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INTRODUCTION

Due to the irregular and restricted availabili-
ty of water resources, together with rising water 
demand, achieving sustainable water resource 
management has become a major challenge in 
semi-arid regions (Nadhir et al., 2024; Kinzel-
bach et al., 2010). This situation is further in-
tensified by climate change, which manifests as 
declining precipitation and the increasing fre-
quency and severity of drought events (Chiang 

et al., 2021; Sumi et al., 2022). Consequently, 
the water stored in reservoirs is increasingly ex-
posed to stress caused by lower storage volumes 
and high evaporation rates, both of which con-
tribute to water quality degradation (Mozzi et 
al., 2021). Furthermore, surface water quality is 
shaped by a combination of natural processes and 
human-induced pressures, including metal pollu-
tion, which can disturb the ecological equilibrium 
of aquatic ecosystems (Khatri and Tyagi, 2015). 
The Beni Bahdel dam is fully in line with this 
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issue. Located in western Algeria, on a catchment 
area of approximately 1016 km² and with an in-
itial storage capacity of 63 million m³, it is one 
of the main hydraulic structures in the region. It 
provides both water supply and irrigation for vast 
agricultural areas, while facing increasing pres-
sure from climate variability and continuously 
rising water demand. This situation makes it es-
sential to control the quality of its waters in order 
to ensure sustainable and secure management for 
agricultural uses. The present study focused on 
evaluating the Beni Bahdel dam water by exam-
ining both its physico-chemical composition and 
the main indicators used to determine irrigation 
water quality across two distinct hydrological 
conditions: wet and dry. These periods were iden-
tified using the standardised precipitation index 
(SPI), which allows for a better understanding of 
the influence of climate variability on irrigation 
suitability. Such an approach also reveals sea-
sonal changes in water chemistry and the extent 
to which the measured parameters meet irriga-
tion requirements, an important consideration 
for ensuring agricultural sustainability (Barik et 
al., 2026; Sayel et al., 2026; Marif and Esmail, 
2025). Prior research in Algeria has evaluated the 
physico-chemical quality of dam water and its 
appropriateness for irrigation, particularly at the 
Koudiet M’douar, Tagharist (Nadhir et al., 2024) 
and Grouz (Allia et al., 2022) dams. These studies 
have highlighted the importance of rigorous mon-
itoring of such parameters as electrical conductiv-
ity, pH, nitrate and phosphorus content, which are 
key indicators of the degradation of surface water 
resources (Nadhir et al., 2024; Allia et al., 2022).

This research is essential for understanding 
the mechanisms of water quality deterioration 
and for implementing effective management 
strategies. The physico-chemical characterisation 
of dam waters is a fundamental step in determin-
ing their suitability for agricultural use, in par-
ticular by assessing parameters such as conduc-
tivity, chlorides, calcium and sulphates, the high 
concentrations of which may indicate significant 
mineralisation (Nadhir et al., 2024; Allia et al., 
2022). It is in this context of increased climate 
variability that the present study aimed to assess 
the hydrochemical quality of the waters of the 
Beni Bahdel dam and their suitability for agri-
cultural irrigation. The approach adopted is based 
on a comparison of two contrasting hydrological 
periods (September 2008-August 2012 and Sep-
tember 2018-August 2021), with the distinction 

between wet and dry periods established us-
ing the Standardised Precipitation Index on a 
monthly scale (SPI-1), which makes it possible 
to characterise the influence of climatic fluctua-
tions on water resources. The analysis is based on 
84 monthly analyses of raw water from the dam, 
provided by Algerian Water Company (ADE) and 
validated by the ionic balance, supplemented by 
the rainfall data from the dam station provided by 
National Hydraulic Resources Agency (ANRH). 

The main physical and chemical parameters 
studied included pH, electrical conductivity, to-
tal dissolved salts, and major ions (Na+, K+, Ca2+, 
Mg2+, HCO3

-, Cl-, SO4
2- and NO3

-). To determine 
whether the dam water is appropriate for irriga-
tion, the assessment was based on a set of wide-
ly accepted hydrochemical indicators (Mussa et 
al., 2025), including the irrigation water quality 
index, the sodium adsorption ratio, the sodium 
percentage, the permeability index, magnesium 
adsorption ratio and Kelly’s ratio (Abadi et al., 
2025; Meireles et al., 2010; Doneen, 1975; Kel-
ley, 1963; Wilcox, 1955). Adopting such a com-
prehensive framework allows a clearer under-
standing of how hydrological fluctuations affect 
reservoir water quality, while also supporting 
more sustainable agricultural water management 
in western Algeria.

This study adopted a three-pronged approach 
aimed at gaining a better understanding of the 
interactions between climate variability and agri-
cultural sustainability. Firstly, it sought to gain a 
better understanding of the hydrochemical quality 
of the water in the Beni Bahdel reservoir by iden-
tifying the impact of climatic fluctuations. To this 
end, the Standardised Precipitation Index (SPI-1) 
is used to characterise contrasting wet and dry ep-
isodes during two ten-year periods (2008–2012 
and 2018–2020). Secondly, the study sought to 
characterise changes in the main physico-chemi-
cal parameters of the water samples (pH, electrical 
conductivity, total dissolved salts and major ions), 
as well as numerous indicators of water quality for 
irrigation purposes. Drawing on indicators such 
as the irrigation water quality index (IWQI), the 
sodium adsorption ratio (SAR), the percentage of 
sodium (Na%), the permeability index (PI), the 
magnesium adsorption ratio (MAR), the Kelly’s 
ratio (KR) and the cationic structural stability ra-
tio (CROSS), this study aimed to investigate how 
hydrological fluctuations influence the risks of sa-
linisation and structural degradation of soils. Fi-
nally, this research examined the consequences of 



326

Journal of Ecological Engineering 2026, 27(9), 324–343

these changes on the suitability of the water for 
irrigation and proposed a set of evidence-based 
management recommendations. This integrat-
ed approach is thus intended to provide a deci-
sion-making framework for the sustainable man-
agement of water resources and the adaptation of 
irrigation practices to the challenging conditions 
of the semi-arid regions of western Algeria.

MATERIALS AND METHODS 

Study area

The Beni Bahdel dam, located in western Al-
geria, is both an important storage facility and 
vulnerable to the vagaries of climate change. With 
a capacity of 63 Mm³ fed by a 1016 km² basin 
(Bouanani et al., 2011), it provides drinking wa-
ter and irrigation for several thousand hectares of 
arable land. In addition, it regulates water in this 
region, which is characterised by a semi-arid cli-
mate and increasing climate variability (Figure 1).

