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Introduction

The growing scarcity of freshwater has heightened the 
importance of drainage water reuse (DWR) as a cost-effec-
tive strategy and critical component of the water balance, 
particularly in arid and semi-arid regions (Helal et al. 2021). 
Egypt, the semi-arid country, exemplifies this approach 
through pioneering large-scale agricultural drainage water 
reuse initiatives, notably in the Nile Delta (Barnes 2014), 
including El-Salam Canal, El-Mahsama, and Bahr El-Baqr 
Water Treatment Plants (Raslan et al. 2020).

Despite these pioneering large-scale initiatives, the 
expansion and long-term viability of drainage water 
reuse remain constrained by critical environmental and 
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Abstract
Sustainable drainage water reuse (DWR) in agriculture requires integrated assessment of water quality, soil dynamics, 
leaching requirements, and crop productivity. This study developed a novel multi-model framework integrating expert 
knowledge, multi-criteria decision analysis, hydraulic modeling (HEC-RAS), and soil–water-atmosphere-plant simulation 
(SWAP) to optimize operational strategies for Egypt's El-Salam Canal project. Three water supply reliability scenarios 
were evaluated: planned baseline, 95% reliability, and 75% reliability with seasonal variability. Model validation dem-
onstrated robust performance (HEC-RAS: NSE = 0.88–0.94; SWAP: R2 = 0.89, RMSE = 0.23  dS/m). The 75% reliability 
scenario achieved transformative improvements, including a 188.4% increase in integrated water quality score, a 25.5% 
reduction in Sodium Adsorption Ratio (from 7.15 to 5.33), and a 33.5% decline in Total Dissolved Solids (from 1706 
to 1134  mg/L). Seasonal optimization, prioritizing high-quality drainage sources (El-Serw, Farskor, Hadous, El-Matria) 
during critical summer cropping periods, outperformed uniform year-round allocation. The planned scenario resulted in 
critical root zone salinity (ECe: 7.17 dS/m), causing predicted yield losses of 8.3% (wheat) and 38.9% (maize), while 
requiring intensive leaching (15.5% of irrigation). The 75% reliability—summer-oriented scenario reduced soil salinity 
by 49.1% to 3.65 dS/m (P < 0.001), maintained yields within 5% of optimal, and decreased leaching to 8.5%, saving 
610 m3/feddan/year. This framework provides actionable decision support for sustainable drainage water management in 
water-scarce regions, directly advancing SDGs 2 (Zero Hunger) and 6 (Clean Water and Sanitation) by maintaining crop 
yields, conserving water, and enhancing climate resilience through reduced soil salinity and freshwater dependence while 
preserving soil health.
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operational barriers. This promising supplement faces sev-
eral environmental and sustainability challenges, includ-
ing soil degradation, groundwater contamination, and crop 
productivity decline (Ashour et al. 2021), (Yin et al. 2025). 
Pollutant loadings, originating from domestic and industrial 
sources, compromise drainage water quality, especially in 
developing regions with limited sewerage infrastructure, 
significantly constraining reuse success (Helmecke et al. 
2020).

Among these multifaceted challenges is the negative 
effect of drainage water quality on soil–plant systems. The 
adverse impact of poorly regulated drainage water reuse 
policies on soil health is well-documented in the scientific 
literature. Among these effects, salinity remains a primary 
constraint to the sustainable reuse of drainage water (Mach-
ado & Serralheiro, (2017). Irrigation with saline drainage 
water progressively increases the accumulation of soluble 
salts and sodium ions within the root zone, thereby inten-
sifying soil salinization, degrading soil structure and per-
meability, reducing long-term fertility, and raising the risk 
of ion toxicity in plants, which ultimately diminishes crop 
productivity (Yin et al. 2025). Mitigating salt accumulation 
caused by drainage water reuse requires extensive freshwa-
ter leaching to flush salts beyond the root zone; however, 
this high freshwater demand may compromise the intended 
water savings of reuse programs, particularly in water-
scarce and saline environments (Okuda et al. 2020).

Compounding the salinity challenge, additional water 
quality parameters introduce further constraints on sustain-
able reuse. Beyond salinity, the presence of elevated sodium, 
chloride, and boron concentrations in irrigation water poses 
significant threats to agricultural productivity through the 
induction of osmotic stress and ion-specific toxicity, which 
collectively impair nutrient uptake and restrict plant growth 
(Łuczak et al. 2021). Elevated Sodium Adsorption Ratio 
(SAR) values are of particular concern, as excess sodium 
displaces calcium and magnesium from soil exchange sites, 
promoting clay dispersion and aggregate breakdown. This 
deterioration in soil structure results in reduced hydraulic 
conductivity, restricted aeration, and subsequently impaired 
root development and water accessibility (Nabayi et al. 
2020). Compounding these chemical and structural chal-
lenges, the accumulation of total suspended solids (TSS) in 
irrigation water can progressively clog soil pores, thereby 
creating anaerobic micro-environments that inhibit root res-
piration and suppress the activity of beneficial aerobic soil 
microorganisms essential for nutrient cycling (Cheng et al. 
2024).

These soil-level degradation processes are further exac-
erbated by vertical transport of contaminants. Additional 
concerns arise from the potential infiltration of salts and 
contaminants into both shallow and deep aquifer systems, 

particularly in regions characterized by inadequate drainage 
infrastructure or highly permeable soil profiles, thereby pos-
ing substantial risks to environmental integrity and public 
health (Sanad et al. 2024).

These multifaceted challenges have precipitated sig-
nificant delays or complete suspension of large-scale water 
reuse projects globally (Mateo-Sagasta et al. 2023). In the 
Nile Delta region of Egypt, for instance, seven major reuse 
facilities have undergone temporary or permanent closure 
due to deteriorating water quality and salinization levels 
exceeding agronomically sustainable thresholds (El Gamal 
et al. 2005). Similarly, in Australia's recycled wastewater 
irrigation districts, progressive salt accumulation in soil 
profiles and underlying aquifers has compelled regulatory 
authorities to reassess the viability of expanding existing 
reuse schemes (Radcliffe & Page 2020). Analogous con-
straints have been documented across MENA countries, 
where government-supported reuse initiatives have been 
curtailed or discontinued following soil and groundwater 
salinity monitoring programs that indicated environmen-
tally unsustainable conditions (Mateo-Sagasta et al. 2023). 
These documented cases of constrained or suspended DWR 
schemes across diverse geographical contexts, from Egypt's 
Nile Delta to Australia's irrigation districts and MENA 
countries, collectively demonstrate that technically feasible 
reuse initiatives often become environmentally unsustain-
able without robust assessment frameworks.

In response to these sustainability challenges, DWR 
assessment methodologies have progressively evolved over 
recent decades. Early methodologies relied predominantly 
on single-parameter indices such as electrical conductiv-
ity (EC) and sodium adsorption ratio (SAR) to establish 
irrigation water quality thresholds (Dudley & State 2008). 
While providing foundational guidance, these isolated 
indicators proved inadequate in capturing the multivariate 
impacts inherent in DWR systems. Subsequent develop-
ments introduced multi-criteria decision-making (MCDM) 
frameworks, including AHP, TOPSIS, and PROMETHEE, 
enabling systematic evaluation across water quality, eco-
nomic, and environmental dimensions (Hajkowicz & Col-
lins 2007). More recently, data-driven approaches have 
gained prominence in drainage water reuse management 
(Ibrahim et al. 2025).

(Lawal et al. 2023) developed multi-criteria data-driven 
models and coupled hydrologic-machine learning frame-
works that leverage extensive monitoring datasets to predict 
reuse suitability and optimize management interventions. 
Additionally, statistical quality control frameworks have 
also been validated to ensure ongoing operational safety 
and sustainability through adaptive monitoring protocols 
and corrective action mechanisms (Helal et al. 2021). Sur-
vival analysis has been also applied to provide probabilistic 
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evaluations of water resource availability (Christodoulou 
2011) as a critaria of water reuse sustainability, with subse-
quent studies demonstrating its utility in supporting adap-
tive water management under uncertainty (Karamouz & 
Mohammadpour 2017) and (Shah et al. 2024). The Delphi 
technique has been employed to systematically synthesize 
expert opinions, addressing inherent uncertainties and guid-
ing adaptive management strategies (López-gunn et al. 
2024).

Despite these methodological advances, current DWR 
assessment frameworks remain fragmented. A system-
atic review of the previous studies reveals that no exist-
ing framework sequentially couples’ experts’ insights, 
multi-criteria assessment of drainage water sources, setting 
optimal operational strategies, scenarios—hydrodynamic 
simulation, water quality assessment, and soil salinity mod-
eling within a unified architecture. For example, (Butcher 
& Wool 2021) applied HEC-RAS to optimize blending 
ratios in agricultural canals but did not integrate soil–water 
modeling to predict downstream salinization, leading to 
unforeseen soil degradation within two irrigation sea-
sons. Conversely, (Ibrahim et al. 2025) employed MCDM 
frameworks for source selection but lacked mechanistic 
simulation of resulting water quality dynamics and soil salt 
accumulation. Similarly, (Gichamo et al. 2020) developed 
machine learning models for reuse suitability prediction but 
assumed static water availability, ignoring seasonal hydro-
logical variability quantified through survival analysis.

This methodological isolation produces four critical 
deficiencies: (1) operational strategies are formulated with-
out systematic integration of expert knowledge through 
weighted multi-criteria analysis, resulting in management 
decisions that prioritize short-term water availability over 
long-term sustainability indicators such as water quality 
and soil health preservation, leaching efficiency, (2) hydro-
dynamic models optimize blending without soil constraint 
feedback and without linking to long-term leaching require-
ments, (3) expert-based decision-making lacks probabilistic 
quantification of seasonal supply variability, and (4) water 
quality indices take the same weight neglecting the dieffrent 
effect for every parameter. Moreover, operational proto-
cols developed without systematic expert elicitation (e.g., 
Delphi-based consensus) and weighted priority assessment 
failed to incorporate critical sustainability criteria resulting 
in operationally efficient yet environmentally unsustainable 
strategies (Ferrans et al. 2022), (Wang et al. 2019).

Consequently, existing frameworks cannot answer the 
integrated question: "What blending strategy simultane-
ously satisfies water availability constraints, regulatory 
compliance, hydraulic capacity, and soil salinity thresholds 
across multiple seasons while incorporating expert-validated 
sustainability priorities? This research gap necessitates a 

staged-integration multi-model framework that synergisti-
cally combines expert knowledge, comprehensive water 
quality assessment, regulatory compliance verification, 
seasonal variability analysis, uncertainty quantification, 
weighted multi-criteria evaluation, and advanced hydrologi-
cal, water quality, and soil modeling tools (HEC-RAS and 
SWAP). Such a framework is essential for formulating sus-
tainable operational strategies that preserve soil health and 
minimize leaching requirements while maintaining agricul-
tural productivity (Wurtsbaugh et al. 2019), (Mishra et al. 
2023).

Accordingly, this study is the first to consolidate these 
components into a unified staged-integration framework, 
thereby overcoming the fragmentation of prior approaches 
and enabling truly sustainable drainage water reuse strat-
egies. The staged-integration framework combines expert 
elicitation through the Delphi technique, probabilistic water 
availability analysis using survival analysis, multi-criteria 
source evaluation, hydrodynamic simulation with HEC-
RAS, and soil–water-crop modeling with SWAP. Unlike 
existing parallel-coupling approaches that require subjec-
tive reconciliation of conflicting model outputs, this frame-
work enforces hierarchical constraint propagation wherein 
outputs from each analytical stage systematically inform 
and constrain subsequent modeling phases.

