Revista Caatinga
ISSN: 0100-316X

Iﬁ Revista Cﬂ%“ ISSN: 1983-2125

Universidade Federal Rural do Semi-Arido

Fernandes, Rafael Dreux Miranda; José, Jefferson vieira; Wolff,
Wagner; Costa, Jéfferson de oliveira; Folegatti, Marcos Vinicius

PROBABILITY DISTRIBUTION FUNCTIONS APPLIED IN THE
WATER REQUIREMENT ESTIMATES IN IRRIGATION PROJECTS

Revista Caatinga, vol. 32, no. 1, January-March, 2019, pp. 189-199
Universidade Federal Rural do Semi-Arido

DOI: 10.1590/1983-21252019v32n119rc

Available in: http://www.redalyc.org/articulo.oa?id=237159572019

= 'q
How to cite g(@&&‘yC.@ g
Complete issue Scientific Information System Redalyc
More information about this article Network of Scientific Journals from Latin America and the Caribbean, Spain and Portugal

Journal's homepage in redalyc.org Project academic non-profit, developed under the open access initiative


http://www.redalyc.org/comocitar.oa?id=237159572019
http://www.redalyc.org/fasciculo.oa?id=2371&numero=59572
http://www.redalyc.org/articulo.oa?id=237159572019
http://www.redalyc.org/revista.oa?id=2371
http://www.redalyc.org
http://www.redalyc.org/revista.oa?id=2371
http://www.redalyc.org/articulo.oa?id=237159572019

Universidade Federal Rural do Semi-Arido ISSN 0100-316X (impresso)
Pro-Reitoria de Pesquisa e Pos-Graduagao ISSN 1983-2125 (online)
https://periodicos.ufersa.edu.br/index.php/caatinga http://dx.doi.org/10.1590/1983-21252019v32n119rc

PROBABILITY DISTRIBUTION FUNCTIONS APPLIED IN THE WATER
REQUIREMENT ESTIMATES IN IRRIGATION PROJECTS'

RAFAEL DREUX MIRANDA FERNANDES?, JEFFERSON VIEIRA JOSE**, WAGNER WOLFF*, JEFFERSON DE
OLIVEIRA COSTA*, MARCOS VINICIUS FOLEGATTI*

ABSTRACT - Spain contains a third the entire irrigated area of Europe, accounting for 15% of the cultivated
area of the country and almost 60% of the national agricultural production. Knowledge of the spatial and
temporal variability of reference evapotranspiration (ETo) and the probabilistic theory of extreme events is
crucial for the elaboration of sustainable irrigation projects. The objective of this work was to define the
frequency distribution that best describes ETo for the design of irrigation systems in the region of Andalusia.
We used ETo data for the period 2001 to 2015 from 56 meteorological stations. The values were accumulated
over three consecutive days. For all accumulated periods, nine probability distributions were adjusted. The
probability distribution that best described ETo for the design of irrigation systems in the region was the
Gumbel II distribution. The maximum daily ETo to be considered in irrigation projects in this region is, on
average, 10 mm. The accumulated ETo for periods of 5, 10, and 30 days that should be considered are, on
average, 42 mm, 78, mm and 224 mm, respectively.

Keywords: Andalusia. Extreme events. Geostatistics.

FUNCOES DE DISTRIBUICAO DE PROBABILIDADE APLICADAS NA ESTIMATIVA DA
NECESSIDADE HIDRICA EM PROJETOS DE IRRIGACAO

RESUMO - A Espanha possui um tergo de toda area irrigada da Europa. A area irrigada no pais responde por
15% da area cultivada e quase 60% da produgdo agricola nacional. O conhecimento da variabilidade espacial e
temporal da evapotranspirac¢do de referéncia (ETo) e da teoria probabilistica dos eventos extremos ¢ um ponto
essencial para elaboracdo de projetos sustentaveis de irrigagdo. O objetivo do trabalho foi analisar a
distribuicdo de frequéncia que melhor descreve a ETo visando o dimensionamento de sistemas de irrigagao da
regido de Andaluzia, Espanha. Foram utilizados dados de ETo de 56 estagdes meteorologicas com extensdo das
séries entre os anos de 2001 a 2015. Estes valores de ETo foram acumulados em trés periodos consecutivos de
dias. Para todos os periodos acumulados ajustaram-se nove distribui¢des de probabilidade. A distribuigdo de
probabilidade que melhor descreveu a ETo visando o dimensionamento de sistemas de irrigagdo da regido foi a
Gumbel II. A ETo diaria maxima a ser considerada em projetos de irrigagdo na mesma regido ¢ de 10 mm, em
média. Ja as ETo acumuladas em periodos de 5, 10 e 30 dias que devem ser consideradas sdo, em média, de 42
mm, 78 mm e 224 mm, respectivamente.

Palavras-chave: Andaluzia. Eventos extremos. Geoestatistica.
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INTRODUCTION

The irrigated area of Spain represents
approximately one third of the total irrigated area of
Europe. According to the data from Esyrce (2015), in
the last 15 years, the total irrigated area in the
country increased by 8.7%, reaching approximately
3.6 million hectares, corresponding to about 15% of
the cultivated area and to almost 60% of the final
national agricultural production.