Methodology 

The methodology adopted in this study is 
based on a two-step approach. First, the wet and 
dry periods were identified using the Standard-
ised Precipitation Index (SPI-1) (Abu Arra et al., 
2025). Second, the water quality of the Beni Bah-
del dam was assessed by analysing several phys-
icochemical parameters and indices (Abadi et al., 

2025; Zhou et al., 2020; Smith et al., 2015; Meire-
les et al., 2010), namely: hydrogen potential (pH), 
electrical conductivity (EC), total dissolved salts 
(TDS), total hardness (TH), sodium adsorption 
ratio (SAR), sodium percentage (Na%), Magne-
sium adsorption ratio (MAR), permeability in-
dex (PI), residual sodium bicarbonate (RSBC), 
Kelly’s ratio (KR), salinity potential (PS), the 
cation ratio of structural stability (CROSS) and 
irrigation water quality index (IWQI). In total, 84 
water samples from the dam were analysed and 
provided by the Algerian Water Company (ADE) 
of Tlemcen, while the rainfall data came from the 
dam’s meteorological station (National Hydraulic 
Resources Agency (ANRH)).

Standardised precipitation index (SPI)

The standardised precipitation index (SPI) 
is widely used for monitoring meteorological 
drought and identifying wet and dry climatic con-
ditions over multiple temporal scales. The index 
was originally proposed by (McKee et al., 1993) 
and is based exclusively on precipitation records. 
By transforming precipitation series into a nor-
malised probability distribution, SPI enables the 
comparison of rainfall anomalies across different 
climatic regions and time scales, such as 1, 3, 6 or 
12 months (McKee et al., 1993; World Meteoro-
logical Organization, 2012).

The computation of SPI involves fitting 
the precipitation data to a gamma probability 

Figure 1. Location of the Beni Bahdel dam
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distribution, which has been shown to effectively 
represent the positively skewed nature of rainfall 
series in most climatic regions (Wu et al., 2017; 
Guttman, 1999). This distribution converts ob-
served precipitation values into a standardised 
form with a mean of zero and a variance of one, 
allowing the identification of both drought and 
excessively wet conditions. The gamma proba-
bility density function is defined as:

	
 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥
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where: α is the shape parameter, β is the scale 
parameter, x represents the amount of 
monthly precipitation and Γ(α) denotes 
the Gamma function. 

The Gamma function itself is expressed as:
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: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

	 (3)

where: 

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

 denotes the mean precipitation, n  rep-
resents the total number of observations, 
and xi corresponds to precipitation record-
ed at time i. 

Once the parameters are determined, the cu-
mulative probability distribution describing pre-
cipitation occurrence can be written as:

	

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

	

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

	 (4)

Because the gamma distribution is undefined 
when precipitation equals zero, the cumulative 
probability must be corrected to account for the 
probability of zero rainfall events. This adjust-
ment is expressed as:

	

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

	 (5)

where:	q represents the probability of zero 
precipitation. 

The cumulative probability H(x) is subse-
quently transformed into a standard normal dis-
tribution, allowing the derivation of SPI values. 
According (Fettam et al., 2025; Wu et al., 2017), 
the SPI is SPI can be approximated using the fol-
lowing equations:

	

{
 
 

 
 𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 −

𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

) 
𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

) 
𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0

 (6) 

 

	 (6)

The parameter t is given by:

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

(7)

The empirical constants used in this approxi-
mation are:

	C0= 2.515517, C1= 0.802853, C2= 0.010328,	
	 d 1= 1.432788, d2= 0.189269, d3= 0.001308.	

Drought conditions were classified into eight 
categories based on SPI values, ranging from ex-
tremely wet to extremely dry conditions Table 1 
(Pandhumas et al., 2020).

Frequency analysis

Using the drought classification scheme, a 
frequency analysis was carried out to describe the 
temporal distribution of each category over the 
study period. This procedure quantifies how often 
each drought class occurs and is expressed by:

Table 1. Classification of drought or wetness categories 
according to SPI values

SPI value Categories

2.00 or more Extremely wet

1.50 to 2.00 Very wet

1.00 to  1.49 Moderately wet

0.00 to 0.99 Mild wet

-0.99 to 0.00 Mild dry

-1.00 to -1.49 Moderately dry

-1.50  to -1.99 Severely dry

-2.00 or less Extremely dry



328

Journal of Ecological Engineering 2026, 27(9), 324–343

	

 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 

=  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% 

	(8)

By expressing drought occurrence as a per-
centage, the frequency analysis offers a clear pic-
ture of the intensity and persistence of different 
drought conditions. This approach is essential for 
characterising drought regimes, evaluating their 
severity, and interpreting the temporal pattern of 
drought episodes (Abu Arra et al., 2025).

Assessment of water quality for agricultural 
irrigation

To determine the suitability of Beni Bahdel 
dam water for agricultural irrigation, a broad set 
of physical and chemical variables was analysed 
in accordance with the methodological frame-
work, and multiple irrigation-related indices were 
computed. These included pH, EC, TDS, TH, 
SAR, Na%, MAR, PI, RSBC, KR, PS, CROSS, 
and IWQI. The interpretation of the results was 
based on the threshold values reported in Table 
2, with the evaluation carried out separately for 
two distinct hydrological periods. For all calcula-
tions, ionic concentrations were reported in me-
q/L (Abadi et al., 2025).

Cation ratio of structural stability (CROSS)

This ratio, referred to as CROSS, was em-
ployed as a key indicator for evaluating the risk 
of sodicity associated with irrigation water in this 
study. Its main advantage is that it explicitly ac-
counts for the influence of potassium and mag-
nesium on soil structural stability. CROSS was 
computed from the concentrations of the main 
cations in solution using the equation proposed 
by (Smith et al., 2015), which extends the SAR 
concept by incorporating the higher dispersive ef-
fect of K+and the lower flocculating efficiency of 
Mg2+ relative to Ca2+:

	

 

𝑔𝑔(𝑥𝑥) = 1
Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 𝑥𝑥

𝛼𝛼−1𝑒𝑒−
𝑥𝑥
𝛽𝛽 (1) 

 
Γ(𝛼𝛼) = ∫ 𝑦𝑦𝛼𝛼−1𝑒𝑒−𝑦𝑦𝑑𝑑𝑑𝑑∞

0  (2) 
 

{
 
 

 
 𝛼𝛼 = 1 

4𝐴𝐴 (1 + √1 +
4𝐴𝐴
3 )

𝛽𝛽 = 𝑋̅𝑋
𝛼𝛼

 𝐴𝐴 = 𝑙𝑙𝑙𝑙(𝑋̅𝑋) − ∑ 𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛

   (3) 

