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Abstract
In arid coastal environments, urban expansion alters land–water interactions, leading to increased soil salinity and moisture 
accumulation across urban landscapes. This study examines the spatiotemporal evolution of soil salinity and moisture, and 
land-use/land-cover (LULC) changes in Port Sudan, an arid coastal city that experienced rapid expansion from 2008 to 
2024. The limited vegetation cover enables effective shortwave infrared (SWIR)-based assessment of salinity and mois-
ture, facilitating multi-temporal analysis of LULC change and hydro-saline impacts. The findings demonstrate significant 
landscape transformation driven by urbanization, with built-up areas nearly doubling, substantial rangeland expansion, 
and a pronounced reduction in bare ground. These land-use transitions are accompanied by a marked inland expansion 
of salinity and moisture-affected areas, increasing from 8.12 to 40.36 km2 and from 120.15 to 245.49 km2, respectively, 
particularly within low-lying and reclaimed sabkha terrains. Urban growth exhibits strong correlations with hydro-saline 
intensification (R2 = 0.77 and 0.82), as increased surface impermeability and disrupted drainage promote salt accumula-
tion and subsurface water retention. Field observations in representative urban areas confirm that persistent hydro-saline 
ground conditions are linked to salt crust formation, sustained surface moisture, and progressive corrosion of building 
materials and foundations. Time-series forecasting indicates that continued urbanization is likely to further extend hydro-
salinity-affected areas through 2040, with projections suggesting a substantial spatial increase under current development 
trajectories, although with uncertainty related to environmental variability and temporal resolution. Overall, this study 
presents a field-calibrated, earth observation-based framework that connects urban expansion with hydro-saline processes 
and related coastal infrastructure vulnerability, supporting risk-informed planning and management in arid coastal regions.

Highlights
	● Salinity and Moisture indices successfully mapped across 16 years using multi-sensor datasets.
	● Integrated remote sensing and VES-EC calibration for semi-quantitative salinity assessment.
	● New calibrated SI threshold (110) derived from EC-RS regression and field evidence.
	● Inland expansion of saline and moist soils is linked to rapid urbanization and surface modification.
	● Predictive modeling shows saline-affected areas may exceed 150 km2 by 2040 without mitigation.
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1  Introduction

Arid coastal environments are increasingly affected by soil 
salinity and moisture accumulation, driven by the combined 
influence of shallow groundwater systems, marine intru-
sion, and climatic factors, such as high evaporation and 
limited precipitation (Meng et al. 2025). Natural hydro-
saline processes, including tidal forcing, capillary rise, and 
groundwater–seawater mixing, are commonly intensified by 
anthropogenic pressures in rapidly urbanizing coastal zones 
(Heiss et al. 2022; Lorrain-Soligon et al. 2023; Morshed et 
al. 2016). Urban expansion, land reclamation, and surface 
sealing fundamentally transform land use and land cover 
(LULC), increasing impervious surfaces and disrupting 
natural drainage networks. These modifications alter soil–
water interactions, reduce infiltration capacity, and promote 
subsurface water retention, particularly in low-lying and 

reclaimed coastal areas, thereby accelerating salt migra-
tion and accumulation in previously stable soils (Bashar 
and Uddin 2025; Hagage et al. 2024; Mazhar et al. 2022; 
Tarolli et al. 2024). As a result, hydro-saline degradation 
has emerged as a critical environmental challenge in many 
arid coastal cities worldwide (Eswar et al. 2021; Eyankware 
et al. 2025). Within this framework, urban growth acts as 
a primary driver linking LULC transformation to hydro-
saline intensification, which in turn increases infrastructure 
vulnerability (Bhardwaj et al. 2019; Li et al. 2024; Mandal 
et al. 2025). Understanding the progressive cascade from 
land-use transformation through environmental degradation 
to structural deterioration relies on spatially explicit and 
temporally consistent observations that capture long-term 
spatiotemporal trends.Elevated soil salinity, combined with 
persistent moisture, presents significant risks to infrastruc-
ture stability from both engineering and urban sustainability 

Graphical Abstract

This graphical abstract demonstrates that rapid urban growth in Port Sudan, a dry coastal city, intensifies hydro-saline 
processes and increases infrastructure vulnerability. The study employs multiple data sources, including satellite imagery, 
MODIS land-use records, fieldwork, and electrical resistivity measurements, to provide a comprehensive assessment of 
soil salinity and moisture dynamics. All datasets are synchronized using atmospheric correction, temporal normalization, 
and surface reflectance standardization to ensure consistent analysis across 2008-2024. The analytical framework extracts 
salinity and moisture indicators (SI, NDMI/SMI, LST, LSE) and integrates them with land-use and land-cover (LULC) clas-
sification to quantify changes in built-up areas, bare ground, and rangeland. Calibration using 24 Vertical Electrical Sounding 
points and 6 solar salt sites establishes salinity (SI > 110) and moisture (SMI > 140) thresholds, enabling semi-quantitative 
interpretation of hydro-saline intensity. The resulting maps reveal an inland expansion of salinity and moisture from coastal 
sabkha into reclaimed and peri-urban areas, closely associated with increased impervious surfaces and modified drainage 
patterns. The graphical abstract shows strong correlations between urban expansion and increased salinity and moisture, con-
firming land-use transformation as a primary driver of hydro-saline intensification. ARIMA time-series modeling projects 
these trends through 2040, indicating continued expansion of built-up and salinity-affected areas. The final panel links these 
environmental changes to field observations of salt crusts, waterlogging, corrosion, cracking, and structural deterioration, 
emphasizing their impact on infrastructure stability.

Keywords  Urbanization · Land use/land cover change · Salinity and moisture affected areas · Coastal infrastructure · 
Remote sensing · Corrosion · Time-series forecasting
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perspectives (Chen et al. 2022; Elsawy and Lakhouit 2020; 
Wijerathne et al. 2025). Soils rich in chloride and sulfate 
promote corrosion of reinforced concrete, weaken founda-
tions, and reduce the service life of buildings, roads, and 
drainage systems (Saxena and Baghban 2023; Su et al. 
2025). Moisture accumulation intensifies these effects by 
enabling capillary rise, salt crystallization, and chemically 
aggressive reactions within construction materials (Elena et 
al. 2024; Gökçe, 2024; Klein et al. 2022).

Remote sensing offers an effective framework for moni-
toring soil salinity, moisture dynamics, and LULC change 
across large spatial extents and extended time periods, par-
ticularly in regions where systematic ground-based moni-
toring is limited (Dey et al. 2025; Platonov et al. 2013). 
Advances in multispectral satellite sensors have enabled the 
application of shortwave infrared (SWIR)–based indices to 
characterize soil salinity and surface moisture conditions, 
especially in sparsely vegetated or barren landscapes typical 
of arid coastal environments (Lekka et al. 2024; Sahbeni et 
al. 2023; Salem and Jia 2024). While many remote sensing 
studies have addressed soil salinity and moisture in agricul-
tural or natural settings, they often rely on vegetation-based 
indices in humid to semi-arid regions using moderate-reso-
lution sensors, such as MODIS or Landsat (Gad et al. 2021; 
Masoud et al. 2019). Fewer investigations have focused on 
arid urban coastal environments. In such settings, SWIR-
based indices derived from Landsat and Sentinel-2 data 
have proven effective for mapping saline soils and surface 
moisture under sparse vegetation conditions, particularly in 
desert and coastal sabkha landscapes (Bannari et al. 2018; 
Metternicht and Zinck 2003; Reul et al. 2020). When sup-
ported by targeted field calibration, these approaches pro-
vide robust tools for identifying hydro-saline affected zones, 
assessing environmental risk, and informing urban planning 
and engineering decisions. Despite this improvement, few 
studies have quantitatively integrated long-term LULC 
dynamics with hydro-saline processes and associated infra-
structure impacts in arid coastal cities. Existing research 
often treats these components separately, lacks temporal 
continuity, or relies solely on remote sensing without field 
validation, limiting its ability to resolve causal relation-
ships and long-term risk, particularly in the Red Sea region 
(Daoud et al. 2025; Hassani et al. 2020; Hawash et al. 2021). 
Port Sudan provides a compelling case study for addressing 
this gap. The city is characterized by near-zero vegetation 
cover, shallow saline groundwater, extensive sabkha depos-
its, reclaimed coastal land, and rapidly expanding urban 
development with limited drainage infrastructure (Daoud et 
al. 2025; Elsheikh and Elsayed 2015; Hawash et al. 2021). 
Over the past two decades, urban growth has increasingly 
encroached on saline-prone terrains, amplifying interac-
tions among land-use change, hydro-saline processes, and 

infrastructure deterioration. These characteristics heighten 
the city’s vulnerability and create favorable conditions for 
applying SWIR-based remote sensing techniques to distin-
guish soil salinity and moisture indicators and to examine 
their evolution in response to urban expansion.

This study aims to (i) analyze the spatiotemporal evolu-
tion of soil salinity and moisture in Port Sudan from 2008 
to 2024, (ii) quantify LULC changes associated with rapid 
urban expansion, (iii) examine the spatial and statistical 
relationships between LULC transformation and hydro-
saline intensification using field-calibrated remote sensing 
indices, and (iv) explore potential future trends through 
time-series analysis. By integrating high-resolution, multi-
temporal satellite observations with ground-based verifica-
tion and structural field evidence, this research establishes a 
comprehensive framework linking land-use transformation, 
subsurface hydro-saline processes, and infrastructure vul-
nerability in arid coastal regions.