This sequential architecture embodies two fundamental 
advantages. First, the framework establishes physical con-
straint cascading, whereby water availability limits derived 
from survival analysis directly constrain permissible blend-
ing ratios in multi-criteria evaluation, which subsequently 
bound hydraulic simulations, thereby ensuring that down-
stream soil salinity predictions reflect realistic operational 
scenarios. Second, the methodology employs progressive 
scenario filtering, systematically eliminating operationally 
infeasible or environmentally unsustainable alternatives at 
each analytical stage before propagating them to subsequent 
models. This adaptive filtering prevents the generation of 
recommendations that violate unmodeled constraints, a per-
sistent deficiency in parallel-integration frameworks where 
final outputs may be hydraulically feasible yet agronomi-
cally unsustainable.

Applied to Egypt's El-Salam Canal, a representative 
large-scale drainage water reuse system in arid environ-
ments, this framework demonstrates practical utility in 
formulating blending strategies that simultaneously satisfy 
seasonal water availability, regulatory water quality stan-
dards, canal hydraulic capacity, and long-term soil health 
preservation. The methodology provides a replicable tem-
plate for optimizing drainage water reuse operations in 
water-scarce regions globally, delivering quantitative evi-
dence that sustainability-focused water allocation enhances 
efficiency and productivity while conserving freshwater 
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(Module 7) computes compliance scores weighted by expert 
priorities.

Module 8 consolidates quantity and quality constraints 
into a unified classification matrix, enabling Module 9 to 
formulate operational strategies. Strategies undergo coupled 
simulation: HEC-RAS (Module 10) generates water qual-
ity profiles serving as inputs to SWAP (Module 11) for soil 
impact assessment. Scenarios producing excessive saliniza-
tion trigger refinement through Module 9; acceptable sce-
narios advance to comparative synthesis (Module 12). The 
architecture enforces three constraint levels: physical (Mod-
ule 8) ensures only validated, probabilistically sustainable 
quantities proceed; and prevents reliance on non-compliant 
sources; agronomic (Modules 12) rejects hydraulically fea-
sible yet environmentally unsustainable strategies. This 
progressive filtering distinguishes the framework from 
parallel-coupling approaches requiring subjective conflict 
resolution, ensuring all recommendations satisfy nested fea-
sibility constraints.

Module 1: comprehensive survey and data 
collection

Comprehensive, high-quality data collection forms the cor-
nerstone of the multi-model framework developed for opti-
mizing drainage water reuse sustainability (Ibrahim et al. 

resources. The study directly advances Sustainable Devel-
opment Goals related to food security and water sanitation 
by sustaining agricultural yields, improving irrigation water 
quality, and enhancing system resilience through reduced 
soil salinity and preserved long-term soil health.

Multi-model approach for optimizing 
drainage water reuse sustainability

The proposed framework operates through sequential data 
flow wherein outputs from each module constrain subse-
quent analytical stages (Fig. 1). This hierarchical coupling 
systematically propagates physical, statistical, and expert-
derived constraints, eliminating infeasible scenarios pro-
gressively rather than requiring post-hoc reconciliation. 
Data collection (Module 1) and policy contextualization 
(Module 2) establish baseline conditions, while concur-
rent expert elicitation (Modules 3–4) generates normal-
ized parameter weights. Module 5 implements a validation 
gateway, only datasets passing statistical stability criteria 
advance to reliability analysis; anomalous data trigger itera-
tive refinement. Validated time series enter survival analy-
sis (Module 6), producing sustainability thresholds that 
physically limit extraction rates, while capability analysis 

Fig. 1  A multi-model approach for optimizing drainage water reuse sustainability
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Panel members were selected based on: (i) a minimum of 
10 years of professional experience in water reuse or irriga-
tion management, (ii) documented research publications in 
water quality assessment, and (iii) direct field experience 
in the Nile Delta or Sinai Peninsula. This multidisciplinary 
composition ensures comprehensive coverage of agro-
nomic, pedological, and water quality perspectives relevant 
to the study context.

The expert’s responses were then translated into quantita-
tive weights, enhancing the relevance and precision of the 
sustainability evaluation. By embedding expert insights into 
the framework, this module ensures that subsequent model-
ing and scenario analysis are not only technically sound but 
also aligned with practical management priorities, making it 
a foundational component of the decision-support architec-
ture (Franciosi et al. 2020).

Module 4: Delphi-based weighting of water quality 
parameters

This module refines expert input into a consistent and rep-
resentative weighting system for water quality parameters 
(WQPs), using a modified Delphi approach tailored to the 
study’s reuse objectives. Based on histogram analysis, only 
parameters cited by at least 15 experts were retained, result-
ing in a final set of 11 WQPs. To evaluate the consistency 
of expert judgments, the interquartile range (IQR) was 
computed for each retained parameter. All IQR values were 
below 1.0 on a five-point Likert scale, indicating strong 
agreement and high reliability of expert scoring. While 
this consensus-based filtering enhanced analytical focus, it 
also led to a partial reduction in the total weight originally 
assigned by each expert due to the exclusion of less fre-
quently selected parameters.

To address this, for each expert k, the sum of weights 
assigned to the retained parameters Wsum, k through Eq. 1:

Wsum,k =
11∑

i=1
Wik� (1)

Since, the Wsum, k < 1.0, the residual weight (Rk) is calcu-
lated by Eq. 2: Rk = (1 − Wsum,k) Eq. 2. To preserve the 
expert’s original weighting intent, this residual is redistrib-
uted proportionally across the retained parameters using the 
Eq. 3:

Wik,adj = wik +
(

wik

Wsum,k
∗ Rk

)
� (3)

This adjustment ensures that W = 1.0, then the final weight 
for each parameter (Wi, final) is calculated as the mean of the 

2025). This sub-model compiles essential datasets across 
five domains:

	● Water resources, encompassing the spatial and tempo-
ral characterization of current and potential sources in 
terms of quantity and quality;

	● Soil properties, such as salinity levels, hydraulic con-
ductivity, texture, and physicochemical traits relevant to 
salt transport and retention;

	● Agricultural practices, including cropping patterns, ro-
tation schemes, and cultivation methods; and Meteoro-
logical conditions, covering rainfall, temperature, hu-
midity, wind speed, and evapotranspiration.

This integrated dataset forms the foundation for classify-
ing water sources, constructing operational scenarios, and 
simulating their hydrological and agronomic impacts (Lian 
et al. 2022).

Module 2: assessment of water policy and 
operational scenarios

This module evaluates current and projected water demands 
in relation to the project’s water policy and the applicable 
national regulatory standards governing water quality and 
quantity. The analysis includes documentation of exist-
ing and planned operational scenarios, developed in coor-
dination with project stakeholders to ensure institutional 
relevance and practical feasibility. By aligning policy frame-
works with projected resource needs and quality thresholds, 
this phase provides critical input for model calibration and 
supports the formulation of sustainable, regulation-compli-
ant operational strategies tailored to the project’s manage-
ment goals (Abou Jaoude et al. 2022).

Module 3: expert-based prioritization of water 
quality parameters

This module plays a pivotal role in ensuring that water qual-
ity assessments are context-specific and decision-relevant. 
Within the multi-model framework, expert elicitation is 
used to assign relative weights to key water quality param-
eters (WQPs), reflecting their functional importance in the 
intended reuse application (Tosic et al. 2013).

A structured questionnaire was distributed to a panel of 
20 experts comprising: five irrigation specialists from the 
Water Management Research Institute (WMRI) and Drainge 
Research Institute (DRI), six soil scientists from Water and 
Environment Research Institute (SWERI) and DRI, five 
water quality researchers from academic institutions (Suez 
Canal University and Zagazig University), and four envi-
ronmental experts from DRI and Wageningen University. 
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Module 6: reliability-based estimation of 
sustainable water availability

This module applies survival analysis to estimate water 
availability thresholds under uncertainty, enabling the for-
mulation of operational scenarios with defined levels of 
sustainability. The approach ensures that both risk and reli-
ability are explicitly incorporated into water resource plan-
ning (Shah et al. 2024). Observed hydrological time series 
for each water source were analyzed using EasyFit V.5 soft-
ware. The software automatically tested 70 statistical distri-
butions (e.g., Normal, Log-Normal, Gamma, Weibull) and 
selected the optimal fit based on goodness-of-fit metrics. For 
each individual water source, the sustainability threshold Qp 
was calculated as the quantile of the fitted distribution cor-
responding to a specified exceedance probability Pex:

Qp = F −1(Pex)� (5)

where F(x) is the cumulative distribution function (CDF) 
of the selected model, and Q(p) represents the flow or yield 
value that is not exceeded in Pex proportion of time.

Two key thresholds were computed for each source:

	● Q 0.75: Water quantity available with 75% reliability 
(i.e., exceeded in 75% of the time).

	● Q 0.95: Water quantity available with 95% reliability 
(i.e., exceeded in 95% of the time).

To account for seasonal variability, the 75% reliability sce-
nario was further disaggregated into summer and winter 
sub-scenarios, reflecting distinct hydrological conditions 
and operational constraints. This seasonal differentiation 
ensures that classification outcomes remain realistic and 
context-sensitive across temporal variations. This method 
allows for source-specific quantification of sustainable 
water volumes under defined reliability levels. It supports 
the design of resilient and risk-aware operational strate-
gies, ensuring that water reuse planning is both realistic and 
robust under hydrological uncertainty.

Module 7: water quality compliance analysis

This submodel provides a post-survival analysis evalua-
tion of each water source’s compliance with regulatory and 
project-specific water quality standards. It uses capability 
analysis to quantify the probability of exceedance for each 
parameter based on its fitted distribution (Sediyama et al. 
2023). The capability index (Cpk, i) for parameter  i can be 
defined as:

adjusted weights across all experts who rated it (typically 15 
experts) using the Eq. 4:

Wi,final = 1
15

15∑
k=1

Wik,adj � (4)

This method ensures that only highly corroborated param-
eters are retained, while preserving the full weight structure 
of expert input. It enhances the precision and fairness of the 
weighting process, enabling the aggregation of WQPs into 
a single compliance index per drainage water source. This 
index supports water resources classification, scenario com-
parison and strengthens the decision-making process for 
sustainable reuse planning.

Module 5: preliminary validation of water resources 
data

This module implements a two-stage quality assurance pro-
tocol to verify the stability and logical consistency of water 
resources monitoring data prior to advanced modeling and 
scenario development (Harmel et al. 2023). The first stage 
employs statistical control charts (Shewhart charts) to detect 
anomalies and assess the temporal stability of recorded 
parameters. For a given variable Xt recorded at time t, con-
trol limits are set as:UCL = µ + 3δ, CL = µ − 3δ, where 
μ is the sample mean and σ is the standard deviation of the 
dataset. Measurements falling outside the control limits 
indicate potential outliers or changes in data-generating pro-
cesses requiring investigation (Shaban 2014).

Subsequently, Water Quality Indices (WQIs) were com-
puted and compared against expected patterns of water 
mixing and quality attenuation to assess data spatial coher-
ence, as water flows downstream and undergoes sequential 
mixing, WQI values are theoretically expected to decrease, 
reflecting cumulative degradation (El-Sayed & Shaban 
2019), it is theoretically expected that the WQI should pro-
gressively decrease, reflecting cumulative water quality deg-
radation. If the calculated WQI values follow this expected 
trend, the dataset is considered logically consistent; sig-
nificant deviations from this pattern may indicate potential 
data inconsistencies or anomalies requiring further inves-
tigation. For each monitoring location, WQI is computed 
as: WQI =

∑n
i=1 wi ∗ Si, where wi is the expert-adjusted 

weight for parameter I and Si is its average measured value.
This validation step is essential, as water quality datas-

ets exhibit unique variability and require tailored verifica-
tion protocols to ensure reliability and analytical integrity 
(Karim et al. 2025).
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for variability in both quantity and quality. A key principle 
guiding scenario design is the inverse relationship between 
sustainability thresholds and available water quantities:

	● The Planned Scenario (Baseline) represents the official 
operational plan established by project operators

	● The 75% water supply reliability scenario is based on 
water volumes available with 75% reliability, offering 
higher yield but lower certainty.