The Andalusia region represents the greatest
irrigated area in Spain, with approximately 1 million
hectares under irrigation, followed by the regions of
Castilla-La Mancha and Castilla y Leon, which have
approximately 512,000 and 481,000 hectares under
irrigation, respectively (THENKABAIL et al., 2009;
ESYRCE, 2015).

Irrigated agriculture facilitates the generation
of jobs and economic profit, enhances food
production, and mitigates the problem of rural
exodus in Spain. However, the rational use of
irrigation water is an increasingly important issue
and characterizes the hydrological cycle and
agricultural and environmental experiments in the
region (DUARTE; PINILLA; SERRANO, 2014,
BLANCO-GUTIERREZ.;  VARELA-ORTEGA;
PURKEY, 2013).

Reference evapotranspiration (ETo) is one of
the most important variables to determine the events
balance as it refers to the water flux, as vapor, from
the soil-plant system to the atmosphere, therefore
serving as a base for dimensioning irrigation
systems. Evapotranspiration is controlled by the
energy availability and by the air evaporating power,
with energy availability being depended upon the
location and season of the year (GONG et al., 2006;
CAI et al, 2009; TABARI; GRISMER;
TRAJKOVIC, 2013; COSTA et al., 2015).

Therefore, ETo varies in space and time;
since extreme events have a great relevance in terms
of agrometeorology, estimations of ETo are essential
for planning and developing activities under its
adverse  effects, especially in  agriculture
(SANSIGOLO, 2008; LIANG; LI; LIU, 2010;
WANG; DICKINSON, 2012).

Although the fundamental probabilistic theory
of extreme values has been developed a long time
ago, the statistical modelling of extremes still
remains an important subject, given its crucial role in

water resource management, especially in the
context of a changing climate (KATZ; PARLANGE;
NAVEAU, 2002; KATZ, 2010).

Knowing the ETo frequency distribution
model in a location facilitates adequate hydrological
prediction in dimensioning irrigation and drainage
systems (SILVA et al., 2015), mainly by enabling
the characterization and quantification, with greater
precision, of the water head to be applied and of the
potential of the irrigation system in uncommon
situations, considering different periods of time.

In this context, the aim of the present work
was to evaluate the frequency distribution that better
describes the reference evapotranspiration (ETo) for
the Andalusia region (Spain), focusing on the
dimensioning of irrigation systems in this region.

MATERIAL AND METHODS

Andalusia is the second largest autonomous
community of Spain, covering an area of
approximately 87,600 km? between the longitudes of
07°31” W and 01°38” W and the latitudes of 38°44°
N and 36°00° N. Approximately 31.42% of the
territory are located at an elevation of 0 and 200 m,
39.38% are between 200 and 600 m, 25.94% are
between 600 and 1,400 m, and 3.27% are situated
above 1,400 m (IECA, 2013).

According to the Kdppen classification, the
predominant climate is Csa, characterized as
temperate climate with hot and dry summers.
Exceptions are the area of the province of Almeria,
which presents a BWh climate (hot desert climate),
and the Sierra Nevada, which has a Dsc climate (cold
climate with dry and cool summers) (AEMET-IM,
2011).

Andalusia is divided into six main
hydrographic basins, of which the hydrographic
basin of the Guadalquivir River occupies the largest
area (51.900 km?), approximately 59% of the
Andalusian territory. This basin involves the
province of Seville and parts of the provinces of
Cordoba, Granada, and Jaen (IECA, 2013).

The dataset used in this study contained the
reference evapotranspiration (ETo) values from 56
meteorological stations (Figure 1 and Table 1),
covering the period from 2001 to 2015.
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Figure 1. Spatial distribution of the meteorological stations in the autonomous community of Andalusia, Spain.

These stations are part of the Agroclimatic
Information Network of Andalusia (RIA), managed
by the Andalusian Ministry of Agriculture and
Fishery (CAP) and by the Institute of Agricultural
and Fishery Research and Education (IFAPA). The
data can be accessed at (UNION EUROPEA,2017).

The ETo values were accumulated in
consecutive periods of 5 (ETos), 10 (EToy), and 30
(ETos0) days. The maximum accumulated reference
evapotranspiration (ETo,.) for each year and for all
the accumulated periods was composed of series for
the respective stations, which were adjusted to 9
probability distributions, as follows: (i) Log-normal,
(it) Weibull, (iii) Gamma, (iv) Cauchy, (v) Normal,
(vi) Logistica, (vii) Birnbaum-Saunders, (viii)
Gumbel-II, and (ix) Gumbel. To adjust the
distribution parameters, the Maximum Likelihood

(ML) method was used, which consists of obtaining,
from a sample, the estimator with greater likelihood
from the parameters of a certain probabilistic model.