2  Study Area

Port Sudan is situated on the western coast of the Red Sea 
in northeastern Sudan, between 19.30° and 19.70° N lati-
tude, and 36.90° and 37.30° E longitude, covering approxi-
mately 1012 km2 (Fig. 1). As the capital of Red Sea State 
and the temporary de facto capital of Sudan’s main maritime 
gateway, the city has seen significant population growth 
and urban expansion over the past two decades (Brakman 
et al. 2025). This growth, driven by port-related economic 
activity, internal migration, and recent geopolitical factors, 
has led to the development of low-lying coastal plains, 
reclaimed land, and sabkha areas, often without adequate 
drainage or geotechnical planning.

Port Sudan’s topography features a narrow coastal plain 
bordered by the Red Sea Hills, with elevations rising to the 
west. The area consists mainly of flat to gently undulating 
lowlands, interrupted by seasonal wadis and shallow depres-
sions that affect surface runoff and groundwater recharge 
(Andrea Cattarossi et al. 2019). These features increase the 
city’s vulnerability to flash floods, especially during irregu-
lar rainfall (Daoud et al. 2025). The region has a hyper-arid 
climate (BWh, Köppen classification), with mean annual 
rainfall below 100 mm, mostly in winter. Temperatures 
remain high year-round, with summer highs often above 
40°C. Limited rainfall and high evaporation cause chronic 
water scarcity, and groundwater is typically saline and shal-
low, particularly near the coast (Harris et al. 2020; National 
Oceanic and Atmospheric Administration 2025).

The coastal plain of Port Sudan is composed mainly of 
unconsolidated Quaternary sediments, such as gravelly silty 
sands, fine sands, clays, coral reef limestone, and extensive 
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a broad mixing zone exists, controlled by shallow ground-
water levels, tidal forcing, episodic freshwater inflows from 
wadis, and strong evaporative concentration.

The combination of climatic, geological, and hydro-
geological factors makes the area highly susceptible to 
hydro-saline degradation. Shallow saline groundwater, high 
evaporation, and limited vegetation result in persistent sur-
face moisture, salt-crust formation, and a gradual loss of soil 
strength.

3  Materials and Methods

This study uses remote sensing technology alongside land-
use analysis, field calibration, and statistical modeling to 
examine hydro-saline dynamics driven by urban growth in 
Port Sudan, a similar approach to those recognized as effec-
tive for mapping land-use changes in Sudan (Hasoba et al. 
2025; Hawash et al. 2021). Satellite imagery was processed 
to derive salinity and moisture indicators, which were vali-
dated against ground-based electrical resistivity measure-
ments (Dey et al. 2025). Operational thresholds were then 
defined and applied to map hydro-saline affected areas, fol-
lowed by correlation analysis and time-series forecasting to 
evaluate future trends as shown in Fig. 2.

sabkha deposits. These materials have high porosity and 
capillarity, which promote moisture retention and salt accu-
mulation (Al-Imam et al. 2015; Daoud et al. 2025). Engi-
neering and geophysical studies show that the (0–20 m) of 
the subsurface are dominated by unconsolidated silty sands, 
fine sands, and marine or alluvial sediments, underlain by 
fractured and weathered coral reef limestone (Kheiralla and 
Al-Imam 2013). High evaporation, shallow saline ground-
water, and capillary rise contribute to persistent soil mois-
ture and the formation of salt crusts.

Hydrogeologically, Port Sudan is underlain by a shal-
low coastal aquifer strongly influenced by marine intrusion, 
with groundwater levels commonly rising to within 0–5 m 
above mean sea level in coastal and sabkha areas (Elsheikh 
and Elsayed 2015; Siddig et al. 2025) However, elevated 
salinity and electrical conductivity (EC) in Port Sudan can-
not be attributed solely to total dissolved solids (TDS) or 
direct seawater influence. In addition to marine intrusion 
extending approximately 6–8 km inland, salinity patterns 
are intensified by soil–water ionic interactions within evap-
orite-rich sabkha and coastal plain sediments. These depos-
its contain abundant soluble salts (e.g., Na⁺, Cl⁻, SO₄2⁻), as 
well as exchangeable clay-bound ions that can elevate TDS 
values (often exceeding 5000 mg/L near the shoreline) with-
out necessarily reflecting direct seawater salinity (Abdel-
bagi and Mohamed 2024; Taha et al. 2015). In this setting, 
a distinct freshwater–seawater interface is absent; instead, 

Fig. 1  Regional location of the study area showing Port Sudan along 
the western Red Sea coast, major physiographic and hydrogeologi-
cal features. Black dots indicate detailed urban districts, highlighting 

major neighborhoods and peri-urban districts. Red dots represent verti-
cal electrical sounding (VES) measurements
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(e.g., 1 May–31 July 2008; same window applied for sub-
sequent years). No wet-season or post-rainfall imagery was 
included. Similarly, LULC data were treated differently, as 
they represent cumulative annual change; therefore, full-
year datasets (January–December) were used to character-
ize land transformation.

3.2  Salinity and Moisture Indices

3.2.1  Rationale and Formulation

Soil salinity was evaluated using a SWIR-based Salinity 
Index (SI) (Eq.  1), selected over alternative formulations 
(e.g., SI-1, SI-2) due to its enhanced sensitivity to the diag-
nostic spectral responses of halite and evaporitic crusts. This 
index was originally developed and validated under arid 
coastal conditions comparable to those of Port Sudan City, 
particularly in environments analogous to those of Saudi 
Arabia (Elhag 2016). Preliminary tests showed that this 

3.1  Remote Sensing Data Acquisition and 
Preprocessing

Multi-temporal Landsat-7 ETM + , Landsat-8/9 OLI/TIRS 
(L7/8/9), and Sentinel-2 MSI (S2) surface-reflectance imag-
ery were analyzed for nine representative years between 
2008 and 2024. Data were processed using Google Earth 
Engine (GEE) (www.earthengine.google.com), ensuring 
consistent atmospheric correction and cloud masking (< 1% 
cloud cover). Spatial outputs and cartographic layouts 
were finalized in ArcGIS 10.5. Detailed sensor specifica-
tions and product information are summarized in Table 1. 
To ensure that the observed changes in salinity and mois-
ture reflect long-term trends rather than short-term seasonal 
variability, all satellite images used for salinity and mois-
ture analysis were acquired during the same climatological 
window in each observation year. Specifically, L7/8/9 and 
S2 scenes were selected exclusively from the dry season 
(between early May and late July) for all analyzed years 

Table 1  Remote sensing and supplementary datasets used in the present study
Data Source Sensor / Product Spatial Resolution Temporal 

Coverage
Bands Used Purpose in Study Access 

Platform
Landsat-7 ETM +  Collection 2 Tier 1 Surface 

Reflectance
30 m (optical),
60 m (thermal)

2008–2012 Blue, Green, Red, 
NIR, SWIR1, 
SWIR2, TIR

NDVI, NDMI, SI, 
LST, LSE, SMI

Google 
Earth 
Engine 
/ USGS

Landsat-8/9 OLI/
TIRS

Collection 2 Tier 1 Surface 
Reflectance

30 m (optical), 
100 m (thermal)

2014–2024

Sentinel-2 MSI Harmonized Surface Reflectance 10–20 m 2016–2024 Blue, Green, Red, 
NIR, SWIR

MODIS MCD12Q1 Land Cover 250 m 2008–2014 LULC classes Long-term LULC 
trends

NASA

ArcGIS Living 
Atlas

ESA World Cover / Dynamic 
World

10 m 2020–2024 High-resolution 
LULC mapping

ArcGIS 
Online

Field data VES (Electrical Resistivity) Point-based Wenner 
array method

Field check Apparent 
resistivity → EC

Salinity calibration 
& validation

Field 
survey

Solar salt sites Point-based GPS Visual salt crust Threshold 
validation

Fig. 2  Conceptual workflow illus-
trating data sources, processing 
steps, and analytical methods used 
in this study, including multi-
temporal satellite datasets, field 
calibration, statistical analysis, 
and predictive modeling
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LST = BT

1 +
(

λ BT
C2

)
ln (ε) � (4)

BT is top of Atmosphere brightness temperature; λ is the 
effective wavelength of the thermal band (μm) (L9 Band10 
λ = 10.8 and Band11 λ = 12); ε is land surface emissivity 
(LSE); and C2 is the second radiation constant (μm·K):

C2 = (h ∗ c)
k

� (5)

where h is Planck’s constant (6.626 × 10⁻34 J·s), c is the 
speed of light in vacuum (2.998 × 10⁸ m·s⁻1), and k is the 
Boltzmann constant (1.38 × 10⁻23 J·K⁻1). Accordingly, the 
second radiation constant C₂ is equal to 14,388 μm·K.

ε = 0.004PV + 0.986� (6)

PV represents the proportion of vegetation cover derived 
from NDVI.

PV = (NDV I − NDV Imin/NDV Imax − NDV Imin)2� (7)

where NDVImin and NDVImax denote the minimum and 
maximum NDVI values observed within the image, 
respectively.

NDV I = NIR − Red

NIR + Red
� (8)

where Red and NIR are the red and near-infrared reflectance 
bands.

