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Abstract

This study aims to investigate the relationship between basin hydrology and estuarine
processes such as dynamics that influence salinity and water quality in the Shatt Al-Arab
River, southern Iraq. Extensive samplings were conducted at 25 sites along the river course
over one hydrological year. Runoff estimates were obtained using the soil conservation
service-curve number (SCS-CN) model. During winter, peak rainfall (76.8 mm month~!)
and runoff (12.38 mm month 1) promote the shortest salt wedge extension (8 km) and the
highest water quality (median water quality index (WQI) = 22). In contrast, during fall,
minimal rainfall (6.51 mm month~!) and runoff (0.14 mm month~!) result in a salt wedge
extension of 109 km and the lowest water quality (median WQI = 250). Strong correlations
between rainfall-runoff estimates, salt wedge extension, and water quality parameters
demonstrate that water quality status can be predicted using hydrological inputs alone.
Thus, this study introduces a novel quantification of the flushing influence required to
maintain the Shatt Al-Arab River’s ecological health. A strong (r*> = 0.87) significant
(p < 0.05) negative correlation was detected between the runoff coefficient (a proxy indicator
of catchment wetness) and the standard deviation of WQI. Such a negative correlation
implies that hydrological flushing fosters water quality stability. Principal component
analysis (PCA) further revealed how natural and anthropogenic sources contribute to
water quality. The findings illustrate how seasonal hydrological variability control mixing
processes, salt wedge propagation, and water quality in estuarine-influenced river systems,
presenting a framework adaptable to similar systems worldwide.

Keywords: salt wedge propagation; estuarine hydrology; rainfall-runoff processes; water
quality; Shatt Al-Arab River; Iraq

1. Introduction

The Shatt Al-Arab River, southern Iraqg, is the only freshwater body in the surrounding
dry lands of Basra Governorate [1]. The Tigris, Euphrates, Karun, and Karkheh Rivers are
the main water inputs that enter the Shatt Al-Arab watercourse [2]. The river constitutes
a lifeline for millions of people inhabiting its basin and using its water for residential,
agricultural, industrial, and transportation purposes [3]. Additionally, the river serves
as the primary freshwater supply for the northern part of the Arabian Gulf, making
it crucial for supporting aquatic ecosystems in such coastal areas [4]. Nonetheless, the
river’s water quality has significantly declined over the past 30 years due to various
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reasons. First, the river’s water quality has been adversely affected by the rising wastewater
from the nearby petroleum production fields [5], agricultural fields [6], and urbanized
centers [7]. Second, growing damming projects and diversion of the river’s tributaries by
upstream countries have led to substantial reductions in the river’s discharge [8]. Third,
the Mesopotamian marshes have never been restored after the intentional draining in the
1990s [9]. Such wetlands that flow into the Shatt Al-Arab were formerly effective filters for
pollutants [10]. Fourth, climate change patterns for this region have displayed an overall
precipitation decrease and temperature increase (and consequently evaporation increase).
Such climate changes were reported to have a strong impact on the discharge of the river
and, thereafter, on the contaminate levels in its water [6]. The dominance of seawaters
over the river flow has led to seawater intrusion towards the upstream reaches of the river,
significantly altering salinity patterns and riverine processes [11].

Lately, questions have arisen over elevating salinity and heavy metals in the
river [12,13]. High salinity levels have the potential to compromise drinking and ir-
rigation water supplies, disrupt physiological functions in aquatic habitats, increase
pH and nutrient levels, and reduce dissolved oxygen, all of which impose an adverse
influence on aquatic life and cause harmful algal blooms [14-18]. Elevated salinity
levels also reduce soil fertility and crop production [19], imposing significant economic
impacts [20]. Likewise, high levels of heavy metals pose major health and environ-
mental risks owing to their accumulative and persistent characteristics [21]. Heavy
metals may displace proteins from their natural places and occupy their sites inside
cells. Consequently, there will be a defect in cellular structure that can ultimately
cause toxicity [22]. At elevated concentrations, such metals induce chronic illnesses,
organ malfunction, and the deterioration of aquatic life [23-25]. The river discharge
change can even influence the fishing industry. For instance, Qasim [26] found that the
discharge decrease in the Shatt al-Arab results in reduced quantities of fish caught. As
a result, understanding the processes that govern salinity and contamination along the
river is crucial for handling ecological and socio-economic impacts.

Previous studies focused on water contaminant levels and distribution as well as
water suitability for drinking and irrigation purposes (e.g., [6,7]). Most other investigations
restricted their scope to a specific river stretch or a limited number of sampling locations.
Therefore, thorough analyses to identify pollution and salinity sources and distribution
in the Shatt Al-Arab are still required. Moreover, pattern changes in weather parameters
such as precipitation, temperature, and evaporation can impact the sourcing and trans-
portation of contaminants in rivers [27,28]. For instance, a lack of, or decreased, runoff
during dry seasons compared to wet seasons leads to elevated levels of point-source con-
taminants [29]. However, such low runoff can lead to reduced contamination inputs from
land sources. This in turn causes lower levels of some contaminants entering rivers [30]. In
contrast, non-point source contamination increases through seepage and runoff during
wet seasons [31]. However, higher river flow in wet seasons can also have a diluting
effect, reducing the concentrations of some contaminants in the river’s water. In other
words, while the total amount of contaminants may increase, the concentration per unit
of water may decrease. Thus, the effects of seasonal changes consequently determine the
amount and quality of water parameters [29]. Likewise, anthropogenic activities that con-
tribute to water quality degradation can change seasonally. For example, spring planting
increases nutrient and pesticide runoff due to tillage and fertilizer application [32,33]. Har-
vesting, mostly in the fall, can cause soil erosion, sediment mobilization, and nutrient
flushing [34]. Conversely, municipal and industrial wastewater effluents are constant pol-
lution sources throughout the year [35]. Investigating pollution seasonal variations can
unfold the interactions between environmental factors and pollutant transport mecha-
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nisms [36]. Understanding these interactions helps to anticipate the influence of pollution
on river systems and how to manage it. Monitoring seasonal changes assists in prioritizing
efforts and resources by focusing pollution control measures during peak periods of pollu-
tion [37]. Monitoring seasonal variations also reveals the influence of land-use practices
on the quantity and quality of water flowing into the river [38,39]. Finally, this monitoring
helps to respond to climate change by understanding how shifts in precipitation patterns,
temperatures, evaporation, and hydrological cycles control the amount and quality of water
reaching the river [40]. However, the role of seasonal changes in controlling salinity and
pollution in the Shatt Al-Arab River is not adequately explored.