Since we used the ML method to adjust the
parameters of the distributions, the Akaike
Information Criteria (AIC) was used to chose the
distribution which better adjusted the data through
the least AIC value. Thus, the distribution which
presented the best adjustment to the majority of the
ETo,. data was chosen to represent all studied
regions and to obtain the parameter values. Finally,
the Anderson-Darling test was used to verify if the
distribution used for all the series that adhered to the
data; this way, the parameter values were obtained
and the ETo,. was estimated for the payback periods

().
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Table 1. Location of the meteorological stations of the autonomous community of Andalusia, Spain.

Station Pr. Izil)t ’ L(():;g. ([?31; Station Pr. Lat. Long. ([;11;
1-Adra AL  36.75 2.99 42 29-Aroche HU 3796 6.95 299
2-Almeria AL 36.84 2.40 22 30-El Campillo HU 37.66 6.60 406
3-Cuevas de Almanzora AL 37.26 1.80 20 31-El Tojalillo-G HU 3732 7.03 52
4-Fifiana AL 37.16 2.84 971 32-Gibraleén HU 3741 7.06 169
5-Huércal-Overa AL 3741 1.88 317 33-La Condado HU 3737 6.54 192
6-La Mojonera AL  36.79 2.70 142 34-Guzman HU 3755 725 288
7-Tabernas AL 37.09 2.30 435 35-Lepe HU 3730 7.24 74
8-Virgen F.C. Almanzora AL 37.39 1.77 185 36-Moguer HU 37.15 6.79 87
9-Basurta-Jerez de la Frontera ~CA  36.76 6.02 60 37-Alcaudete JA  37.58 4.08 645
10-Conil de la Frontera CA 3633 6.13 24 38-Chiclana de S. JA 3830 3.00 510
11-Jerez de la Frontera CA 36.64 6.01 32 39-Huesa JA 37.75 3.06 793
12-Jimena de la Frontera CA 3641 5.38 53 40-Linares JA  38.06 3.65 443
13-Vejer de la Frontera CA 3629 5.84 24 41-Mancha Real JA 3792 3.60 436
14-Villamartin CA 36.84 5.62 171 42-San José P. JA 3786 3.23 509
15-Adamuz CO 38.00 4.45 90 43-Torreblascopedr  JA 3799 3.69 291
16-Baena CO 37.69 431 334 44-Ubeda JA 3794 330 358
17-Bélmez CO 3825 5.21 523 45-Estepona MA 3644 521 199
18-Coérdoba CO 37.86 4.80 117 46-Malaga MA 36.76 4.54 68
19-El Carpio CO 37091 4.50 165 47-Sierra Yeguas MA 37.14 4.84 464
20-Hornachuelos CO 37.72 5.16 157 48-Veléz-Malaga MA 3680 4.13 49
21-Santaella CO 37.52 4.89 207 49-Aznalcazar SE 37.15 6.27 4
22-Baza GR 37.56 2.77 814 50-Ecija SE 37.59 5.08 125
23-Cadiar GR 3692 3.18 950 51-La Luisiana SE 37.53 523 188
24-1znalloz GR 3742 3.55 935 52-La Rinconada SE 3746 592 37
25-Jerez de Marquesado GR 37.19 3.15 1212 53-Lebrija I SE 3698 6.13 25
26-Loja GR 37.17 4.14 487 54-Lora del Rio SE 37.66 5.54 68
27-Puebla Don Fradique GR 37.88 2.38 1110 55-Osuna SE 3726 5.13 214
28-Almonte HU 37.15 6.48 18 56-Sanlicar M SE 3742 6.26 88

Source: Andalusian Ministry of Agriculture and Fisherye Pesca - CAP.
Pr. — Province; Long. — Longitude; Lat. — Latitude; Alt — Altitude.

To obtain the daily and accumulated
evapotranspiration series in different payback
periods (hydroTSM package - Hydrologic Time
Series Management), as the adjustment of the
distribution models (fitdistrplus package - Parametric
Distribution to Non-Censored or Censored Data) and
the adherence test (package ADG of Test), data
importing and mining were performed using the
open-source statistical software package R 3.1.2%.

Based on the data of the parameters of the
best probability distribution and the daily and
accumulated reference evapotranspiration (ETo4 and
ETo,., respectively) in different payback periods,
spatial distribution maps were created using the
squared IDW method for interpolation. Data

interpolation and spatial distribution map generation
were performed in the ArcGIS 10.1% software.

RESULTS AND DISCUSSION

Table 2 shows the best results for the data
adjustment to the probabilistic models for each
meteorological station. Nine probability distributions
were accepted according to the Anderson-Darling
adherence test (p < 0.05), with the log-normal
distribution being the only one that did not present
the best adjustment, and the generalized Rayleigh
distribution did not adjust to the data.
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Table 2. Most adequate distribution models in determining the probability of occurrence of accumulated and daily
reference evapotranspiration in the autonomous community of Andalusia, Spain.