	● The 95% water supply reliability scenario reflects more 
conservative planning, using volumes available with 
95% reliability, ensuring higher certainty but lower 
yield.

While a water source may appear more favorable under the 
75% scenario due to higher available volumes, this does 
not indicate superior sustainability, only reduced reliabil-
ity. To account for seasonal variability, the 75% reliability 
scenario was further disaggregated into summer and winter 
sub-scenarios, capturing distinct hydrological conditions 
and operational constraints. This structured, seasonally 
informed framework enables adaptive, risk-aware plan-
ning and enhances the El-Salam Canal project's operational 
resilience under fluctuating hydrological and regulatory 
conditions.

Module 10: testing strategies; water quality 
modelling

This module simulates and evaluates the hydraulic and 
water quality performance of each alternative strategy using 
the HEC-RAS modeling system, developed by the U.S. 
Army Corps of Engineers. Given the unidirectional flow 
and intermittent siphons along the El-Salam Canal, a one-
dimensional unsteady flow approach is adopted to assess 
conveyance capacity and dynamic water quality behavior 
(Zainal & Talib 2024).

HEC-RAS provides an integrated platform for simulta-
neous simulation of hydraulic flow and constituent trans-
port. The model incorporates detailed canal geometry and 
applies initial and boundary conditions for both flow and 
water quality parameters. Simulations are governed by the 
continuity and momentum equations, enabling spatial and 
temporal resolution of system dynamics. The water qual-
ity module employs the QUICKEST-ULTIMATE explicit 
scheme to solve the one-dimensional advection–dispersion 
equation, capturing pollutant transport, transformation, and 
decay. Simulated parameters include: DO, pH, TDS, COD, 
BOD₅, TSS, NH₃, TN, Cl⁻, and TP. This modeling frame-
work enables robust testing of each strategy’s capacity to 
meet water quality objectives under realistic hydraulic and 
pollutant loading conditions.

Cpk,i = min
(

Li − ui

3δi
,

Ui − ui

3δi

)
� (6)

where Li and Ui are the lower and upper regulatory limits, μi 
is the mean, and σi is the standard deviation of the observed 
data for parameter i.

Each index is then weighted using the final adjusted 
weights derived from expert input in Module 4, producing a 
compliance sub-score (CSi) using: CSi = Wi,final ∗ Cpk,i. 
Then The unified Water Quality Compliance score (WQCI) 
is determined by aggregating these scores across all 
parameters:

WQCI =
n∑

i=1
CSi

where n is the total number of selected parameters. This uni-
fied weighted score provides a single, interpretable indicator 
of overall water quality per source, facilitating direct com-
parison across alternatives. It prevents misleading conclu-
sions that may arise from high compliance in less critical 
parameters or from minor deviations in highly influential 
ones, thereby supporting more accurate, impact-driven pri-
oritization for sustainable reuse planning.

Module 8: water resources classification

This sub-model functions as an integrative decision-support 
tool, consolidating outputs from water quantity analysis 
(Module 6) and water quality compliance evaluation (Mod-
ule 7) into a unified classification matrix. Specifically, it 
combines the sustainable yield thresholds estimated at 75% 
with seatonal variation (summer and winter) and 95% reli-
ability levels with the final weighted Water Quality Compli-
ance Index (WQCI) to enable structured ranking of water 
sources. This dual-water resources classification, enhanced 
by seasonal breakdown, supports robust policy evaluation, 
resource prioritization, and optimized allocation decisions 
in the context of sustainable and resilient water reuse man-
agement (Heidarigharehsoo & Saidi 2023).

Module 9: setting alternatives strategies

This sub-model builds directly on the classification outcomes 
from Module 8, integrating both water quantity thresholds 
(from Module 6) and water quality compliance scores (from 
Module 7) to formulate operational strategies that meet the 
project’s future water requirements. Three scenarios were 
developed: two proposed management strategies and one 
official project scenario. Each scenario aims to ensure suf-
ficient water delivery to the intake point, while accounting 
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Module 12: comparison matrix for the strategies 
visualization

This module consolidates both quantitative and qualita-
tive outputs from preceding components into a unified 
comparison matrix, enabling structured visualization and 
evaluation of all examined strategies. To ensure clarity and 
transparency, the comparison matrix presents the evaluation 
results across all sustainability dimensions without applying 
explicit weighting or prioritization among criteria.

This approach reflects the observed coherence between 
indicators: strategies that achieve higher water quality 
compliance also tend to exhibit lower soil salinity, reduced 
leaching requirements, and minimal infrastructure needs. 
As such, the best-performing scenario consistently excels 
across all dimensions, allowing for straightforward interpre-
tation without the need for trade-offs or subjective prefer-
ence weighting. The matrix thus serves as a transparent tool 
for organizing results and facilitating direct comparison, 
rather than negotiating between competing objectives.

Materials and methods

Case study; El-salam Canal project

Arid and semi-arid regions face mounting pressures from 
water scarcity, salinity accumulation, and competition for 
freshwater resources, making drainage water reuse (DWR) 
an essential adaptation strategy across North Africa, the Mid-
dle East, and South Asia (Mateo-Sagasta et al. 2023). How-
ever, its sustainability remains constrained by challenges 
including salinity buildup, nutrient imbalances, and limited 
treatment capacity (Qureshi & Perry 2021). El-Salam Canal 
project in Egypt was selected as a representative case study 
because it exemplifies these broader regional challenges. As 
one of the largest DWR initiatives in the Middle East, the 
project operates under the same constrained hydrological 
and environmental conditions characteristic of arid zones, 
making it a suitable model for evaluating integrated water-
soil management strategies (Abdel-Azim & Allam 2005).

Originally designed to deliver approximately 4.45 billion 
cubic meters per year of blended water, the El-Salam Canal 
system operates on a planned 1:1 mixing ratio between 
freshwater from the Nile’s Damietta branch and drainage 
water from Bahr Hadus and El-Serw drains (Shaban & El 
sayed 2012). This blended supply was intended to support 
the reclamation of nearly 620,000 acres of agricultural land 
located on both the eastern and western sides of the Suez 
Canal. The canal system is hydraulically divided into two 
main reaches: the western reach, known as the El-Salam 
Canal, and the eastern reach, referred to as the Sheikh Jaber 

Module 11: soil impact modelling

This module quantifies the impact of alternative water 
management strategies on soil salinity dynamics, leaching 
requirements, and the long-term sustainability of irrigated 
agriculture using the physically based SWAP (Soil–Water-
Atmosphere-Plant) model. SWAP is a widely validated tool 
for simulating water flow and solute transport in variably 
saturated soils under diverse irrigation regimes, meteo-
rological conditions, and soil profiles (Jiang et al. 2011). 
Water movement within the soil profile is governed by the 
Richards equation (Warrick et al. 1990), while soil hydraulic 
properties are described using the van Genuchten–Mualem 
parameterization (Genuchten 1980):

θ (h) = θr + θs − θr

(1 + (α ∗ h) n) m
� (7)

K (h) = Ks ∗ S1
e

(
1 −

(
1 − S

1
m
e

)
m

)
� (8)

where, θs  and θr  are saturated and residual water content 
respectively, Ks  is saturated hydraulic conductivity, Se  is 
effective saturation, and parameters α, n, m, and l encapsu-
late pore-size distribution and connectivity effects (Genu-
chten 1980).

Salinity transport is modeled via the convection–disper-
sion equation, accounting for advection, diffusion, and root 
uptake:

∂(Cθ)
∂t

= ∂

∂z

(
D (θ) ∂C

∂z
− qC

)
− SC � (9)

where C is solute concentration [mg/L],  D(θ) the disper-
sion coefficient [cm2/day], q the Darcy water flux [cm/day], 
and Sc represents solute sinks.

To assess salinity stress, the leaching requirement (LR) is 
calculated using Eq. 10:

LR = ECiw

5 ∗ ECe − ECiw
� (10)

where ECiw is the electrical conductivity of irrigation water, 
and ECe is the target soil salinity threshold (Dudley et al. 
2008).

Crucially, the salinity levels of irrigation water derived 
from Module 10 are used as inputs here to evaluate their 
downstream effects on soil health and crop productivity. This 
allows for a comprehensive assessment of each operational 
scenario, not only in terms of water quality and quantity, but 
also in terms of soil sustainability and leaching demands, 
which directly influence long-term agricultural viability.
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These operational and environmental challenges faced 
by the El-Salam Canal project are not confined to Egypt but 
represent systemic constraints prevalent in drainage water 
reuse schemes globally. Comparable limitations related to 
salinity management and freshwater scarcity have been 
documented in major irrigation systems such as Pakistan’s 
Indus Basin, Jordan’s Zarqa River (Almanaseer et al. 2020). 
Consequently, the El-Salam Canal serves as a representative 
case study for assessing the feasibility and resilience of inte-
grated water-soil management frameworks under arid and 
semi-arid conditions, with insights that are broadly transfer-
able to similar agro-hydrological systems worldwide.

Data collection and sources

Comprehensive datasets on water quality and quantity were 
collected between August 2018 and July 2023 from from 
18 strategically selected monitoring locations to capture 
spatial and operational variability across the system. These 
included:

	● One point at the El-Salam Canal Intake,
	● Six points representing current and potential drainage 

water sources,
	● Six points along the main canal stream for model 

calibration,
	● Five points associated with the Bahr El-Baqar wastewa-

ter treatment plant.

Canal, which extends beyond the Suez Canal into the Sinai 
Peninsula. Figure. 2 illustrates the overall layout of the sys-
tem and its key water sources.

Despite its strategic importance, El-Salam Canal project 
faces substantial operational and environmental challenges 
that directly impact its sustainability. Freshwater allocations 
have declined, prompting increased reliance on drainage 
water sources such as the Faraskour drain to support the 
initial phase of the project (Shaban & El sayed 2012). How-
ever, available water resources remain insufficient to initiate 
the second phase of the North Sinai Agricultural Develop-
ment Project, which targets the reclamation of 420,000 
feddans in Central Sinai instead of the originally planned 
El-Serw and El-Qawareer areas (Raslan et al. 2020).

The second phase requires a daily water quota of 
7.35  million m3, while current availability at the Sheikh 
Jaber Canal is limited to 2  million m3/day, resulting in a 
deficit of approximately 5.35  million m3/day. To bridge 
this gap, the Bahr El-Baqar wastewater treatment plant was 
commissioned, with a treatment capacity of 5.6 million m3/
day, drawing from Bahr El-Baqar, Om El-Rish, and Shader 
Azzam drains.

Despite these efforts to secure a water supply, salinity 
remains the most critical constraint. Elevated salinity lev-
els, particularly following the partial operation of the Bahr 
El-Baqar plant, have been observed in irrigation water. 
Additionally, Soil salinity surpassing 7.12 dS/m in parts of 
the study area limits crop diversity and affects salt-sensitive 
species. Leaching elevated soil salinity requires a substantial 
quantity of fresh water, reducing overall system efficiency.