SMI = (LSTmax − LST )/(LSTmax − LSTmin) � (9)

where: LSTmax and LSTmin are the scene-specific dry and 
wet bounds (per acquisition date), and SMI is unitless, rep-
resenting relative surface moisture conditions.

3.2.2  Shallow Direct Current Electrical Resistivity 
Measurements

Shallow subsurface electrical resistivity measurements were 
conducted using a SAS1000 Terrameter (ABEM Instrument 
AB) with a Schlumberger electrode configuration, where 
the current electrodes (A–B) are progressively expanded 
while the potential electrodes (M–N) remain near the array 
center (Dahlin and Zhou 2006; Telford et al. 1990). The sur-
vey employed a current electrode spacing of AB = 3.0 m and 
a potential electrode spacing of MN = 1.0 m. In the Schlum-
berger array, the depth of investigation is mainly controlled 
by the current-electrode separation, yielding an effective 

index minimized background noise from highly reflective, 
sandy desert soils better than traditional square-root com-
binations of near-infrared (NIR) and Red, and it was more 
sensitive to saline surfaces commonly found in sabkha and 
reclaimed coastal terrains (Abuelgasim and Ammad 2019).

SI = SWIR1 . Red/Blue� (1)

Soil moisture conditions were characterized using the Nor-
malized Difference Moisture Index (NDMI), which exploits 
the strong water absorption feature in the SWIR region and 
is effective over sparsely vegetated and bare soils typical 
of arid coastal environments (Metternicht and Zinck 2003). 
NDMI was computed consistently for both L7/8/9 and S2 
imagery using spectrally comparable NIR and SWIR bands 
to enable cross-sensor comparison and temporal continu-
ity (Eq. 2) (Liuzzo et al. 2020). This harmonized formula-
tion minimizes sensor-specific radiometric differences and 
allows moisture patterns derived from different platforms 
to be directly compared across the 2008–2024 time series. 
The combined use of L7/8/9 and S2 therefore provides 
long-term temporal coverage together with improved spa-
tial detail, strengthening the detection of moisture dynamics 
associated with urban expansion. In addition, the Normal-
ized Difference Water Index (NDWI) was derived from S2 
imagery to delineate and mask open water bodies and per-
sistently inundated surfaces (Eq. 3), ensuring that NDMI-
based moisture signals reflect soil and near-surface moisture 
rather than standing water (Bai et al. 2019; Sharma et al. 
2022; E. Wang et al. 2025; J. Wang et al. 2021).

NDMI = NIR − SWIR

NIR + SWIR
� (2)

where NIR is the reflectance in the near-infrared band, and 
Red is the reflectance in the red band.

NDWI = Green − NIR

Green + NIR
� (3)

Land Surface Temperature (LST) (Eq.  4) and Land Sur-
face Emissivity (LSE) – referred to as (ε) in Eq. (6) were 
derived following the Normalized Different Vegetation 
Index (NDVI)-based emissivity approach (Avdan and Jova-
novska 2016; Niclòs et al. 2021; Vanhellemont 2020). Frac-
tional vegetation cover (PV) was computed from NDVI 
(Eqs. 7–8) and used to estimate emissivity. The Soil Mois-
ture Index (SMI) was computed by normalizing LST values 
representing relative surface moisture variability (Appendix 
A: Table 6). The LST calculated following different steps as 
shown in Eqs. 4–9:
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penetration depth of approximately 0.3–0.9 m, appropri-
ate for near-surface salinity and moisture characterization 
(Loke 2004). Apparent resistivity values were calculated 
internally from measurements of injected current resulting 
potential difference ΔV and I. Electrical resistance R was 
computed as (Eq. 10):

R = ∆V

I
� (10)

The apparent resistivity (ρa) was then obtained using the 
Schlumberger geometric factor (K) (Eq. 11):

ρa = K × R� (11)

where the geometric factor was defined as (Eq. 12):

K = π

(
(AB/2)2 − (MN/2)2

MN

)
� (12)

Under favorable electrode contact conditions, the uncer-
tainty associated with apparent resistivity measurements 
is typically within ± 2–5%, which is acceptable for shallow 
environmental and hydro-salinity investigations and does 
not affect the relative interpretation of resistivity patterns 
(Dwamena and Mensah 2026; Telford et al. 1990).

3.2.3  Threshold Determination for Salinity and Moisture

Given the near-zero vegetation cover of the study area (see 
Table 2), the indices primarily reflect the spectral response of 
surface salt crusts, sabkha soils, and moisture-rich sediments 
rather than vegetation effects, enhancing their suitability 
for hydro-saline detection in this arid coastal environment. 
Operational thresholds separating saline from non-saline 
surfaces were established using a combined field-calibrated 
and statistically informed approach. Satellite-derived SI 
values were compared with electrical conductivity (EC, dS 
m⁻1) measurements collected at 24 representative ground 
locations, including Vertical Electrical Sounding (VES) 
measurements and active solar salt production sites distrib-
uted across coastal, reclaimed, and inland zones (see Fig. 1). 
SI values ranged from 1.01 to 1.80, corresponding to EC 
values between 0.13 and 20 dS m⁻1 (Appendix A: Tables 7 
and 8). Linear regression analysis (Appendix A: Figs. 20 and 
21) yielded the following calibration relationship (Eq. 13):

EC = 29.242 × SI − 27.448(R2 = 0.716)� (13)

Based on field verification conducted at 24 representative 
locations in urban and peri-urban districts of Port Sudan, 
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3.3  Land Cover Classification

LULC dynamics were quantified using MODIS land-cover 
products for consistent long-term trend analysis (2008 
to 2018) (Cover and Change 1999), and ArcGIS Living 
Atlas datasets (ESA WorldCover and Dynamic World) 
(2020–2024) for high-resolution spatial mapping. Built-up, 
bare ground, rangeland, vegetation and water classes were 
extracted and summarized as area statistics (km2) for each 
year.

3.4  Field Survey and Calibration

Systematic field observations of surface and structural con-
ditions were recorded across the study area. Areas with 
high SI and EC consistently exhibited surface salt crusts, 
damp soil patches, and darkened moisture bands, indicating 
persistent capillary rise and influence from shallow saline 
groundwater. In built-up and reclaimed zones, these hydro-
saline conditions were associated with progressive dete-
rioration of construction materials. At the structural scale, 
irregular cracking, differential settlement, and foundation 
distress were frequently observed in buildings constructed 
on untreated saline soils.

Ground-based validation was conducted to support the 
calibration and interpretation of satellite-derived salinity 
and moisture indices and to verify their relevance to infra-
structure deterioration processes. Field surveys comprised 
24 VES profiles distributed across representative coastal 
sabkha zones, reclaimed urban areas, and inland back-
ground soils, together with six active solar salt production 
sites characterized by visible salt efflorescence (see Fig. 1 
and Appendix A: Fig. 22).

3.5  Statistical and Predictive Analysis

Pearson’s correlation and linear regression were applied 
to quantify relationships between LULC classes (built-up, 
rangeland, bare ground) and salinity- or moisture-affected 
areas. Future trajectories to 2040 were explored using 
ARIMA time-series forecasting with model selection based 
on AIC minimization and residual diagnostics (Hyndman et 
al. 2025). Forecast uncertainty was reported using 95% pre-
diction intervals, and projections are interpreted as potential 
trends rather than deterministic outcomes, given the limited 
number of observation years. All datasets were analyzed 
and visualized in R (version 4.3) using the “ggplot2” pack-
age (R. Core Team 2024).

including Salalab, Al-Thawra, Walli, Salabona, Korea, Dem 
Mayo, and Iskan (see Appendix A: Fig. 22), where salinity-
related deterioration such as concrete scaling, salt efflores-
cence, reinforcement corrosion, and foundation damage was 
consistently observed, a salinity threshold of SI = 1.10 was 
selected. According to the empirical calibration (Eq.  13), 
this index value corresponds to an electrical conductivity of 
approximately EC = 4.7 dS m⁻1, a level widely recognized 
as aggressive to construction materials under arid coastal 
sabkha conditions (Akça et al. 2020; Peters et al. 2025; 
Salem and Jia 2024). For raster classification, this threshold 
corresponds to a grayscale digital number of DN = 110 in an 
8-bit (0–255) representation, and pixels exceeding this value 
were classified as saline. A corresponding moisture thresh-
old was defined using the SMI. Guided by field observations 
of persistently damp ground surfaces, shallow capillary soil 
moisture zones, and moisture-induced material degradation 
(e.g., plaster peeling and foundation dampness), a grayscale 
threshold of DN = 140 was adopted to delineate high-mois-
ture conditions. Pixels exceeding this value represent areas 
of elevated near-surface moisture, rather than open or stand-
ing water. Both thresholds represent relative intensity levels 
rather than absolute physical boundaries. The SI is derived 
from multispectral reflectance and captures the surface 
expression of salt accumulation, while the SMI is obtained 
through thermal normalization of land surface temperature, 
whereby LST values are scaled between scene-specific dry 
(maximum LST) and wet (minimum LST) surface bounds 
to express relative moisture conditions. This normalization 
highlights spatial contrasts in surface wetness while mini-
mizing sensor- and scene-dependent thermal variability. 
Consequently, the indices emphasize spatial patterns and 
temporal changes, rather than direct laboratory-equivalent 
measurements of electrical conductivity or volumetric water 
content.

