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ABSTRACT. Since water is an increasingly limited resource, having methods
for evaluating its quality is necessary to ensure an adequate and sustainable
use for human consumption, agriculture and industry. The aim of this work
was to describe agriwater software for evaluating the quality of irrigation
water. The software consisted of the following stages: a) development of
a database capable of hosting all the information stored in the software; b)
conversion of chemical units; c¢) indexes calculation; and d) evaluation of
performance and efficiency in data processing. The Agriwater software con-
verts measuring units of ions to mg L=, meq L~! and mmol L~ !, calculating
the following water quality indexes: sodium absorption ratio, effective salinity,
potential salinity and chloride toxicity. The result is Agriwater software, a
professional tool that can handle, analyze and evaluate thousands of data in
seconds in an intuitive and simple way.

Key words: Effective salinity, potential salinity, salinity, sodicity, types water.

RESUMEN. El agua es un recurso limitado por lo que es necesario contar
con métodos para evaluar su calidad para garantizar un uso sostenible para
el consumo humano, agricultura e industria. El objetivo de este trabajo fue
describir el software agriwater para evaluar la calidad del agua de riego. Las
actividades fueron: a) desarrollo de una base de datos; b) conversiéon de
unidades quimicas; c) célculo de indices; y d) evaluacién del desempefo y
eficiencia en el procesamiento de datos. El software Agriwater convierte las
unidades de medida de iones en mg L=!, meq L~! y mmol L~!. Se calculan
los indices: relacién de absorcion de sodio, salinidad efectiva, salinidad
potencial y toxicidad por cloruro. Agriwater es una herramienta profesional
que puede manejar, analizar y evaluar miles de datos en segundos de una
manera intuitiva y simple.

Palabras clave: Salinidad efectiva, salinidad potencial, salinidad, sodicidad,
tipos de agua.

E. ISSN: 2007-901X

www.ujat.mx/era
1


https://orcid.org/0000-0001-9128-5803
https://orcid.org/0000-0001-9924-1944
https://orcid.org/0000-0002-6620-1927
https://creativecommons.org/licenses/by-nc-sa/4.0/

COSISTEMAS
Y
CURSOS
ROPECUARIOS

Bautista et al.

Quality of irrigation water

Ecosist. Recur. Agropec. 8(2): ¢2636, 2021
https://doi.org/10.19136/era.a8n2.2636

INTRODUCTION

In recent years, agricultural activities have
caused an over-extraction and overuse of groundwa-
ter, which could eventually lead, in the short term,
to an increase in the presence of toxic elements in
crops and soil salinization, endangering the long-term
availability of agricultural food products (Ebrahimia et
al. 2016, Yu et al. 2021). It is estimated that the
salinization of irrigated agricultural soils has caused
the degradation of agricultural land, leading to pro-
duction losses of 27.3 billion dollars a year (Gonzéalez-
Acevedo et al. 2016). The quantity and quality of irri-
gation water is a crucial factor in agricultural produc-
tion for both the short and long term (Loera-Alvarado
et al. 2019, Chenchen et al. 2020, Mohammadi et al.
2021).

Evaluating the quality of agricultural water must
into account its chemical characteristics, for example,
the type and quantity of anions and cations present in
it (Pacheco et al. 2004, Mohammadi et al. 2021). The
chemical parameters of water quality can be incorpo-
rated and interpreted through the use of indexes and
graphical methods (Glingdér and Arslan 2016). Pa-
rameters and indexes such as CE, chlorides, sodium
absorption ratio (SAR), potential salinity (PS) and
effective salinity (ES) (Palacios and Aceves 1970) pro-
vide clear mathematical values that can be easily in-
terpreted and help in decision-making processes re-
lated to the proper use of water (Delgado et al. 2010,
Yu et al. 2021). Similarly, graphical representations
of the chemical properties of water Piper diagrams
(Piper 1944) and of the salinity and sodicity of irri-
gation water (Delgado et al. 2010. Bautista et al.
2015) can be used to define water types and the risk
of salinity and sodicity, respectively.