Fig. 2  Scimatic layout of El-Salam Canal project
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including information on irrigation methods, water schedul-
ing, drainage configurations, and crop rotation patterns.

Water quality regulation standards

The El-Salam Canal project adheres to a multi-tiered regu-
latory framework to ensure safe reuse of drainage water. 
Central to this is Article 51 of Law No. 48 (2013), which 
mandates strict quality standards for agricultural drains, 
such as Hadous, Faraskour, and El-Serw, before blending 
with freshwater. Additionally, effluent from the Bahr El-
Baqar WWTP is evaluated against design specifications 
before discharge into the Sheikh Jaber Canal. The project 
also aligns with FAO irrigation water quality guidelines, 
supporting crop safety and long-term soil productivity 
across canal reaches (Agrama & Amer 2012).

Current and planned operational scenario

In the current operational scenario (Fig. 3), El-Salam Canal 
system receives a total inflow of approximately 110  m3/s 
from multiple sources. The primary input is a constant 
38.0 m3/s from the Nile’s Damietta Branch, supplemented 
by: 8.0 m3/s from the Faraskour Drain (km 1.9), 19.0 m3/s 
from the El-Serw Drain (km 18.5), 33.0  m3/s from the 
Hadous Drain (km 54.0), and 13.0 m3/s from the Bahr El-
Baqar Wastewater Treatment Plant (WWTP). Of this total, 
77 m3/s is allocated to the western side of the Suez Canal, 
supporting irrigation over approximately 200,000 feddans. 
The remaining 33.0 m3/s (equivalent to 2.85 million m3/day) 

The selection of monitoring sites was designed to repre-
sent key hydrological zones, operational nodes, and inflow 
sources. All datasets were obtained from the Drainage 
Research Institute (DRI), part of Egypt’s National Water 
Quality Monitoring Network (NWQMN). Monthly water 
samples were analyzed in ISO/IEC 17025-accredited labo-
ratories, following internationally standardized protocols to 
ensure data reliability.

Approximately 15% of samples were designated as 
replicates for quality assurance, assessed independently 
in accordance with APHA Section 1020 to verify analyti-
cal reproducibility. QA/QC procedures included the use of 
blanks, certified reference materials, spiked samples, and 
duplicate analyses. All instruments were regularly cali-
brated before and during analysis. To ensure data continuity, 
minor gaps (< 5%) in the time series were addressed using 
linear interpolation, preserving statistical integrity and 
temporal patterns. Discharge measurements were obtained 
using Acoustic Doppler Current Profilers (ADCP) in open 
channels and from pump station operational logs.

To assess soil response to irrigation water quality, soil 
samples were collected in June 2024 from five distinct loca-
tions within the Sheikh Jaber Canal command area, target-
ing two depths (0–40 cm and 80–120 cm). These samples 
were analyzed for texture, salinity, and ion composition 
in accordance with ASTM D4972 and D2216 standards, 
ensuring spatial representativeness for soil impact model-
ing. Complementary datasets were obtained from the North 
Sinai Water Resources and National Infrastructure Sector, 

Fig. 3  Current and planned operational scenarios for the El-Salam Canal system
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The model was driven by measured operational dis-
charge data, enabling realistic simulations of flow patterns 
and water quality transport. Model accuracy was evaluated 
using the Root Mean Square Error (RMSE), calculated as:

RMSE =
√

1
n

n∑
i=1

(Oi − Si)2

where Oi and Si are the observed and simulated values 
respectively, for n observations.

Calibration was conducted through iterative refinement, 
comparing simulated water levels against field measure-
ments at eight monitoring sites along the El-Salam and 
Sheikh Jaber canals. Manning’s roughness coefficients were 
adjusted across canal reaches to optimize model perfor-
mance, resulting in a final RMSE of 0.054 m, indicating a 
high level of hydraulic accuracy. Following hydraulic cali-
bration, the model was supplied with measured water qual-
ity parameters (WQPs) including SAR, TDS, pH, NO₃, Cl, 
BOD, COD, TP, Boron, TSS, and Fe, along with relevant 
meteorological and dispersion coefficients for each inflow 
source and the canal intake. Initial simulations were con-
ducted under the baseline operational scenario to establish 
reference conditions.

Water quality calibration was performed by comparing 
observed and simulated WQPs at five monitoring locations 
along the El-Salam Canal, focusing on key indicators: TDS, 
DO, BOD, TSS, N–NO₃, and TP, as illustrated in Fig. 4.

is delivered to lands served by the Sheikh Jaber Canal, cov-
ering around 156,000 acres, with a water duty of 30.0 m3/
feddan/day.

To implement the second phase of the El-Salam Canal 
project, targeting the reclamation of an additional 420,000 
feddans, the Ministry of Water Resources and Irrigation 
has developed a planned operational scenario to meet the 
significantly increased water demand of about 94.0  m3/s 
(equivalent to 8.12 million m3/day). This scenario involves 
scaling up inflows, as illustrated in Fig. 3, by approximately 
95% of the additional supply is expected to come from the 
Bahr El-Baqar WWTP, with only marginal increases from 
other sources.

Numerical models setup and calibrations

HEC-RAS model

The HEC-RAS V.5 model was employed to simulate the 
hydraulic behavior and water quality dynamics of the El-
Sheikh Jaber Canal system under multiple operational 
scenarios, including current conditions, officially planned 
operations, and proposed management alternatives. All 
relevant inflows from branch channels and feeder sources 
were incorporated as point-source inputs, while the down-
stream boundary condition was defined by the water level 
downstream of the Salam 4 pumping station, maintained at 
0.40 m.

Fig. 4  Hydraulic and water quality calibration along El-Salam Canal
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Institute 2017); and (3) capture of spatial gradients in prox-
imity to irrigation canals (0–1000 m vs. 1000–2000 m).

At each location, samples were collected from two 
depth intervals (0–100  cm and 100–150  cm) using a 
soil auger. Samples were immediately sealed in airtight 
containers, subsequently air-dried, crushed, and sieved 
through 2-mm mesh to remove coarse fragments and 
organic debris. Particle size distribution was determined 
using the hydrometer method, validated by sieve analy-
sis for sand fractions, following FAO guidelines. Tex-
tural analysis classified all samples as sandy loam as 
illustrated in Table  1. Saturated hydraulic conductivity 
(Ks) was measured (Table  1), using the constant-head 
permeameter method on undisturbed cores, following 
standardized protocols. These data served as inputs for 
the Rosetta pedotransfer function model to estimate van 
Genuchten hydraulic parameters (Table 2).

In addition, soil salinity was assessed by measuring the 
electrical conductivity (ECe) of saturated paste extracts at 
both depths (40 cm and 120 cm) for all five sampling loca-
tions. Measurements were conducted at the Central Labo-
ratory for Environmental Monitoring (CLEQM), ensuring 
analytical consistency and quality control (Table 2).

Crop parameterization  The crop composition in this study 
includes wheat (Triticum aestivum L.) and maize (Zea mays 
L.), two primary cereal crops cultivated in Sinai Peninsula. 
Crop parameters were calibrated to regional field condi-
tions, incorporating rooting depth dynamics, leaf area index 
(LAI) progression, and salinity-based yield response func-
tions (Table 2). Maximum rooting depths were set at 90 cm 
for wheat and 120 cm for maize, consistent with observed 
root penetration in sandy loam soils (Whalley et al. 2021), 
(Leenaars et al. 2023).

Peak LAI values of 4.5 for wheat and 5.2 for maize 
were adopted from published field studies in similar agro-
climatic zones (Buthelezi et al. 2023), enabling accurate 
simulation of evapotranspiration and photosynthetic 

The model’s predictive performance was evaluated using 
both Root Mean Square Error (RMSE) and the coefficient of 
determination (R2). Root Mean Square Error (RMSE) val-
ues consistently low relative to the observed ranges; RMSE 
DO = 0.091 within an observed range of 4.0  mg/L, RMSE 
TDS = 2.07 within a range of 1100 mg/L, RMSE BOD = 0.085 
within a rang of 7.0 mg/L, RMSE TSS = 0.13 within a range 
of 15.0  mg/L, RMSE N-NO3 = 0.0119 within a range of 
7.0 mg/L, and RMSE TP = 0.016 within a range of 0.55 mg/L.

Complementing these results, the model achieved R2 val-
ues exceeding 0.83 for all calibrated parameters, reflecting 
the model’s robustness in capturing both the spatial variabil-
ity and temporal dynamics of water quality along the canal 
system, making it suitable for scenario-based assessments 
and operational planning.

SWAP model

Soil characterization and hydraulic properties  Soil samples 
were collected from five spatially distributed locations 
(Table  1) representing the dominant land use types and 
salinity gradients within the Sheikh Jaber Canal catchment, 
strategically selected using stratified random sampling to 
achieve three objectives: (1) comprehensive representation 
of the entire canal command area from the main intake (El-
Salam Canal) through downstream reaches, including both 
right and left banks of the main canal and the primary South 
Qantara branch canal; (2) coverage of approximately 85% 
of the historical salinity variability across the study area 
based on previous surveys (Measured by Drainage Research 

Table 1  Spatial distribution of soil sampling sites
Sample no Coordinates (decimal 

degrees)
Canal position

Latitude Longitude
1 31.0350 32.3680 Main canal/Left Bank
2 30.9989 32.4657 Branch canal/Right Bank
3 31.0026 32.3973 Main canal/Right Bank
4 30.9526 32.4763 Branch canal/Right Bank
5 31.0205 32.5017 Main canal/Right Bank

Table 2  Sandy loam soil hydraulic properties and texture
Sample no Depth (cm) Measured EC (ds/m) Sand (%) Silt (%) Clay (%) van Genuchten α (cm − 1) n θr θs Ks (cm/d)
1 0–100 5.45 70 20 10 0.034 2.58 0.063 0.42 106

100–150 6.15 73 17 10 0.036 2.65 0.061 0.38 118
2 0–100 5.63 69 20 11 0.034 2.55 0.068 0.41 98

100–150 6.25 74 19 7 0.035 2.64 0.066 0.40 124
3 0–100 6.55 65 20 15 0.031 2.53 0.074 0.42 93

100–150 7.12 69 21 10 0.033 2.70 0.069 0.42 100
4 0–100 5.55 74 16 10 0.036 2.63 0.066 0.41 119

100–150 5.75 72 17 11 0.038 2.67 0.059 0.39 120
5 0–100 5.10 69 19 12 0.033 2.63 0.070 0.42 103

100–150 5.35 75 14 11 0.036 2.63 0.067 0.42 115
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for both crop water requirements and leaching needs under 
moderately saline conditions.

Model setup and boundary conditions  Initial conditions 
were derived from field measurements at crop establish-
ment. Soil moisture was set at field capacity in the upper pro-
file, decreasing with depth according to observed hydraulic 
gradients. Root-zone electrical conductivity showed vertical 
stratification, averaging 5.65 dS/m at 40 cm depth and 6.12 
dS/m at 120  cm depth, representing moderately to highly 
saline conditions typical of the Eastern Suez Canal region. 
The upper boundary incorporated measured precipitation 
and applied irrigation fluxes with their respective salinity 
levels. The lower boundary was positioned at 200 cm depth 
and configured for free drainage (unit hydraulic gradient 
condition), reflecting deep water table conditions (> 3  m) 
documented in regional hydrogeological surveys. These ini-
tial conditions enabled realistic simulation of coupled water 
and salt dynamics under prevailing field conditions.

