computations with the ASCE-PM for semi-arid
hot and semiarid humid conditions in the western Africa.

2 Materials and methods
2.1 Weather stations and data collected

Data under this study were collected from four automated
weather stations within three countries: Ndiaye and Fanaye
in Senegal, Sapu in The Gambia, and Kankan in Guinea
(Fig. 1 and Table 1). The Ndiaye station is located in the
Senegal River Delta, 35 km inland, while Fanaye is located
in the Senegal River valley, 150 km inland. Both areas for
these stations are characterized by a typical Sahelian climate
with a short rainy season from July to early October. The
Kankan station is located in the East part of Guinea, about
600 km inland and has a tropical wet and dry savanna climate
with a pronounced dry season in the low-sun months, and wet
season in the high-sun months. The Sapu weather station is
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located in the Central River District in The Gambia. The
Gambia lies in the Sahelian climatic zone characterized by a
short rainy season from June/July to October and a long dry
and hot period between November and May. The average
daily temperature is 30 °C in the dry season and 27 °C in
the wet season.

Daily weather data, including wind speed, maximum and
minimum air temperature, maximum and minimum relative
humidity, and incoming solar radiation were measured over a
well-watered grass surface using automated weather stations.
The automatic agro-weather station CimAGRO® is installed
in Africa Rice Center experimental fields at Ndiaye and
Fanaye. It is an autonomous station powered by solar genera-
tor (Tamper-resistant built-in miniature solar panel) and is
compliant with WMO recommendations for measurement
quality. The incorporated sensors are the following: automatic
rain gauge, air temperature and humidity under cover sensor,
thermopile pyranometer, and wind sensors. All variables were
sampled every 60 s and recorded on an hourly basis. The Sapu
and Kankan stations are equipped with the WS-GP1
Automatic Weather Station that has carefully matched high
grade sensors as rain gauge RG2, light sensor D-PYRPA-
CA, RH, and air temperature sensor RHT3nl-CA able to mea-
sure rain, solar radiation, wind speed, wind direction, RH, and
air temperature recorded with the GP1 Data Logger.
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Fig. 1 Map of Western Africa showing the weather stations at Ndiaye, Fanaye, Sapu, and Kankan (white big dotes). (From Google Earth, accessed on

May 14, 2016)

@ Springer



K. Djaman et al.

Table 1 Geographical

localization of the weather Name Period covered Latitude degree Longitude degree Altitude Country
stations station North East (m)
Fanaye 2/6/2013-12/31/2015  16.53 - 14.8 17 Senegal
Ndiaye 2/6/2013-12/31/2015  16.22 —16.29 9 Senegal
Sapu 3/7/2013-10/31/2015  13.56 —14.87 41 The
Gambia
Kankan 7/1/2014-12/15/2015  10.53 —9.32 432 Guinea

2.2 Reference evapotranspiration model:
Penman-Monteith (ASCE-EWRI 2005)

The ASCE-PM with Cn and Cd for daily time steps is exactly
the same as the FAO-56-PM equation. However, for hourly
time steps, the ASCE-PM uses a smaller value for surface
resistance (rs) of vegetation per unit leaf area (s m ') during
daytime (50 s m ') and a larger value for rs during night time
(200 s mﬁl). FAO 56-PM presumes constant rs of 70 s m!
during all periods (Allen et al. 1998). However, later, in 2005,
FAO has recommended applying the FAO-56-PM for hourly
or shorter periods using the same rs coefficients as for the
ASCE-PM (Allen et al. 2000).

The hourly ETo values calculation approach, following the
description in the ASCE-EWRI report, was developed by
Snyder and Eching (2006). Required data for ETo calculations
using ASCE-PM approach included data about site character-
istics (latitude and elevation) and weather data, as hourly solar
radiation (Rs) (MJ m 2 h™"), mean air temperature (T) (°C),
mean wind speed (u2) (m s~ '), and mean dew point tempera-
ture (Td) (°C). Td was calculated as recommended by Allen
et al. (1998). Actual vapor pressure (ea (kPa)) was calculated
from mean saturation vapor pressure (es) (kPa) and RH (%).