Thus, the previous work is characterized primarily by the following gaps: (i) deficiency
in thorough comprehension of pollution sources and salinity intrusion, (ii) insufficient
understanding of how hydrologic parameters such as rainfall and runoff influence pollu-
tant transport dynamics, (iii) lack of adequate insight of how short- and long-term climate
changes affect hydrological processes that govern water quality. To address such gaps, it is
necessary to shift the research structure toward a more integrated and multidimensional
approach. Therefore, the present study applies statistical analysis to identify natural and
anthropogenic contributions to the river’s pollution. Moreover, this study integrates GIS-
RS-based hydrological modeling with observed physicochemical indicators to examine how
seasonal variations in rainfall and runoff control pollutant transport and salt wedge intru-
sion. Finally, this work distinguishes the relationship between hydrological indicators (e.g.,
runoff coefficient) and water quality stability which allows the creation of a solid approach
for evaluating both short- and long-term hydrochemical variability amid ongoing climatic
change. The outputs of this work are useful in the adoption of appropriate management
and mitigation strategies such as early warning systems for pollution surges, water alloca-
tion scheduling, anthropogenic effluent regulation, and drainage infrastructure design. In
short, the work represents an attempt to transfer water quality monitoring schemes into an
analytical tool and forecasting mechanism for estuarine-influenced river sustainability.

The soil conservation service-curve number (SCS5-CN) method is widely used to
estimate surface runoff [19]. Such a method, when applied in conjunction with remote
sensing (RS) and geographic information system (GIS), can generate reliable runoff es-
timation [41]. Moreover, multivariate statistical methods have been broadly applied for
evaluation of spatio-temporal variations in water quality and interpretation of large water
quality datasets [42]. Such methods assist in understanding the sources of pollution and
developing suitable strategies for controlling it. Principal component analysis (PCA) has
been used in the present study to interpret large datasets to capture the water quality
variations and ecosystem condition of the studied area. Moreover, PCA has been used to
identify possible parameters and sources that control water quality. Identifying pollution
sources helps in taking mitigation measures to minimize the input of pollutants into the
river [43]. Addressing specific sources of contamination, such as agricultural, industrial,
and residential effluents, can reduce adverse environmental impacts [44,45]. This process
assists to protect the river ecosystems and aquatic life [46,47]. In addition, sharing informa-
tion about pollution sourcing and transport enhances public environmental awareness and
promotes sustainable practices [48]. Therefore, the objective of the present work is (i) to
envisage the geographic patterns of salinity intrusion and heavy metals in the Shatt Al-Arab
River, and examine how hydrological and estuarine conditions control these patterns, (ii) to
calculate surface runoff using the SCS-CN model and explore how it relates to salinity prop-
agation and contamination levels, (iii) to investigate how seasonal hydrological changes
in rainfall and runoff modulate the sourcing and transport of salinity and pollution, and
(iv) to define the main sources of salinity and contamination in the river using multivariate
statistical techniques (PCA).
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2. Methods
2.1. Study Framework

The study framework is based on field data and remote sensing data. Field data
include measurements of major, minor, and trace elements, and TDS. PCA is used to
identify pollution sources. Remote sensing data include input sources used to estimate
slope, LULC, soil, and rainfall layers. Such layers were combined to calculate surface runoff
applying the SCS-CN model. The links between runoff and WQI, and between runoff and
salt wedge intrusion (SWI), were examined (Figure 1).

Field data Remote Sensing and Geospatial Data
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Figure 1. Workflow chart for the research phases, data used, analytical procedures, and
evaluation structure.

2.2. Sampling

Water samples were compiled from 25 sites (one sample from the Tigris River and an-
other from the Euphrates River right before their confluence, and the remaining 23 samples
along the main course of the Shatt al-Arab River from its source to its outlet) (Figure 2).
Sampling sites represent major land-use/land-cover (LULC) changes in the river’s flood-
plain. Sampling spacing ranges between 4 and 20 km to reflect such changes in LULC.
A short sampling interval was assigned to areas of high LULC variations, for instance,
areas of high anthropogenic activities. On the other hand, a long sampling interval was
allocated to homogenous areas. Therefore, these locations accurately represent the major
LULC-related characteristics of the areas surrounding the river course. Samples were
taken in four field expeditions—October 2018 (fall season), January 2019 (winter season),
April 2019 (spring season), and July 2019 (summer season)—to ensure the capture of
seasonal patterns in water quality. In the estuaries, in general, the spatial and temporal
changes in physicochemical parameters and thus water quality are distinctly influenced by
tidal phenomena [49,50]. Therefore, to avoid the impact of monthly tides, that is, spring
and neap tides, samples were collected during the periods between the new moon and
first quarter; between the first quarter and full moon; between the full moon and third
quarter; and between the third quarter and new moon. Moreover, to avoid the influence of
diurnal tides, that is, flood and ebb tides, we followed the tide charts [51] to synchronize
the measurements across different sites and times. In other words, we consistently followed
the same time schedule for each sampling expedition. Total dissolved solids (TDS) and pH
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were monitored using portable digital meters in situ at the time of sampling. Each sample
was collected into 500 mL polyethylene containers that were previously washed with the
river’s water to be gathered. Samples were then filtered using a 0.45 um microfilter and
kept in 50 mL HDPE containers that were previously rinsed and leached with ultrapure
water and stored at —18 °C. Then, water samples were diluted tenfold using ultrapure
deionized water to reduce the high salinity effect. Analyses were performed in an ion
chromatograph—mass spectrometer (ICP-MS) (X-Series 2, Thermo Fisher Scientific, Dreieich,
Germany) at the College of Pharmacy at Philipps-Universitidt Marburg in Germany. Each
sample was divided into three parts, meaning the device reported three concentration val-
ues for each element in each sample. The mean, standard deviation, and relative standard
deviation were calculated.
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Figure 2. Study site.

2.3. Water Quality Index (WQI)
We used the “weighted arithmetic index method” to calculate WQI (dimensionless)

applying the following formula [52]

WQI = % 1)

where Qn is the quality rating (dimensionless). Wn is the unit weight, and its unit is the
inverse of the parameter unit (e.g., L ug’l).
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Qn is calculated using the equation

Qn = 100| T =

(Vs — Vi) @

where Vn and Vi represent the observed value and the ideal value of each variable examined,
respectively. Vi is zero for all variables except for pH, where Vi equals seven. Vs represents
the standard permissible value for the nth water quality variable (Table 1). The units of Vn,
Vi, and Vs depend on the parameter unit (e.g., ug L1, mg L1, etc.)

Table 1. National and international standards of water quality.

Element Standard Permissible Value (Vs) Reference
Ba 700 pg L1 [53]
Ca 50 mg L1 [54]
Ccd BugL~! [53]
Co 70 ug L1 [55]
Cr 50 pg L1 [53]
K 12mg L1 [56]
Li 60 ug L1 [57]
Mg 50 mg L1 [58]
Na 200 mg L1 [58]
Ni 20 pug L1 [53]
pH 6.5-8.5 [53]
Sr 7mgL~! [59]
TDS 500 mg L~! [60]
\% 21 pg L1 [61]

Wn is the unit weight estimated according to the formula

k

anﬁ

)

where k represents the proportionality constant, and it is computed using the equation:

1
k=|— 4
lZ] @

The water quality category is determined according to Table 2.

Table 2. Water quality index (from [62]).

