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-‘t \BSTRACT Water is an essential component of human existence and survival and exists in different forms such as rainfall,

rivers, etc and man - made stream called irrigation. In agriculture and modern farming, irrigation is essential for

all year round food crop production, agricultural management practices and irrigation scheduling. Food crop production is needed in the

face of climate change to overcome food security challenges in the developing countries like Nigeria. This implies the determination of water

requirement of any field via evapotranspiration. Different methods have been developed and deployed in modeling evapotranspiration. The

need for accurate weather data has led scientists, engineers and researchers to develop different methods for the measurement and models

Jfor its estimation. In this work, we developed a new evapotranspiration ETo model for estimating evapotranspiration in a semi - arid region.
The new ETo model showed significant agreement with the established Standard of the Penman - Monteith.

1. Introduction

Evapotranspiration ET is major component of the hydrology cy-
cle and its understanding is essential for agricultural crop produc-
tion and irrigation water management (Edebeatu et al., 2014).
Reliable ET estimates are essential to identifying temporal vari-
ations on irrigation, improve water resources allocation, evalu-
ate the effect of land use and management changes on the water
balance (Orteag-Farias e al., 2009). Accurate quantification of
reference evapotranspiration is a basic component for the design,
operation, implementation and management of irrigated systems,
and a prerequisite for computing crop water use (Adeboye et al.,
2009). Determining evapotranspiration is a complex process and
has led scientists and water engineers to develop empirical mod-
els for its quantification mainly that which is suitable for a par-
ticular region.

Third world countries have relied so much on rainfed agriculture
which is seasonal, and with the changing climate precipitation
patterns of West Africa is drastically changing such that rainfed
agriculture is no longer reliable thus increase in food challenges.
Climate change also results in water scarcity which is a major
challenge facing (Adaboye et al., 2009) the world today especially
developing nations. The vulnerability impact of climate change
is more prominent in the sub - Saharan Africa, though contrib-
utes little to the effects of climate change (Edebeatu, 2014). In
the sub - Saharan Africa, drought and desertification are major
threats to crop, food production and other agricultural man-
agement practices. Northern Nigeria located in the semi - arid
region experiences this acute challenge. This increasing rate of
drought has been considered a very serious ecological problem
and its becoming a reoccurring hazard (Umaru ef al., 2012). The
consequence of this drought is the witting of crops leading to
crop failures, poor harvest by farmers, drying of surface water
bodies, decrease in ground water level and loss of livestock due
to hydration, famine, diseases, rural to urban migration (Umaru
et al., 2012).

The weather data for modeling evapotranspiration is not read-
ily available especially in the third world countries like Nigeria
(Chineke et al., 2011; Edebeatu et al, 2014). Therefore, it becomes
necessary that empirical models be designed to accommodate
the need for evaporative water demand of a region like the arid
and semi - arid facing the threat of climate change. Many em-
pirical models have been developed, ranging from simple tem-
perature - based, radiation - based to the full combination
model of Penman - Monteith 56 (FPM-56). These empirical mod-
els require only maximum and minimum air temperature and

solar radiation for its estimation. The use of these simple less
climate data demanding models has been found to be very ef-
fective and reliable in many climates especially when its empiri-
cal coefficient is modified or calibrated to suit the region under
survey

2. Materials and Methods
2.1 Study area

Figure 1: Location of study sites

2.2 Methods

2.2.1 Hargreaves model

The Hargreaves (1985) ET_  model is a temperature - based em-
pirical evapotranspiration model. It requires only maxi-
mum and minimum air temperature and the extra — terrestrial
radiation R . The Hargreaves model is written as;

ET, = 0.0023(Thomn + 1780 T
) R R |

where;

ET_ = reference evapotranspiration (mm/d);

T, ... = mean monthly daily air temperature (°C);

T, . = maximum monthly daily air temperature (°C)

T .. = minimum monthly daily air temperature (°C);

2.2.2 The modified Hargreaves (Har(m))
The modified Hargreaves ETo model is written after Edebeatu et
al.(2014)

ETy = 000134100, T
17.8)(Tinae = Tonind" " fa o d
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2.2.3 Makkink expressed in (Fernandes et al., 2012);

ET, =
DH61WE, =012 S

W=— andA=

S0Fex I-_;':?'-%h"
(T+237.3)0°
Rs = solar radiation (%0 md)

A = glope of saturation vapour — temperatre
curve (kPa®C)

2.2.4 New correlation ET model
The new ET model is an empirical temperature based model
developed to estimate reference evapotranspiration in a semi —
arid (probably arid) zones in the sub - Saharan Africa. The new
proposed ET_ model is written as;

ET,
= a(0.B9T,
+ 000021 ) Ra S
Where:
Tean= mean monthly  air  temperature;
o = LS
R, = exteaterrestrial radiation, calculated as
a funetion of dav length and lanitude.