Reference Evapotranspiration

Reference Evapotranspiration

Ind. Ind.
ETOd ET05 ETo 10 ETO30 ETOd ET05 ETo 10 ET030
1 Gumbel* Bisa* Weibull* Weibull* 29  Gumbelll* Bisa* Bisa* Logis*
2 Gumbelll*  Gumbel™ Logis* Weibull* 30 Bisa* Logis* Norm* Weibull*
3 Gumbel * Norm* Logis* Cauchy* 31  Gumbelll* Gumbelll*  Gumbel™ Norm*
4 Gamma* Bisa* Gumbelll*  Gumbelns 32 Gumbel* Norm* Weibull* Norm*
5  Gumbelll*  Gumbel™ Norm Bisa* 33 Bisa* Weibull* Weibull* Norm*
6 Bisa* Gumbelll*  Gumbel™ Norm* 34 Gumbel* Gumbel™  Gumbelll* Bisa*
7 Gumbelll*  Gumbel™ Bisa* Gumbelll* 35  Cauchy* Cauchy* Bisa* Weibull*
8  Gumbelll*  Gumbel™ Logis* Cauchy* 36 Weibull* Logis* Weibull* Weibull*
9 Gumbel*  Gumbelll*  Gumbelll* Bisa* 37  Gumbelll* Gumbelll*  Gumbelll*  Gumbel™
10 Cauchy* Weibull* Cauchy* Weibull* 38 Norm* Bisa* Gumbelll*  Gumbel™
11 Gumbelll*  Gumbel™ Gumbel™ Logis* 39  Cauchy* Gumbel™ Gamma* Weibull*
12 Gumbelll*  Gumbelll* Bisa* Norm* 40 Bisa* Weibull* Weibull* Weibull*
13 Bisa* Weibull* Cauchy Weibull 41  Gumbel* Bisa* Bisa* Gumbel™
14 Gumbelll* Bisa* Bisa* Gumbel™ 42 Gumbelll*  Gumbel™ Gumbel™ Bisa*
15 Cauchy*  Gumbelll*  Gumbelll* Gumbel™ 43 Gumbelll*  Gamma* Weibull* Weibull*
16 Bisa* Norm* Norm* Norm* 44 Gumbel* Bisa* Weibull* Weibull*
17 Bisa* Logis* Logis* Weibull* 45 Logis* Weibull* Weibull* Weibull*
18  Cauchy* Gumbel™ Bisa* Gumbel™ 46  Gumbel* Norm* Norm* Norm*
19  Gumbelll* Bisa* Bisa* Bisa* 47  Gumbel* cauchy* Bisa* Weibull*
20  Gumbel*  Gumbelll*  Gumbelll*  Gumbel™ 48 Norm* Bisa* Bisa* Gumbel™
21 Gumbel* Weibull* Weibull* Weibull* 49  Gumbelll* Norm* Bisa* Bisa*
22 Cauchy* Cauchy* Cauchy* Bisa* 50  Weibull* Weibull* Weibull* Weibull*
23 Gumbelll* Bisa* Logis* Norm* 51 Gumbelll* Logis* Logis* Weibull*
24 Gumbelll* Logis* Logis* Weibull* 52 Norm* Bisa* Weibull* Weibull*
25  Gumbel* Gumbel™ Bisa* Logis* 53 Gumbelll*  Weibull* Weibull* Weibull*
26  Gumbelll*  Weibull* Weibull* Weibull* 54 Logis* Weibull* Norm* Gamma*
27  Gumbelll* Gumbelll*  Gumbelll* Bisa* 55 Cauchy*  Gumbelll*  Gumbelll*  Weibull*
28 Cauchy™ Cauchy* Cauchy* Cauchy* 56 Cauchy* Cauchy* Cauchy* Cauchy*

Ind. — Identification of the meteorological stations; ETo — evapotranspiration estimated by the Penman-Monteith FAO-
56 method; ETos—5 days evapotranspiration, EToo—10 days evapotranspiration; ETos;y— 30 days accumulated
evapotranspiration; ETod — maximum daily evapotranspiration, Lnorm— Log-normal; Weibull — Weibull; Gamma —
Gamma; Cauchy — Cauchy; Norm — Normal; Logis — Logistica; Bisa — Birnbaum-Saunders; Gumbelll — Gumbel-II;
Gumbel — Gumbel; * Anderson-Darling adherence test significant.

The distributions which obtained the best
adjustments to the majority of the ETo,. data were
the Gumbel II (ETos) and Weibull (ETo, and ETos)
distributions. Overall, the Gumbel II distribution
presented the best adequacy to the reference
evaporation data, with approximately 20% of the
tested series, followed by the Weibull probability
distribution.

Jerszurki, Souza and Evangelista (2015),
applying the Kolmogorov-Smirnov adherence test at
5% of probability and verifying that approximately
65% of the 10-day ETo values were adjusted to the
Normal distribution, verified that adjustment of
probability distribution functions in series of ETo
data in the city of Telémaco Borba, state of Parana
(Brazil), were most suitable.