Water Quality Index (WQI) Water Quality Status
0-25 Excellent

26-50 Good

50-75 Poor

76-100 Very poor

>100 Unsuitable

2.4. Runoff Calculation Using SCS-CN Model

The SCS-CN method was used in Google Earth Engine (GEE) to compute runoff
in the basins that feed the Shatt Al-Arab, i.e., Tigris, Euphrates, Karun, and Karkheh
basins. The model calculations depend mainly on rainfall, soil, LULC, and the slope of
the basin. The required data were obtained for rainfall [63], soil [64], LULC [65], and
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Digital Elevation Model (DEM) to calculate the basin’s slope [66]. The method applied the
following equations [67].
(P—AS)? .
Q= {PiaT s if P>0 )
0if P<O

where Q, P, and S are direct runoff, rainfall, and potential maximum retention, respectively.
The units of Q, P, and S are mm. A is the initial abstraction coefficient (dimensionless) that
ranges between 0 and co. In general, A of 0.2 is used [68]. AS denotes the initial abstraction,
which encompasses infiltration, interception, and storage of surface depression [69]. S is

computed as follows [70]:

25400
= 220 o5y
S="5y 5 (6)

CN ranges between 0 (when S and Q equal infinity and zero, respectively) and
100 (when S equals zero and when all rainfall becomes runoff). The map of the study
site was then categorized into distinct Hydrological Soil Groups (HSGs) based on observa-
tions of soil infiltration capability, as described by Subramanya [71]. HSGs are categorized
into four types: A, B, C, and D. “A” soils have high rates of infiltration and low potentials
of runoff. The infiltration rates and runoff potentials of Group “B” soils are moderate.
Group “C” has low infiltration rates and a moderate-to-high potential of runoff. “D” soils
have very low infiltration rates and very high potentials of runoff [71]. LULC, HSG, and
Antecedent Moisture Condition (AMC) are the factors that determine CN. The LULC map
was projected on the HSG map and intersected areas were delineated using GEE. Each
area of specific LULC and HSG has a certain CN value that was obtained from Subra-
manya [71]. Next, each area was converted to its percentage of the basin’s total area. Each
area percentage was multiplied by its corresponding CN to obtain a specific value. The
sum of such specific values for all areas equals the composite curve number (CN,). The
CNL is calculated as follows [72]:

CN, =y, N 7)

CN;j, Aj, and A denote the sub-regional curve number, sub-regional area, and total
basin area, respectively. The CN obtained from Equation (7) is considered CNyp. CNy; is
converted to CNj and CNyyy for dry (AMCy) and wet (AMCyyy) conditions, respectively.

42.CNp;

(0.058 x CN;) ®

CN| = 0=

23-CNypp

CN”F:10+mJ3chH)

©)

CNj, CNyj, and CNyjj were used according to Table 3 to compute S in Equation (6).
CN¢, CNj, CNj, CNyj, and CNyy are dimensionless. The units of Ai, and A are km?2. The S
value is inserted into Equation (5) to estimate Q. Q was calculated for the last three months
prior to the sampling time four times (i.e., for the four seasons investigated in the present
study). For these four Q values, rainfall and LULC were selected for the same time periods
(i.e., for the last three months prior to the sampling time four times for four Q estimations).

Table 3. AMC classes and their corresponding CN [41].

AMC CN Five Days Antecedent Rainfall (mm)

Inactive Season Growing Season

I CNy Less than 12.7 Less than 35.6
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Table 3. Cont.

Five Days Antecedent Rainfall (mm)

AMC CN

Inactive Season Growing Season
I CNp 12.7 t0 27.9 35.6 to 53.3
I CNypp More than 27.9 More than 53.3

2.5. Statistical Analysis

To determine the element agglomeration and sourcing in the river, we performed sta-
tistical analysis. Statistical techniques such as PCA can effectively lower the dimensionality
of a dataset. In PCA, the original variables are transformed into a smaller set of variables
while keeping the most significant information in the original data group [73]. PCA was
conducted for each season in order to obtain a detailed understanding of seasonal varia-
tions and specific parameters influencing the river’s water quality in each season. Such
analysis allows us to distinguish specific element clusters and define the root natural and
anthropogenic sources of contamination in the river [74]. PCA, when followed by factor
analysis (FA), results in further reduction in the contribution of the less important variables
and enhancement of the contribution of the more important variables [75]. FA is performed
by rotating the axes generated by PCA in line with well-verified criteria. Rotation creates a
new factor set, each of which contains a set of the original parameters with the minimal
possible amount of intersect [76]. When the components” Eigenvalues exceeded 1.00, they
were regarded as principal components.

3. Study Site

The Iraqi lands have been divided into four primary tectonic zones depending on the
rock type, age, and structural development. These four areas are: Inner Platform, Outer
Platform, Shalair Zone, and Zagros Suture Zone [77]. The study area is extended within
the southeastern parts of the Outer Platform [78], which is covered by Holocene alluvial
deposits [79]. The Shatt al-Arab River that extends in Basra Governorate, southern Iraq,
is formed by the convergence of the Tigris and Euphrates Rivers at the town of Qurna.
The Karkheh River that originates from Iranian territories empties in the Hawiza Marsh
near the Iragi-Iranian border. The Hawiza Marsh waters flow into the Swaib River which
empties into the Shatt Al-Arab 6 km from the latter’s origin. At a distance of 106 km from
the Shatt Al-Arab origin, the Karun River, which also originates from Iranian territories,
flows into it. The river flows southeast with a total length of 192 km until it empties into
the Arabian Gulf [80]. The Shatt Al-Arab River is one of the modern geological features
in the Middle East, which arose because of the continuous retreat of the coastline. At the
beginning of the Holocene, about 12,000 BP, the Euphrates and Tigris Rivers flowed through
a marshy area and emptied separately into the Arabian Sea at the Strait of Hormuz [81]. The
maximum transgression, at about 6000 BP, extended about 400 km inland from the current
coastline. After 6000 years ago, the Shatt Al-Arab delta extended southward to its present
location [82]. Eventually, large amounts of alluvial sediment carried by the Tigris and
Euphrates Rivers returned the coastline to its present location, although these two rivers
continued to drain separately into the gulf. Since before 2000 BP, the Tigris and Euphrates
Rivers have been draining into separate streams in the gulf. From 1500 BP on, the Shatt Al-
Arab River actually existed [83]. Thus, Shatt Al-Arab’s tributaries are the Tigris, Euphrates,
Karun, and Karkheh Rivers [8]. Such tributaries historically contributed to 35%, 24%, 33%,
and 8%, respectively, to the river’s discharge [4]. Nonetheless, the Euphrates supplies to
the Shatt Al-Arab have significantly declined following the construction of the submersible
dam in the Khinzeera area, around 13 km west of Qurna. In addition, the Karun course
was diverted to Iranian territories so that it empties directly into the gulf through a channel

https:/ /doi.org/10.3390/ geographies6010030


https://doi.org/10.3390/geographies6010030

Geographies 2026, 6, 30

9 of 28

along the eastern side of the Shatt Al-Arab. Thus, the Karun is no longer of significant
supply to the Shatt Al-Arab. Likewise, the Swaib supply has also decreased [84]. Thus, Shatt
Al-Arab discharge has enormously declined. Presently, the river is primarily reliant on the
Tigris River influx [8,85]. The Shatt Al-Arab discharge at the Magqal city, northern Basra city,
reached 919, 758, 334, 682, 724, 626, 151, 300, 312, 246, 60, and 55 m3 s~ for the years 1978,
1987, 1990, 1994, 1995, 1998, 2001, 2006, 2007, 2008, 2014, and 2017, respectively [86].