Studying, analyzing and evaluating large
datasets on water quality to build indexes and graphs
demand considerable time as well as chemical and
agronomic knowledge (Bautista et al. 2015, WH
2020). Furthermore, the management of data may
be exposed to human errors. The process of ana-
lyzing irrigation water quality data can be automated
through the use of software. The objective of this
work was to describe the functions of the agriwater

software in order that irrigated agriculture has a less
negative impact on the environment and a better im-
pact on agricultural production.

MATERIALS AND METHODS

Calculation and conversion of chemical units

The input variables consist of the following
physico-chemical parameters: CE, Ca>*, Mg>*, Na™,
K*, CO%™, HCO;, SO;, CI~ NO3, Y. Cations, ¥,
Anions.

The different calculations were done in the
following order: conversion of units, classification of
types of water, classification of salinity risks according
to the diagram of salinity and sodicity, and trend
analysis. The following equations were used to con-
vert data units and to calculate the different water
quality indexes (Delgado et al. 2010):

Unit conversion equations.

Conversion of mg L~! into mmol L1,

(mg L")
molecular weight

mmol L' =

Conversion of mg L~! into meq L.

(mg L")
molecular weight

meq L~' = (valence)

Conversion of meq L~! into mg L.

(meq L") (molecular weight)

meg L~} =
g valence

Conversion of meq L~! into mmol L.

(meq L")

mmol L' =
valence

Conversion of mmol L~! intomg L~!.
mg L~' = (mmol L™")(molecular weight)
Conversion of mmol L~! into meq L~.
meq L' = (mmol L™")(valence)

The SAR index is calculated by the following
equation: SAR = ——2N4a

[ca®t+ + MgzJr
2
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The concentrations are expressed in meq L~!.

The potential salinity (PS) index is used to esti-
mate the risk caused by a high concentration of salts
in solution (CI~ and soﬁ—), which can increase the
osmotic potential of the solution when soil moisture is
below 50%. Water can be classified into three types
according to the PS: good (<3 meq L™!), conditional
(3 to 15 meq L™!) and not recommended (>15 meq
L~!) (Palacios and Aceves 1970).

The equation for calculating this index is: SP
= CI~ + 4 SO; ™. The values of CI~ and SO;  are
expressed in meq L~!

The index of effective salinity (ES) provides a
more accurate estimation of the risk cause by an in-
crease in the osmotic pressure of the soil solution
when high concentrations of carbonates and bicar-
bonates are present. These conditions cause calcium
and magnesium carbonates to precipitate, and thus
stop raising the osmotic pressure of the solution. This
process is most noticeable when water has high con-
centrations of carbonates and bicarbonates. Water
can be classified according to the ES into the same
categories as the PS (Palacios and Aceves 1970).
This index is calculated using the following conditions
and equations:

If Ca®* > (CO¥ + HCO; + SO¥7), SE =
(X cationes o ¥.aniones) — (CO;~ +HCO; +S03")

If Ca®>* < (CO;™ + HCO; +SO37), but Ca** >
(CO;™ +HCO;),

SE = Y cationes o Y aniones — (Ca*")

If Ca** < (CO5™ + HCO; + SO37), but (Ca** +
Mg**) > (CO3™ +HCO3),

SE =Y cationes o Y, aniones — (CO%f +HCO5)

If the sum (Ca>* +Mg**) < (CO3™ +HCO5-), SE =
Y cationes o Y aniones — (Ca** + Mg*>*)

Concentrations are expressed in meq L~!
The sodium adsorption ratio and electrical con-
ductivity are parameters required to determine the

quality of water in terms of their use for irrigating
certain types of crops. The diagram of salinity and
sodicity is used for this.

The diagram is divided into four levels
according to the values of the sodium adsorption ra-
tio expressed in (mmol. L~1)%3 and the values of
electrical conductivity expressed in dS m~! at 25 °C,
classifying the samples according to their values (low,
medium, high and very high), which determine what
type of water can be used with a certain crop.