Daily grass-reference ET (ETo) was computed using the
standardized ASCE form of the Penman-Monteith (ASCE-
PM) equation (ASCE-EWRI 2005). The Penman-Monteith
reference evapotranspiration equation with fixed stomatal re-
sistance values for grass surface is:

0.408A(Rn—G) + ~Cn 12/(T + 273)) (es—ea)

ETo =
¢ A+~(1+ Cd u2)

(1)

where ETo is the reference evapotranspiration (mm/day), A is
the slope of saturation vapor pressure versus air temperature
curve (kPa °C™"), Rn = net radiation at the crop surface
MJ m 2 d "), G = soil heat flux density at the soil surface
MJ m 2 d™"), T = mean daily air temperature at 1.5-2.5 m
height (°C), u, = mean daily wind speed at 2 m height (ms ™),
es = the saturation vapor pressure (kPa), ea. = the actual vapor
pressure (kPa), es-ea. = saturation vapor pressure deficit (kPa),
v = psychrometric constant (kPa °C”"), Cn = numerator con-
stant that changes with reference surface and calculation time
step (900 °C mm s®> Mg ' d™' for 24-h time steps, and 37 °C
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mm s’ Mg ' h™! for hourly time steps for the grass-reference
surface), ~ is the psychrometric constant (kPa C "), and X is
the latent heat of vaporization, 2.45 (MJ kg™ ').
Cd = denominator constant that changes with reference sur-
face and calculation time step (0.34 s m™' for 24-h time steps,
0.24 s m ' for hourly time steps during daytime, and
0.96 s m ! for hourly nighttime for the grass-reference sur-
face). All parameters necessary for computing ETo were com-
puted according to the procedure developed in FAO-56 by
Allen et al. (1998).

2.3 Evaluation criteria

Comparisons were made using graphics and simple linear
regression. The linear regressions were forced through the
origin, because ideally, all equations should produce zero
ETo when there is no evapotranspiration. Slopes, coefficient
of determination (RZ), and RMSE were used in comparing
ETo and values estimated by the different procedures. The
RMSE was estimated as:

(Daily EToi~SumHourly EToi)®
n

RMSE = \/ P (2)
where daily ETo is the ETo calculated at the daily time step,
sum hourly ETo is the sum of 24-h ETo calculated at an hourly
time step and considered as the standard or measured ETo.

3 Results and discussion

3.1 Comparison of the sum of 24-h ETo and the average
daily ETo at daily time step

There was slight difference between the sum of 24-h ASCE-
PM ETo and the daily ASCE-PM ETo at all fours weather
stations. The comparison of the sum of hourly ETo and daily
time step ETo for the Fanaye, Ndiaye, Sapu, and Kankan
weather stations and respective study period is shown in
Fig. 2, and the relationships between the sum of hourly ETo
and daily time step ETo are presented in Fig. 3. The regression
slopes were 1.05, 1.08, 1.02, and 1.05 for the Fanaye, Ndiaye,
Sapu, and Kankan stations, respectively, and coefficients of
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Fig. 2 Comparison of the sum of hourly ETo and daily time step ETo at a Fanaye, b Ndiaye, ¢ Sapu, and d Kankan weather stations

determination of the relationships were as high as 0.87, 0.88,  correlation between the sum of hourly ETo and daily time step
0.95, and 0.87 for the respective stations (Fig. 3). The magni-  ETo estimations at all four locations. The highest R value was
tude of the slopes which are close to unity and the high coef-  obtained at Sapu in The Gambia. The sum of 24-h ASCE-PM
ficients of determination (R* > 0.87) showed the good  ETo estimates were lower than the daily ASCE-PM ETo
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estimates as presented in Table 2. On the study periods basis,
there were overestimation of ETo by 5.4, 8.3, 1.3, and 5.6%
when using daily average climatic data compared to the hourly
data at Fanaye, Ndiaye, Sapu, and Kankan stations, respec-
tively. The rates of lower estimation on the hourly basis are in
agreement with those reported by ASCE-EWRI (2004) and
Irmak et al. (2005). Irmak et al. (2005) indicated higher esti-
mation of daily PM-ETo using daily average climatic data
compared to the sum of hourly ETo across the humid coastal
region, semiarid temperate regions, two Mediterranean-type
regions along the west coast of California in the USA. The
ratios of ETo at daily time step to ETo as sum of 24 h were
reported as 1.07 at Bushland and 1.04 at Champion (ASCE-
EWRI 2004) and 1.08 at North Platte and 1.05 at Bushland
(Irmak et al. 2005) under semiarid climate. The average ratio
of the daily time step ASCE-PM ETo to the sum of 24-h
ASCE-PM ETo for the pooled four sites in this study is 1.05
and provides a strong agreement between the two methods
with 5% ETo overestimation by the daily time step ASCE-
PM method. The overestimation by the daily time step ASCE-
PM ETo method was due to the higher value for rs (200 s m)
used by the hourly ASCE-PM during nighttime which tends to
lower nighttime ETo estimates and therefore counters some of
the increase in daytime estimates (Irmak et al. 2005). The
results of this study are also in agreement with Perera et al.
(2015) who reported a very strong correlation between the
hourly and daily results for the ASCE-PM version in the trop-
ical and arid climates. In Spain, comparisons made between
daily ETo obtained by summing hourly ASCE-PM estima-
tions and daily ETo estimated on a daily basis showed lower
differences between the two computational time steps (2% on
the average) (Gavilan et al. 2008). Jia et al. (2008) reported
that comparison of the daily to the sum of 24-h reference ET
provided a good assessment on the highest amount of water
that could be potentially used by agricultural crops in the
Devils Lake area in northeastern North Dakota. They indicat-
ed that across the USA, the daily ETo estimated higher than
hourly ETo at all locations except one, and agreement between
the computational time steps was best in humid regions.