The sediments in the area consist mainly of clay and silt with sabkha [87]. Such sed-
iments were originally brought by the Tigris, Euphrates, and Karun Rivers and formed
a delta that gradually pushed the coastline towards the southeast to its current posi-
tion [88]. The river’s depth ranges between 8 and 15 m, taking the tide into considera-
tion [26]. The river’s floodplain is characterized by its flat nature, with an elevation of
three meters and zero meters above sea level at the river’s source and mouth, respec-
tively [89]. The width of the river varies along its course from 200 to 500 to 800 m at its
origin, near Basra city, and at its mouth, respectively. The hydrological conditions of the
river’s basin are influenced by a number of parameters. These parameters include the
conditions of the feeding rivers, the seepage of groundwater into the river, the influence of
prevailing climate variations in the region, and the tide state [90]. The Shatt al-Arab part
situated in Iraq has a hot and dry climate. The summer is exceedingly hot, with average
daytime temperatures in the shade reaching approximately 43 °C and dropping at night
to approximately 26 °C. During winter, the region is cold, and the average temperature is
18 °C and 2 °C during the day and night, respectively [1]. The annual rainfall rates range
from 200 mm in the eastern part of the delta to about 100 mm in the west [91]. The river’s
estuary undergoes a tidal cycle every 12 h with flood and ebb tides. Moreover, the biggest
total tide of 3 m occurs during spring tide, and the smallest total tide of 1 m occurs during
neap tide. Salinity levels fluctuate depending on the tide cycles and freshwater discharge.
Salinity intrusion increases during the spring and flood tides and regresses during the neap
and ebb tides [92,93].

4. Results
4.1. Spatio-Temporal Patterns of Salinity and Water Quality

During the fall season, TDS readings exhibited a relatively small increase along the
first 86 km of the river (i.e., TDS changes from 1170 ppm to 9870 ppm, with an increment
of 8700 ppm in 86 km) (Figure 3). From 86 km to 103 km of the river course, TDS sharply
increases from 9870 ppm to 24,280 ppm, with an increment of 14,410 ppm in only 17 km
(Table S1, Figure 3). On the other hand, during the winter, spring, and summer seasons,
there were flat lines with low TDS values along the river course until 183 km, followed by a
slight TDS increase towards the gulf. Remarkably, at a distance of 126 km, there were slight
declines in TDS. Such declines were at 20 km downstream of the convergence of the Karun
River and the Shatt Al-Arab (Figures 2 and 3).

WQI results showed that during the fall season, there was a sharp WQI increase at site 9.
This increase continued to rise until the mouth of the river. The winter season exhibited the
lowest WQI values that were nearly consistent throughout the river course. The spring and
summer seasons displayed a similar trend to winter, though they experienced relatively
higher WQI levels. WQI in 5, 23, 25, and 4 sites in the fall, winter, spring, and summer,
respectively, was considered excellent to good (Figure 4, Table 2). WQI in 3, 2, and 20 sites
in the fall, winter, and summer, respectively, was considered poor to very poor (Figure 4,
Table 2). WQI in 17 sites in the fall and 1 site in the summer was considered unsuitable
(Figure 4, Table 2).
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Figure 4. WQI distribution along the Shatt Al-Arab River at 25 sites during four seasons.

4.2. Rainfall-Runoff Influence on Salinity and Water Quality

The SCS-CN model revealed that runoff started to generate at the end of October
and continued until the end of April with an average of 0.2 mm day ! (Figure 5). The
rainfall and runoff depth time series displays a synchronized and seasonal hydrological
regime in the catchments feeding the Shatt Al-Arab River. During the driest period (August
to October), there is almost no rainfall and runoff, indicating substantial water scarcity
and high evapotranspiration levels. A gradual rainfall and runoff increase occurred in
November, characterized by high-intensity rainfall events with the highest rainfall rate of
16 mm day ! in early February. The rainfall pulses are reflected in the runoff response.
Yet, an abstraction gap is available between rainfall and runoff pulses, where peak runoff
depths were evidently less than rainfall depths. Such an abstraction gap is due to the
rainfall part intercepted by vegetation, stored in surface depressions, infiltrating into the
soil, and lost owing to evapotranspiration [68,94]. The analysis indicated that both rainfall
and runoff displayed strong (r*> = 0.99) significant (p < 0.05) negative correlations with salt
wedge extension (Figure 6). Salt wedge extension was highest in the fall (109 km), followed
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by summer (68 km), spring (9 km), and winter (8 km). Rainfall and runoff followed an
inverse trend, that is, they were highest in the winter (76.8 and 12.4 mm monthfl), followed
by spring (74.8 and 11.8 mm month~!), summer (10.8 and 0.47 mm month~!), and fall
(6.5 and 0.14 mm month~!) (Table 4). The salt wedge extension decreased steeply with
rainfall, following the power-law model:

Salt wedge extension = 798.54 x Rainfall ~10%
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Figure 5. Rainfall and runoff of the watersheds of the rivers that feed the Shatt Al-Arab.
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Figure 6. Cumulative rainfall (mm month—1) for the last three months prior to the sampling time for
four times (four seasons) versus salt wedge extension (km) upstream of the Shatt Al-Arab. Cumulative
runoff (mm month 1) for the last three months prior to the sampling time for four times (four seasons)
versus salt wedge extension (km) upstream of the Shatt Al-Arab.
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Table 4. Seasonal variations in rainfall depth, runoff depth, salt wedge extension, median WQI, runoff
coefficient, and standard deviation of WQI.

Standard
Rainfall Depth  Runoff Depth Salt Wedge . Runoff .
Season (mm month—1) (mm month~1)  Extension (km) Median WQI Coefficient &e@;atlon of
Fall 6.51 0.14 109 250 0.021 159.59
Winter 76.80 12.38 8 22 0.161 12.58
Spring 74.81 11.78 9 34 0.157 8.19
Summer 10.78 0.47 68 72 0.044 24.16

Compared with the rainfall relationship, the salt wedge extension decreased less
steeply with runoff, following the power-law model:

Salt wedge extension = 37.75 x Runoff 0%

Similarly, rainfall and runoff displayed strong (r> = 0.86 and 0.90, respectively) sig-
nificant (p < 0.05) negative correlations with median WQI (Figure 7). Median WQI was
highest in the fall (250), followed by summer (72), spring (34), and winter (22) (Table 4).
In other words, water quality was worst in the fall and best in the winter. Rainfall and
runoff followed an opposite trend, that is, they were highest in the winter (76.8 and
12.4 mm month 1), followed by spring (74.8 and 11.8 mm month~1), summer (10.8 and
0.47 mm month 1), and fall (6.5 and 0.14 mm month~!). Median WQI decreased steeply
with rainfall, following the power-law model:

Median WQI = 721.58 x Rainfall %768

o
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Figure 7. Cumulative rainfall (mm month~—1) for the last three months prior to the sampling time for
four times (four seasons) versus median WQI in the Shatt Al-Arab. Cumulative runoff (mm month~1)
for the last three months prior to the sampling time for four times (four seasons) versus median WQI
in the Shatt Al-Arab.