Graphical methods

The diagram of salinity and sodicity represents
the relationship between the sodium absorption ra-
tio and electrical conductivity. The sodium absorp-
tion ratio divides the diagram into 4 regions: a) low:
0-10; b) medium: >10-18; c) high: >18-26; d) very
high: >26-30. Likewise, electrical conductivity divides
the diagram in 4 other regions: a) low: 0-0.250; b)
medium: 0.250-0.750; c) high: 0.750-2.250; and d)
very high: 2.250-5.0 dS m~!, defining a total of 16
types of irrigation water. With these parameters, the
Agriwater software can make a plot, determining the
number of pixels that correspond to each region and
placing a dot when the parameters intersect, thus de-
termining the type of water that corresponds to each
of the n samples stored in the software, as well as the
risk of salinization. The results of the classification are
shown in tabular format and can be easily exported to
an .xls file.

The Piper diagram determines the type of wa-
ter, showing the major cations and anions contained
in the sample, which is useful to determine the proper
use of water. The diagram is formed by two triangles
and a rhombus; the triangles represent the cations
and anions, respectively, while the rhombus repre-
sents the type of water.

The operation of the software is based on the
distribution of the proportions of ions contained in
the sample, representing them in the diagram as
percentages. Using these values, the software de-
termines the proportion of pixels that correspond
to each triangle, representing the intersection of all
values with a dot. The points at which both triangles
intersect determine the values of the rhombus and the
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type of water.

Time series analysis

The Mann-Kendall test (MK test) was used
for trend analysis (Mann 1945, Kendall 1975); this
method has been widely described by (Castafieda
and Gonzalez 2008), as shown below.

The MK test begins by comparing the data from
the most recent time series with previous values. A
score of 1 is given if the most recent concentration
value is higher than the previous one; if it is lower, the
score is -1. The total score for the time series is the
MK statistic, which is compared with a critical value
to verify that the data show an upward or downward
trend (Castafieda and Gonzélez 2008). The analysis
process is done as follows:

The n data pairs (x1, Y1), (X2, ¥2), ---(Xn, Y5) are
indexed according to the magnitude of the value of x,
such that x; < xp <...<x,, with y; as the value of the
dependent variable corresponding to x;.

All ordered n (n-1)/2 pairs of y; values are
examined. Let P be the number of cases in which y;
>y, (i>j), and let M be the number of cases in which
yi <y;j (i>]).

The statistics of the test is defined by S = P-M

For n>10, the test is computed using the nor-
mal approximation. The standardized test statistic is
calculated:

SSL_ 9>0
Var(S)
7= 0 S=0 Var(S)=n(n—1)%L
S+l S0
Var(S)

The null hypothesis is rejected at a level of
significance of o if |Z|>Z(1_q)/, Where Z(;_q))> is
the value of the standard normal distribution with a
probability of exceedance of o/2. For example, at
o = 0.05, the null hypothesis would be rejected for
|Z|>1.96. In the case that some x and/or y values are
tied, the formula for Var (S) is modified. If the sample
size is less than 10, it is necessary to use tables for
the statistic S.

The Kendall T correlation coefficient is defined
as: 1= 2

2
As with other types of correlation coefficients,

T can only take values between -1 and 1; the sign in-
dicates the sign of the slope of the relationship, and
the absolute value indicates the strength of the rela-
tionship. Because the test only considers data rows,
it can be used even in cases where some of the data
are rejected. This is an important feature of the test
when applied to water data; when there are missing
values in a data set, a correction is introduced to the
formula of the variance of S so that all missing values
are filled:
nin—1)2n+5) =YY" 4i(i—1)(2i+5)
18
Where ti is the number of extension links i.

The software allows to select the elements and
indexes to which the MK test must be applied; the re-
sults of the test are shown on the screen, including
the statistical parameter of trend (S), variance (Var),
number of cases (N), and the standardized value (Z)
(ZStd). If Z>1.96, the data series are statistically sig-
nificant; in other words, there is a trend. A positive
value of Z indicates an upward trend in the data se-
ries; a negative value indicates a downward trend.