To minimize uncertainty associated with transient wet 
conditions, defined here as short-duration surface wet-
ness persisting from hours to several days following rain-
fall or temporary ponding, only cloud-free satellite scenes 
acquired during the complete dry season were used. No wet-
season imagery was included in the analysis. As a result, the 
detected salinity and moisture patterns reflect chronic, struc-
turally relevant hydro-saline conditions controlled by shal-
low groundwater, capillary rise, and soil properties, rather 
than episodic rainfall responses. This thresholding strategy 
follows established practices in arid-region remote sensing, 
where selective yet representative ground validation is used 
to define operational salinity and moisture limits relevant to 
environmental and infrastructure risk assessment (Bannari 
et al. 2018; Boutin et al. 2023; Gao et al. 2025).
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strips, where capillary rise and poor infiltration concen-
trate dissolved salts. In contrast, roads and rooftops often 
appear less saline in surface reflectance because imperme-
able construction materials mask subsurface conditions 
(see Fig. 18 and Appendix A: Fig. 22). This distinction is 
critical for interpretation: while remote sensing captures 
surface expressions of salinity, field evidence confirms that 
subsurface salinity beneath built-up areas continues to drive 
infrastructure deterioration even where surface signals are 
muted.

Soil moisture patterns derived from L7/8/9 NDMI/SMI 
(Fig.  6a–f) show interannual variability but a clear long-
term increase in low-lying drainage systems, flood-prone 
corridors, reclaimed coastal zones, and urban rangelands. 
S2 soil moisture maps highlight localized moisture accumu-
lation along infrastructure boundaries and frequently over-
lap with saline zones, consistent with shallow groundwater 
influence, surface water stagnation, and inefficient urban 
drainage (Fig. 7a–f).

The high-resolution comparison of 2014 and 2024 condi-
tions summarizes the decadal transformation (Figs.  8 and 
9). In 2014, high salinity (SI > 110) was primarily confined 
to coastal sabkhas and poorly drained depressions (Fig. 8a), 
whereas by 2024, salinized areas expanded substantially 
inland, with extensive zones exceeding SI > 130, indicative 
of intensified salt-crust development (Fig.  8b). Moisture 
exhibits a parallel trend: in 2014, high moisture (SMI > 140) 
was largely limited to natural drainage basins (Fig.  9a), 
while by 2024, high-moisture zones expanded into newly 
urbanized and peri-urban spaces, with widespread patches 
exceeding SMI > 160 (Fig. 9b). Importantly, many areas of 
elevated moisture coincide spatially with high salinity, indi-
cating compounded hydro-saline stress conditions that are 
particularly detrimental to building foundations and near-
surface construction materials.

A key urban-scale pattern revealed by S2 is the systematic 
concentration of salinity within transitional strips between 
buildings and adjacent paved roads (Figs. 8b, 9b; see also 
Fig. 18). These strips function as accumulation zones where 
runoff is trapped by impermeable surfaces and salts con-
centrate through capillary-driven processes. Conversely, 
building footprints themselves may exhibit lower surface 
SI values because construction materials (e.g., concrete, 
asphalt, and roofing) mask the spectral reflectance of the 
underlying soil in optical satellite imagery, thereby reduc-
ing the surface expression of salinity. This reflects a known 
limitation of surface-based salinity detection in dense urban 
environments, where subsurface salinity and moisture may 
persist and actively contribute to material deterioration 
despite weak or absent surface spectral responses. Field 
observations of corrosion, foundation cracking, and mate-
rial deterioration in these settings therefore underscore 

4  Results

4.1  Multi-Sensor Detection of Salinity and Moisture 
Dynamics (2008–2024)

To monitor hydro-saline dynamics in Port Sudan, this study 
utilized a multi-sensor, multi-temporal approach, integrating 
L7/8/9 and S2 satellite datasets. This integration optimizes 
the trade-off between temporal depth and spatial granular-
ity. Specifically, the extensive Landsat archive enables the 
observation of decadal-scale shifts (30m), while the superior 
resolution of Sentinel enables the characterization of fine-
scale urban patterns (10m). This dual-scale analysis ensures 
a more robust interpretation of environmental dynamics, 
particularly within complex, densely built environments 
where Landsat’s coarser resolution may be insufficient.

Elevated salinity was largely restricted to coastal sabkha 
and tidally influenced depressions in 2008 (see black box 
and arrows in Fig. 3a). Saline surfaces extended beyond the 
immediate coastal areas, with clear inland expansion toward 
the southern part of the study area by 2012 (Fig. 3b). A com-
parable shift is observed in soil moisture patterns: in 2008, 
higher moisture values were concentrated in nearshore 
lowlands (Fig.  3c), whereas by 2012, moisture extended 
inland toward urbanized southern districts (Fig.  3d). This 
early inland migration indicates increasing surface-water 
retention and declining drainage efficiency associated with 
expanding urban land use.

To ensure objective classification of saline and moist sur-
faces, operational thresholds were defined using a combined 
remote-sensing and field-calibrated approach. High salin-
ity and moisture classes were identified using SI > 110 and 
SMI > 140, respectively (see Eq. 13). The salinity threshold 
(SI = 110) corresponds to approximately 43% of the cumula-
tive SI distribution and marks the transition at which field-
verified saline conditions consistently occur (see Figs.  13 
and 14). Because SI and SMI are unitless, index-based 
measures derived from spectral and thermal responses, they 
represent relative intensity rather than absolute EC or volu-
metric moisture; nevertheless, they provide spatially consis-
tent detection of hydro-saline hotspots and temporal change 
patterns across the study area (see Appendix B).

L7/8/9-derived salinity maps reveal a progressive inland 
migration of salinity from 2014 to 2024 (Fig. 4a–f). Saline 
surfaces increasingly encroach into reclaimed lands, drain-
age corridors, and urban districts, including Salalab, Walli, 
Alexandria, Abu-Hashish, Al-Iskan, Alsafa, Hai Al-Matar, 
industrial zones, the Airport district, and Sallum (see Fig. 1 
and Appendix A: Fig. 22). S2 salinity maps further resolve 
fine-scale urban features and consistently identify elevated 
salinity in narrow open spaces adjacent to roads and building 
blocks (see Fig. 5a–f). These zones act as salt-accumulation 
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drainage lines and topographic depressions, becoming more 
pronounced after 2016 and spatially continuous in the later 
period. Soil moisture exhibits a broadly similar, but more 
temporally dynamic, pattern. In the early years, moisture 
anomalies were sparse and largely restricted to coastal low-
lands (Fig. 3c). In subsequent periods, persistent moisture 
retention emerged in urban corridors, reclaimed lands, and 
expanding rangelands, particularly in low-elevation sectors 
with shallow groundwater and impaired drainage (Fig. 9b).

the importance of interpreting SI and SMI maps alongside 
ground evidence, particularly in highly built-up districts.

Multi-year salinity and moisture maps reveal a coherent 
and progressive trajectory of hydro-saline expansion across 
Port Sudan. Salinity shows a clear inland migration pattern, 
evolving from its initial confinement within coastal sab-
kha environments in the early years (Fig. 3a) toward low-
lying inland and reclaimed zones by 2024 (Fig.  8b). This 
expansion follows elongated pathways aligned with natural 

Fig. 3  Early-period Landsat-based 
hydro-saline conditions in Port 
Sudan showing (a–b) soil salin-
ity for 2008 and 2012 and (c–d) 
soil moisture for 2008 and 2012, 
respectively. Maps are displayed 
using consistent relative index 
scales within each variable to 
illustrate early inland expansion 
trends

 

1 3



Urban Expansion Amplifies Hydro-Saline Processes and Infrastructure Vulnerability in an Arid Coastal City: A…

Fig. 4  Multi-temporal soil salinity 
distribution in Port Sudan derived 
from L8/9 salinity indices for 
(a) 2014, (b) 2016, (c) 2018, (d) 
2020, (e) 2022, and (f) 2024. All 
maps are plotted using a fixed 
color scale to allow direct tempo-
ral comparison
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Fig. 5  Multi-temporal soil salinity 
distribution in Port Sudan derived 
from S2 salinity indices for years 
(a) 2014, (b) 2016, (c) 2018, (d) 
2020, (e) 2022, and (f) 2024
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reflecting better natural drainage and lower groundwater 
influence.