 
𝐺𝐺(𝑥𝑥) = ∫  𝑥𝑥0 𝑔𝑔(𝑥𝑥)𝑑𝑑𝑑𝑑 = 1

Γ(𝛼𝛼)𝛽𝛽𝛼𝛼 ∫  𝑥𝑥0 𝑥𝑥𝛼𝛼−1𝑒𝑒−𝑥𝑥/𝛽𝛽𝑑𝑑𝑑𝑑 (4) 
 

𝐻𝐻(𝑥𝑥) = 𝑞𝑞 + (1 − 𝑞𝑞)𝐺𝐺(𝑥𝑥) 𝑑𝑑𝑑𝑑 (5) 
 
: 

{
𝑆𝑆𝑆𝑆𝑆𝑆 = −(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2

1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3
)  𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑆𝑆𝑆𝑆𝑆𝑆 = +(𝑡𝑡 − 𝐶𝐶0+𝐶𝐶1𝑡𝑡+𝐶𝐶2𝑡𝑡2
1+𝑑𝑑1𝑡𝑡+𝑑𝑑2𝑡𝑡2+𝑑𝑑3𝑡𝑡3

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
 (6) 

 

{
 
 
 
 𝑡𝑡 = √ln( 1

(𝐻𝐻(𝑥𝑥))2) 𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝐻𝐻(𝑥𝑥) ≤ 0.5

𝑡𝑡 = √ln ( 1
(1−𝐻𝐻(𝑥𝑥))2

)  𝑓𝑓𝑓𝑓𝑓𝑓 0.5 < 𝐻𝐻(𝑥𝑥) < 1.0
  (7) 

 
: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 % = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 × 100% (8) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁++0.335 𝐾𝐾+

√0.5(𝐶𝐶𝐶𝐶2++0.0758 𝑀𝑀𝑀𝑀2+)
 (9) 

 
𝑄𝑄𝑖𝑖 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − (

(𝑋𝑋𝑖𝑖𝑖𝑖− 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖)×𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎

) (10) 

 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∑ 𝑄𝑄𝑖𝑖𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=0  (11) 

 
 

	 (9)

The formula was established through optimisa-
tion using experimental measurements of electrical 
conductivity and key electrolyte concentrations. It 
shows that K+ has a harmful effect on soil perme-
ability that is about three times lower than that of 
Na+, whereas Mg2+ needs to be present at substan-
tially higher levels than Ca2+ to produce an equiva-
lent flocculating action. In addition, recent studies 

have suggested a threshold value for CROSS in-
terpretation, considering that a CROSS of 10 de-
fines the limit above which exchangeable sodium 
becomes problematic, calcium and magnesium are 
reduced, and serious effects on soil permeability as 
well as crop productivity and quality may occur. 
Consequently, this threshold has been proposed as 
an operational reference for the assessment of re-
cycled irrigation water (Isaya Kisekka et al., 2024; 
Oster et al., 2016; Smith et al., 2015).

Irrigation water quality index (IWQI)

In accordance with the procedure described 
by (Meireles et al., 2010), IWQI evaluates irri-
gation suitability by integrating five key chemi-
cal indicators:EC, SAR, Na+, Cl- and HCO3

-. The 
procedure first assigns a dimensionless sub index 
Qi to each parameter; higher Qi values reflect bet-
ter quality. The sub index is computed using the 
class based framework described by (Ayers and 
Westcot, 1985) :
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where:	qmax is the maximum possible value of Qi 
for each class, Xij is the measured value 
of the parameter, Xinf is the lower limit of 
the class in which this value falls, qimap is 
the class amplitude expressed in terms of 
quality, and Xamp is the range of the class 
expressed in terms of concentration, de-
termined from the highest value obtained 
during sample analysis.

The threshold concentrations used to assign a 
Qi value to each parameter, together with the corre-
sponding weights Wi, are reported in Table 3. These 
weights, which sum to unity (∑Wi =1), represent 
the relative contribution of each parameter to the 
overall IWQI, following (Meireles et al., 2010).

The final IWQI is a dimensionless value that 
varies between 0 and 100 and is calculated as:
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The IWQI classification provides a practical 
framework for assessing the suitability of irriga-
tion water and supporting agricultural water man-
agement (Meireles et al., 2010). According to this 
index, water quality is categorised into five class-
es based on the degree of restriction for irrigation 
use. IWQI values between 85 and 100 correspond 
to “no restriction”, indicating low salinity and so-
dicity levels and therefore suitability for most soils 
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Table 2. Criteria and indices for assessing water quality for agricultural irrigation

 

 

Index Equation Intervalle Classification References 

pH - [6.5, 8.4] Acceptable (Ayers and 
Westcot, 1985) 

EC (μs/cm) 
 - 

<250 Excellent 

(Vasanthavigar et 
al., 2013) 

[250, 750] Good 

[750, 2000] Permissible 

[2000, 3000] Doubtful 

>3000 Unsuitable 

TDS (mg/L) - 

<450 Preferred for irrigation 
(Amwele et al., 

2021) [450, 2000] Slightly to moderate 

>2000 Unsuitable 

TH (°F) 𝑇𝑇𝑇𝑇 = 2.5𝐶𝐶𝐶𝐶2+ + 4.1𝑀𝑀𝑀𝑀2+ 

<7.5 Soft 

(Abadi et al., 2025) 
[7.5, 15] Moderately hard 

[15, 30] Hard 

>30 Very hard 

SAR 𝑆𝑆𝑆𝑆𝑆𝑆 =

(

 𝑁𝑁𝑁𝑁+

√𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+2 )

  

<10 Excellent 

(Abadi et al., 2025) 
[10, 18] Good 

[18, 26] Doubtful 

>26 Unsuitable 

Na% 𝑁𝑁𝑁𝑁 % = 𝑁𝑁𝑁𝑁+ + 𝐾𝐾+
𝐶𝐶𝐶𝐶2+ +𝑀𝑀𝑀𝑀2+ + 𝑁𝑁𝑁𝑁+ + 𝐾𝐾+ × 100 

< 20 Excellent 

(Wilcox, 1955) 

[20, 40] Good 

[40, 60] Permissible 

[60, 80] Doubtful 

>80 Unsafe 

MAR 𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑀𝑀2+
( 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+) × 100 

<50 Suitable  
(Paliwal, 1972) >50 Unsuitable 

PI 𝑃𝑃𝑃𝑃 =
𝑁𝑁𝑁𝑁+ + √𝐻𝐻𝐻𝐻𝐻𝐻3−

( 𝐶𝐶𝐶𝐶2+ +𝑀𝑀𝑀𝑀2+ + 𝑁𝑁𝑁𝑁+) × 100 

>75 Excellent 
(Gad et al., 2025; 
Doneen, 1975) [25, 75] Good 

<25 Unsuitable 

RSBC 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐻𝐻𝐻𝐻𝐻𝐻3− − 𝐶𝐶𝐶𝐶2+ 

<5 Safe (Siraj et al., 2023; 
Zhou et al., 2020; 