At Ndiaye and Fanaye, air temperature reaches its lowest
value about 10 °C in January—February and can change in a
very short time mostly during the night (Djaman et al. 2015).
Therefore, the hourly estimates of ETo were able to capture
the abrupt changes in climate variables, while the daily ETo
does not capture the abrupt changes within a day (Irmak et al.
2005). Gebler et al. (2015) reported strong agreement between
the hourly ETo from lysimeter and hourly estimates by the
PM-ETo method, while the daily PM-ETo values were greater
using the average daily climatic variables than hourly climatic
variables data. Lopez-Urrea et al. (2006) and Vaughan et al.
(2007) also found a good agreement between hourly PM-ETo
values and hourly lysimeter data. From a comparative study of
the hourly PM-ETo and lysimeter measurement in California
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-0.1
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5.4

5.8
5.0

4.1
4.9
4.1
39
3.6
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4.1
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Kankan
ETo (mm)
4.01
4.86
5.26
5.33
4.66
3.70
3.54
3.23
3.47
3.92
3.92
3.78

-5.6
-5.1
-1.7
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5.7
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9.5
6.1
4.5

5.6
7.4
7.6
8.2
8.0
7.2
5.5
43
44
4.6
4.1
4.8

Sapu
ETo (mm)
5.9
7.8
7.8
7.9
7.7
6.8
5.1
4.0
42
4.4
43

54
6.5
11.8
16.0
13.3
10.2
8.1
8.5
6.0
0.5

5.1
6.3
6.7
7.2
6.9
5.8
5.1
49
5.1

Ndiaye
ETo (mm)
4.8

6.0

6.0

6.2

53

53

4.7

4.5

4.8

4.5

4.6
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Sum hourly Daily ETo (mm) Variation (%) Sum hourly Daily ETo (mm) Variation (%) Sum hourly Daily ETo (mm) Variation (%) Sum hourly Daily ETo (mm) Variation (%)

Comparison for the sum of hourly ETo and daily ETo at Fanaye, Ndiaye, Sapu, and Kankan weather stations

Fanaye
ETo (mm)
5.9

5.9

6.6

6.8
6.4

6.0
52

September 4.9
October

4.6
4.0

February
March

April

May
November 3.8

Table 2
Months
January
June
July
August

5.6

4.1

5.0
5.9 6.0

-04
8.3

5.7

52

)
54

5.7

54

December 4.2

Mean
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and Italy, Ventura et al. (1999) reported a RMSE of 0.26 mm/
day found between the hourly Penman-Monteith and
lysimeter-measured ETo values. Yildirim et al. (2004) report-
ed higher values of daily ETo at daily time step than at hourly
time step in Turkey. Van Bavel (1966) indicated that the PM-
ETo method was only valid for instantaneous or hourly data
with a better impact of the effect of weather conditions on
daily ETo estimates.

The RMSE between sum of 24-h ASCE-PM ETo and the
daily time step ASCE-PM ETo values were 0.84, 0.70, 0.41,
and 0.36 mm/day at the Fanaye, Ndiaye, Sapu, and Kankan
stations, respectively. The study period average hourly tem-
perature and RH were 25.6, 27.8, 28.1, and 26.2 °C and 63.8,
46.7, 56.9, and 64.8%, respectively at Ndiaye, Fanaye, Sapu,
and Kankan. The equivalent values using daily average data
were 27.0, 28.3, 29, and 26.8 °C and 59.9, 45.5, 52.6, and
64.0% for the respective variables and at the respective sta-
tions. Air temperature and relative humidity are the driving
forces of evapotranspiration through their implicit effect on
vapor pressure deficit (Djaman et al. 2015), and the observed
RH differences between daily average and hourly average
ranged from 0.7 to 4.3% and could have contributed to the
discrepancies in the daily ETo average at both time step cal-
culations. The humid location Kankan had the lowest value of
RMSE of 0.36 mm/day, and the highest RMSE value was
observed under the semiarid and hot conditions at Fanaye in
Senegal. Similar results were obtained by Irmak et al. (2005)
who reported low RMSE as low as 0.26 and 0.31 mm/day
under humid conditions and RMSE as high as 0.57 under
semiarid conditions. Perera et al. (2015) reported RMSE
values that ranged from 0.19 to 0.34 mm/day depending on
locations in Australia. However, values obtained under the
Senegal and The Gambia semiarid conditions were much
higher. Daily average temperature and relative humidity from
meteorological weather stations are not representative in the
extreme environment similar to Fanaye where Tmax varied
from 23 °C (early January) to 46 °C (late May); Tmin varied
from 8 to 33 °C with generally hot daytime temperature and
cool nigh time temperatures (Djaman et al. 2015). Therefore,
hourly variation in temperature and relative humidity are not
captured when using daily average climate variables for ETo
estimation.