Model calibration and validation  The SWAP model was 
calibrated using observed soil salinity profiles obtained 
from representative sandy loam soils within the Sheikh 
Jaber Canal catchment, east of the Suez Canal. Field mea-
surements indicated average electrical conductivity (ECe) 
values of 5.65 dS/m at 40 cm depth and 6.12 dS/m at 120 cm 
depth, reflecting moderately saline conditions typical of 
the study area. Simulated root-zone salinity under baseline 
conditions yielded an average EC of 5.92 dS/m, with a root 
mean square error (RMSE) of 0.27 dS/m and a coefficient of 
determination (R2) of 0.89, indicating excellent agreement 
between observed and simulated values.

The calibration assumed spatially uniform soil proper-
ties due to limited sampling density across the catchment. 
Field observations, however, indicated moderate spatial 
variability in soil salinity, with coefficients of variation 
(CV) ranging from 15 to 25% across sampling locations. 
This heterogeneity reflects natural variations in soil 
texture, hydraulic conductivity, and localized drainage 
patterns commonly found in sandy loam agricultural sys-
tems. Despite this simplification, the strong model data 
agreement (RMSE = 0.27 dS/m, R2 = 0.89) demonstrates 
that the model adequately captures the dominant pro-
cesses. The comparative scenario analysis also remains 
valid, as all alternatives were assessed under the same 
modeling assumptions.

Nevertheless, in cases where horizontal soil het-
erogeneity is more pronounced, adopting advanced 
two‑dimensional models such as HYDRUS‑2D would be 

activity within the SWAP framework (Huang et al. 2024). 
Salinity tolerance parameters followed FAO-56 guide-
lines, with threshold electrical conductivity (ECe) val-
ues of 2.5 dS/m for wheat and 3.0 dS/m for maize. Yield 
reduction slopes were set at 11%/dS/m and 8%/dS/m, 
respectively (Steppuhn, H., & Grieve 2004). Mid-season 
crop coefficients (Kc) of 1.1 for wheat and 1.15 for maize 
reflect peak transpiration demands under Mediterranean 
climates (SHARMA et al. 2024).

Additional SWAP model parameters were specified 
to enable complete model reproduction. Initial rooting 
depth was set at 10 cm for both crops at emergence, pro-
gressing to maximum depths reported in Table  2. Crop 
coefficients for all growth stages (Kc_ini = 0.30 and 
0.40; Kc_mid = 1.10 and 1.15; Kc_end = 0.30 and 0.50 
for wheat and maize, respectively) were adopted from 
FAO-56 guidelines. Water stress response was governed 
by two critical pressure head thresholds: h3 = − 300 cm, 
representing the onset of transpiration reduction under 
moderate soil water depletion, and h4 = -700  cm, defin-
ing the wilting point beyond which root water uptake 
ceases. These values were calibrated to the sandy loam 
soil hydraulic properties (Table 2).

Meteorological inputs  Daily meteorological data, includ-
ing rainfall, temperature, solar radiation, and wind speed, 
were obtained from the ERA5 climate reanalysis dataset 
(ECMWF, 1979–present). ERA5 provides comprehensive 
atmospheric variables at 0.25° × 0.25° spatial resolution 
(~ 25  km) with hourly temporal resolution. Hourly data 
were aggregated to daily values for model input. ERA5 has 
been extensively validated for Egyptian conditions, demon-
strating strong agreement with in situ observations.

Irrigation management  Drip irrigation scheduling was 
implemented using soil water pressure head–based trig-
gering consistent with local field practices. For wheat, 
irrigation was triggered when pressure head at 20–25  cm 
depth fell below −  500 to −  600  cm; for maize, the trig-
ger threshold was − 300 to − 400 cm at 30 cm depth. Indi-
vidual applications delivered 45–55  mm for wheat and 
50–60  mm for maize over 4–7-h durations, with 2–5-day 
intervals between events depending on growth stage. This 
resulted in 11–13 irrigation events for wheat (580–620 mm 
total) during November–April, and 11–13 events for maize 
(620–660  mm total) from May to September, accounting 
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suspended solid concentrations typical of subsurface drain-
age systems in the study region.

These results confirm FAO guidelines emphasizing salin-
ity (TDS, SAR) as primary DWR constraints in arid regions, 
while the low TSS/Fe weights reflect the predominance of 
subsurface drainage inputs over physical clogging risks in 
El-Salam. Nitrate's third-place ranking highlights emerg-
ing groundwater contamination concerns, underscoring 
the need for integrated salinity-nutrient management. This 
expert‑derived weighting therefore does not merely rank 
parameters but also reveals the implicit risk perception that 
shapes practical reuse decisions in large-scale Egyptian 
schemes.

Preliminary data checking

Water source statistical stability assessment

Statistical stability of water quality data is essential for reli-
able long-term operational planning in large-scale reuse 
projects. Control charts were constructed for each water 
quality parameter across the five primary water sources, 
with control limits set at ± 3 standard deviations to identify 
outliers while capturing natural variability. For each source, 
weighted deviations beyond control limits were calculated 
using the parameter importance coefficients from Table 3, 
yielding a cumulative data consistency score (100% minus 
weighted deviations).

The results indicate that all sources maintained accept-
able statistical stability, with Bahr El-Baqar WWTP exhibit-
ing the highest consistency (99.65%), followed by Hadous 
Drain (99.50%) and Faraskur Drain (95.29%). Moderate 
stability was observed at El-Matariya Pumping Station 
(92.72%), while Bahr El-Baqar Drain exhibited the lowest 
score (90.75%). Source stability differences reflect inherent 
uncertainty characteristics: managed point sources (Bahr 
El-Baqar WWTP) show low variability due to controlled 
operations, while Bahr El-Baqar Drain exhibits higher 
uncertainty from hydrological fluctuations and diffuse pol-
lution. These patterns were incorporated into subsequent 
analyses, with all sources confirming data reliability for 
compliance assessment and scenario modeling.

Data spatial consistency validation

Data validation was performed to confirm spatial consis-
tency along the canal system. Given the progressive blend-
ing of Nile water with drainage water downstream, water 
quality is expected to deteriorate sequentially after each 
mixing point. To verify this pattern, the Water Quality Index 
(WQI) was calculated using the expert-weighted parameters 

necessary. HYDRUS‑2D can simulate variably saturated 
flow and solute transport in two dimensions, providing 
a more detailed spatial representation for heterogeneous 
soil environments.

Results and discussion

Water quality parameter prioritization and 
weighting

By applaying Modules 3 and 4, A structured Delphi 
approach involving 20 qualified experts identified 11 criti-
cal water quality parameters that affect the sustainability 
of agricultural reuse. Parameters achieving ≥ 75% expert 
consensus were retained and weighted based on normal-
ized mean scores, with expert agreement validated by inter-
quartile range (IQR < 1.0). The finalized weighting scheme 
(Table 4) reveals that (TDS) and (SAR) are the most influ-
ential parameters, with weights of 0.21 and 0.20, respec-
tively. These high weights reflect their dominant influence 
on soil structural stability and long-term irrigation sustain-
ability, consistent with recent expert assessments (Machado 
& Serralheiro, (2017), (Dudley & State 2008).

The prioritization of SAR aligns with its documented 
effects on clay dispersion and reduction in hydraulic con-
ductivity of fine-textured soils. TDS directly affects osmotic 
stress and plant water uptake capacity. Nitrate (0.11) ranks 
third, reflecting dual concerns regarding the potential of 
groundwater contamination and excessive vegetative growth 
under high nitrogen loading. Moderate weights assigned to 
pH, chloride, and BOD (0.08 each) indicate their second-
ary but non-negligible roles in soil chemistry and microbial 
activity. Conversely, Total Suspended Solids (TSS) received 
the lowest weight (0.02), likely reflecting the relatively low 

Table 3  Crop parameterization for wheat and maize in SWAP model
Parameter Wheat

(Triticum 
aestivum L.)

Maize
(Zea mays 
L.)

Maximum rooting depth (cm) 90 120
Initial rooting depth (cm) 10 10
Leaf area index (LAI) Peak 4.5 5.2
Salinity threshold ECe (dS/m) 2.5 3.0
Yield reduction Slope (%/dS/m) 11 8
Crop coefficient (Kc—ini) 0.30 40
Crop coefficient (Kc—mid) 1.1 1.15
Crop coefficient (Kc—end) 0.30 0.50
Water stress response (Reduction 
begins (cm))

− 300 − 300

Water stress response (Wilting point 
(cm))

− 700 − 700

Growing season November–
April

April–
September
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the inherent trade-off between reliability level and available 
volume.

The results reveal a clear reduction in available volumes 
at higher reliability thresholds, directly constraining fea-
sible reuse ratios. Additionally, the results emphasize pro-
nounced seasonal dynamics, with lower flows observed in 
winter and higher flows in summer, underscoring the need 
for the explicit integration of seasonality into any strategy 
for water allocation, drainage reuse optimization, and future 
resource planning.

These findings imply that strategies relying heavily on 
single high-volume sources without accounting for reliabil-
ity thresholds are likely to overestimate sustainable reuse 
potential, especially under dry-year conditions. In particular, 
the contrast between the apparent abundance of El-Matariya 
flows and their sharply reduced volumes at 95% reliability 
illustrates why conventional average-based planning can be 
misleading. Embedding survival-based availability into the 
framework therefore ensures that proposed operational sce-
narios remain robust under hydrologic stress, a requirement 
that is often overlooked in traditional DWR design.

Water quality compliance assessment

Compliance of each drainage source with regulatory stan-
dards was evaluated using process capability analysis inte-
grated with expert-weighted parameters (Table  3). The 
assessment framework applied Egyptian Law No. 48/1982 
(Article 51) and FAO guidelines.

from Table 3, at six monitoring location along the El-Salam 
Canal (Jo et al. 2024).

Results confirmed the anticipated downstream degrada-
tion trend: WQI decreased progressively from 76.50 at the 
canal intake (pre-mixing) to 72.63 after Faraskur Drain, 
65.40 after El-Serw Drain, 63.72 before Hadous conflu-
ence, 55.30 after Hadous Drain, and 52.25 following Bahr 
El-Baqar WWTP effluent addition. This systematic decline, 
reflecting the cumulative impact of drainage inputs weighted 
by their relative importance, validates the spatial coherence 
of the dataset and confirms its suitability for subsequent ana-
lytical modules. The monotonic WQI decline confirms the 
current operations approach marginal quality at downstream 
areas, validating the need for scenario-based optimization to 
improve rather than redistribute pollution.

Water availability assessment under reliability 
thresholds

Following data validation, the water quantity analysis 
focused on assessing current reuse levels and estimat-
ing sustainable availability under different reliability sce-
narios. Average reused quantities, total discharge, and 
reuse ratios were calculated for each drainage source feed-
ing the El-Salam Canal. Current reuse patterns (Table  4) 
reveal substantial variability across sources. Faraskur drain 
exhibits a moderate reuse rate (52.0%), while Hadous and 
El-Serw drains demonstrate higher utilization (57.0% and 
67.0%, respectively). Notably, El-Matariya Pumping Sta-
tion, receiving flow from El-Ahmadia, Al-Tawel El-Qebly, 
and Al-Tawel El-Bahry drains, currently shows zero reuse 
despite substantial discharge capacity (average 24.33 m3/s), 
indicating significant potential for future expansion.