3. Results and Discussion

3.1 Maiduguri

The maximum ambient temperature for Maiduguri varied from
32.57°C in the rainy season of August to 41.33°C in the hot dry
month of April, table la below. The minimum temperature
within this period ranged from 14.05°C in the cold dry month of
January and extended into the month of May at 26.42°C which
is the month of early rain. The maximum solar radiation oc-
curred in February at 20.76MJ/m?/d, whereas the minimum oc-
curred in August at 16.01MJ/m?/d. Four ET models were tested
for its effectiveness in determining consumptive water use in
the semi - arid region of Northern Nigeria. The Hargreaves
(1985), Makkink model according to Fernandes et al., (2012) far
overestimated the ET_ in this location. The measured ET  was
undervalued while the modified Hargreaves (Edebeatu et al.,
2014) and the newly developed ET  model had good estimation
of the reference evapotranspiration in the location. In the later,
the ET varied from 6.11mm/d in the month of September to
9.16mm/d in the month of November, and 5.45mm/d in the Jan-
uary to 7.91mm/d in October. The two ET  models demonstrated
that hot dry periods recorded the highest evaporation and cold
dry period have water deficit. The rainy season recorded at the
extreme lower end of the given standard by Allen et al., (1998)
where (6< ET < 8) mm/d for temperatures greater than 30°C.
This can be explained from the view that there is more water va-
pour in the atmosphere than the two previous seasons. The an-
nual average records are presented in table 1b below.

Table 1a: Mean Monthly weather data for Maiduguri (1989 -
2009)

fis ETo,, [NewET, Har |Har(m) |Makkink

T T
Months |5 |( 2§ gn%)J o) | (m /) | (/) {mm/d) | (mm/)

Jan 3223 |14.05 12067 |531  |545 1216 |7.08 1249

Feb 3543 1717 (2076 {655 |68 1315 |7.66 1254

Mar 39.03 |21.65 (2024  [7.11 709 1400 |815 1222

Apr 4133 (2549 1931 |716  [7.79 1421 |828 11.66

May (4027 |2642 [1812 |658  [7.80 1331|776 10.93
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Jun 3752 |2515 |17.31  |565  |742 1222|712 1044

Jul 34 2363 |1618  |445 1699 1084|631 |97

Aug 3257 2299 (1601 (379  |694 1049 |61 9.65

Sep 3436 |23.11 |17.98  [437 |744 1203|701 1085

Oct 37.11 |21.84 (2175 (54 791 1477|861 13.15

Nov 3591 |17.82 |2451  |582  |748 1572|916 1483

Dec 3283 1463 (2527 (535 |685 1512|881 1529

Table 1b: Annual Mean Weather data values for Maiduguri
T AT ..[Rs (MJ/|New ET |Har Har  |Makkink |ET,
e oc] " m2/d) | (mm/d) " |(mm/d) |(mu)d) |(mm/d) | (mid)
3605 [21.16 |19.84 853 1317|767 11.98 563
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Figure 2: Mean monthly daily ET for Maiduguri

3.2 Kano

Table 3 below shows the ET values for both the observed and
the estimated. The mean monthly values of the weather vari-
ables for Kano showed that ambient temperature is less than
40°C. The maximum temperature lies in the range of 29.79°C in
January to 37.86°C in April. The minimum air temperature is be-
tween 13.53°C in January and 24.37°C in May, table 2a. The cold
dry windy periods recorded least the temperature values fol-
lowed by the rainy season of the year. The hot dry seasons were
higher in both maximum and minimum temperatures. The cold
windy season is a reflection or indication of the presence of
North Easterly trade wind from the Sahara desert bringing in
windy cold air dust and making the atmosphere hazy, dry with
reduced visibility.

The maximum measured / observed ET  at this location is
7.44mm/d which occurred in April, while the minimum oc-
curred in August at 3.62mm/d. the models of Hargreaves and
Makkink overestimated the ET  when compared with the ob-
served ET . The modified Hargreaves and the new correla-
tion ET had similar characteristic trend of good estimation of
the ET . They estimation of reference evapotranspiration falls
within the range of evaporative water demand according to Al-
len et al., (1998). The modified Hargreaves had maximum ET
value of 8.38mm/d in the month of November and minimum in
the month of August at 5.53mm/d, an indication of overestima-
tion and underestimation. The new model ET_ correlated well
with the standard of Allen et al, (1998) for a tropical sub - Sa-
haran Africa (< 6 ET_ < 8) mm/d like Nigeria. The maximum ET
recorded by the new developed model at this site of study oc-
curred in the month of October at 7.30mm/d and minimum ET
of 5.14mm/d and 5.90mm/d in January and February respective-
ly, and which is the only underestimation by the new ET_ model
in Kano. The new ET_ model estimated better than the measured
ET in Kano.
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The mean annual values of the meteorological data for Kano are
tabulated in table 2b below.