Compared with the rainfall relationship, median WQI decreased less steeply with
runoff, following the power-law model:

Median WQI = 77.78 x Runoff %442

Median WQI displayed an even stronger (r?> = 0.93) significant (p < 0.05) negative
relationship with the runoff coefficient (Figure 8). Median WQI was highest in the fall (250),
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followed by summer (72), spring (34), and winter (22). The runoff coefficient followed
an inverse trend, that is, it was highest in the winter (0.161), followed by spring (0.157),
summer (0.044), and fall (0.021) (Table 4). Median WQI decreased steeply with increasing
runoff coefficient, following the power-law model:

Median WQI = 3.88 x Runoff coefficient 932

— |
y =3.8807x 0%
_ 8- *=0.93
g
=
C
©
© I | I
0.00 0.05 0.10 0.15 0.20
Runoff coefficient

Figure 8. Average runoff coefficient for the last three months prior to the sampling time for four times
(four seasons) versus median WQI in the Shatt Al-Arab.

There was also a strong (12 = 0.87) significant (p < 0.05) negative correlation between
the runoff coefficient and the standard deviation of WQI (Figure 9; Table 4), which indicated
that seasons with higher runoff coefficients experienced more WQI consistency.
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Figure 9. Average runoff coefficient for the last three months prior to the sampling time for four times
(four seasons) versus standard deviation of WQI in the Shatt Al-Arab.
4.3. Natural and Anthropogenic Impacts on Water Quality Variability

The criteria of principal component analysis performed to identify the element agglom-
eration and sourcing (i.e., natural or anthropogenic) were achieved. More specifically, the
criteria of three tests (i.e., Kolmogorov—Smirnov, KMO, and Bartlett) required to perform
PCA were all met. First, all of the variables under investigation showed a log-normal
distribution, according to the Kolmogorov-Smirnov test, with a 95% confidence level or
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more. Such a confidence level indicated that the examined data do not significantly deviate
from the specified distribution (i.e., log-normal). Second, the KMO test values were higher
than 0.5. Third, since the present study’s significance level is 0 (< 0.05), which suggests
that the correlations among variables are significant. Bartlett’s test showed that the null
hypothesis is rejected [95]. For the fall season, PCA and FA extracted four varifactors
(Figure 10). VF1 explained approximately 39% of the total variance and was dominated by
Ca, K, Li, Mg, Na, Sr, TDS, and B. VF2 interpreted 31% of the total variance and around
70% of the cumulative variance and was dominated by Al, Co, Cr, Ni, V, Mn, and Fe. VF3
interpreted 14% of the total variance and around 84% of the cumulative variance and was
dominated by Cd, Cu, Pb, and Zn. VF4 interpreted 8% of the total variance and around
92% of the cumulative variance, and was dominated by Ba, As, and a negative loading
of pH. For the winter season, PCA and FA extracted four varifactors. VF1 interpreted
approximately 55% of the overall variance and was dominated by Ba, Cr, K, Co, Li, Mg, Na,
Ni, and V. VF2 interpreted 12% of the overall variance and around 67% of the cumulative
variance and was dominated by Ca, Sr, and a negative loading of Cd. VE3 interpreted 9%
of the overall variance and around 77% of the cumulative variance and was dominated by
Al and a negative loading of pH. VF4 explained 8% of the total variance and around 84% of
the cumulative variance and was dominated by TDS. For the spring season, PCA and FA
extracted five varifactors. VF1 explained approximately 36% of the overall variance and
was dominated by Ba, Ca, Co, Li, St, V, As, and B. VF2 interpreted 16% of the variance and
around 52% of the cumulative variance and was dominated by Cd, K, Mg, Na, and TDS.
VE3 interpreted 9% of the overall variance and around 61% of the cumulative variance and
was dominated by Al and Zn. VF4 interpreted 8% of the total variance and around 69%
of the cumulative variance and was dominated by Cr and Ni. VF5 interpreted 7.5% of the
overall variance and around 77% of the cumulative variance and was dominated by pH
and Fe. For the summer season, PCA and FA extracted four varifactors. VF1 explained
approximately 29% of the overall variance and was dominated by Al, Ba, Cr, Ni, and a
negative loading of V. VF2 interpreted 25% of the total variance and around 54% of the
cumulative variance and was dominated by Ca, Li, Sr, As, and B. VF3 interpreted 17%
of the overall variance and around 71% of the cumulative variance and was dominated
by K, Mg, Na, and Zn. VF4 interpreted 9% of the overall variance and around 80% of
the cumulative variance and was dominated by Co, Fe, a negative loading of TDS, and a
negative loading of pH.
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Figure 10. Principal component analysis followed by factor analysis for the water samples of the
Shatt Al-Arab River for four seasons.

5. Discussion
5.1. Spatio-Temporal Dynamics of Salinity and Water Quality

The rivers that feed the Shatt Al-Arab (i.e., Tigris, Euphrates, Karun, and Karkheh) have
their lowest discharge during the fall months (August, September, and October) (Figure 11).
Then, these rivers” discharge starts to increase, reaching its maximum levels in April (the
Euphrates” highest discharge is in mid-June). Lower discharge during the fall season hampers
the river’s capacity to offset tidal power, allowing salt wedge to move further upstream. This
phenomenon is typical for estuarine systems worldwide, where low discharge promotes
seawater intrusion due to faded hydraulic gradients [96,97]. Therefore, the sharp TDS increase
at site 19 (at river length of 90 km) during the fall season can be attributed to salt wedge
extension (Figure 3). In other words, the tide is the main driver that controls seawater inva-
sion into the river’s delta during the dry season. During the other three seasons, the higher
river discharge pushes the salt wedge further seaward. In these seasons, the discharge force
overpowers the tidal force, pushing the salt wedge towards the sea [98,99]. Such dynamics
show how freshwater discharge regulates estuarine river transitions, a well-reported phe-
nomenon in global research dealing with salinity propagation under fluctuating hydrologic
systems [100,101]. The unusual declines in TDS at a distance of 126 km, 20 km downstream
of the confluence of the Karun River and the Shatt Al-Arab, can be attributed to the fresh
water supplied by the Karun. Al-Asadi et al. [11] detected that the discharge of the Karun
River dilutes the concentration of salts and limits the penetration of seawater in the Shatt
Al-Arab. Similar trends of salinity intrusion have been detected in the Shatt al-Arab River and
in other estuarine rivers in arid regions during periods of low discharge [92,102]. However,
such intrusion levels were lower than those recorded in the present study, particularly in fall,
which indicates a substantial increase in salinization pressure downstream of the river. The
seasonality effect is clear when comparing fall with other seasons. While TDS decreases signif-
icantly in winter, spring, and summer, its values in these three seasons are consistent along
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the river course due to increased water discharge and increased dilution capacity. Conversely,
the sharp rise in TDS levels in fall is due to limited inflow and a greater tidal influence. The
spatial identification of a transition zone of 85-100 km provides a deeper understanding of
the critical salt intrusion stage, which was not evident in previous studies that were based on
limited sampling points.
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Figure 11. Average monthly discharge (m3 s~1) for the four rivers feeding the Shatt Al-Arab. Note:
From [13].