Survival analysis was applied to estimate water availabil-
ity at 75% and 95% reliability thresholds, representing flow 
rates expected to be available under normal and dry-year 
conditions, respectively. Results (Table 5) reveal pronounced 
seasonal variability. Hadous Drain, for example, maintains 
an annual average of 60.0 m3/s, with 75% reliability flows 
ranging from 56.0  m3/s (winter) to 63.66  m3/s (summer). 
However, at 95% reliability, availability decreases sharply 
to 38.50 m3/s (winter) and 47.25 m3/s (summer), illustrating 

Table 4  Expert-weighted water quality parameters affecting soil and 
plant health
Parameter Weight Parameter Weight
SAR (Sodium adsorption 
ratio)

0.20 COD (Chemi-
cal Oxygen 
Demand)

0.06

TDS (Total dissolved solids) 0.21 TP (Total 
Phosphorus)

0.07

NO3 (Nitrate) 0.11 Boron 0.05
pH 0.08 TSS (Total Sus-

pended Solids)
0.02

Cl (Chloride) 0.09 Fe (Iron) 0.03
BOD (Biological oxygen 
demand)

0.08 Total 1.00

Table 5  El-Salam Canal drainage water resources, status, and survival estimates
Drainage water resources Reuse ratio 75% sustainability threshold 95% sustainability threshold

Q (Reuse)/Q(Total) Annually Winter Summer Annually Winter Summer
Frasqur drain 52% 15.2 13.5 18.0 10.2 8.6 13.6
El-Serw drain 67% 28.6 23.8 33.9 19.0 16.2 26.0
El Mataria P. S 0% 24.9 21.2 28.7 16.0 12.3 19.9
Hadous drain 57% 60.0 56.0 63.7 43.0 38.5 47.0
B. El-Baqar drain 0% 25.0 19.0 27.0 19.5 15.9 24.3
El-Baqar WWTP 21% 64.8 64.8 64.8 63.4 64.8 64.8
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The aggregated weighted compliance scores (Table  6) 
reveal substantial in-compliance variability. Faraskur and 
El-Serw drains demonstrate excellent overall weighted 
compliance (99.08% and 97.76%, respectively), with > 93% 
conformance across all parameters, aligning with interna-
tional benchmarks for agricultural reuse (FAO, 2021). This 
high performance is attributable to the fact that both drains 
serve exclusively agricultural command areas, with mini-
mal industrial or municipal inputs. In comparison, Hadous 
Drain exhibits good compliance (93.85%), though with 
moderate deviations in SAR (86%) and NO₃ (85%). Simi-
larly, El-Matariya Pumping Station achieves an acceptable 
score of (89.03%), but exhibits notable limitations in SAR 
(63%) and NO₃ (77%) compliance.

Bahr El-Baqar Wastewater Treatment Plant (WWTP) 
records a moderate compliance score of 79.85%, primarily 
constrained by elevated salinity. While the plant achieves 
100% compliance for organic and nutrient parameters (BOD, 
COD, TP), TDS compliance remains critically low at 11%, 
reflecting the inherently saline nature of the influent water. 
These findings underscore the need for operational strategies 
such as blending with low-salinity sources and soil leaching 
practices to maintain root-zone salinity within acceptable 
thresholds. By contrast, the Bahr El-Baqar Drain exhibits 
the lowest compliance (47.17%), with severe exceedances 
in SAR (5%), TDS (20%), NO₃ (37%), and BOD (38%). 
Bahr El-Baqar Drain's poor compliance reflects multiple 
pollution sources (domestic wastewater, agricultural runoff, 
industrial discharges), mirroring heavily-impacted basins 
like Ganges and Yellow Rivers (Li et al. 2020). While sea-
sonal analysis reveals winter, compliance declines due to 
reduced dilution versus summer improvements, underscor-
ing the limitations of static assessments and the need for 
adaptive, time-variable management strategies.

The compliance assessment establishes a clear source 
prioritization hierarchy. This hierarchy confirms that not all 
drainage sources should be treated symmetrically in reuse 
planning: some can safely support direct irrigation, whereas 
others must be constrained to blending or excluded entirely. 
In practice, this supports a “tiered” management strategy in 
which high‑compliance drains (Faraskur, El‑Serw, Hadous) 
are prioritized for sensitive crops and soils, while more 
saline or nutrient‑rich sources are reserved for tolerant crops 
or used primarily as dilution inputs. The strong divergence 
between Bahr El‑Baqar Drain and Bahr El‑Baqar WWTP 
also illustrates the benefits of centralized treatment in par-
tially mitigating, but not fully resolving, upstream salinity 
problems, highlighting the importance of catchment‑scale 
pollution control in parallel with plant‑scale optimization.
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limited in volume. Hadous (Class B) offers an optimal 
balance of quantity and quality with high discharge (56–
64  m3/s) and good compliance (93.85%). El-Matariya 
(Class C) represents untapped capacity requiring quality 
enhancement. Bahr El-Baqar WWTP (Class D) delivers 
reliable volume but requires blending to mitigate salinity. 
Bahr El-Baqar Drain (Class E) remains unsuitable with-
out extensive pre-treatment.

Setting alternatives strategies

Building on the integrated classification matrix, three 
operational scenarios were formulated to guide sustain-
able water allocation for the El-Salam Canal system. 
These include two proposed strategies based on sustain-
ability thresholds of 75% and 95% (Fig.  5), as well as 
one Planned Scenario that reflects the formally proposed 
operational configuration. Each scenario targets a consis-
tent delivery capacity of 93.5  m3/s at the Sheikh Jaber 
Canal intake, ensuring alignment with project water 
demand under varying reliability and seasonal conditions.

	● The 75% Scenario represents a moderately conserva-
tive strategy, utilizing water quantities available with 
75% reliability. This approach maximizes resource 
availability while accepting a manageable level of 
hydrological risk. To reflect seasonal variability, this 
scenario is further disaggregated into summer and 
winter sub-scenarios, enabling adaptive allocation 
that accounts for fluctuations in drainage flows and 
crop water requirements.

	● The 95% Scenario adopts a more risk-averse posture, 
relying only on volumes available with 95% reliabil-
ity. While this ensures high supply security, the cor-
responding quantity will be small and may necessitate 
the use of other low-quality drainage sources. This 
scenario is particularly relevant for planning in areas 

Operational capacity-salinity dynamics at bahr El-
Baqar WWTP

Salt load mass balance modeling, based on flow-weighted 
TDS calculations, assessed operational strategies for Bahr 
El-Baqar WWTP. The water system of B. El-Baqr WWTP 
prioritizes collecting high-salinity sources (Shadr Azzam 
with an average salinity of 3350  mg/L and Om El-Reesh 
with an average salinity of 2550 mg/L) due to their lack of 
alternative discharge routes, whereas Bahr El-Baqar drains 
excess, with an average salinity of 1750 mg/L, can discharge 
to Manzala Lake; consequently, reduced operational capac-
ity (single-unit operation) mandatorily focuses on high-
salinity inflows, while increased capacity enables strategic 
blending that mitigates influent TDS through proportional 
incorporation of lower-salinity drainage water. Simula-
tion results demonstrate that reduced operational capacity 
(fewer units) increases influent TDS (> 2100 mg/L), while 
full capacity operation enables blending that reduces influ-
ent salinity (< 1750 mg/L).

These findinge will be criticale in modeling various sce-
narios. These findings provide critical insights for scenario 
formulation in Sect.  "Setting alternatives strategies". The 
framework explicitly accounts for WWTP operational state 
when calculating system-wide blending ratios, ensuring 
that simulated scenarios reflect realistic capacity constraints 
rather than theoretical maxima. This constraint integration 
prevents the formulation of operationally infeasible strat-
egies, a common deficiency in optimization models that 
ignore plant-level operational dynamics.

Integrated classification matrix for drainage water 
sources

Table 7 classifies sources into five operational categories. 
Class A sources (Faraskur, Lower Serw) exhibit excel-
lent compliance (> 97%) suitable for direct reuse, though 

Table 7  Integrated classification matrix for drainage water sources
Source Quantity metrics Quality metrics Operational classification

Reliability 
75% (m3/s)

Reliability 95% 
(m3/s)

Current 
reuse

Compliance 
score (%)

TDS status Priority class Recommended 
strategy

Farskour 13.5—18.0 8.6 – 13.60 53% 99.08 ✓ Low Class A: High Quality Direct reuse;
Lower Serw 23.8 – 33.9 16.2 – 26.0 66.5% 97.76 ✓ Low Class A: High Quality Direct reuse; max-

imize utilization
Hadous Drain 56.0—63.7 38.5- 47.3 57.2% 93.85 ✓ Moderate Class B: High Volume Direct reuse with 

monitoring
El-Matariya P.S 21.2 – 28.7 12.3 – 19.9 0% 89.03 ⚠ 

Moderate
Class C: Untapped Quality enhance-

ment required
B. El-Baqar WWTP 64.80 64.80 21.0% 79.85 ✗ High Class D: Treated Blending + leach-

ing practices
B. El-Baqar Drain 19.0 – 27.0 15.9 – 24.3 0% 15 ✗✗ Very 

High
Class E: Unsuitable Extensive pre-

treatment required
✓ = Compliant, ⚠ = Moderate concern, ✗ = Non-compliant, ✗✗ = Severe non-compliance
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demonstrate that existing infrastructure cannot accommo-
date the increased flows required to meet reliability-based 
water allocation targets without structural upgrades. Con-
sequently, transitioning from current operations to the 75% 
and 95% reliability scenarios requires a staged infrastruc-
ture upgrades, including selective embankment elevation, 
siphon capacity enhancement, pumping station improve-
ments, and automated emergency spillway construction.

Taken together, these results indicate that hydraulic 
capacity constitutes a binding constraint on the feasibility 
of more reliability‑oriented allocation strategies. In other 
words, even if sufficient quantities and qualities of drainage 
water are theoretically available, canal infrastructure must 
be upgraded to convey the additional flows required to real-
ize these gains safely.

Water quality performance under alternative 
scenarios

The calibrated HEC-RAS water quality model evaluated 
water quality outcomes under three operational scenarios: 
planned baseline, 75% annual reliability, and 95% annual 
reliability. Assessment focused on thrteen parameters criti-
cal for agricultural irrigation: SAR, TDS, pH, NO₃,DO,TN, 
Cl, BOD, COD, TP, Boron, TSS, and Fe.

with drought conditions and high seasonality varia-
tion in water availability.

	● The Planned Scenario reflects the formally proposed 
operational plan by the project authorities. It serves 
as a baseline for comparison, allowing assessment of 
the added value and feasibility of the proposed sus-
tainability-oriented strategies.

Hydraulic performance assessment of operational 
scenarios

The calibrated HEC-RAS model evaluated canal hydrau-
lic performance under four operational scenarios; current 
baseline, planned near-term strategy, and two alternative 
reliability-based scenarios (75% and 95% thresholds). 
Hydraulic simulations revealed critical infrastructure con-
straints under increased flow conditions. The planned sce-
nario induced localized flooding between El-Salam siphon 
and El-Salam Pumping Station 4 due to elevated Bahr El-
Baqar WWTP inflows (64.5 m3/s) exceeding reach capacity 
(58 m3/s). This hydraulic constraint necessitates adjustment 
of Pumping Station 4 operational curves to increase pump-
ing rates proportionally with upstream inflows, thereby pre-
venting water level exceedance above critical embankment 
elevations.

Additionally, the 75% and 95% reliability scenarios inten-
sified flood risks, causing embankment overtopping (water 
levels exceeding crest elevation by 0.3–0.5 m) and bridge 
submergence at multiple locations. These hydraulic failures 

Fig. 5  Alternatives opertional scinario for El-Salam Canal
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the baseline. Performance hierarchies directly reflect source 
water selection strategies. The 75% scenario prioritizes 
maximum allocation from the four highest-quality sources, 
ensuring superior water quality. The 95% scenario distrib-
utes allocations across broader but lower-ranked sources, 
yielding intermediate performance. The planned scenario's 
heavy reliance on Bahr El-Baqar (elevated salinity and 
SAR) fundamentally limits water quality achievement.