4.2  LULC Change Detection (2008–2024)

LULC maps for Port Sudan (Fig. 10a–f) classify the land-
scape into built-up areas, bare soil, rangeland, and vegetation 

A key spatial characteristic is the frequent co-occurrence 
of high salinity and high moisture in reclaimed and low-
lying urban zones. This overlap indicates coupled hydro-
saline processes, whereby sustained moisture availability 
enhances salt mobilization, capillary rise, and surface accu-
mulation. In contrast, elevated and undeveloped inland areas 
display weaker and less persistent hydro-saline signatures, 

Fig. 6  Multi-temporal soil mois-
ture distribution in Port Sudan 
derived from Landsat SMI for 
(a–f) 2014–2024. Maps use a con-
sistent relative moisture scale to 
illustrate progressive expansion of 
moisture-retention zones, includ-
ing years influenced by anomalous 
rainfall events
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to the historic urban core in 2014, including the City Cen-
ter, Salalab, Falamingo, and Althawra (Fig.  10a; loca-
tions shown in Fig. 1). By 2016–2018 (Fig. 10b–c), urban 
expansion became evident along major transportation cor-
ridors and near industrial zones, with progressive conver-
sion of bare soil and marginal rangeland into built-up land, 

(trees/crops), excluding water bodies, which exhibit negli-
gible temporal change. The sequence of maps reveals a clear 
transition from a landscape dominated by bare soil to an 
increasingly fragmented mosaic characterized by expanding 
built-up and rangeland classes. Bare soil dominated most 
of the study area, while built-up land was largely confined 

Fig. 7  Sentinel-2 NDMI–derived 
soil moisture distribution for the 
same years as Fig. 6, showing 
enhanced spatial detail within 
urban and reclaimed areas

 

1 3



Urban Expansion Amplifies Hydro-Saline Processes and Infrastructure Vulnerability in an Arid Coastal City: A…

expanded from 8.1% to 41.8%, largely replacing previously 
undeveloped barren surfaces. Temporal trends in these 
LULC transitions are further illustrated in the appendix 
(B and C), which supports the spatial observations derived 
from the map series. These LULC transformations pro-
vide the essential land-surface context for interpreting the 
concurrent inland expansion of soil salinity and moisture 
dynamics, particularly within reclaimed, peri-urban areas, 
and infrastructure-dense zones (Appendix C: Figure C4).

particularly in areas such as Alexandria, the Ring Road, 
and Filip. From 2020 onward (Fig.  10d–f), urban growth 
accelerated markedly, extending into eastern and southwest-
ern sectors of the city, including Alsafa, Hai-Almatar, the 
Airport district, and newly developed industrial areas. Over 
the same period, rangeland expanded substantially, reflect-
ing both peri-urban growth and land conversion into semi-
developed and grazing zones.

Quantitative analysis of LULC changes between 2008 
and 2024 confirms this spatial pattern (see Table 2). Built-up 
areas increased from approximately 6.5% of the study area 
in 2008 to about 13% in 2024, while bare ground declined 
sharply from 60.2% to 21.9%. In contrast, rangeland 

Fig. 8  (a) Landsat-derived soil 
salinity index (SI) map for 2014, 
showing city-scale salinity 
distribution dominated by coastal 
sabkha and low-lying areas; (b) 
Sentinel-2–derived SI map for 
2024. The main panel shows 
city-scale inland expansion of 
salinity, while the inset illustrates 
a zoomed urban district where 
salinity concentrates within tran-
sitional strips between buildings 
and adjacent paved roads. Lower 
SI values over rooftops reflect 
spectral masking by construction 
materials rather than the absence 
of subsurface salinity
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sectors (Fig. 11a–b). By 2018, salinity encroached into bare 
ground areas undergoing conversion to built-up land and 
rangeland (Fig. 11c–d). In 2024, salinity reached its maxi-
mum inland extent, intersecting extensively with expanding 
urban and industrial development, especially in reclaimed 
coastal areas and along transport corridors (Fig.  11e–f). 
This temporal sequence supports a causal interpretation: 
expansion into saline-prone terrain, combined with surface 
modification, increases the exposure of infrastructure and 
near-surface soils to salinization.

Soil moisture shows similar spatial and temporal patterns 
(Fig. 12). In 2014, higher moisture was mainly found along 

4.3  Urban Expansion as a Driver of Hydro-Saline 
Intensification

The integrated LULC–salinity–moisture maps for 2014, 
2018, and 2024 provide direct spatial evidence that urban 
expansion is closely associated with hydro-saline intensi-
fication (Figs. 11 and 14). Comparative overlays of salin-
ity and moisture patterns with LULC reveal a progressively 
stronger spatial relationship between land conversion and 
hydro-saline intensification. In 2014, high-salinity zones 
were primarily located in coastal sabkha and bare-soil 

Fig. 9  (a) Landsat-derived soil 
moisture distribution for 2014, 
highlighting moisture primarily 
within coastal depressions and 
drainage pathways; (b) Senti-
nel-2–derived soil moisture dis-
tribution for 2024. The city-scale 
map shows expanded moisture-
affected zones, while the inset 
reveals localized accumulation 
along infrastructure boundaries 
and exposed soil margins between 
buildings and roads. These pat-
terns reflect impaired drainage and 
shallow groundwater influence in 
newly urbanized areas
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roads and densely developed regions (Fig.  12e–f), where 
impermeable surfaces increase runoff and subsurface water 
retention. Figure 13a–b confirms this trend, showing faster 
inland movement and intensification of hydro-saline con-
ditions caused by urban growth, drainage disruption, and 
the combined effects of extreme rainfall and coastal tides. 
These factors increase waterlogging, promote capillary rise, 
and worsen hydro-saline vulnerability, directly affecting 
environmental stability and foundation performance.

An integrated combination of salinity and moisture con-
ditions (Fig.  14) overlays built-up areas (black polygons) 
with threshold salinity (SI > 110) and moisture (SMI > 140) 
to consistently identify affected zones over time. Through-
out the observation period, elevated salinity and moisture 

drainage paths and wadis. Built-up areas showed limited 
surface moisture due to impervious roofs and paved roads, 
which suppress optical moisture signals and change infiltra-
tion routes (Fig. 12a–b). To minimize the effect of short-term 
extreme rainfall, a different acquisition month was selected 
for 2018. Even with this change, moisture levels remained 
high (Fig. 12c–d), especially on bare ground, in reclaimed 
coastal areas, and in growing residential zones. This persis-
tence indicates that increased moisture is due not only to 
episodic rainfall but also to long-term hydrological changes, 
such as rising shallow groundwater, reduced drainage effi-
ciency, and recent climate anomalies characterized by more 
intense and irregular precipitation. By 2024, high-moisture 
areas extended further inland and became more common in 

Fig. 10  LULC maps of Port Sudan 
from (a) 2014; (b) 2016; (c) 2018; 
(d) 2020; (e) 2022; to (f) 2024 
showing progressive expansion of 
built-up areas and rangeland and 
corresponding reduction of bare 
soil, derived from Landsat and 
ArcGIS Living Atlas datasets
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between land-use transformation and soil degradation. The 
persistent spatial overlap of newly urbanized areas with 
elevated salinity and moisture demonstrates that surface 
sealing, drainage disruption, and altered runoff pathways 
are primary mechanisms influencing hydro-saline dynamics 
in Port Sudan.

consistently coincide with coastal districts and expansion 
fronts, including Abu-Hashish, Salalab, Hai-Almatar, and 
newly developed infrastructure corridors (Fig.  14a–d). 
These patterns indicate that the conversion of bare ground to 
built-up and rangeland classes systematically shifts hydro-
saline conditions inland, reinforcing the causal relationship 

Fig. 11  Comparative maps illus-
trating the spatial correspondence 
between soil salinity and LULC 
change for 2014, 2018, and 2024. 
Panels (a, c, e) show satellite-
derived SI distributions, while 
panels (b, d, f) depict correspond-
ing LULC classifications for the 
same years highlighted zones 
where progressive urban expan-
sion and land conversion coincide 
with increasing salinity intensity, 
particularly within reclaimed 
coastal areas, transportation cor-
ridors, and peri-urban districts
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dynamics in Port Sudan. During this period, salinity-affected 
areas increased substantially from approximately 1.7 km2 
in 2008 to 87.6 km2 in 2024, while moisture-affected areas 
expanded from a negligible extent to about 5 km2 (see 
Table  2). These shifts coincided with the rapid growth of 

4.4  Statistical Relationships Between LULC, Soil 
Salinity, and Moisture

Quantitative analysis of land use and land cover (LULC) 
change from 2008 to 2024 reveals a strong statistical asso-
ciation between landscape transformation and hydro-saline 

Fig. 12  Comparative maps show-
ing the relationship between soil 
moisture distribution and LULC 
change for 2014, 2018, and 2024. 
Panels display satellite-derived 
SMI patterns (a-c-e) alongside 
corresponding LULC maps (b-d-
f) for each year
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indicates a non-linear response, whereby salinity increases 
modestly during early stages of urban expansion but rises 
disproportionately once built-up and rangeland coverage 
exceed a critical proportion of the landscape. This thresh-
old-like behavior reflects cumulative disruption of drainage 
pathways and enhanced capillary-driven salt migration in 
shallow soils. The strong correlation with rangeland fur-
ther suggests that peri-urban expansion into marginal lands 
contributes to salinization by disturbing shallow soils and 
enhancing upward salt transport.

built-up and peri-urban land cover, suggesting a direct rela-
tionship between urbanization and soil degradation.

Figure 15a shows that soil salinity is strongly and posi-
tively correlated with built-up area (R2 ≈ 0.82) and range-
land (R2 ≈ 0.77), and strongly and inversely correlated 
with bare ground (R2 ≈ 0.81). This pattern indicates that 
replacing naturally draining, barren surfaces with imper-
vious or semi-impervious land cover alters surface runoff, 
reduces infiltration, and promotes salt accumulation in adja-
cent soils. Importantly, the scatter distribution in Fig. 15a 

Fig. 13  Integrated spatial overlays of soil salinity of years (a) 2008; (b) 2024; and soil moisture with built-up areas for (c) 2008; (d) 2024, Red 
areas indicate pixels exceeding calibrated thresholds (SI > 110; SMI > 140), highlighting long-term inland expansion
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moisture signals beneath paved surfaces. Unlike salinity, 
moisture responds more gradually to land-cover change, 
increasing progressively rather than abruptly. Nevertheless, 
the positive correlation indicates that urban growth increases 
surface and near-surface water retention, especially in low-
lying and reclaimed areas with limited drainage.