Eaton, 1950) 
[5, 10] Marginal 

>10 Unsatisfactory 

KR 𝐾𝐾𝐾𝐾 = 𝑁𝑁𝑁𝑁+
 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+ 

<1 Suitable 

(Kelley, 1963) [1, 2] Marginal suitable 

>2 Unsuitable 

PS 𝑃𝑃𝑃𝑃 = 𝐶𝐶𝐶𝐶− + 𝑆𝑆𝑆𝑆4
2−

2  

<5 Excellent to good 
(Falalu et al., 2022; 

Doneen, 1975) 
 

[5, 10] Good to Injurious 

>10 Injurious to unsatisfactory 

 

and crops without significant toxicity risks. Values 
ranging from 70 to 85 indicate “low restriction” 
(Abadi et al., 2025), where water can generally 
be used for irrigation but may require caution for 
salt-sensitive crops (Abadi et al., 2025). When 
IWQI values fall between 55 and 70 (Meireles 
et al., 2010), the water is classified as having 

“moderate restriction”, meaning its use is more ap-
propriate for soils with adequate permeability and 
for crops with moderate salinity tolerance (Vema-
na and Kurakalva, 2025). Lower values, between 
40 and 55, represent “high restriction”(Meireles et 
al., 2010), suggesting that irrigation should pref-
erably be limited to permeable soils and to crops 
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with moderate to high salt tolerance (Vemana and 
Kurakalva, 2025). Finally, IWQI values between 
0 and 40 indicate “severe restriction” (Meireles 
et al., 2010), where irrigation should be restricted 
to highly salt-tolerant crops and requires careful 
management to minimise soil salinisation and pro-
ductivity loss (Diaz et al., 2025). This classifica-
tion system is widely used to interpret irrigation 
water quality and to guide appropriate agricultur-
al practices (Abadi et al., 2025; Abbasnia et al., 
2019; Meireles et al., 2010).

RESULTS AND DISCUSSION

The computations of the different parameters 
outlined in the technique have resulted in the fol-
lowing evaluations:

Drought at the Beni Bahdel dam weather 
station

The results of calculations of monthly SPI 
variations (SPI-1) at the Beni Bahdel dam weath-
er station over the period 1980–2020 (Figure 2) 
indicate an overall water balance in the region, 
with a slight predominance of wet months (52%) 
over dry months (48%). The period between 1990 
and 2010, particularly the decade of 2010 (aver-
age SPI-1 = +0.229), is characterised by slightly 
wet climatic conditions. In contrast, the 1980s 
and early 2020s were relatively dry, marked by a 
critical extreme episode in 1999 (SPI-1 = -2.83 in 
April). In addition, eleven months were classified 
as extremely wet, mainly in 1996, 2002 and 2008. 
July appears to be the most frequently wet month 
(SPI-1 = +0.408). Although drought episodes are 
generally short-lived (averaging two months), the 
118 dry events over 41 years highlight the need 
for adaptive management. Finally, the recent 

trend towards increased drought during the period 
2020-2021 calls for forward-looking and adaptive 
management of the Beni Bahdel dam and agricul-
tural irrigation.

Wet and dry periods based on SPI-1 analysis

Based on a comparative analysis of SPI-1 
distribution frequencies between the two periods 
(September 2008-August 2012) and (September 
2018-August 2021), the results presented in Table 
4 show a gradual shift towards drier conditions 
at the Beni Bahdel dam. The proportion of wet 
categories (SPI-1 > 0) decreased from 58.33% 
to 47.22%, while that of dry categories (SPI-1 < 
0) increased from 41.67% to 52.78%, a variation 
of 11.11%. Extremely wet events disappeared 
completely, falling from 4.17% to 0%, and very 
wet conditions declined sharply (from 6.25% to 
2.78%). At the same time, the frequency of mod-
erate droughts doubled (from 2.08% to 5.56%), 
while severe drought episodes appeared for the 
first time (2.78%) (Table 4).

The transition to drier conditions points to 
a continuing decline in regional hydroclimatic 
stability, marked by more frequent and more 
severe water shortages (Benhizia et al., 2026). 
The observed pattern underscores the effects of 
climate change, together with greater variability 
in precipitation, on the availability and condition 
of water resources in the region (Spinoni et al., 
2015; Trenberth, 2011). This increasing aridifica-
tion constitutes a major constraint on sustainable 
water resource governance and threatens the per-
sistence of dam-dependent agricultural activities.

Variability of salinity and hydrochemical 
parameters through boxplot analysis

Analysis of the box plots (Figure 3) highlights 
pronounced salinisation during the dry season, 

Table 3. Limit values for quality parameters (Qi ) and weights (Wi) used in the IWQI calculation, according to 
(Meireles et al., 2010)

Qi

EC SAR Na+ Cl- HCO3
-

(µS/cm) (meq /L)

85–100 [200, 750] [2, 3] [2, 3] [1, 4] [1, 1.5]

60–85 [750, 1500] [3, 6] [3, 6] [4, 7] [1.5, 4.5]

35–60 [1500, 3000] [6, 12] [6, 9] [7, 10] [4.5, 8.5]

0–35
less  200 less  2 less  2 less  1 less 1

Or more 3000 Or more 12 Or more 9 Or more 10 Or more 8.5

Wi 0.211 0.189 0.204 0.194 0.202
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illustrated by a doubling of the mean electrical 
conductivity from 402.46 ± 75.18 (µS/cm) in 
the wet period to 810.25 ± 93.66 (µS/cm) in the 
dry period. This concentration effect also influ-
ences the major ions (Na+, Cl-, HCO3

-), with the 

exception of Ca, which shows a marked decrease 
between the two periods (69.07 vs 55.95 (mg/L)). 
Furthermore, nitrate (NO3

-) concentrations indi-
cate a degradation of water quality during the arid 
period: although the mean value increases only 

Figure 2. Monthly SPI-1 variability and classification of drought conditions at the Beni Bahdel dam weather 
station (1980–2020)

Figure 3.Variability of salinity and hydrochemical parameters
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moderately, variability becomes much higher, 
with peaks of 22.3 (mg/L), compared with a max-
imum of 6.8 (mg/L) during the wet period. This 
pattern reflects the concentration of pollutants 
caused by limited dilution.