The planned vs. reliability scenarios show water quality 
depends mainly on source selection, not system limits. By 
prioritizing high-quality drains, the 75% scenario reduces 
SAR and TDS substantially, moving El-Salam Canal to 
safer salinity levels for Delta soils. This explains the large 
quality gains from simple allocation changes.

Seasonal performance variability

The 75% scenario exhibited pronounced seasonal differen-
tiation (Fig. 6): summer operations achieved optimal water 
quality (weighted score: 216.3 points, + 14.1% above annual 
average) through maximum utilization of high-quality 

Comparative water quality performance

Results (Table  8) demonstrate substantial improvements 
under reliability-based scenarios compared to the planned 
baseline. The 75% scenario achieved significant reductions 
in salinity and highly weighted parameters: SAR decreased 
by 25.5% (5.33 vs. 7.15) and TDS by 33.5% (1134 vs. 
1706  mg/L), enhancing soil permeability and reducing 
sodicity risks. The 95% scenario exhibited intermediate 
performance (SAR: 6.59, TDS: 1,518 mg/L), representing 
19.1% and 25.3% reductions, respectively.

The weighted analysis highlights clear differences among 
scenarios as the planned baseline scored 65.7 points, while 
the 75% scenario achieved 189.6 points (+ 188.4%), a net 
gain of 123.9 points that far exceeds normal operational vari-
ability and confirms substantial water quality improvement. 
The 95% scenario reached 106.2 points (+ 61.5%), show-
ing meaningful progress though less pronounced. Overall, 
the 75% scenario offers the strongest balance of feasibil-
ity and quality gains, while the 95% scenario provides a 
secure, reliability-focused alternative that still outperforms 

Table 8  Water quality results and the weighted score for different scenarios
WQPs Wight Planned annual 75% annual sus-

tainability 
95% annual sustain-
ability 

% changes (75% 
vs. planned)

% changes (95% 
vs. planned)

% changes 
(75% vs. 
95%)

value Score value Score value Score value value value
SAR 0.2 7.15 0.184 5.33 0.134 6.59 − 0.118 − 25.45 − 7.83 − 19.12
TDS 0.21 1706 208.32 1134 181.8 1518 101.22 − 33.53 − 11.02 − 25.30
pH 0.08 7.91 0.042 7.98 0.042 7.94 0.0448 0.88 0.38 0.50
NO3 0.11 3.83 1.208 8.87 1.224 4.66 1.6874 131.59 21.67 90.34
CL 0.09 69.36 4.248 25.44 4.01 59.04 0.9864 − 63.32 − 14.88 − 56.91
BOD 0.08 15.49 1.3 13.8 1.29 14.75 1.22 − 10.91 − 4.78 − 6.44
COD 0.06 33.12 0.287 35.27 0.284 33.86 0.3684 6.49 2.23 4.16
TP 0.07 0.39 0.155 0.76 0.157 0.53 0.1729 94.87 35.90 43.40
Boron 0.05 0.075 0.032 0.063 0.032 0.072 0.0314 − 16.45 − 4.51 − 12.50
TSS 0.02 26.77 0.43 28.17 0.44 27.06 0.4588 5.23 1.08 4.10
Fe 0.03 0.271 0.087 0.106 0.087 0.216 0.0835 − 60.89 − 20.30 − 50.93
Weighted 
score

1 – 65.70 – 189.6 – 106.2 75%—planned 95%—planned 75%—95%
123.90 40.50 83.40

Fig. 6  Seasonal variation in 
weighted water quality scores 
under the 75% scenario
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95% water supply reliability scenario: A modest water 
quality improvement (EC: 2.37 dS/m) resulted in a reduc-
tion of soil salinity to 6.71 ± 0.19 dS/m, a marginal 6.4% 
reduction. Leaching requirements remained high at 13.6%, 
offering limited operational benefits with only a 1.90% 
decrease in LR, equalling 0.45 m3/feddan/day savings.

75% Summer- water supply reliability scenario): Strate-
gic seasonal allocation high-quality water during summer 
(EC: 1.57 dS/m) and moderate quality in winter (EC: 3.65 
dS/m), achieved optimal performance. Summer soil salin-
ity reached 3.65 ± 0.12 dS/m (49.1% reduction; P < 0.001), 
requiring only 8.5% leaching fraction (2.04 m3/feddan/day). 
This saved 1.68  m3/feddan/day in summer, translating to 
610.0  m3/feddan/year savings (13.5%), while maintaining 
ECe below critical crop tolerance thresholds year-round.

Systematic comparison revealed distinct performance 
thresholds among scenarios. The 95% scenario (EC: 2.37 
dS/m) achieved only marginal improvement over baseline 
(6.4% salinity reduction, P = 0.089; 0.45 m3/feddan/day sav-
ings), indicating that drainage water EC is recommended to 
decrease below 2.0 dS/m to generate meaningful benefits. 
The 75% winter scenario (EC: 1.98 dS/m) significantly 
reduced soil salinity to 5.05 ± 0.15 dS/m (29.6% reduction; 
P < 0.01) and saved 1.02  m3/feddan/day (370.0  m3/fed-
dan/year). However, the 75% summer-optimized scenario 
demonstrated superior performance by strategically allo-
cating high-quality water during the critical maize season, 
achieving 3.65 ± 0.12 dS/m soil salinity (49.1% reduction; 
P < 0.001) and 1.68  m3/feddan/day savings (610.0  m3/fed-
dan/year), 64.7% greater than the winter scenario.

The linear ECe-irrigation EC relationship (R2 = 0.95, 
2.5 × concentration factor) confirms EC < 2.0 dS/m is 
required for meaningful benefits. Seasonal optimization 
substantially outperforms uniform allocation while main-
taining crop-safe salinity levels. These findings empirically 
support one of the core hypotheses of the framework: that 
seasonally targeted use of higher‑quality drainage water can 
achieve larger and more durable soil salinity reductions than 
uniform, annual average‑based allocations, for the same or 
even lower total water input. This nuance is frequently over-
looked in classical leaching requirement calculations that 
assume stationary water quality.

sources (Faraskur, El-Serw, Hadous, El-Matariya), yield-
ing superior SAR (5.08) and TDS (1008  mg/L). Winter 
performance (score: 160.6) reflected increased reliance on 
the lower-quality Bahr El-Baqar treatment plant to meet 
demand, resulting in elevated salinity (TDS: 1270  mg/L) 
and SAR (5.81). Despite this seasonal variation, winter 
water quality substantially exceeds planned baseline perfor-
mance year-round.

Agricultural sustainability implications

The reliability-based scenarios substantially reduce crop 
yield losses and soil degradation risks. The 75% scenario 
achieved a 188% improvement in weighted score, driven by 
substantial reductions in SAR and TDS, which enhance soil 
hydraulic conductivity, expand crop tolerance margins, and 
reduce leaching requirements. Seasonal performance fur-
ther suggests adaptive crop calendars, with summer periods 
offering exceptional water quality (score: 216.3) suitable for 
salt-sensitive, high-value crops. The 95% scenario, though 
more conservative, still provided a 61.5% gain, confirming 
that any transition toward reliability-based allocation yields 
meaningful improvements. Moderate increases in nutrient 
parameters (NO₃, TP) remained within regulatory limits, 
underscoring that the dominant reductions in SAR and TDS 
provide strong justification for adopting sustainability-ori-
ented management frameworks.

Soil salinity dynamics and leaching requirements 
under water quality scenarios

Scenario performance analysis

SWAP modeling revealed water quality's direct impact on 
soil salinity and leaching (Table 9).

Baseline Performance (Planned Scenario): Using drain-
age water (EC: 2.8 dS/m) resulted in critical root zone salin-
ity (ECe: 7.17 ± 0.23 dS/m), requiring the highest leaching 
fraction (LR = 15.5%). Given actual field irrigation rates 
of 23.80 m3/feddan/day, this translated to 3.69 m3/feddan/
day allocated solely for leaching purposes, representing a 
substantial operational water demand. Soil salinity levels 
exceeded tolerance thresholds for wheat (6.0 dS/m) and 
maize (4.0 dS/m), posing immediate yield risks and long-
term soil degradation concerns.

Scenario Water EC 
(dS/m)

Soil Ec 
(dS/m)

Leaching 
(%)

Daily leaching (m3/
feddan/day)

Savings vs. 
planned (m3/
feddan/year)

Planned 2.80 7.17 15.50 3.69 Baseline
95% Annual 2.37 6.71 13.60 3.24 165.50
75% Winter 1.98 5.05 11.25 2.67 370.0
75% Summer 1.57 3.65 8.50 2.02 610.0

Table 9  Impact of irrigation 
water quality on soil salinity, 
leaching requirements, and opera-
tional water savings
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across technical, and agronomic dimensions (Table 10). 
The 75% summer sustainability scenario demonstrated 
optimal overall performance, achieving maximum water 
savings (610.0 m3/feddan/year) and soil salinity con-
trol while requiring moderate infrastructure investment. 
The planned baseline exhibited the poorest performance 
across all dimensions, highest soil salinity (7.17 dS/m), 
maximum leaching demand (15.5%), severe yield losses 
(8–39%), and minimal infrastructure, representing an 
unsustainable trajectory. The 95% sustainability scenario 
provided marginal improvements (+ 40.43 quality score; 
167.90 m3/feddan/year savings) insufficient to justify the 
required infrastructure costs, while the 75% annual and 
winter scenarios offered intermediate performance with 
substantial benefits.

The magnitude of improvements in the 75% scenarios, 
soil salinity reductions of 2.12–3.52 dS/m and leach-
ing fraction reductions of 4.25–7.00%, substantially 
exceeded typical SWAP model uncertainty (± 0.3 dS/m 
for ECe; ± 1.5% for LR), confirming robust and agronom-
ically significant benefits. Critically, all 75% scenarios 
reduced root zone salinity below or near the FAO thresh-
old of 4.0 dS/m for salt-sensitive crops, compared to 7.17 
dS/m under baseline conditions. This threshold cross-
ing translates to substantial yield protection, preventing 
approximately 35–40% maize productivity losses and 
8–12% wheat losses projected under baseline salinity 
levels.

From a policy perspective, the comparison in Table 9 
demonstrates that sustainability‑oriented allocation does 

Agronomic and soil health implications

Cenario salinity variations directly impact crop productiv-
ity. Baseline conditions (ECe: 7.17 dS/m) exceed tolerance 
thresholds, causing (8–12% wheat) and (35–40% maize) 
yield losses (Qadir et al. 2014). In contrast, the 75% sum-
mer scenario maintained salinity at 3.65 dS/m, limiting 
yield losses to < 5% for both crops (Deepasree & Shivana-
nda 2024).

Beyond immediate yield impacts, salinity levels > 6 dS/m 
accelerate long-term soil degradation through clay disper-
sion, aggregate breakdown, and reduced biological activity, 
necessitating higher fertilizer inputs (Qadir et al. 2014). By 
maintaining ECe below 4.4 dS/m, the 75% sustainability 
scenario mitigates these risks, ensuring both soil health and 
water-use efficiency.

These results establish a clear cause effect relationship: 
improved drainage water quality significantly reduces soil 
salinity, lowers leaching requirements, and generates sub-
stantial water savings. The 75% summer-optimized scenario 
emerges as the most effective management strategy, deliver-
ing dual benefits of enhanced soil sustainability and reduced 
operational water demand.