In contrast, soil moisture demonstrates a moderate yet 
consistent correlation with built-up expansion (R2 ≈ 0.63; 
as summarized in Fig. 15b and Table 3). The comparatively 
weaker and more gradual response reflects the combined 
effects of episodic rainfall, localized water stagnation, 
shallow groundwater conditions, and partial masking of 

Fig. 14  Comparison of combined salinity 
and moisture intensity zones for the year 
2024, illustrating strong spatial coupling 
between urban expansion and hydro-saline 
processes
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altered surface hydrological behavior, favoring moisture 
retention and salinity accumulation.

The correlation matrix (Fig. 16) supports these results, 
revealing a strong association between built-up area and 
salinity (r = 0.92) and a moderate-to-strong association with 
soil moisture (r = 0.73). The close relationship between 
salinity and moisture (r = 0.76) suggests that shallow 

Inter-LULC correlations further highlight the intensity 
of land conversion processes. Built-up area and rangeland 
display a very strong positive correlation (R2 ≈ 0.94), while 
bare ground shows a near-perfect inverse relationship with 
rangeland (R2 ≈ 0.98), confirming that urban and peri-
urban expansion occurred predominantly at the expense of 
undeveloped barren land. These transitions fundamentally 

Fig. 15  Temporal relationships between soil salinity vs LULC param-
eters (a) bare ground; (b) build-up areas; (c) rangeland; (d) soil 
moisture relationship with (d) bare ground; (e) build-up areas; and 

(f) rangeland, showing statistically significant positive correlations 
between built-up expansion and hydro-saline intensification
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responses occur along reclaimed coastal zones, transporta-
tion corridors, and peri-urban expansion fronts. These find-
ings provide consistent statistical and spatial evidence that 
urban expansion is a primary driver of hydro-saline intensi-
fication in Port Sudan.

Absolute and relative changes in land use and land cover, 
soil salinity, and soil moisture between 2008 and 2024 are 
summarized in Table 4 and visualized in Fig. 17 to synthe-
size the magnitude of landscape transformation and hydro-
saline intensification. The findings indicate a substantial 
reorganization of the coastal urban system. Built-up areas 
nearly doubled, increasing by approximately 65 km2 (about 
99%), while bare ground declined by roughly 388 km2 
(about 64%), reflecting extensive conversion of naturally 
draining surfaces into urban and peri-urban (Fig. 17a and b). 
Rangeland experienced the largest proportional expansion, 
increasing by more than 340 km2 (about 415%), suggest-
ing outward urban and peri-urban growth into previously 
undeveloped terrain. These land transformations were 
accompanied by disproportionate increases in hydro-saline 
stress. Salinity-affected areas expanded from 8.12 km2 to 
40.36 km2 representing an increase of nearly 400%, while 
moisture-affected areas more than doubled, increasing by 
approximately 125 km2 (about 104%). In contrast, open 
water bodies exhibited negligible change (less than 0.1%), 
confirming that the observed trends are attributable to sub-
surface and near-surface hydro-saline processes rather than 
surface water expansion.

The relative increase in soil salinity is significantly 
greater than that of built-up areas, indicating a non-linear 
response of soil systems to urban expansion (Fig. 17c). This 
amplification results from the combined effects of increased 
surface sealing, altered runoff pathways, shallow saline 

groundwater rise and inefficient drainage in newly urban-
ized and reclaimed areas intensify salt accumulation. Spatial 
analysis using salinity and moisture maps (Figs. 9, 13, and 
14) demonstrates that the most pronounced hydro-saline 

Table 4  Absolute and percentage changes of LULC and soil salinity 
and moisture from 2008 to 2024
Variable (km2) 2008 2024 Absolute 

change km2
Per-
cent 
change

Built-up area 65.87 131.13 65.26 99.08
Bare ground 608.81 221.29 -387.53 -63.65
Rangeland 82.06 422.43 340.38 414.80
Soil salinity 8.12 40.36 32.24 397.04
Soil moisture 120.15 245.49 125.34 104.32
Water 254.98 255.18 0.20 0.08

Fig. 16  Correlation heat-map illustrating relationships among LULC 
classes, soil salinity, and moisture across the study period

 

Predictor 
Variable 
(km2)

LULC 
Class

Regression 
Equation

R2 Relationship Remarks

Soil 
Salinity

Bare ground y = 760 − 13.8x 0.81 Strong negative Progressive loss of naturally 
draining barren surfaces reduces 
salt dispersion capacity

Built-up y = 42.2 + 2.05x 0.82 Strong positive Expansion of impervious surfaces 
promotes salt accumulation 
through disrupted drainage

Rangeland y =  − 56.9 + 12.0x 0.77 Strong positive Peri-urban land disturbance 
enhances shallow soil salinization

Soil 
Moisture

Bare ground y = 909 − 2.91x 0.49 Moderate 
negative

Decline reflects conversion of 
open surfaces to partially sealed 
land cover

Built-up y = 11 + 0.491x 0.63 Moderate 
positive

Increased surface sealing and 
localized water stagnation 
enhance moisture retention

Rangeland y =  − 194 + 2.59x 0.48 Moderate 
positive

Soil disturbance and low drain-
age efficiency favor moisture 
accumulation

Table 3  Linear regression rela-
tionships between soil salinity, 
soil moisture, and LULC classes 
in Port Sudan (2008–2024)
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conditions accelerate corrosion and reduce load-bearing 
capacity. The Salalab district (Fig. 18b) is among the most 
severely affected areas, where persistent waterlogging and 
saline groundwater are associated with elevated salinity and 
moisture indices. Extensive sabkha deposits cover much of 
the coastal plain (Fig. 18c), particularly in rapidly urbaniz-
ing and port-adjacent regions. In these environments, dete-
rioration extends beyond buildings to include surrounding 
infrastructure such as pavements, boundary walls, and road 
shoulders, all of which display widespread cracking, defor-
mation, and surface disintegration (Fig. 18d–e), consistent 
with prolonged hydro-saline stress.

At the material scale, reinforced concrete structures 
exhibit severe corrosion of steel reinforcement due to 

groundwater, and inefficient drainage in reclaimed and low-
lying areas.

4.5  Implications for Built-Up Areas and 
Infrastructure Exposure

Field investigations in Port Sudan indicate that regions 
identified by remote sensing as hydro-saline hotspots con-
sistently exhibit significant material deterioration and struc-
tural instability, particularly in low-lying sabkha terrain and 
reclaimed coastal zones. These environments are defined by 
sulfate- and chloride-rich evaporitic soils such as gypsum 
and halite, inadequate drainage, shallow saline groundwater, 
and pronounced capillary rise (Fig. 18a). Collectively, these 

Fig. 17  Synthesis of (a) absolute; 
(b) relative changes in LULC; (c) 
salinity and moisture, highlighting 
the disproportionate amplification 
of hydro-saline stress relative to 
urban expansion
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the distribution of ground evidence across coastal, urban, 
reclaimed, and peri-urban zones.

These field observations correspond spatially to areas 
with high salinity and moisture indices in the L7/8/9 and S2 
maps. Although impervious roofs and paved surfaces may 
locally suppress the surface spectral expression of salinity, 
salts accumulate in adjacent open strips and beneath foun-
dations. This confirms that remote sensing detects the sur-
face manifestation of a more extensive subsurface process.

4.6  Predictive Trends Under Continued Urban 
Growth (2008–2040)

Predictive analysis using ARIMA time-series modeling 
extends the observed LULC and hydro-saline trends from 
2008–2024 to 2040 (Table 5). The forecasts indicate con-
tinued urban expansion, with built-up areas projected to 
exceed approximately 200 km2 (≈20% of the total study 

chloride and sulfate ingress (Fig. 18f–g). Repeated cycles 
of salt dissolution and crystallization generate crystalliza-
tion pressures within pores and micro-fractures, resulting 
in progressive failure of protective coatings, plaster detach-
ment, blistering, scaling, and ultimately spalling. The loss of 
concrete cover exposes reinforcement, thereby accelerating 
corrosion and structural degradation.

At the structural scale, prolonged exposure to salinity and 
moisture reduces soil strength and bearing capacity, result-
ing in differential settlement, foundation misalignment, and 
irregular cracking of walls and slabs (Fig. 18h). In severe 
cases, especially where construction was undertaken on 
untreated hydro-saline ground without sufficient geotech-
nical mitigation, partial to complete structural collapse has 
been documented in residential, industrial, and public build-
ings (Fig. 18i). The spatial representativeness of field obser-
vations is illustrated in Appendix A: Fig. 22, which shows 

Fig. 18  Field evidence of hydro-saline deterioration and structural 
distress in Port Sudan’s coastal, reclaimed, and peri-urban zones, 
corresponding to salinity and moisture hotspots identified in satellite 
analysis. (a) Surface salt crusts and efflorescence developed on sabkha 
ground due to capillary rise and intense evaporation; (b) excavations 
exposing moist, saline–alkaline soils indicative of shallow ground-
water and inefficient drainage; (c) widespread moisture discoloration 
and early-stage surface degradation affecting pavements and exposed 

ground; (d-e) reinforced concrete deterioration characterized by spall-
ing (contour scaling) and loss of concrete cover, exposing corroded 
steel reinforcement; (e) lower-wall damage including efflorescence, 
blistering, and peeling of plaster associated with rising damp and salt 
crystallization; (f-g) foundation-level deformation expressed as crack-
ing and differential settlement in low-lying structures; (h-i) advanced 
structural failure manifested as fragmentation and partial to complete 
collapse of buildings constructed on untreated hydro-saline ground
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rather than deterministic outcomes, highlighting the direc-
tion and relative magnitude of change under prevailing 
development patterns.