On the other hand, Silva et al. (1998) have
determined, for the city of Cruz das Almas, state of

Rev. Caatinga, Mossoro, v. 32, n. 1, p. 189 — 199, jan. — mar., 2019

Bahia (Brazil), that the main ETo distributions were
the Normal, Log-Normal, and Beta distributions.
This way, it is possible to note the variability
regarding the adequacy of the distributions to the
historical society and to the different locations.

In the present work, the distribution which
presented the best adjustment to the majority of the
data of daily maximum and accumulated ETo values
was the Gumbel II distribution; consequently, it was
selected to represent the entire Andalusian region.
Thus, the scale (o) and shape () parameters for the
Gumbel II distribution were obtained for the
remaining stations (Table 3). The Gumbel II
distribution was evaluated by the Anderson-Darling
test (p < 0.05), and the values obtained were
significantly lower than the critical values,
considering this distribution adequate for the 56
meteorological stations.
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Table 3. Parameters of the Gumbel II distribution models to determine the probability of occurrence of the accumulated
and daily reference evapotranspiration in the autonomous community of Andalusia, Spain.

Id ETOd A2 ET05 Az ETO[O Az ET030 Az
1 6.58 11.16 * 16.65 0.66 ns 17.37 0.77 ns 17.32 0.66 ns
2 7.87 13.92 * 6.87 17.29 * 6.46 17.94 * 6.01 3342 *
3 6.92 3.47 * 17.26 0.76 * 17.09 0.84 ns 17.32 0.66 ns
4 9.69 12.08 * 8.20 17.00 ns 7.73 20.24 * 7.22 20.11 *
5 7.41 18.94 * 6.71 43.04 * 6.48 3554 * 6.28 38.83 *
6 8.32 10.74 * 6.94 13.41 * 6.57 16.19 * 6.16 22.61 *
7 8.44 14.70 * 7.57 27.57 * 7.31 20.15 * 6.93 34.72 *
8 8.87 10.00 * 7.50 25.64 * 7.07 20.35 * 6.63 19.26 *
9 9.14 7.80 * 7.50 11.75 * 7.02 14.30 * 6.54 16.80 *
10 8.16 4.87 * 6.79 4.95 * 17.32 0.66 ns 17.32 0.66 ns
11 8.56 10.08 * 7.43 15.47 * 6.98 16.58 * 6.51 17.76 *
12 8.02 13.78 * 7.03 16.65 * 6.77 16.50 * 6.52 16.50 *
13 9.28 12.14 * 8.08 13.20 * 7.47 13.71 * 6.88 16.75 *
14 8.48 8.97 * 7.50 16.98 * 7.24 19.03 * 6.94 22.93 *
15 7.56 16.11 * 6.95 26.71 * 6.75 33.30 * 6.52 32.69 *
16 7.78 13.73 * 7.28 14.41 * 7.08 14.97 * 6.86 16.79 *
17 9.17 15.89 * 8.33 22.96 * 8.05 22.75 * 7.65 18.63 *
18 8.95 9.68 * 8.09 19.80 * 7.82 25.07 * 7.52 27.54 *
19 9.08 13.48 * 8.33 14.75 * 8.08 16.85 * 7.69 16.78 *
20 7.88 10.99 * 7.17 13.18 * 6.96 15.35 * 6.68 15.95 *
21 8.66 15.73 * 7.78 13.34 * 7.49 14.11 * 7.19 12.85 *
22 8.42 13.71 * 7.79 19.58 * 7.61 18.28 * 7.31 21.41 *
23 7.62 22.78 * 6.91 21.87 * 6.67 23.86 * 6.30 25.85 *
24 8.87 10.38 * 8.02 18.66 * 7.64 2231 * 7.28 17.19 *
25 8.01 16.76 * 7.43 26.32 * 7.15 26.26 * 6.80 28.79 *
26 8.83 19.78 * 8.01 22.27 * 7.80 25.94 * 7.48 26.59 *
27 9.19 13.16 * 8.40 18.29 * 8.15 17.93 * 7.72 21.36 *
28 6.58 11.16 ns 18.66 1.13 ns 18.66 1.13 ns 18.66 1.13 ns
29 17.59 1.17 * 7.15 28.83 * 6.99 40.55 * 6.69 26.34 *
30 757 24.35 * 7.70 14.98 * 7.49 18.57 * 7.13 14.81 *
31 8.35 12.08 * 8.88 11.22 * 8.47 12.84 * 7.77 14.01 *
32 9.95 9.56 * 7.53 18.92 * 7.30 18.72 * 6.94 20.53 *
33 8.04 15.37 * 7.59 23.50 * 7.34 30.03 * 7.06 16.68 *
34 8.16 18.56 * 7.88 10.16 * 7.58 11.22 * 7.11 9.24 *
35 8.44 9.17 * 8.75 11.53 * 8.30 15.38 * 7.54 17.37 *
36  10.06 5.87 * 5.98 16.38 * 5.86 16.45 * 17.37 0.77 ns
37 6.49 17.41 * 6.91 69.06 * 6.79 74.21 * 6.54 51.69 *
38 7.19 37.40 * 7.60 29.57 * 7.41 36.54 * 7.11 31.58 *
39 8.37 21.30 * 11.05 12.34 * 10.42 14.55 * 9.62 16.47 *
40 12.83 10.35 * 8.26 23.66 * 7.98 21.18 * 7.68 26.24 *
41 9.11 21.94 * 8.37 26.39 * 8.14 24.32 * 7.84 27.46 *
42 9.18 20.66 * 9.06 12.64 * 8.67 14.21 * 8.07 15.52 *
43 10.02 9.93 * 6.79 18.64 * 6.65 37.18 * 6.44 37.28 *
44 7.30 20.43 * 7.07 22.94 * 6.71 20.25 * 6.43 25.73 *
45 7.96 13.58 * 7.38 7.40 * 6.94 7.43 * 18.10 0.72 ns
46 9.03 9.27 * 7.03 17.76 * 6.71 2135 * 6.35 25.24 *
47 7.93 15.82 * 8.24 22.52 * 7.85 27.90 * 7.44 24.25 *
48 9.03 22.92 * 7.12 13.87 * 6.64 20.69 * 6.20 24.77 *
49 8.86 9.68 * 8.14 17.71 * 7.76 17.60 * 7.36 17.24 *
50 9.16 16.11 * 7.95 14.78 * 7.63 16.21 * 7.34 16.77 *
51 8.80 11.40 * 7.28 21.15 * 7.06 23.29 * 6.73 24.32 *
52 7.92 18.35 * 7.34 12.74 * 6.95 15.59 * 6.47 17.09 *
53 8.28 12.40 * 7.82 18.96 * 7.48 29.69 * 7.15 26.26 *
54 8.66 14.21 * 7.31 16.30 * 7.07 17.23 * 6.77 16.66 *
55 7.86 12.06 * 9.36 9.53 * 8.57 12.77 * 7.86 15.73 *
56 1146 9.72 * 17.32 0.66 ns 17.32 0.66 ns 17.32 0.66 ns