Water quality of the Beni Bahdel dam for 
agricultural purposes

Figure 4 presents, in percentage terms, the 
results of the analyses of the hydrochemical 

Table 4. Comparison of SPI-1 distribution frequencies between two periods (September 2008-August 2012) and 
(September 2018-August 2021)

SPI value Categories Frequency % SPI-1 
(Sep 2008–Aug 2012)

Frequency % SPI-1 
(Sep 2018–Aug 2021)

2.00 or more Extremely wet 4.17 0

1.50 to 2.00 Very wet 6.25 2.78

1.00 to  1.49 Moderately wet 12.50 11.11

0.00 to 0.99 Mild wet 35.42 33.33

-0.99 to 0.00 Mild dry 39.58 44.44

-1.00 to -1.49 Moderately dry 2.08 5.56

-1.50  to -1.99 Severely dry 0.00 2.78

-2.00 or less Extremely dry 0.00 0.00

Figure 4. Water quality indices for the Beni Bahdel dam during wet and dry periods for irrigation purposes
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parameters of the Beni Bahdel dam water, based 
on 84 samples collected to evaluate its quality and 
suitability for irrigation. Figure 4 reveals a marked 
deterioration between the wet and dry periods. This 
degradation is directly associated with the com-
bined effects of climate change and anthropogenic 
pressures in the study area (Rocha et al., 2020).

The interpretation of the results presented in 
Figure 4, in line with agricultural irrigation re-
quirements, allows for a successive analysis of 
the main parameters and indices characterising 
the quality of the dam water.

Hydrogen potential (pH)

In the wet period, 95.83% of samples have pH 
values between 6.5 and 8.4, while in the dry pe-
riod this proportion reaches 100%. These results 
indicate that, in almost all of the samples anal-
ysed, the pH remains within the recommended 
range for irrigation. This stability reflects the 
maintenance of a good acid–base balance in the 
waters of the Beni Bahdel dam, even during pe-
riods of water stress. Overall, these waters are 
characterised by a neutral to slightly alkaline pH, 
making them perfectly suited for agricultural use 
(Al-Khashman and Alnawafleh, 2020).

Electrical conductivity (EC) and total dissolved 
salts (TDS)

The results show a marked variation in EC 
and TDS between the two study periods. Dur-
ing the wet period, all samples (100%) had EC 
values classified as “good”, ranging from 250 to 
750 (µS/cm). During the dry period, only 27.78% 
of samples remained in the “good” class, while 
72.22% fell into the “permissible” category, with 
values between 750 and 2000 (µS/cm). A similar 
trend is observed for TDS: during the wet sea-
son, 100% of samples belong to the “Preferred 
for irrigation” class, with concentrations below 
450 (mg/L). However, during the dry period, this 
proportion decreased to 8.33%, while 91.67% of 
samples had concentrations between 450 and 2000 
(mg/L), corresponding to the “Slightly to moder-
ate restrictive” class. The observed increase in 
salinity during the dry period can be attributed to 
the combined effects of reduced inflow, enhanced 
evaporation, and the progressive concentration of 
dissolved ions in the reservoir (Jalali et al., 2019). 
Such processes are typical in semi-arid reservoirs 
where limited hydrological renewal promotes the 
accumulation of mineral salts (Mosley, 2015). In 

the context of climate change, this phenomenon 
is gradually compromising long‑term irrigation 
capacity (Jalali et al., 2019; Mosley, 2015).

Total hardness (TH)

Hardness is a major issue. During the wet pe-
riod, 77.08% of samples were classified as “very 
hard” (TH>30), while during the dry period this 
proportion stabilised at 50%. Conversely, 22.92% 
were “ Hard” during the wet period, compared to 
50% during the dry period. The total absence of 
“soft and Moderately hard” water (TH<7.5 and 
7.5<TH<15) in both periods indicates a continu-
ous and high presence of calcium and magnesium. 
Although the concentration decreases slightly 
during dry periods, the water remains hard to very 
hard. For irrigation, this hardness presents a risk 
of clogging irrigation systems (Jalali et al., 2019). 

Sodium adsorption ratio (SAR)

The SAR values remain below the threshold of 
10 for all samples in both hydrological periods, in-
dicating an excellent irrigation water quality with 
respect to sodicity hazard (Gharaibeh et al., 2021).

Sodium percentage (Na%)

The results for Na% reveal a slight variation 
between the two studied periods. In the wet pe-
riod, 6.25% of samples were classified as “excel-
lent” (Na% <20), compared to 8.33% in the dry 
period. However, the majority of samples fell 
into the “good” category (20–40%), with propor-
tions of 79.17% in the wet period and 83.33% 
in the dry period. Additionally, a small propor-
tion of samples was placed in the “Permissible” 
class (40–60%) during the dry period (8.33%), 
while no samples reached the “poor” (60–80%) 
or “unsuitable” (>80%) categories, regardless of 
the period considered. These findings indicate a 
generally stable distribution of soluble sodium, 
characterised by moderate levels in the waters of 
the Beni Bahdel dam. 

The predominance of calcium and magne-
sium ions, as illustrated in (Figure 5), aligns with 
this distribution. Consequently, the risks of soil 
degradation due to alkalinisation are limited.

The Piper diagram (Figure 5) clearly indicates 
the persistent dominance of calcium and magne-
sium ions in the waters of the Beni Bahdel dam 
during both the wet period (a) and the dry period 
(b). The majority of samples plot within the “Cal-
cium-Magnesium” field of the cation triangle, 
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confirming that alkaline earth metals constitute the 
predominant cationic fraction, irrespective of the 
hydrological regime. Within the central diamond 
field of the diagram, samples from both wet and 
dry periods are primarily located in the “calcium–
magnesium bicarbonate” domain. This homoge-
neous distribution is characteristic of a Ca-Mg-
HCO3 hydrochemical facies, typical of a system 
governed by the natural weathering of carbonate 
and silicate minerals. The hydrolysis and disso-
lution of calcite, dolomite, and feldspar minerals 
from the geological substratum therefore represent 
the principal mechanisms controlling the ionic 
composition of the water (Amadi et al., 2014; Tay, 
2021). The nearly identical spatial distribution of 
points between the two periods (a and b) demon-
strates a remarkable geochemical stability of the 
system. In contrast to the conditions associated 
with significant ion exchange processes or saline 
contamination, the samples do not shift toward the 
Na-Cl field of the diagram. This stability explains 
why, despite variations in SAR and Na%, the water 
chemistry remains controlled by the dominance of 
alkaline earth cations (Ca2+ + Mg2+ > Na+ + K+).

Overall, the Piper diagram provides clear ev-
idence that the dam’s hydrochemistry is intrinsi-
cally controlled by the weathering of calcium and 
magnesium carbonates. This geochemical control 
accounts for the observed high water hardness and 
supports the relative suitability of these waters for 
irrigation, even during the dry season when evap-
orative concentration increases (Tay, 2021).