Likewise, higher WQI levels in the dry seasons (i.e., fall and to some extent summer)
can be attributed to the declining dilution associated with lower flows. On the other hand,
during periods of high river discharge, the concentration of pollutants may decrease due to
dilution [103]. Similar findings have been detected by many researchers who found that
pollutant concentrations are negatively correlated with discharge (e.g., [92,104,105]). High
WQI levels downstream during the fall season (>300) imply that salinity is a major factor
contributing to water quality deterioration in the lower reaches of the river. This down-
stream decline in water quality has also been documented in other basins (e.g., [106,107]). By
combining intensive spatial sampling with runoff estimation during four seasons, this study
exhibits the spatio-temporal interaction that exacerbates water quality deterioration. This
integrated approach provides an effective tool for identifying the most susceptible parts
along the river, thus enabling better-targeted management strategies to address increasing
hydrological pressures in this region.

5.2. Rainfall-Runoff Impact on Salinity and Water Quality

Seasonal variations in hydrological parameters such as rainfall, surface runoff, and
discharge drive seawater intrusion and water quality status along the Shatt Al-Arab River
course. The strong negative correlations that rainfall and runoff exhibited with salt wedge
extension indicate that freshwater discharge highly controls salinity intrusion in the river.
The steeper exponent correlation that rainfall exhibited with salt wedge extension (exponent
of approximately —1.0) compared to the gentle exponent correlation that runoff displayed
with salt wedge extension (exponent of approximately —0.6) demonstrates that the system
is more sensitive to reductions in rainfall than reductions in runoff. Such behavior can
be attributed to the fact that rainfall affects river hydrology in various ways. Rainfall can
produce surface flow, interflow, baseflow, and river discharge. Such pathways can combine
to generate a considerable freshwater source that pushes the salt wedge towards the sea.
In contrast, runoff merely represents surface flow. These findings are consistent with
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other estuarine-affected rivers worldwide where declined freshwater discharge promotes
tide-salinity propagation [108-110]. Such consistency emphasizes that the hydrological
processes discerned in the Shatt Al-Arab River are a generalizable behavior rather than
an isolated phenomenon. The climate-driven rainfall reduction projected in numerous
scenarios (e.g., [111-113]) can intensify salinity propagation in estuarine rivers worldwide.
Hence, the rainfall, runoff, and salt wedge extension interaction detected in the current
study is of global applicability.

Furthermore, the strong inverse power-law relationships that link rainfall and runoff
with WQI in the Shatt Al-Arab indicate that even a gentle decline in rainfall or runoff can
promote water quality deterioration. During the dry seasons (fall and summer), high WQI
suggests high contamination. In such dry periods, land-based contamination from urban
and agriculture areas declines due to minimal runoff. As such, non-point source pollution
substantially decreases, giving way to point source pollution originating from industrial
discharge, wastewater effluent, and seawater intrusion. Low discharge levels in dry
seasons lead to contaminant buildup and concentration rise. In wet seasons, higher rainfall
and runoff reduce WQI primarily through dilution. Elevated runoff across residential,
industrial, and agricultural areas transports non-point source pollutants such as urban
contaminants, fertilizers, pesticides, and eroded soil [114,115]. However, high discharge
can dilute pollutants. In other words, while the total amount of pollutants may increase, the
concentration per unit of water may decrease. This is the case in the current study, that is,
the dilution impact overcomes the higher flushing influence in the wet season. The results
are consistent with other studies (e.g., [116-118]) that concluded that low water quality in
dry seasons improves in wet seasons due to runoff dilution.

The steeper decrease in median WQI with rainfall (exponent of approximately —0.77)
compared to that with runoff (exponent of approximately —0.44) (Figure 7) is due to the
fact that rainfall produces surface flow, interflow, baseflow, and discharge enhancement.
Such pathways can combine to generate a considerable freshwater source that improves
water quality through the dilution of salts and pollutants. On the other hand, runoff
only represents surface flow. These findings emphasize the role of rainfall and runoff in
regulating water quality dynamics in coastal rivers. Furthermore, under climate change
scenarios that point out increasing droughts and rainfall shortages, the situation of the Shatt
al-Arab and analogous estuarine-influenced rivers will be critical. Such climate changes
will cause increased pollution in rivers and seawater propagation upstream.

The inverse correlations that runoff coefficient displayed with both median WQI and
the spatial variability of WQI (Figures 8 and 9) demonstrate how water quality dynamics are
driven by hydrological controls. During periods of low runoff coefficient (fall and summer),
the dilution process is weak due to the scarcity of fresh water entering the river. This will
lead to the accumulation of pollutants at specific hotspots, which will raise contaminant
levels and increase the spatial heterogeneity of these contaminants. Conversely, during
periods of high runoff coefficient (winter and spring), higher runoff creates higher discharge
that dilutes contaminants and produces better mixing, resulting in better water quality
and lower WQI heterogeneity. These findings reveal that not only rainfall but also the
watershed’s efficiency to produce runoff manipulates the pollution level and its spatial
variability. In fact, Figure 9 advocates that there should be more monitoring stations in
the dry season to capture WQI variability. On the other hand, the wet seasons experience
more WQI consistency and thus require fewer monitoring stations and less financial costs.
Finally, understanding the aforementioned processes provides a feasible tool for predicting
the spatio-temporal distribution of contamination, designing monitoring programs, and
implementing water quality strategies under projected climate change. It is also noteworthy
that the correlations detected in the present study that link rainfall, runoff, and the runoff
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coefficient with salt wedge extension and WQI (Figures 6-8) can be utilized to predict salt
wedge extension and WQI by means of rainfall and runoff data.