5  Discussion

5.1  Urbanization–Hydro-Saline Feedbacks in Arid 
Coastal Region

The multi-temporal geospatial analysis conducted in this 
study reveals clear and evolving relationships among LULC 
dynamics, soil salinity, and soil moisture patterns in Port 
Sudan over the period from 2008 to 2024. The findings 
point to a strong spatial and temporal correlation between 
urban expansion and increased environmental stress, par-
ticularly in terms of salinity intrusion and soil moisture 
accumulation, especially, the expansion of built-up areas, 
especially between 2018 and 2024, appears to be a major 
driver of salinity and moisture variability (Daoud et al. 
2025; Hawash et al. 2021). High-resolution salinity maps 
derived from S2 imagery identified distinct zones of ele-
vated salinity between paved roads and adjacent buildings. 
While roads and rooftops themselves showed low salinity 
values due to their impermeable surfaces, these paved struc-
tures alter the natural hydrological flow, leading to localized 
salt accumulation in the unpaved strips between them. This 
phenomenon is exacerbated by shallow saline groundwater 
and the widespread use of desalinated water in households, 
where concentrated brine effluents are often discharged 

area) by 2040 (Fig.  19a). In contrast, bare ground is 
expected to decline below 150 km2 (Fig. 19b), while range-
land may expand beyond 500 km2, reflecting sustained 
land-use redistribution associated with urban expansion and 
peripheral landscape transformation (Fig.  19c). Environ-
mental projections show a parallel intensification of hydro-
saline conditions. Areas affected by elevated soil salinity 
are projected to surpass 150 km2 by 2040 (Fig. 19d), while 
soil moisture exhibits a persistent upward trend, reaching 
approximately 300–340 km2 within the 95% confidence 
intervals (Fig. 19e). These trajectories indicate that salinity 
expansion is more spatially extensive than the increase in 
moisture, but both variables continue to respond positively 
to ongoing land-use transformation.

The ARIMA forecasts assume continuation of recent 
growth rates and do not explicitly account for future changes 
in population dynamics, economic activity, or mitigation 
measures (see Appendix C: Tables 11 and 12). Accordingly, 
the projections should be interpreted as potential trajectories 

Table 5  Observed (2024) and forecasted (2030–2040) areal extents of 
major land-use/land-cover classes and hydro-saline processes, with 
associated 95% confidence ranges for 2040 projections
Variable 2024 

Observed 
(km2)

2030 
Forecast 
(km2)

2040 
Forecast 
(km2)

95% Confi-
dence Range 
(2040)

Built-up Area 131.13 160.50 195.00 180–210
Bare Ground 221.29 170.00 120.00 100–140
Rangeland 422.43 450.00 480.00 460–510
Soil Salinity 40.36 85.00 150.00 135–165
Soil Moisture 245.49 280.00 320.00 300–340

Fig. 19  Time series forecasting to 2040 for (a) built-up area; (b) bare ground; (c) rangeland; (d) soil salinity; and (e) soil moisture. Projections 
represent the continuation of observed trends under current land-use trajectories and are not deterministic forecasts
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satellite indices primarily capture surface expressions, field 
evidence demonstrates that subsurface salinity and mois-
ture continue to affect foundations even where rooftops and 
asphalt mask the surface reflectance.

5.3  LULC Controls on Salinity and Moisture 
Dynamics

Statistical analysis confirms that land-use transformation 
is tightly linked to environmental degradation. The strong 
positive correlations between built-up expansion and salin-
ity (r ≈ 0.82) and moisture (r ≈ 0.76), together with the 
strong negative relationship between bare ground and both 
parameters (see Fig. 15a-b), demonstrate that replacing nat-
ural, permeable surfaces with impervious or semi-pervious 
land covers fundamentally alters soil–water interactions. 
Rangeland expansion, often occurring at the urban fringe, 
also shows a positive association with salinity and mois-
ture. This reflects conversion of marginal lands underlain 
by shallow groundwater, where grazing areas often lack 
drainage infrastructure and become secondary accumula-
tion zones. In contrast, undeveloped barren areas away 
from urban influence consistently exhibit lower salinity and 
moisture, underscoring the dominant role of anthropogenic 
modification over regional climate alone.

5.4  Integrated Interpretation: Environmental 
Implications for Coastal Urban Systems

The integrated interpretation of LULC, soil salinity, and 
soil moisture dynamics highlights a complex interaction 
between human-induced urbanization and natural coastal 
processes in Port Sudan. The observed spatiotemporal 
patterns suggest that urban expansion has contributed to 
the coastal hydro-salinization balance, intensifying salt 
migration, surface water retention, and subsurface degra-
dation. These processes are driven by the proliferation of 
impervious surfaces, reduced infiltration capacity, and the 
rerouting of natural drainage systems, collectively disturb-
ing the equilibrium among soil, groundwater, and surface 
hydrology. Consequently, built-up areas have become both 
agents and victims of salinization promoting conditions that 
degrade their own structural foundations.

From an environmental perspective, these findings 
underscore the vulnerability of arid coastal cities where 
rapid urban development intersects with fragile geomor-
phological settings (Abd El-Hamid et al. 2023; Nguyen et 
al. 2024). Port Sudan’s coastal corridor, underlain by shal-
low saline groundwater and sabkha deposits, is particularly 
sensitive to anthropogenic modification. The conversion of 
natural sabkha and bare ground into urban zones has not 
only reduced natural drainage but also enhanced capillary 

into the ground. Such practices contribute significantly to 
salt buildup in urban soils (Thiam et al. 2021; Zeyada et al. 
2023).

The apparent mismatch between remotely sensed surface 
salinity and actual structural deterioration observed in the 
field further emphasizes the need for integrated analysis 
(Daoud et al. 2025; Dinnat et al. 2019; Reul et al. 2020). 
Buildings that appeared unaffected in satellite imagery were, 
in fact, exhibiting signs of material degradation, including 
corrosion of steel reinforcements, foundation erosion, wall 
cracking, and surface scaling (see Figs. 13 and 15). These 
damages are most prominent in districts with poor drain-
age and persistent waterlogging, where saline water inter-
acts chemically with construction materials. Field surveys 
confirmed that 24 districts (see Fig. 1b), including Center, 
Hai-Almatar Salalab, Al-Thawra, and Abu-Hashish are 
high-vulnerability zones for construction due to a combina-
tion of elevated soil salinity, high moisture retention, and 
inadequate infrastructure planning.

5.2  Linking Remote-Sensing Indicators with Field-
Observed Infrastructure Deterioration

Field surveys confirm that areas identified by satellite analy-
sis as hydro-saline affected correspond to zones of active 
material deterioration and geotechnical instability. In Port 
Sudan sub-districts such as Salalab, Alsouq Alshaabi, and 
peri-urban industrial zones, shallow saline groundwater 
combined with persistent moisture enhances capillary rise 
and evaporite accumulation. These processes are expressed 
in the field as salt crusts, efflorescence, damp bands, and 
prolonged waterlogging, consistent with deterioration pat-
terns defined by (Vergès-Belmin 2008).

At the material and structural scale, repeated salt disso-
lution–crystallization cycles accelerate degradation of con-
struction materials, progressing from surface peeling and 
blistering to scaling, concrete spalling, reinforcement corro-
sion, cracking, differential settlement, and, in severe cases, 
partial or total structural collapse (Nguyen et al. 2024; 
Rijniers et al. 2005; Yang et al. 2025; Zhang et al. 2024) 
(see Fig. 15). The spatial coincidence between these dam-
age patterns and satellite-derived zones of high salinity and 
moisture confirms the relevance of remote sensing for identi-
fying infrastructure risk areas. However, field evidence also 
shows that subsurface salinity and moisture can continue 
to degrade foundations even where paved surfaces obscure 
surface expressions, reflecting the hydrologic impacts of 
urban impervious cover (Weng 2012). Similar hydro-salin-
ity–driven deterioration mechanisms have been reported in 
other arid coastal cities built on sabkha and reclaimed land, 
reinforcing the broader applicability of these findings (Hou 
and Rusuli 2022; Jamali et al. 2020; Saad et al. 2024). While 
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Consequently, the ARIMA-based projections should be 
interpreted as indicative trajectories under current land-use 
and environmental conditions rather than as deterministic 
forecasts.