Integrated performance matrix

Following comprehensive evaluation of water qual-
ity, soil salinity, leaching requirements, and operational 
implications, a multi-dimensional comparative matrix 
was constructed to synthesize scenario performance 

Table 10  Multi-dimensional integrated performance comparison matrix
Dimension Performance indicator Planned 

(baseline)
95% 
sustainability

75% winter 75% annual 75% 
summer

Best scenario

Water quality Final quality score Baseline  + 40.43  + 94.92  + 123.84  + 150.58 75% Summer
Irrigation water EC (dS/m) 2.80 2.37 1.98 1.75 1.57 75% Summer

Soil salinity Root zone ECe (dS/m) 7.17 ± 0.23 6.71 ± 0.19 5.05 ± 0.15 4.37 ± 0.14 3.65 ± 0.12 75% Summer
Δ ECe vs. Baseline (dS/m) Reference − 0.46 (6.4%) − 2.12 (29.6%) − 2.80 

(39.1%)
− 3.52 
(49.1%)

75% Summer

FAO threshold status Critical (> 6.0) Critical (> 6.0) Moderate (5–6) Acceptable 
(< 4.5)

Safe (< 4.0) 75% Summer

Leaching 
management

Leaching requirement (%) 15.50 13.60 11.25 9.70 8.50 75% Summer
Daily leaching (m3/fed/day) 3.69 3.24 2.68 2.31 2.02 75% Summer
Δ LR vs. baseline (%) Reference − 1.90 (12.3%) − 4.25 (27.4%) − 5.80 

(37.4%)
− 7.00 
(45.2%)

75% Summer

Water savings Annual savings (m3/fed/
year)

Baseline 167.90 370.0 503.70 610.0 75% Summer

% of Total irrigation Baseline 3.7% 8.2% 11.1% 13.5% 75% Summer
Agronomic 
impact

Wheat yield loss (%) 8.3% 7.0% 2.5%  < 1.0%  < 1.0% 75% Summer
Maize yield loss (%) 38.9% 35.2% 18.6% 9.4% 4.7% 75% Summer

Overall 
performance

Sustainability classification Unsustainable Marginal Substantial High impact Optimal 75% Summer

Negative Δ values indicate improvements (reductions) in soil salinity and leaching requirements
Water Savings calculated based on irrigation rate of 23.80 m3/feddan/day
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TDS, chloride), increasing integrated quality scores by 
188% (75% scenario) vs. only 62% (95% scenario), es-
tablishing optimal cost–benefit balance.

	● Tertiary Finding—Substantial water conservation po-
tential (Resource Efficiency): Strategic source selection 
under the 75% reliability scenario reduced leaching re-
quirements from 15.5% to 8.5% of irrigation water, sav-
ings about 610 m3/feddan/year.

These prioritized findings demonstrate that sustainabil-
ity-oriented drainage water management simultaneously 
enhances water quality, preserves soil health, sustains crop 
productivity, and achieves water conservation objectives.

Policy implications and operational 
recommendations

The officially planned scenario, relying heavily on Bahr El-
Baqar Wastewater Treatment Plant without strategic source 
differentiation, poses significant risks: elevated soil salinity 
(ECe: 7.17 dS/m), intensive leaching demands (15.5%), and 
severe yield reductions (8–40%). Continued implementa-
tion would accelerate soil degradation, reduce crop produc-
tivity, and necessitate higher freshwater quantities for salt 
mitigation, directly contradicting national water sustainabil-
ity objectives.

In contrast, the 75% reliability scenario, particularly 
with summer optimization, enhances water availability, pre-
serves soil health, and maintains productivity through stra-
tegic drainage source selection. Achieving 49% soil salinity 
reduction, 10–14% irrigation water conservation, and sus-
taining yields within 5% of optimal levels demonstrates that 
sustainability and productivity are complementary rather 
than competing objectives when management is scientifi-
cally informed. These findings directly advance Sustainable 
Development Goals 2 (Zero Hunger) and 6 (Clean Water 
and Sanitation) by maintaining agricultural productivity, 
improving water use efficiency, and enhancing climate 
resilience through reduced soil degradation and decreased 
freshwater dependence.

To enhance the performance of drainage water reuse 
projects, three strategic measures are strongly recom-
mended. First, operational efficiency should be improved by 
implementing seasonal source allocation, prioritizing high-
quality drains during sensitive crop periods and applying 
appropriately robust threshold scenarios for reliability. Sec-
ond, a comprehensive monitoring framework needs to be 
established, including continuous water quality surveillance 
and quarterly soil salinity assessments at multiple depths 
(0–40 cm, 80–120 cm), fully integrated with adaptive man-
agement protocols. Third, sustainability assurance should 
be achieved through annual multi-dimensional performance 

not necessarily require additional freshwater, but rather 
a smarter deployment of existing drainage resources 
within hydraulic and reliability constraints. The fact 
that the 75% summer scenario simultaneously improves 
water quality, reduces soil salinity, and saves water sug-
gests that re‑optimizing current operations can generate 
no‑regret gains, providing a compelling argument for 
piloting such strategies in the El‑Salam system and simi-
lar DWR schemes.

Conclusion and recomendation

This study developed an integrated multi-model framework 
combining HEC-RAS, SWAP, and multi-criteria decision 
analysis to optimize drainage water reuse for 620,000 fed-
dan served by Egypt's El-Salam Canal. Three water supply 
reliability scenarios were evaluated: planned baseline, 95% 
reliability, and 75% reliability with seasonal variability.

Key findings (prioritized by impact magnitude)

This study demonstrates that strategic drainage water source 
selection can simultaneously address soil salinity, crop pro-
ductivity, and water conservation challenges in large-scale 
agricultural reuse systems. Four primary findings emerged:

	● Primary Finding -Soil Salinity and Crop Productiv-
ity Preservation (Highest Impact): The 75% reliabil-
ity scenario reduced root zone salinity by 49.1% (ECe: 
3.65 ± 0.12 dS/m vs. 7.17 ± 0.23 dS/m planned), prevent-
ing wheat/maize yield losses > 30%. The relationship 
between irrigation water EC and soil salinity followed 
a linear function (ECe = 2.51 × EC + 0.14; R2 = 0.97), in-
dicating a 2.5 × concentration factor that amplifies water 
quality impacts under semi-arid conditions.

	● Secondary Finding—Seasonal Water Quality Optimiza-
tion (Operational Innovation): Strategic seasonal allo-
cation outperformed uniform year-round approaches by 
35–65% in water quality scoring. Summer optimization 
(utilizing El-Serw, Farskor, Hadous, El-Matria sources) 
peaked at 216.30 quality points (+ 14.1% above annual 
average). Winter operation (160.64 points) accommo-
dated increased reliance on Bahr El-Baqar treated ef-
fluent, accepting moderate quality degradation during 
periods of lower crop sensitivity. This temporal opti-
mization maximized limited high-quality drainage re-
sources while maintaining operational feasibility across 
all irrigation seasons.

	● Tertiary Finding—Water Quality Enhancement (Source 
Selection Impact): Drainage water source—selection 
achieved 25–63% reductions in key parameters (SAR, 
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providing actionable guidance for balancing supply security 
and water quality objectives.

Study limitations and testable directions for future 
research

This study has several limitations that define clear, testable 
directions for future research. First, the reliance on a five-
year monitoring period with monthly water-quality data may 
not fully capture short-term variability in drainage sources. 
Future research should test whether higher-frequency moni-
toring improves blending optimization performance by 
integrating remote sensing and drone-based observations 
with in-situ measurements and comparing optimization 
robustness under monthly versus sub-monthly data inputs. 
Second, socio-economic and institutional factors were not 
explicitly incorporated. A testable hypothesis is that embed-
ding stakeholder preferences and policy constraints within 
the optimization framework alters optimal blending strate-
gies and reliability targets. This can be evaluated by cou-
pling the model with multi-criteria decision analysis and 
participatory decision-support tools.

Third, the absence of groundwater–surface water inter-
action modeling limits long-term impact assessment. 
Future studies should test whether coupling the frame-
work with groundwater flow and salinity transport models 
(e.g., SWAT-based systems) significantly affects optimal 
reuse allocations and sustainability thresholds under multi-
decadal scenarios. Finally, crop responses were represented 
using generalized salinity limits. Future research should test 
whether integrating crop and growth-stage-specific salin-
ity tolerance functions improves yield prediction accuracy, 
through comparison with field-observed yield responses 
under dynamic salinity conditions.

Concluding statement

This study demonstrates that scientifically informed, sus-
tainability-oriented drainage water management can simul-
taneously address water scarcity, soil health, and agricultural 
productivity in arid and semi-arid regions. The integrated 
multi-model framework provides a replicable methodology 
for optimizing marginal water resources, directly supporting 
Egypt's National Water Resources Plan 2037 and offering a 
practical template for water-stressed agricultural systems 
globally. Strategic implementation of the 75% reliability 
scenario with seasonal optimization represents a trans-
formative pathway from unsustainable baseline practices 
toward resilient, productive, and environmentally respon-
sible agricultural water management.
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evaluations encompassing water quality, soil salinity trends, 
crop productivity, irrigation efficiency, and groundwater 
dynamics. This integrated approach fosters early interven-
tion before potential degradation becomes irreversible, 
thereby ensuring the long-term viability and resilience of 
agricultural systems.

Scientific contributions and novelty validation

This research advances drainage water reuse management 
through three key innovations that address limitations 
identified in recent modeling and optimization studies. 
First, this study introduces a staged-integration framework 
that advances beyond separate tools or parallel coupling 
approaches (Butcher & Wool 2021; Lawal et al. 2023; Helal 
et al. 2021; Karamouz & Mohammadpour 2017; Shah et 
al. 2024), which address each of the drainage water reuse 
concerns independently and reconcile conflicts only post-
optimization. The proposed decision-cascade architecture 
delivers a single, operationally coherent blending strategy 
that simultaneously satisfies water availability, regulatory 
compliance, hydraulic capacity, and agronomic sustain-
ability. This is demonstrated through the 75% reliability 
scenario for El-Salam Canal, which proves hydrologically 
feasible, hydraulically validated, water-quality compliant, 
and agronomically sustainable.

Second, while recent drainage water reuse studies have 
relied on static or annually averaged salinity thresholds 
(Minhas et al. 2020), this study demonstrates that seasonal 
water quality allocation aligned with crop-specific sensi-
tivity during critical growth stages, substantially enhances 
system performance. The 75% reliability scenario achieved 
35–65% improvement over uniform year-round blend-
ing, with summer optimization (El-Serw/Farskor/Hadous/
El-Matria sources) delivering 216.30 quality points versus 
winter's 160.64 points. This establishes temporal matching 
of water quality to crop demand as a core design principle, 
addressing a critical gap in optimization frameworks that 
overlook intra-seasonal tolerance dynamics.

Third, while the reliability-performance trade-off has 
been discussed conceptually in water resources planning 
(Mcclymont et al. 2020), it has not been quantitatively inte-
grated with water quality in drainage reuse systems. This 
study explicitly quantifies the reliability-quality trade-off, 
showing the 95% reliability scenario achieves only 61.5% 
quality improvement (106.15 points) versus 188.4% (189.56 
points) for the 75% scenario. Maximizing supply reliability 
forces dependence on poorer sources (Bahr El-Baqar), while 
moderate 75% reliability enables strategic selection of high-
quality sources (El-Serw/Farskor), delivering superior over-
all performance. This risk-informed assessment establishes 
75% as the optimal reliability threshold for DWR systems, 
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