In the Devils Lake basin in northeastern North Dakota, Jia
et al. (2008) showed that the daily and sum of 24-h ETo were
comparable and provided good assessment on the potential
irrigation requirement. Hourly ETo estimation improves the
accuracy in locations with large diurnal variation in wind
speed and direction, and the dynamics in cloudiness contrary
to the location where the day step ETo methods have been
developed (Allen et al. 2000). Irmak (2011) reported that the
percent ratio of the daily ETo to the sum of 24-h ETo was more
than 80-85% with the night time sum ETo of 5% of the sum of
24-h ETo. However, the daily average ETo calculation is

considered to be sufficiently accurate for planning and design-
ing irrigation and drainage infrastructure, irrigation schedul-
ing, and other applications (Irmak et al. 2005). Unlike Perera
et al. (2015) who reported geographical dependence of the
correlation between the two methods, our study results show
no correlation between methods agreement and the geograph-
ical positions of the weather stations. However, the best cor-
relation was observed at Sapu in The Gambia (slope = 1.02),
while the lowest RMSE of 0.36 was obtained at Kankan in
Guinea under humid climate with less variation hourly climat-
ic variables compared to the other stations. Fanaye is reputed
hot and dry compared to other stations, and Sapu and Kankan
are located in the humid regions. These results are not in
agreement with Irmak et al. (2005) who reported that the
greatest differences between daily ET and hourly ETo were
in locations where strong, dry, hot winds cause advective in-
creases in ETo, and the daily average ETo did not account for
abrupt diurnal changes in wind speed, air temperature, and
vapor pressure deficit. The daily time step ETo estimation
ignores any evapotranspiration occurring during nighttime,
and the soil heat flux is assumed null overnight for the 24-h
time step. However, Tolk et al. (2006) reported that the night-
time ETo can be considerable up to 15% of the daily ETo in
semiarid and arid climates. Caird et al. (2007) indicated that
nighttime transpiration rates are typically 5—-15% of the daily
ETo and could sometimes be as high as 30% of the daily ETo.
Irmak (2011) reported that seasonal average nighttime evapo-
rative losses were 0.11 and 0.19 mm/night in Nebraska during
2 years with maximum of 0.50 mm/night. While Jarvis and
Mansfield (1981) considered the nighttime ETo negligible as-
suming that stomata are closed at night, significant stomatal
conductance and transpiration for 11 of 17 plant species was
observed by Snyder et al. (2003). Mutiibwa and Irmak (2010)
reported that maize stomata were still opened during the night.
At the light of the results of this study, the hourly estimates of
ETo could be used for crop water requirement estimation for
precision irrigation management under the semiarid and water
scarcity conditions. However, hourly climatic data are not
usually available at most of weather station in the developing
countries similar to the Western African countries and due to
the relatively low percent error between both time step ETo
estimates, the daily time step ETo estimation using average
daily weather data should be recommended for ETo estima-
tion under the Western Africa climatic conditions.