Id — meteorological stations identification; ETo — Evapotranspiration by the Penman-Monteith method standardized by
FAO-56; ETos—5 days accumulated evapotranspiration; ETo;o— 10 days accumulated evapotranspiration; EToso— 30 days
accumulated evapotranspiration; ETog4 — daily maximum annual evapotranspiration; A2 — Anderson-Darling test.
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It is noteworthy that the a value did not vary
greatly among the different simulations, with values
in the interval between 7 and 9, with some
exceptions, for the daily maximum ETo as well for
the accumulated ETo, in different payback periods.
This may be explained by the fact that a is a shape
parameter of the random variable; thus, it does not
depend on the magnitude of the evapotranspiration
values. On the other hand, the § parameter presented
great dispersion in the different simulations
performed, with the greater values in the ETo
simulations accumulated over 30 days; in other
words, in simulations with greater evapotranspiration
values.

For the daily ETo simulation, the maximum
and minimum [ values were 24.35 and 1.17,
respectively, for the stations 30 and 29, respectively.

ETod

For the ETo accumulated over 5 days, the maximum
and minimum f values (69.06 and 0.66, respectively)
were observed for the stations 37 and 1, respectively.
Yet, for the ETo accumulated over 20 days, the
maximum and minimum f values (74.21 and 0.66,
respectively) were found for the stations 37 and 56,
respectively. For the simulation with ETo
accumulated over 30 days, the maximum [ value
was 51.69, while the minimum value was 0.66,
corresponding to the stations 37 and 1, respectively.
This wide range of ETo values is based on the fact
that this parameter represents the variable scale.

The distribution maps regarding the scale (o)
and shape (B) parameters of the Gumbel II
distribution in the Andalusian region are shown in
Figure 2.

°
-65-82

]
-35-118

A

mg2-89 -8 144
Emg.9-102 m14.4-17.2
110.2 - 14.1 17.2 - 24.3)
ETo5
a b
-59-82 -06-173
-g2-97 ]7.3-24.5)
=9.7-12.6 B24.5 - 39.0
12.6-18.6 139.0- 69.0
ETol0
]
-55-7.9 -06-17.6
-79-93 .17.6-24.0
m9.3- 122 E24.0-39.3
112.2-18.6) [39.3-73.9
ETo30
. [
6.1 -79 -0.6-13.6
-79-97 -13.6-19.8
|mo.7- 127 E19.8 - 26.0
112.7-18.6 £026.0-51.4
0 100 200 400

O Km

Figure 2. Spatial distribution maps of the a and B parameters for the Gumbel II probability distribution in the autonomous

community of Andalusia, Spain.
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In the spatial distribution maps of the a
parameter, there was a predominance of values in the
interval between 7 and 9 in the central region of
Andalusia, with extreme values of a being located in
the outskirts of this region. In the EToyq map, values
between 8.2 and 8.9 prevailed, while in the ETos
map, values between 5.9 and 8.2 were predominant.
In the maps of EToyy and ETos, values mainly
ranged between 5.8 and 7.9.