Sen’s test is a nonparametric test that identi-
fies trends and their magnitude in a set of samples
(Gibbons y Coleman 2001). To calculate a trend, the
slope N’ is estimated for each Q' as follows:

Var(S) =

/
. X, — X

0=

it—i

Where x; and x; are the concentrations mea-
sured in monitoring events i’ and i, where i’'>i and N/
is the number of data pairs for which i'>i. The value
of the median of N’ values of Q is estimated from
Sen’s trend. A single measurement for each moni-
toring event is needed.

nin—1)
2
To obtain the median value of Q, denoted as S,
the values of Q are classified from lowest to highest,
and the average slope is calculated as follows:
When N is odd S = Q((N,TH))

When N’ is even § = (Q[NT’} +Q[M])/2

N =

VARS(S) = %[N’(N’ ~1)(2N'+5)]
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Where VARS (S) represents the variance of S
a
Ca=2 -3 [VARS(S)?)2

Where: Z_« is the (1 - %) percentage quartile of the
2
standard normal distribution
Subsequently, M; and M, are calculated, M| =
(N'—Cq)

2
Where M; represents the lower confidence level, M; =

(NL%“) and M, represents the upper confidence level.
The positive value of S indicates an upward

trend, while a negative value indicates a downward

trend in the time series data (Nyamao et al. 2015).

RESULTS AND DISCUSSION

Inputting the data into the software, converting
the units and storing the information produced in
the database are processed that are performed in
parallel. By selecting the units of the data and
entering the interface “enter data”, the software au-
tomatically converts the quantity of ions into the
following units: mg L™, meq L~!, mmol L~!. Clinking
on the “save” button saves the information, as shown
in Figure 1. This procedure makes it possible to cal-
culate water quality indexes, classify water types
according to the Piper diagram, and to classify
water quality according to the diagram of salinity
and sodicity for n samples stored in the software
database.

Calculation of indexes

The calculation of the indexes of water quality
(SAR, PS, ES), the summation of cations and anions
and the estimation of the percentage of allowable
errors are done through the “edit” interface. The
user needs only to select the option “modify”, click on
the desired station and then click on the “calculate”
button; the software will automatically recalculate the
new indexes, the percentage of allowable errors and
the summations, showing the new values in the table
and saving them to the database, as shown in Figure
1.

To estimate the permissible levels of the water
quality indexes of a certain station, it is only necessary

to click on any value of the indexes, and the soft-
ware will automatically display a graph that shows the
evaluation of water quality with different colors: a) the
bar is green when the level is low; b) the bar is yellow
when the level is conditioned; and c) the bar is red
when the level is not recommended.

Graphical methods

The graph interface is very simple. By right-
clicking the desired station, it is possible to determine
the chloride concentration of the sample and graph
the levels of the major ions. The graph can be ex-
ported to a .png or .jpg file.

Water types are classified using triangular
diagrams representing the proportion of three com-
ponents in a set or a substance (Piper 1944). The
Piper diagram represents the classification of water
types as a function of the concentrations of the major
ions. This diagram consists of two triangles and a
rhombus; the left triangle indicates the cations; the
right triangle indicates the anions, and the rhombus
in the center represents the classification of water
types. In the direction of the arrows of the diagram,
each vertex represents from 0% to 100% of the con-
centration of a certain ion, as shown in Figure 2. To
determine the concentration of cations based on the
Mg?*, Ca*t and (Na* + K*) ions, it is necessary to
convert the concentration values of these ions to meq
L=!. Usually, the sum of the values is not 100%, and
is thus necessary to determine the proportion of each
ion, example:

Ca’t =766 meqL™'; (Nat + KT) =894 meq L™ !;
Mgt = 4.46 meq L~!

Sum of cations = 21.06 meq L~!

2+ .21.06 _ 100. . __
Percentage of Ca*" : 222 = 37:x = 36.37%
Similarly, we get (Na* + KT) = 42.45% and Mg>" =
21.18%

This gives the concentration of cations as per-
centages. Now a point is plotted in the triangle of the
cations where all the concentrations intersect, and the
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Figure 1. Insertion and transformation of units, and calculation indices water quality.
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procedure is repeated in the triangle of the anions
Cl—, SO}, (HCO; + CO3"). This gives the concen-
tration of cations and anions in the water sample.

The classification of water types is based on
the intersection of the points indicating cations and
anions within the rhombus, which is divided into four
regions: a) chlorinated and/or calcium sulfate water,
represented in red; b) sulfated and/or calcium chlo-
rinated and/or magnesium water, shown in gray; c)
sodium bicarbonate water, shown in green; d) calcium
bicarbonate and/or magnesium water. The results of
the classification can be exported in tabular format to
an .xls file.