5.3. Natural and Anthropogenic Controls on Water Quality Variability

For pattern identification, categorization, and decreasing data dimensionality, multi-
variate statistical techniques such as PCA and FA are often used [119-121]. In the present
study, PCA and FA were performed on normalized data groups for the four seasons. For
the fall season, the elements in VF1 (i.e., Ca, K, Li, Mg, Na, Sr, TDS, and B) exhibited
an increasing trend towards the gulf. These elements account for more than 99% of the
dissolved solids in the oceans [122] and can be ascribed to seawater intrusion. The elements
in VF2 showed relatively high concentrations in the river’s upper and middle reaches
and then exhibited a gradual decrease towards the gulf (Table S1). Such elements (i.e.,
Al, Co, Cr, Ni, V, Mn, and Fe) are most likely related to anthropogenic sources. Co, Ni,
V, Mn, and Fe are linked to densely industrialized and urbanized zones that surround
the Shatt Al-Arab course in these reaches. These metropolitan areas create considerable
amounts of pollution, such as industrial discharge and urban effluents [123]. Aluminum is
used in various industries such as metallurgical, construction, and chemical and electrical
manufacturing [124]. Main anthropomorphic sources of Cr are alloy production, cement
production, sewage sludge, and municipal waste burning [125]. VF3 elements (i.e., Cd, Cu,
Zn and Pb) displayed high concentrations in sites 10 and 19 that represent industrial centers
with metal welding factories, and thus can be linked to industrial effluents [125]. The
correlation of As and Ba with pH in VF4 is because pH can influence As and Ba specia-
tion in water and govern their existence in free-ionic or compound form [126,127]. The
As and Ba concentrations in the current study are within their regular levels in global
natural water. Moreover, they do not exhibit any association with urban and industrial
zones around the river course. Therefore, these elements can be attributed to geologic
sourcing [124,128]. For the winter season, VF1 encompassing Na, Mg, K, Ba, Co, Cr, Li, and
Ni can be credited to anthropogenic sources. Yet, their low concentration levels are due
to the dilution influence in this rainy season. Elements in VF2 (i.e., Ca, Sr, and Cd) that
showed an increasing trend towards the gulf indicated the effect of seawater. Aluminum
is inversely correlated with pH in VF3 and displayed levels that are much less than those
reported by Al-Tawash et al. [7] and can be attributed to natural sourcing. Aluminum
displayed decreasing concentrations near the gulf, while pH exhibited increasing levels
near the gulf. As pH increases, aluminum tends to precipitate out of solutions [129]. TDS
in VF4 displayed a sudden increasing level at the river’s mouth and can be ascribed to
seawater impact. For the spring season, elements in VF1 (i.e., V, Co, Li, B, Ca, St, As, and Ba)
have high levels in the middle reaches of the river where the urban centers concentrated
and can be considered of anthropogenic sourcing [123]. Elements in VF2 including Na,
Mg, Cd, K, and TDS can be attributed to natural sourcing as they are within low levels
and are not linked to any specific activities around the river course. The Al and Zn in VF3
are related to anthropogenic sourcing. Yet, the general low level of these metals refers
to the dilution influence in this season. VF4 elements (i.e., Ni and Cr) can be credited
to anthropogenic sources. The iron is combined with pH in VF5 because iron solubility
in water is influenced by pH [130]. For the summer season, Al, V, Cr, Ba, and Ni in VF1
exhibited relatively high levels at the river source in sites 1, 2, and 3. These elements
can be ascribed to the oil industry [131], as the Qurna oil field is situated near the river’s
source [132]. Li, B, Ca, As, and Sr in VF2 displayed elevated levels in the middle reaches
of the river that are surrounded by heavily urbanized and industrialized areas and can
be from industrial sources [133-136]. The VF3 components (i.e., Na, Mg, K, and Zn) that
exhibited high levels in the very lower reaches of the river can be ascribed to seawater
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influence [122]. Likewise, VF4 elements (i.e., TDS, pH, Fe, and Co) can be attributed to the
seawater intrusion. TDS and pH displayed relatively higher levels in the lower reaches
and had inverse relationships with Fe and Co. The negative correlation between TDS and
Fe is attributed to the fact that Fe agglomerates to form colloids when river water mixes
with seawater [137,138]. Daneshvar [139] found that Fe levels in the River Esk and the
River Irt decrease once they mix with estuary water. Fe and pH’s inverse correlation is
due to the fact that iron becomes more soluble with a lower pH level [140,141]. Likewise,
the inverse relationship between cobalt and salinity can be ascribed to rivers representing
major sources of cobalt in the ocean [142]. The negative correlation between cobalt and pH
is due to the fact that at lower pH levels, Co tends to be more soluble [143,144].

During the wetter seasons (winter and spring), high rainfall, runoff, and discharge
levels lead to considerable dilution. Higher water volumes in the river course during these
periods reduce the residence time of pollutants, increase mixing capability, and eventually
produce more homogenous water quality along the river path. In other words, pollutants
originating from residential, industrial, and agricultural areas get rapidly flushed, well
mixed, and become less pronounced. For instance, elements in VF1 in the winter season
and VF3 in the spring season are often linked to anthropogenic sourcing, yet they display
uniform concentration along the river course (Table S1). Therefore, low and homogeneous
concentrations in wet seasons do not mean the absence of contamination, rather they
demonstrate the dominance of high dilution capacity that suppresses the signature of
pollution hotspots.

5.4. Sources of Uncertainty
5.4.1. Uncertainties Associated with Data Analysis

The first source of uncertainty is related to sample dilution. Sample dilution makes
the concentration measured by the ICP-MS lower (sometimes less than the detection limits
of the device). Therefore, some elements were not detected by the device due to the low
concentration levels (Table S1). Second, relative standard deviation should be less than 20%
to represent reasonable precision [145]. While, most major ions (e.g., Li, B, Na, Mg, K, Ca,
V, Ni, Sr, Ba, and Pb) exhibited excellent precision, with mean relative standard deviation
values between 1 and 20%, other elements (e.g., Al, Cr, Mn, Fe, Co, Cu, Zn, As, Cd, and
Te) displayed mean relative standard deviation values of more than 20%, reflecting low
precision (Table S1).

5.4.2. Uncertainties Associated with Modeling

The observed regressions (Figures 6 and 7) rely on a small sampling size, which limits
the robustness of the analysis. The regressions’ primary goal was to display the negative
relationships linking rainfall and runoff with both salt wedge extension and WQI rather
than to establish a generalized predictive model. These negative relationships are consistent
with the expected hydrodynamic response to increased freshwater inflow, which restricts
seawater propagation and enhances water quality through dilution. These findings can
serve as a reference point for future seasonal monitoring work. Future programs can
include a larger sampling size (more sampling campaigns per year over multiple years),
which would allow the development of a statistically robust predictive model for water
pollution status and salt wedge propagation. Moreover, the PCA, which explained a
considerable part of the total variance, still contained several sources of uncertainty. First,
Yong and Pearce [146] stated that high communality (>0.70) demonstrates that the obtained
factors explain a significant percentage of the variance of a certain element. However, some
communalities were less than 0.70. For example, Cd in the fall has a communality of 0.58;
Co, Cd, and pH in the winter have communalities of 0.70, 0.63, and 0.61, respectively; Al,
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Co, and Ba in the spring have communalities of 0.61, 0.63, and 0.60, respectively; and pH,
Fe, and Co in the summer have communalities of 0.41, 0.48, and 0.55, respectively. Such
low communalities indicate that the obtained components did not significantly capture
their variability (Table S1). Second, several elements exhibited cross-loadings on multiple
components (e.g., Ba, Zn, Na), indicating multiple sources. A cross-loading happens when
an element exhibits a loading >0.30 on two or more components. For instance, V and As in
the fall; Zn and Cd in the spring; and B and Zn in the summer load significantly on one
component, but also appreciably on two other components (Table S1). Third, there is a
noticeable difference between the rotated and unrotated factor patterns which demonstrates
that the model is affected by rotation and thus results in inaccuracy in identifying source
groups (Table S1). Finally, approximately 8%, 6%, 23% and 20% of the variance for the
fall, winter, spring, and summer, respectively, remained unexplained by the obtained
components. Such remaining unexplained percentages indicate that the model did not fully
describe the natural variability and processes (Table S1; Figure 10).