In the spatial distribution maps of the B
parameter, we observed no predominance of any

range of values. This greater variability in the
maps reinforced the hypothesis that this parameter
represents a variable scale.

Table 4 shows the values of daily and
accumulated reference  evapotranspiration in
different periods (5, 10, and 30 days), using the
optimum probability distribution function (optimum
PDF) and the Gumbel II probability distribution
function (Gumbel II PDF) for a payback period of 4
years. The optimum PDF corresponds to the
distribution which best adjusted to the EToy,,.

Table 4. Daily and accumulated reference evapotranspiration values for the different periods (ETog, ETos, ETo;9, ETo030),
using the optimum and Gumbel II probability distribution functions, for a payback period of 4 years in the autonomous

community of Andalusia, Spain.

ETOd ET05 ETO]O ETO3O

Id optimum Gumbel II optimum Gumbel II optimum Gumbel II optimum Gumbel II

PDF PDF PDF PDF PDF PDF PDF PDF
1 8.8 7.3 31.0 309 59.0 59.1 167.5 167.8
2 8.6 8.6 44.6 36.7 68.5 69.1 187.9 187.3
3 9.4 9.9 325 33.1 60.5 62.1 170.1 178.2
4 10.7 10.7 442 44.1 82.2 822 281.4 230.5
5 7.9 7.9 345 345 67.1 67.2 194.2 193.9
6 9.4 9.3 38.0 38.0 85.7 70.5 195.2 195.2
7 9.2 9.1 48.6 39.6 75.9 75.9 215.2 215.2
8 10.0 10.0 394 394 74.5 75.2 206.8 2115
9 12.7 10.7 41.8 41.8 76.7 76.7 211.2 211.4
10 9.4 10.5 41.6 44.1 71.4 78.0 190.0 208.3
11 9.7 9.6 40.7 40.7 74.6 74.6 204.1 206.6
12 8.8 8.7 37.8 37.8 732 73.0 210.2 210.4
13 103 10.2 442 44.5 80.0 81.9 219.2 2221
14 9.7 9.7 40.5 40.4 712 712 268.9 219.8
15 7.7 8.1 36.4 36.4 70.1 70.1 250.6 203.7
16 8.5 8.5 39.6 39.6 76.5 76.6 221.8 222.1
17 9.9 9.9 43.6 44.0 84.5 85.2 2423 245.6
18 9.1 10.1 52.6 43.1 82.5 82.2 289.2 235.7
19 10.0 9.9 454 453 87.4 86.9 249.7 248.5
20 10.6 8.8 39.3 39.3 75.5 75.5 217.8 217.8
21 11.4 9.3 42.6 42.8 81.9 81.9 237.0 237.5
22 8.8 9.2 40.8 41.5 79.9 81.3 232.7 233.0
23 8.1 8.0 36.6 36.6 69.7 70.1 198.9 199.4
24 10.0 10.0 42.7 42.8 80.4 80.7 228.1 229.7
25 10.4 8.6 47.7 389 753 75.2 212.1 212.8
26 9.4 9.4 425 423 82.0 81.8 234.8 2353
27 10.1 10.1 45.0 45.0 87.3 87.3 245.6 245.7
28 9.4 10.0 432 54.7 82.9 87.3 232.4 245.7
29 8.0 7.9 373 37.3 722 72.1 208.1 209.8
30 9.2 9.2 413 41.8 79.6 80.1 228.8 232.8
31 113 113 49.6 49.6 79.6 932 253.7 2543
32 10.6 8.7 40.0 40.1 78.2 77.9 220.1 221.0
33 8.7 8.7 40.0 40.0 76.2 76.3 218.6 2193
34 11.5 9.7 534 44.6 84.6 84.6 242.1 2433
35 10.4 12.4 46.3 48.7 89.9 90.0 242.4 2425
36 6.9 6.9 315 31.8 61.2 62.1 175.9 177.7
37 7.4 7.4 352 352 69.0 69.0 200.7 200.7
38 8.9 8.9 39.7 39.7 76.7 76.7 272.8 222.0
39 139 14.5 33.7 61.1 84.2 84.4 272.8 241.6
40 9.6 9.6 43.7 435 84.2 84.4 242.6 241.6
41 11.9 9.7 44.0 439 85.8 85.7 242.6 246.0
42 11.4 11.4 60.3 50.0 85.8 94.7 262.4 262.0
43 7.8 7.8 353 35.3 68.7 68.7 200.7 200.5

Id — Meteorological station identification; ETo — Evapotranspiration estimated by the Penman-Monteith method
standardized by FAO-56; ETos — 5 days accumulated evapotranspiration; ETo;p — 10 days accumulated
evapotranspiration; ETo;p— 30 days accumulated evapotranspiration; EToy — daily maximum evapotranspiration; PDF —

probability distribution function.
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Table 4. Continued.