Magnesium adsorption ratio (MAR)

In line with the hydrochemical stability domi-
nated by alkaline earth cations, dissolved magnesi-
um shows a significant increase between wet and 
dry periods. During wet period, 68.75% of samples 
fall into the “suitable” class (MAR <50), while only 
31.25% belong to the “unsuitable” class (MAR 
>50). In contrast, during dry period, just 33.33% 
of samples remain “suitable” (MAR <50), whereas 
66.67% shift to the “unsuitable” class (MAR >50). 
According to irrigation water quality standards, 
when MAR >50, irrigation is typically discouraged 
due to potential adverse effects on sensitive crops 
and possible degradation of soil structure and infil-
tration capacity (Ahmed et al., 2023; Ben Ayed et 
al., 2022; Zhang et al., 2020).

Permeability index (PI)

The PI is good in both periods, with 100% 
of samples falling into the “good” category (25-
75%) in both wet and dry periods. This index, 
which measures the ability of water to infiltrate 
into the soil, suggests that infiltration rates should 
remain acceptable, despite the significant pres-
ence of other factors such as hardness and salinity 
(Bounab et al., 2022; Tejashvini et al., 2024).

Residual sodium bicarbonate (RSBC)

All samples (100%) are classified as “safe” 
with an RSBC<5 in both wet and dry periods. 
This means that the accumulation of sodium 
and bicarbonate at soil, water interfaces remains 

Figure 5. Piper diagram of water samples from the Beni Bahdel dam: (a) wet period and (b) dry period
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limited, thus reducing the risk of secondary al-
kalinity induced by irrigation (Abou El-Defan et 
al., 2016).

Kelly’s ratio (KR)

The KR is in the “Suitable” category, assessed 
by all samples (100%) at a KR<1 in wet and dry 
periods. This means that the sodium load remains 
under control in relation to alkaline earth cations, 
making it favourable for long‑term soil structural 
stability (Nedjar et al., 2022).

Potential salinity (PS)

With a PS value <5 for 100% of samples in 
wet periods and 97.22% in dry periods, this PS 
is classified as “excellent to good”. Nevertheless, 
only 2.78% of samples in the dry periods fall 
into the “Good to Injurious” category ([5,10]). 
This suggests persistent good overall infiltrability 
(Mokhtar et al., 2022).

Cation ratio of structural stability (CROSS) 

The CROSS values increased by 32.93%, ris-
ing from 1.64 ± 0.28 in the wet period to 2.18 ± 
0.51 in the dry period, while still remaining well 
below the critical threshold of 10 (Isaya Kisekka 
et al., 2024). The temporal trajectory of these re-
sults reveals deterioration in water quality.

Irrigation water quality index (IWQI)

A comparison of IWQI between the wet and 
dry periods highlights a gradual change in the 
quality of the water in the Beni Bahdel dam. A 

combined analysis of statistical indicators and the 
distribution of quality classes makes it possible 
to track changes in water quality between the two 
hydrological periods (Figure 6).

During the wet period, IWQI shows a mean 
value of 66.37 and a median of 71.19, indicating 
overall water quality generally suitable for irriga-
tion purposes. The majority of samples (58.33%) 
fall within the “low restriction class ([70–85]), re-
flecting predominantly non-limiting conditions for 
agricultural use. The median exceeding the mean 
suggests that the most frequent values remain rel-
atively high, pointing to hydrochemical stabili-
ty typical of a period characterised by sufficient 
hydrological inputs. Under these conditions, irri-
gation can be practiced using conventional man-
agement approaches without the need for specific 
mitigation measures. In contrast, the dry period is 
marked by a progressive deterioration in irrigation 
water quality. The mean IWQI decreases to 64.53 
and the median to 65.73, indicating a general shift 
of values toward lower quality classes. This trend 
is reflected in a significant increase in the propor-
tion of samples classified under “moderate restric-
tion” (69.44% ;[55–70]), while favourable condi-
tions become less frequent. The median decline of 
5.46 points (-7.67%) clearly illustrates this shift 
toward a quality level requiring enhanced pre-
cautionary measures in agricultural water use. 
This categorical transition demonstrates that the 
observed degradation is not limited to changes in 
average values, but corresponds to a modification 
of the risk profile for agricultural users. The sensi-
tivity of IWQI to hydroclimatic variability is well 

Figure 6. Temporal variation in the irrigation water quality index (IWQI) of the Beni Bahdel dam: comparative 
analysis between the wet period (a) and the dry period (b)
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documented in semi-arid environments. Several 
studies report that prolonged drought periods lead 
to IWQI deterioration due to the combined effects 
of increased concentrations of dissolved salts (EC, 
Na⁺, Cl⁻), elevated SAR, reduced water inputs, and 
intensified evaporation (Davoodi Memar Otagvar 
et al., 2025; Laoufi et al., 2025; Meireles et al., 
2010; M’nassri et al., 2022).

Figure 7 provides descriptive statistics for the 
hydrochemical parameters and various indices 
across wet and dry periods.

These statistical variations are reflected, first 
and foremost, in a marked increase in water min-
eralisation between the two periods. The average 
electrical conductivity (EC) more than doubled, 
rising from 402.46 (μS/cm) in the wet period to 
810.25 (μS/cm) in the dry period, directly correlat-
ed with the simultaneous increase in total dissolved 
salts (TDS), which rose from 261 to 526 (mg/L).

The comparative analysis of the salinity di-
agram of the U.S. Salinity Laboratory (USSL) 
(Figure 8) for the waters of the Beni Bahdel 
Dam indicates a clear deterioration in irrigation 
water quality between the two hydrological pe-
riods. This shift is quantified using the Cx-Sy 
classification system (Table 5), which assesses 

salinity hazard (based on EC) and sodicity haz-
ard (based on SAR).

During the wet period, almost all samples fall 
within the C2-S1 class, characterised by moderate 
salinity (EC between 250 and 750 (µS/cm)) and 
a low sodicity hazard (SAR<10), thus confirming 
good-quality water under a dilution-dominated 
regime (Fadl et al., 2024; Alsubih et al., 2022). In 
contrast, during the dry period, a significant shift 
toward the C3-S1 class is observed, where salini-
ty becomes high (EC between 750 and 2250 (µS/
cm)),while the sodicity hazard remains low. This 
transition from “permissible” to “doubtful” irri-
gation water, according to the criteria proposed 
by (Vasanthavigar et al., 2013), is now required 
and results directly from evaporative concentra-
tion processes (Subramani et al., 2005). Conse-
quently, agricultural management precautions, in-
cluding effective drainage systems and the selec-
tion of salt-tolerant crops, in order to prevent soil 
salinisation (Machado and Serralheiro, 2017).