5.5. SWOT Matrix

The strengths, weaknesses, opportunities, and threats (SWOT) matrix (Table 5) indi-
cates that the study’s main strength stems from the integrated framework that combine
GIS-RS-based hydrological modeling with physicochemical indicators to create process-
based linkages between freshwater discharge and pollution levels and distribution patterns.
However, small temporal sampling size and lack of interannual monitoring can limit the
robustness of the derived relationships. Yet, integrating higher monitoring frequency
with nonlinear predictive tools opens new avenues for future work. On the other hand,
external stains such as upstream flow regulation, climate-driven runoff variability, sea
level rise, and the high costs associated with establishing monitoring plans reveal the
vulnerability of a such estuarine river system and restrict efforts toward solid modeling.
Nonetheless, the current study offers a preliminary step toward a more coherent and
reliable hydrological modeling.

https:/ /doi.org/10.3390/ geographies6010030


https://doi.org/10.3390/geographies6010030

Geographies 2026, 6, 30

21 of 28

Table 5. SWOT matrix displays strengths, weaknesses, opportunities, and threats of the study.

Strengths

Weaknesses

Applying statistical analysis to
identify natural and anthropogenic
sources of pollution.

Integrating GIS-RS-based
hydrological modeling with
physicochemical indicators to
investigate examine how rainfall and
runoff govern pollutant transport
and salinity intrusion.

Testing the relationship between
runoff coefficient and water quality
variation which allows the evaluation
of hydrochemical variations under
climate change.

Providing analytical tools for water
resource management in a
water-scarce region.

Small temporal sampling size (four
sampling surveys) which limits
robustness of correlation analysis.
Absence of interannual variability
assessment, which does not allow
testing whether the detected
correlations are stable across
different years.

Sources of error in SCS-CN model,
which has assumptions (e.g.,
homogeneity of rainfall, topography,
soil type, and LULC).

Inaccuracy in remote sensing data.

Opportunities

Threats

Larger sampling size (more sampling
campaigns per year over multiple
years) allows the development of a
statistically robust predictive model
for water pollution status and salt
wedge propagation.

Developing machine learning models
that can build nonlinear
relationships, for instance, salt wedge
extension can be predicted by means
of rainfall, temperature, runoff,
discharge, tide, and temporal
position within the year.

Linking hydro-parameters to
pollution risk under ongoing
climatic change.

Upstream flow regulation such as
river diversion and

damming projects.

Drought waves and rainfall patterns
alteration due to climate change.
Escalating salt wedge propagation
owing to sea level rise.

Increasing pollution due to
anthropogenic activities.

Scarcity of historical data and the
considerable costs associated with
establishing monitoring plans may
hamper efforts toward

solid modeling.

7

Finally, the outcomes of the current analysis exceed the Shatt al-Arab system, as many
estuarine ecosystems around the world face similar risks of water quality degradation. This
is primarily owing to declining freshwater flow, upstream flow regulations, and climate
change influence on hydroclimatic patterns. Remote sensing-based evaluation methods
offer practical and widely applicable tools for assessing water quality and salinity dynamics,
suitable for data-scares regions. Future work can combine such tools with hydrodynamic
models to evaluate long-term water quality scenarios. Such prospective work can assist in
the development of adaptive water resource management strategies under rapidly shifting
hydroclimatic conditions.

6. Conclusions

This study aims to enhance our understanding of the dynamics of the salt wedge
and water quality changes in the Shatt al-Arab by quantitatively linking rainfall and sur-
face runoff, obtained using remote sensing techniques via the Google Earth Engine (GEE)
platform, with the salt wedge propagation and fluctuations in the water quality index
(WQI). Unlike previous studies that often relied on limited field observations and local
hydrological data, this research applies exploratory regression that reflects a preliminary
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relationship consistent with the expected hydrodynamic response to changes in the dynam-
ics of the saline wedge caused by freshwater inflow. The significance of this work lies in the
integration of three key areas: (1) estimating rainfall and surface runoff using cloud-based
remote sensing techniques, (2) providing fundamental quantitative relationships that serve
as a reference point for future seasonal monitoring efforts, and (3) conducting multivariate
water quality analysis using principal component analysis (PCA) within a comprehensive
analytical framework. The results demonstrate that seasonal variations in hydrological
factors play a crucial role in controlling salinity intrusion and water quality degradation.
During wet seasons, high rainfall and runoff levels reduce contaminant concentrations,
enhancing water quality and reducing salt wedge extension. On the other hand, during
dry seasons, low rainfall and runoff levels promote high contaminant concentrations and
high salt wedge propagation. Quantitatively, rainfall and runoff are (76.8 mm month~1)
and (12.38 mm month 1), respectively, in the wet season, compared to (6.51 mm month~!)
and (0.14 mm month~!) in the dry season, while WQI is 22 and salt wedge extension is
8 km in the wet season, compared to a WQI of 250 and a salt wedge extension of 109 km
in the dry season. Statistical analysis assisted in reducing the dimensionality in water
quality data by selecting the principal components that gathered most of the variance in
the data. In general, four components were able to explain the variance in the data for
each season. Such components indicated that some investigated elements were of natural
sourcing, while others were of anthropogenic origin. The strong (r> = 0.87) significant
(p < 0.05) negative correlation detected between the runoff coefficient (an indicator of
catchment wetness) and the standard deviation of WQI implies that hydrological flushing
fosters water quality stability. The stability of water quality during wet periods can result
in more efficient monitoring programs. In other words, the number of sampling sites and
related expenses can be less for periods of hydrological stability. Furthermore, leveraging
the relationship between runoff, measured using remote sensing methods, and salinity
intrusion can enhance early warning systems and support seasonal water resource alloca-
tion planning, particularly in transboundary river systems lacking sufficient data. Finally,
beyond the Shatt al-Arab region, this study has large-scale applicability to other estuarine
rivers experiencing increasing salinity intrusion due to climate change and upstream flow
reduction. Thus, the present analysis not only provides specific understanding for the study
site but also serves as a comprehensive and replicable analytical framework, promoting
the integration of remote sensing techniques with hydro-ecological assessments in estuary
studies. Permission to reproduce material from other sources: The map in Figure 2 was
obtained from our previous paper [147].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/geographies6010030/s1, Table S1: Element concentrations in the
Shatt Al-Arab River at 25 sites during Fall 2018, Winter 2019, Spring 2019, and Summer 2019.
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