Table 2a: Mean Monthly weather data for Kano (1989 -
2009)

Rs
T T ET NewET  |Har Har
Months @ | En}/\:[l)J / (m;(ﬂ]}d) (mm/d)  |(mm/d)|(mm

Jan 29.79 {1353 [19.65 6.01 514 1114 649 11.87

Makkink
)a) | (mm/d)

Feb 33.09 |16.82 19.69 711 (590 1209 (705 |1189

Mar 3638 |21.01 |19.11 744|675 1276|744 |1154

Apr  |37.86 |24.01 |18.11 728 [725 1268 (739 [1093

May  |3653 [24.37 |17.01 638 [7.16 1179 1687 10.26

Jun 3394 12304 (1627 546 (677 1082 (630  {9.80

Jul 3112 [21.83 {1531 424 1643 974 1567 |922

Aug  |29.87 |21.16 |15.25 362 (638 949 553 918

Sep 314 {2086 (17.37 415 677 1097 16,39 1048

Oct (34 [204 [2048 515 (730 1324 (771 |1237

Nov  |3348 |17.12 |23.23 607 (704 1438 1838 14.05

Dec 3098 [14.39 |24.04 587  |654 1402 (817  |1454

Table 2b: Annul Mean Monthly weather data for Kano

Rs Mak-
T T . New ET [Har Har . T
(B |8y | B [emm/a) | mm/a) () [{2K i)

33.09(16.82 [19.69 |5.90 12.09 |7.05 11.89 |7.11
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Figure 3: Mean monthly daily ET  for Kano

3 Sokoto

The mean monthly weather values for this station varied from
41.04°C in the month of April in the hot dry season to 31.71°C
in the month of August in the rainy period, while the cold dry
windy / hazy season of December, January and February re-
corded ambient temperatures of 33.14°C, 31.83°C and 35.31°C of
its maximum temperatures respectively. The minimum ambient
temperature is a mirror reflection of the maximum temperature,
table 3a below. It ranged between 26.74°C in April to 35.31°C in
the cold dry season of January. The months of November, De-
cember, January and February recorded the lowest values of
temperatures which we considered as cold dry season of the
year in the semi - arid region of Nigeria. Thus, it may be con-
sidered that the region has three major seasons in a year. The
ET  recorded in Sokoto as measured lie between 4.21mm/d in
August to 8.20mm/d in March. ET values were lower during
the peak of rainy season followed by cold dry periods, whereas,
the hot dry periods of February to April recorded the highest
water evaporation. During the cold dry periods (mostly charac-
terized by harmattan haze /fog and high moving wind) the at-
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mosphere is filled with dust from the Sahara desert, making the
atmosphere hazy with less visibility and cold due to high windy
air. The mean annual weather data values are shown in table 3b
below.

Table 3a: Mean Monthly weather data for Sokoto (1989 -

2009)
Months T T ‘ - N - Makkink
8| | y/m?/) | (mm)d)| (mm/d)” | (mm/d) | (mm/d) | (mm/d)

Jan 31.82 (1635 |18.68 701 555 1124|655 11.27

ETo NewET |Har Har

Feb 3531 (1878 11939 801 (624 1249 728 |1171

Mar  [39.07 |23.07 |19.12 820 (715 1342|782 1154

Apr (4104 2674 (18134  |789 (781 1347 (785 |10.94

May 3975 |27.17 |17.13 742|117 1262|735 10.33

Jun 3697 (2556 |1657 682 (738 1168 (681 (999

Jul 3340 (23.78 1559 506 1694 1039 1606 (939

Aug (3171 |22.88 |1544 421 (685 1001 (583 [9.30

Sep 33.65 (23.14 1752 481 (741 1163 678 10.57

Oct 3693 (2293 |21.06 554 812 1444 1841  |1272

Nov 3591 |1940 |23.71 651 (780 1549 [9.02 14.34

Dec 3314 |1658 |24.44 647  [724 1498 (873  |14.79

Table 3B: Annual Mean Weather and data values for Sokoto

Tmax(Tmin|Rs (MJ/[New ET |Har Har(m) |Makkink Elo,,
(0 100) md) |(mm/d) °|(mm/d) |(mm/d) |(mm/d) | (o)
3573 (2220 1890 862 1266 |7.37 1141 650
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Figure 4: Mean monthly daily ET for Sokoto

Conclusion

A new model has been developed to estimate reference evapo-
transpiration in a semi - arid region of Nigeria. The new ET_
model is a temperature - based model that requires only maxi-
mum and minimum air temperature that is readily available and
that can also easily be measured as a meteorological parameter.
This is essential in the absence of full meteorological parameters
as demanded by the FPM-56 model and few other radiation
models. The new ET model showed a relatively good estima-
tion of reference evapotranspiration as tested in the semi —arid
region of Nigeria using three locations ranging from the North
East to the North West.

Hence, the newly developed ET model is a reliable ET_ in esti-
mating reference evapotranspiration and by proxy could be ex-
tended to other climate regimes by modification and or calibra-
tion of its empirical coefficient K.
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