ETOd ETOS ET010 ET030

Id optimum Gumbel 11 optimum Gumbel II optimum Gumbel 11 optimum Gumbel 11

PDF PDF PDF PDF PDF PDF PDF PDF
44 10.5 8.7 374 373 71.7 71.5 202.8 203.2
45 10.0 10.3 41.6 43.7 78.3 81.6 218.0 229.2
46 10.4 8.6 37.7 37.7 71.1 71.2 200.6 200.5
47 11.7 9.5 42.8 435 82.0 82.1 236.2 2355
48 10.0 10.1 39.0 39.0 70.7 70.6 239.2 195.4
49 9.9 9.9 43.7 43.7 83.4 83.3 237.7 236.8
50 9.7 9.8 429 433 81.6 82.4 235.6 237.0
51 8.5 8.5 383 385 732 73.5 210.6 212.8
52 9.2 9.2 40.2 403 74.8 753 211.4 211.6
53 9.5 9.4 40.5 40.5 77.5 78.1 2227 224.6
54 8.6 8.7 393 394 75.6 76.0 218.5 219.1
55 12.5 13.0 533 533 94.6 94.6 255.0 255.4
56 9.2 10.7 41.5 48.5 80.5 94.8 226.7 271.7

Id — Meteorological station identification; ETo — Evapotranspiration estimated by the Penman-Monteith method
standardized by FAO-56; ETos — 5 days accumulated evapotranspiration; EToj;, — 10 days accumulated
evapotranspiration; EToso— 30 days accumulated evapotranspiration; EToy — daily maximum evapotranspiration; PDF —

probability distribution function.

In general, as the accumulated period
increases, the daily maximum  reference
evapotranspiration decreases. According to Santos et
al. (2017), this behavior generally occurs when
analyzing evapotranspiration frequency, depending
on the accumulated period and on the probability
level adopted, resulting in sensitive differences when
projecting on irrigation systems.

The daily maximum ETo for the optimum
probability distribution function was 9.7 mm on
average, varying from 6.9 to 13.9 mm in the different
stations considered. For the Gumbel II probability
distribution function, ETo4 had an average value of
9.5 mm, with values varying from 7 to 14.5 mm.

The reference evapotranspiration accumulated
over a period of 5 days, using the optimum
probability distribution function, was 41.6 mm on
average, varying from 30.9 to 61.3 mm in the
different meteorological stations considered. For the
Gumbel II PDF, the average ETos value was 41.6
mm.

The 10-day accumulated reference
evapotranspiration for the optimum PDF was 77.4
mm on average, ranging from 59.1 to 94.8 mm
between all considered stations. For the Gumbel II
PDF, the average EToj, values was 78.2 mm.

For the 30-day accumulated
evapotranspiration, the optimum PDF had an average
value of 225.3 mm, ranging from 167.8 to 271.7 mm
in the different stations. For the Gumbel II PDF, the

average ETo3 value was 221.8 mm.

Based on these ETo values, the daily
maximum ETo to be considered in irrigation projects
in this region is approximately 9.7 mm d.
Therefore, the accumulated ETo in the periods of 5,
10, and 30 days that should be taken into account
while dimensioning irrigation systems in the
Andalusian region are, on average, 41.6, 77.4, and
225.3 mm, respectively.

The spatial distribution maps regarding the
daily maximum and the accumulated reference
evapotranspiration values in different periods (5, 10,
and 30 days) for the optimum and Gumbel II
probability distribution functions in the Andalusian
region are presented in Figure 3.

In the EToq4 distribution maps, we noted the
same had high spatial variability when using the
optimum PDF. When using the Gumbel II PDF, the
EToq values were predominantly in the range
between 8.9 and 10.2 mm.

In the ETos distribution maps, spatial
variability was high in both probability distribution
functions (optimum and Gumbel II), with values
mainly around 42 mm. In the distribution maps of
ETo,, the spatial variability was also high in both
probability distributions, with values mainly around
78 mm. The ETojy distribution maps presented a
high variability in both probability distributions, with
predominant values around 224 mm.
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Figure 3. Spatial distribution maps for daily maximum ETo and accumulated ETo values for different periods (5, 10 and 30
days) for the optimum and Gumbel II probability distribution functions in the autonomous community of Andalusia, Spain.

The maps obtained demonstrate a high
heterogeneity of reference evapotranspiration in the
Andalusian region. This Spanish autonomous
community is characterized by a highly developed
agriculture, with irrigation application in crops such
as wheat, rice, oats, rye, potato, and olives, among
others. In this context, the results generated could be
used in the dimensioning of irrigation systems
considering the evapotranspiration demand, thereby
improving the productive capacity of the region and
supporting farmers and land owners.

198

CONCLUSIONS

The probabilistic model that presented the
best adjustment to the reference evapotranspiration
(ETo), aiming at the dimensioning of irrigation
systems in the Andalusian region (Spain), was the
Gumbel II model.

For the study region, the daily maximum ETo
value to be considered in irrigation projects is, on
average, 9.7 mm. The accumulated ETo values for
periods of 5, 10, and 30 days, which should be
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considered in the dimensioning of irrigation systems,
are, on average, 42, 77, and 225 mm, respectively.
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