3.2 Comparison of the sum of 24-h ETo and the average
daily ETo at monthly time step

Monthly average of the sum of 24-h ETo, the daily time step
ETo, and variations (percent difference relative to the sum of
24-h ETo) are presented in Table 2. The magnitude of monthly
average ETo (using the daily time step ETo data) is presented in
Fig. 4. The daily ETo increased at all weather stations from
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January to April-May and decreased thereafter until December.
The monthly average of the daily time step ETo values were
higher than the monthly average of the sum of 24-h ETo values,
and there was good agreement between the two methods with a
regression slope of 1.05 and a very high coefficient of determi-
nation R* of 0.94 (Fig. 5). There is monthly variability in the
difference between the two time step estimations. The sum of

24-h ETo values were greater than the daily time step ETo from
December to March at Fanaye in Senegal and from November
to March at Sapu in The Gambia, showing percent differences
that varied from 0 to — 5% at Fanaye and from — 5.6 to — 1.6%
at Sapu. The sum of 24-h ETo only showed lower ETo about
0.4% in December at Ndiaye in Senegal and 0.1% in
November at Kankan in Guinea (Table 2).
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Fig. 5 Relationship between the monthly average sum of hourly ETo and daily time step ETo at Fanaye, Ndiaye, Sapu, and Kankan weather stations

pooled together
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The overestimation by the daily time step ETo method
ranged from 5.8 to 15% at Fanaye, from 0.5 to 16% at
Ndiaye, from 3 to 9.5% at Sapu, and from 1.5 to 13% at
Kankan (Table 2). The highest percent variation was observed
in June, April, August, and August at Fanaye, Ndiaye, Sapu,
and Kankan, respectively. In the Senegal River Delta and
Valley, the period of April-June corresponds to the peak of
evaporative demand of the atmosphere (Figs. 2 and 4).
Seasonal variability in agreement between the sum of hourly
ETo and the daily time step ETo methods was reported by
Perera et al. (2015) in the tropical and arid climates in
Australia. These results are not in agreement with Bakhtiari
et al. (2009) who reported ETo overestimation at hourly sum-
mation time step from 7.4 to 47.6% using ASCE-PM equation
in Iran. The comparison of the sum of daily ETo for crop
growing season and for a year might have some implications
on water management in agricultural, hydrological, and envi-
ronmental studies. The differences in time step ETo values
during the period for March to November is extremely critical
for agricultural water management mostly in Senegal and The
Gambia where rainfed crop production and double irrigated
rice cropping are adopted. Assuming the sum of hourly ETo is
the true estimate of reference evapotranspiration, the adoption
of the daily average ETo estimation method should overesti-
mate seasonal ETo of hot and dry season from February to
July by 61, 92, 25, and 39 mm at Fanaye, Ndiaye, Sapu, and
Kankan, respectively. During the wet season from August to
November, ETo overestimation should be 44, 33, 21, and
31 mm at the respective weather stations. For both growing
seasons combined, ETo overestimations are 104, 124, 46, and
69 mm at Fanaye, Ndiaye, Sapu, and Kankan, respectively.
The differences between the two ETo time steps showed sig-
nificant variations from one location to another. For example,
at Sapu and Kankan, the differences on seasonal basis were 46
and 69 mm for the March—November period, respectively,
while at Fanaye and Ndiaye, the differences were 104 and
124 mm. The Fanaye and Ndiaye stations resulted in high
seasonal differences, and the Sapu and Kankan stations result-
ed in small difference between the two ETo computation pro-
cedures on a seasonal basis. The Fanaye and Ndiaye stations
are further north and further west under more pronounced
semi-arid conditions than the Sapu and Kankan stations
(Fig. 2, Table 1). Differences as high as 124 mm of ETo will
make a considerable difference in terms of designing and
planning of irrigation and drainage systems and other water
storage infrastructure (Irmak et al. 2005).

4 Conclusions
In this study, the standardized daily and hourly ASCE-PM

models were evaluated to assess differences between using a
daily computation time step of ETo and the sum-of-hourly

ETo at four sites under humid climate at Kankan in Guinea
and semiarid climates at Sapu in The Gambia, Fanaye, and
Ndiaye in Senegal. There was good agreement between the
sum of hourly ETo and daily time step ETo at all four locations
with the simple linear regression slope varying from 1.02 to
1.08 with high coefficient of determination R? that varied from
0.86 and 0.95. The RMSE varied from 0.36 to 0.84 mm/day
and increased with aridity. The daily time step method
overestimated the daily ETo relative to the sum of hourly
ETo by 1.3 to 8%, depending on locations for the whole study
periods. However, there is location and monthly dependence
of the magnitude of ETo values and the ratio of the ETo values
estimated by both methods. Application of the hourly ETo
estimation method helps to improve the accuracy of estimated
reference evapotranspiration and better planning of rainfall
and irrigation water management under precision agriculture.
Thus, to ensure reliable and adequate availability of the re-
quired weather data at the hourly time step, it is imperative to
invest in automated weather stations and human resource for
optimum maintenance throughout the Western Africa and oth-
er regions. The results of this study are of significant practical
use by crop producers, crop consultants, and university re-
searchers for better management of water resources under
rainfed and irrigated precision agriculture under humid and
semiarid climates in Western Africa.
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