This phenomenon is primarily explained by 
a concentration process driven by evaporation, as 
conceptualised by (Gibbs, 1970). In a semi-arid 
setting, the reduction in reservoir storage volume, 
combined with intense evaporative conditions, 

Figure 7. Descriptive statistics of hydrochemical parameters and irrigation water quality indices across wet and 
dry periods



337

Journal of Ecological Engineering 2026, 27(9), 324–343

results in passive enrichment of the aqueous phase 
in dissolved solutes. Consequently, the system 
progressively shifts from a dilution-controlled 
regime to an evaporation-dominated regime, as 
reported for numerous reservoirs located in arid 
and semi-arid environments (Adimalla and Qian, 
2019). Despite the increase in salinity, total hard-
ness (TH) remains stable or slightly decreases dur-
ing the wet period (mean = 32.07) compared to the 
dry period (mean = 30.18), suggesting that calcite 
saturation has been reached and that calcium pre-
cipitation is occurring, thereby limiting any further 
increase in hardness (Appelo and Postma, 2004).

The MAR index exceeds 50 during the dry 
period (Mean = 53.60), indicating a relative en-
richment in magnesium attributable to the pref-
erential precipitation of calcium. This condition 
increases the risk of clay dispersion in irrigated 
soils (Xiao et al., 2018; Wrence et al., 1970).

Finally, Pearson correlation matrices (Figure 
9) reveal a reorganisation of hydrochemical pro-
cesses influencing water quality and its suitability 
for irrigation.

The Pearson correlation matrices (Figure 9) 
for the wet and dry hydrological periods reveal 
distinct relationships between ionic parameters 

and irrigation suitability indices. The evolution of 
these relationships reflects a fundamental shift in 
the dominant hydrochemical processes, transition-
ing from a dilution-controlled regime during the 
wet period to an evaporation-driven concentration 
regime during the dry period. During the wet peri-
od, total hardness (TH) emerges as the structuring 
hydrochemical parameter, exhibiting strong nega-
tive correlations with PI% (r = -0.91) and the Kel-
ly’s ratio (r = -0.74). This pattern highlights the 
stabilising role of divalent cations (Ca2+ and Mg2+) 
in mitigating sodicity risk. These cations, present 
at relatively high concentrations, directly limit 
sodium adsorption onto clay particles, thereby re-
ducing the risk of soil structural degradation (Saa-
di et al., 2025; Islam and Mostafa, 2022; Bhat et 
al., 2018). This interaction illustrates the classical 
ion-exchange process: sodium ions tend to replace 
divalent cations within the adsorption complex; 
however, the abundance of Ca2+ and Mg2+ coun-
terbalances sodicity effects, maintaining adequate 
soil infiltrability. CROSS exhibits a strong corre-
lation with SAR (r = 0.88), independently of over-
all salinity (EC, r = 0.05), indicating that sodicity 
risk and bulk mineralisation represent two distinct 
processes during the wet period.

Table 5. Classification of irrigation water quality according to the USSL Diagram (Cx-Sy Classes)

Salinity hazard Sodicity hazard

Class EC (μs/cm) Remark on quality Class SAR Remark on quality

C1 100-250 Low-salinity water S1 <10 Low-sodium water

C2 250-750 Moderate-salinity water S2 10-18 Medium-sodium water

C3 750-2250 High-salinity water S3 18-26 High-sodium water

C4 >2250 Very high-salinity water S4 >26 Very high-sodium water

Figure 8. US salinity diagram for of water samples from the Beni Bahdel dam: (a) wet period and (b) dry period
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In contrast, during the dry period, evapora-
tion-induced concentration progressively governs 
water chemistry. The marked intensification of 
the CROSS-Na% relationship (r= 0.33 wet period 
to r=0.74 dry period ; +124%) demonstrates the 
concurrent accumulation of sodium and potassi-
um, exceeding the increase observed for SAR-
Na% (+83%). The strengthening of CROSS-SAR 
and CROSS-KR correlations (r = 0.95 in dry pe-
riod) confirms that CROSS becomes the most rel-
evant indicator for monitoring sodicity. This evo-
lution reflects a cyclical hydrochemical dynamic: 
dilution and relative stability during the wet pe-
riod, versus concentration and enhanced sodicity 
risk during the dry period, directly affecting irri-
gation suitability and soil management. Simulta-
neously, the influence of SAR on IWQI increases 
(r = 0.62), suggesting active watershed leaching 
processes, whereby runoff inputs introduce addi-
tional sodium into the reservoir. Strong correla-
tions between SAR-KR and KR-PI% (r = 0.93, 
r = 0.94) indicate that rock dissolution and water 
mixing processes, typical of recharge periods, re-
main operative (Pandurang et al., 2025; Bhat et 
al., 2018). The relationship between CROSS and 
KR reaches r = 0.77, confirming the synchronisa-
tion between sodicity indices and soil permeabili-
ty. Collectively, these coherent relationships char-
acterise a relatively stable hydrochemical system 
during the wet period.

Conversely, during the dry period, evapo-
ration-driven concentration dominates the hy-
drochemical regime. Very strong correlations 

between SAR-KR and KR-PI% (r = 0.99, r = 
0.94) reflect intensified synchronisation of so-
dicity risk. The increase in CROSS-Na% from r 
= 0.33 in wet period to r = 0.74 in dry period 
(+124%) indicates joint sodium and potassium 
accumulation, exceeding the SAR-Na% increase 
(+83%), thereby revealing a geochemical reali-
ty not fully captured by conventional SAR. Both 
CROSS-SAR and CROSS-KR reach r = 0.95, 
confirming the diagnostic efficiency of CROSS 
as a sodicity indicator. When water levels decline, 
a more pronounced concentration of dissolved 
salts is observed, particularly those belonging 
to the sodium group. This phenomenon, already 
well documented in Mediterranean aquatic envi-
ronments (Pandurang et al., 2025; Saadi et al., 
2025), results in stronger associations among 
these elements. IWQI remains primarily driven 
by sodium content (correlation coefficient r = 
0.58). However, its relationship with the sodium 
adsorption ratio (SAR) weakens markedly (IW-
QI-SAR: r = 0.45, representing a 27% decrease), 
indicating a shift in the controlling factors, with 
sodium assuming greater relative importance. In 
contrast, the CROSS index maintains a stable 
correlation with IWQI (r = 0.47). This suggests 
that, under water-scarce conditions, CROSS con-
stitutes a reliable indicator for assessing irriga-
tion water quality. When water levels decline, 
a more pronounced concentration of dissolved 
salts is observed, particularly those belonging 
to the sodium group. This phenomenon, already 
well documented in Mediterranean aquatic 

Figure 9. Pearson correlation matrix of irrigation suitability parameters for the Béni Bahdel Dam during the (a) 
wet period and (b) dry period
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environments (Pandurang et al., 2025; Saadi et 
al., 2025), results in stronger associations among 
these elements. The irrigation water quality in-
dex (IWQI) remains primarily driven by sodium 
percentage (Na%; r = 0.58). However, its rela-
tionship with the SAR weakens markedly (IW-
QI-SAR: r = 0.45, representing a 27% decrease), 
indicating a shift in the controlling factors, with 
sodium assuming greater relative importance. In 
contrast, the CROSS index maintains a stable 
correlation with IWQI (r = 0.47). This suggests 
that, under water scarcity conditions, CROSS 
constitutes a reliable indicator for assessing irri-
gation water quality.