The diagram of salinity and sodicity allows to
define the type of water suitable for different crops.
Four classes of salinization risk and four classes of
sodification risk were defined, resulting in 16 types
of water (C1-S1, C1-S2, etc.), each of which re-
quires different conditions to be used as irrigation wa-
ter (Silva et al. 2013).

The diagram interface allows to: a) determine
the proportion of pixels corresponding to the sodium
absorption ratio in the y-axis, (values 0 to 30); b)
determine the proportion of pixels corresponding to
electrical conductivity in the x-axis (values 0 to 5.0);
c) plot a point on the intersection of the values of
sodium absorption ratio and electrical conductivity, re-
peating the procedure for each of the samples stored
in the software database; d) identify the section of
the diagram where the points were plotted and assign
the corresponding class to each of the samples. The
results of the classification are displayed in tabular
format, which can be easily exported to an .xls file, as
shown in Figure 3.

Changes over time

The trend analysis interface uses MK and TS
tests to identify upward and downward trends for each
of the major ions in the water samples from each
of the stations stored in the software, providing the
following information in tabular format: identifier, pa-
rameter, number of elements analyzed, number of
changes occurred and the numerical value of the test.
In the MK test, a value of Z higher than the threshold
of 1.96 indicates an upward trend; if it is lower than

-1.96, it indicates a downward trend. In the Sen’s test,
a positive value indicates an upward trend; if the value
is negative, it indicates a downward trend of the pa-
rameter or the index.

In northern Mexico arid and semi-arid climates
predominate; in the center and south of the country
there are several months with little or no rain and,
in addition, with the presence of the heat wave (Del-
gado et al. 2017; Montiel et al. 2019). This situa-
tion causes that both climate drought and seasonal
drought are elements of the environment that involve
the use of irrigation water and / or the selection of
drought-tolerant crops (Delgado et al. 2010, Silva
et al. 2013, Lopez-Hernandez et al. 2018; Ortega
et al. 2019). This situation leads to many meticu-
lous studies of the quality of water, both underground
and surface bodies (Rubio et al. 2014, Almazan-
Juarez et al. 2016). In this sense, the Agriwater soft-
ware becomes a useful tool for quickly and efficiently
calculating salinity indices, including those of poten-
tial salinity and effective salinity that are very often not
taken into account (Delgado et al. 2010).

The Agriwater software performs most of the
functions performed by other commercial software
such as Aquachem (Table 1) (WH 2020), but Agri-
water is focused exclusively on the evaluation of
quality of water used for agricultural irrigation and
does not intend to perform other types of analysis.
The main advantages of Agriwater are that it can run
on any operating system, its user-friendly interface
that makes it easy to interpret the results and that it
can be used in english and/or spanish.

The Agriwater software is a new professional
tool that allows users to organize, store and pro-
cess large amounts of data of the chemical compo-
sition of water in a simple, fast and accurate way.
The Agriwater software improves the following pro-
cesses: a) managing data of the quality water from
hundreds of wells; b) converting units to improve data
management; c) calculating various indexes of water
quality for irrigation; d) evaluating water salinity and
sodicity to avoid contaminating the soil; e) evaluating
the toxicity of soluble ions in crops to improve agricul-
tural production; f) identifying the type of water based
on the percentage of ions, which allows for a better
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Figure 3. Salinity-sodicity diagram.
Table 1. Properties and functions of Agriwater and AquaChem
Properties and functions of the software Agriwater  AquaChem
1 English and/or Spanish as operating languages Yes No
2 Data persistence (database) Yes Yes
3 Multiplatform (Java) Yes No
4 User-friendly interface Yes No
5 Simple and easy analysis of water quality data Yes Yes
6 More than 25 types of graphs No Yes
7 Automatic calculations of water types, quantity of anions and cations, unit conversion  Yes Yes
8 Calculation of descriptive statistics Yes Yes
9 Water quality based on official standards No Yes
10  The data can be exported Yes Yes
11 Geochemical modeling with PHREEQC No Yes
12 Trend Analysis Yes Yes
13 Alertlevels Yes Yes
14 Generation of automated reports No Yes
understanding of the effects of water on the soil; g) interpret the results at a glance.
evaluating the changes in the quality of irrigation wa-
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