The analysis highlights a pronounced cycli-
cal variation in hydrochemical parameters and 
irrigation suitability in the Beni Bahdel dam res-
ervoir. The wet period is characterised by pro-
gressive solute dilution resulting from increased 
fluvial inputs and precipitation. This process 
significantly improves global salinity indicators 
(EC; TDS) as well as irrigation suitability indi-
ces (Saadi et al., 2025; Islam & Mostafa, 2022; 
Tlili-Zrelli et al., 2018). The dry period exhibits 
the opposite hydrochemical regime, dominated 
by intensified evaporation and markedly reduced 
discharge. These conditions induce selective and 
progressive concentration of major ions, lead-
ing to substantial degradation of irrigation wa-
ter quality. This deterioration is primarily driv-
en by disproportionate accumulation of sodium 
(Na+) and chloride (Cl-), resulting in significant 
increases in sodicity risk indices (SAR +24.79 
%; CROSS +32.93 %) and a marked decline in 
IWQI. The inversion of the TH-MAR relation-
ship (from r = +0.21in wet period to r = -0.45 
in dry period) indicates geochemical fractiona-
tion under evaporative conditions, characterised 
by calcium precipitation and relative magnesium 
enrichment in solution. In this context, CROSS, 
being independent of total salinity (correlation 
with EC, r = 0.05 in wet period and r = 0.07 in 
dry period), proves to be a more robust diagnostic 
tool than conventional SAR for evaluating sodic-
ity risk in semi-arid regions subjected to increas-
ing hydric stress (Kisekka et al., 2024; Qadir et 
al., 2021). The extreme low-water conditions ob-
served necessitate the implementation of adap-
tive management strategies, including controlled 
soil leaching, to mitigate salt accumulation and 
prevent long-term agricultural soil degradation 
(Islam and Mostafa, 2022; Saadi et al., 2025).

CONCLUSIONS

This research highlights the importance of 
identifying drought and wet periods, as well as 
assessing the hydrochemical indices of reservoir 
water quality, in order to analyse their interrela-
tionships and temporal dynamics. In the Tlem-
cen region, a semi-arid area in western Algeria 
particularly exposed to climatic variability, the 
Beni Bahdel Dam, which supplies both drinking 
water and irrigation water, is subjected to a dual 
pressure resulting from climate variability and 
the progressive deterioration of water quality. 
The objective of this study was to provide deci-
sion-support tools for the integrated and sustain-
able management of the dam, enabling the antici-
pation of risks related to water resource degrada-
tion and the optimisation of agricultural water use 
under regional climate change scenarios.

The methodological approach was based on 
the analysis of the SPI-1 over the period 1980–
2020, which revealed a marked trend toward arid-
ification, characterised by a significant increase in 
the frequency and intensity of drought episodes 
between September 2018 and August 2021. At 
the same time, the quality of the dam water was 
evaluated using several hydrochemical param-
eters and indices (pH, EC, TDS, TH, SAR, Na, 
MAR, PI, RSBC, KR, and PS), together with the 
IWQI and the CROSS. The results showed that 
the CROSS index exhibits superior performance 
compared with the conventional SAR in assessing 
the risk of soil structure degradation under water 
stress conditions. Indeed, this index increased by 
32.93%, rising from 1.64 ± 0.28 during the wet 
period to 2.18 ± 0.51 during the dry period. This 
sensitivity is explained by its independence from 
total salinity and its ability to account for the 
combined accumulation of sodium and potassi-
um, making it a particularly relevant predictive 
indicator for semi-arid environments.

The results indicate that climatic evolution di-
rectly affects the dam’s water quality. During wet 
periods, dilution processes maintain moderate 
mineralisation and generally suitable irrigation 
quality, as evidenced by low electrical conductivi-
ty (mean EC: 402.46 (μS/cm)) and total dissolved 
salts (mean TDS: 261.60 (mg/L)). Conversely, the 
dry period induced a concentration regime driv-
en by evaporation, leading to increased salinity 
(mean EC: 810.25 (μS/cm)). Selective accumula-
tion of sodium and chloride ions resulted in a sig-
nificant rise in sodicity risk, with SAR increasing 
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by 24.79% and CROSS by 32.93%. The corre-
lated deterioration of IWQI, the median of which 
decreased from 71.19 to 65.73, reflects a shift to-
ward a moderate restriction class. This degrada-
tion, combined with increased MAR and persis-
tently high total hardness, underscores the need 
for adaptive management strategies. However, 
the Piper diagram indicates a remarkable stability 
of the Ca-Mg-HCO3 hydrochemical facies, sug-
gesting that salinisation results from evaporative 
concentration rather than external contamination. 
The selective concentration process reveals a ma-
jor decoupling phenomenon: although EC nearly 
doubled, total hardness remained quasi-station-
ary, indicating endogenous calcite precipitation 
of calcium. Magnesium, being more soluble, ac-
cumulated proportionally, leading to increased 
MAR values and heightened clay dispersion risk. 
This confirms intensified evaporative processes. 
Exceeding the MAR = 50 threshold implies the 
necessity of enhanced leaching fractions.

In conclusion, water resources of the Beni 
Bahdel Dam are experiencing increasing hydrocli-
matic pressure, threatening their sustainability and 
irrigation suitability. Proactive management inte-
grating priority monitoring of CROSS and IWQI 
indices is imperative. Such management should in-
corporate adaptive measures, including adjustment 
of irrigation scheduling, adoption of water-effi-
cient irrigation systems, selection of salt-tolerant 
crops, and implementation of controlled soil leach-
ing protocols to mitigate salt accumulation. These 
findings are transferable to Mediterranean semi-ar-
id reservoirs and highlight the urgent need to revise 
dam management strategies in accordance with re-
gional climate projections.
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