A significant methodological limitation involves the 
scale dependency and physical interpretation of satellite-
derived salinity and moisture indices. Optical indices pri-
marily capture relative surface conditions and are highly 
sensitive to sensor spatial resolution and land-cover hetero-
geneity. In densely built urban environments, impermeable 
materials such as asphalt and concrete obscure soil exposure 
and reduce the spectral expression of saline and moisture-
affected substrates. Mixed-pixel effects at coarser spatial 
resolutions, particularly in Landsat imagery, further weaken 
localized hydro-saline signals by integrating multiple sur-
face types within individual pixels. While the higher spatial 
resolution of Sentinel-2 improves the delineation of salinity 
and moisture patterns, under-representation persists in com-
pact urban cores where exposed soil is limited and shadow-
ing effects are substantial. Field calibration indicates that 
these effects are most pronounced in dense built-up areas, 
whereas correspondence between satellite indices and 
ground observations improves in open and peri-urban zones 
with greater soil exposure. Employing Landsat for temporal 
continuity, Sentinel-2 for spatial refinement, and targeted 
field surveys mitigate but do not eliminate scale-related 
uncertainty. This confirms that remote sensing slightly 
under-represents hydro-saline severity in dense urban cores, 
a limitation explicitly acknowledged and mitigated through 
targeted field verification, while optical data can capture 
surface patterns and can improve subsurface salinity and 
moisture estimation (Chaaou et al. 2025).

A further limitation arises from the semi-quantitative 
nature of the salinity and moisture indices employed. These 
indices are unitless and reflect relative intensity rather than 
absolute physical parameters such as electrical conductiv-
ity or volumetric water content. Although classification 
thresholds were calibrated using field-verified salt-affected 
sites, ground measurements were collected infrequently and 
do not fully capture the temporal variability present in the 
satellite record. Consequently, the resulting maps should 
be interpreted as relative indicators of hydro-saline stress 
rather than as laboratory-equivalent measurements, which 
restricts direct comparison with standard soil salinity clas-
sifications used in agronomic or geotechnical contexts. 
Converting these indices into quantitative estimates would 
require systematic, multi-season field sampling, laboratory 
analyses, and the development of empirical or data-driven 
calibration models that integrate spectral, thermal, and 
terrain variables. Incorporating complementary datasets, 
such as SAR-based moisture proxies or near-surface geo-
physical conductivity measurements, could further enhance 

salt rise and surface crusting. Over time, such changes can 
lead to secondary salinization of surrounding ecosystems, 
with consequences for vegetation health, soil fertility, and 
biodiversity in adjacent rangelands and peri-urban areas 
(see Fig. 15).

The urban-environmental feedback observed here also 
carries important implications for infrastructure sustainabil-
ity. Structural degradation, such as corrosion, cracking, and 
foundation instability, is not merely a result of surface salin-
ity but reflects deeper hydrological and geochemical trans-
formations in the subsurface environment. The coexistence 
of elevated soil moisture and salinity amplifies deterioration 
rates of construction materials, shortening the service life 
of roads, buildings, and drainage systems (Yang et al. 2025; 
Zhang et al. 2024). Without adequate mitigation, these con-
ditions may escalate maintenance costs and limit the lon-
gevity of newly developed urban sectors. In dense urban 
environments, direct assessment of subsurface soil condi-
tions beneath buildings is not feasible using optical satellite 
data alone. In this study, hydro-saline conditions beneath 
built-up areas are not assumed directly but are inferred from 
spatially adjacent exposed soils, transitional strips between 
buildings and roads, shallow groundwater conditions, and 
consistent field evidence of material degradation (e.g., cor-
rosion, efflorescence, foundation cracking). This inference 
is supported by the continuity of soil units, shallow ground-
water depths, and capillary-driven salt migration typical of 
sabkha and reclaimed coastal settings.

At a broader scale, the Port Sudan case exemplifies 
challenges common to many coastal urban systems in arid 
regions. Climate variability, rising sea levels, and increased 
reliance on desalinated water (with brine discharge into the 
ground) compound local salinization processes. Integrated 
management approaches linking remote sensing, hydrologi-
cal modeling, and urban planning are therefore essential for 
designing adaptive infrastructure and sustainable land use 
strategies. Implementing green infrastructure, improving 
drainage efficiency, and enforcing urban zoning regulations 
that account for subsurface salinity exposure could signifi-
cantly mitigate future degradation.

5.5  Limitations and Future Considerations

Although this multi-temporal geospatial analysis provides 
important insights, several limitations must be acknowl-
edged when interpreting the results. The multi-year satellite 
archive facilitates the assessment of spatiotemporal trends; 
however, the limited number of observation dates restricts 
the robustness of long-term predictive modeling. Sparse 
temporal sampling increases uncertainty in trend extrapola-
tion and diminishes the reliability of advanced forecasting 
methods, which require dense and continuous time series. 
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to subsurface salinity accumulation despite limited surface 
spectral signals. Field observations corroborate that these 
conditions lead to significant impacts on infrastructure, 
including foundation settlement, wall cracking, corrosion of 
steel reinforcement, and progressive concrete deterioration. 
Statistical analyses further support these findings, reveal-
ing strong positive correlations between built-up expansion 
and salinity (r = 0.82) and moisture (r = 0.76), as well as a 
marked negative relationship between urban growth and 
bare ground (r =  − 0.81).

Time-series modeling suggests that, if current develop-
ment patterns continue, urban expansion and associated 
hydro-saline stress will likely intensify through 2040, espe-
cially in low-lying and reclaimed coastal sectors. These 
trends have significant implications for the long-term sus-
tainability of infrastructure, urban resilience, and environ-
mental health in Port Sudan and comparable arid coastal 
cities. The identified feedback loop among land-use trans-
formation, salinization, and moisture retention underscores 
the necessity for integrated planning strategies that include 
soil and groundwater monitoring, enhanced drainage design, 
and construction practices that account for salinity risks.

Future research should emphasize more frequent tempo-
ral monitoring, multi-season field measurements of electri-
cal conductivity and soil moisture, and the integration of 
complementary datasets, including SAR-based moisture 
indicators and near-surface geophysical surveys, to improve 
subsurface detection. Incorporating machine learning, deep 
learning, and process-based hydrological models, supported 
by expanded ground calibration, would further enhance 
predictive capabilities. This study establishes a transfer-
able, field-calibrated framework for assessing hydro-saline 
risks in rapidly urbanizing arid coastal environments and 
offers a scientific foundation for risk-informed urban plan-
ning, climate adaptation, and sustainable infrastructure 
management.

Appendix A

Soil Salinity and Moisture Calculation

See Tables 6, 7 and 8, Figs. 20, 21 and 22.

sensitivity to subsurface salinity that optical sensors cannot 
detect beneath sealed urban surfaces.

Future studies should integrate detailed geotechnical and 
geochemical investigations to quantify subsurface salin-
ity beneath built-up areas, including borehole-based soil 
sampling, laboratory analyses of soluble salts (Cl⁻, SO₄2⁻, 
Na⁺, Mg2⁺), cation exchange capacity in clay-rich layers, 
and continuous groundwater EC monitoring. Such data 
would allow direct validation of remotely inferred hydro-
saline conditions and improve engineering design criteria 
for foundations and infrastructure in coastal urban envi-
ronments. Coupling these measurements with geophysical 
methods (e.g., electrical resistivity tomography) and SAR-
based moisture proxies would further enhance subsurface 
characterization beneath impervious surfaces.

Additional constraints stem from limited environmental 
monitoring infrastructure and restricted access to long-term 
soil and hydrological datasets, which have impeded exten-
sive validation and continuous calibration. Future research 
should prioritize expanding temporal and spatial moni-
toring, integrating laboratory-based measurements, and 
strengthening institutional collaboration to improve quan-
titative accuracy and support sustainable urban planning in 
arid coastal environments such as Port Sudan.

6  Conclusion

This study presents a comprehensive assessment of the 
evolving impacts of soil salinity and moisture on the urban 
landscape and infrastructure of Port Sudan from 2008 to 
2024, utilizing remote sensing, GIS-based multi-temporal 
analysis, and detailed field-based structural assessments. 
The findings indicate a strong and intensifying relationship 
between rapid urban expansion and hydro-saline degrada-
tion in arid coastal environments. Newly urbanized areas, 
reclaimed coastal lands, and peri-urban rangelands show 
significant increases in both salinity and moisture, primarily 
due to shallow saline groundwater, disrupted drainage, and 
the proliferation of impervious surfaces.

High-resolution Sentinel-2 analyses demonstrate that 
hydro-saline affected areas extend beyond traditional sab-
kha zones to include narrow transitional strips between 
roads and building areas, which are particularly susceptible 
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Table 6  Indices calculation
Index Purpose Formula Required Bands / Parameters
NDVI Vegetation masking & emissivity (NIR − Red)/(NIR + Red) Red, NIR
NDMI Surface moisture (Landsat) (NIR − SWIR)/(NIR + SWIR) NIR, SWIR
NDWI Surface moisture (Sentinel-2) (Green − NIR)/(Green + NIR) Green, NIR
SI Soil salinity intensity (SWIR1* Red)/Blue Red, Green, Blue
PV Fractional vegetation ((NDVI − NDVImin)/(NDVImax − NDVImin))2 NDVI
LSE Surface emissivity 0.004 × PV + 0.986 PV
LST Surface temperature see Eq. (6–7) Thermal bands
SMI Relative soil moisture (LSTmax − LST)/(LSTmax − LSTmin) LST

Table 7  VES datasets used to calculate threshold obtained from Electrical Resistivity carried using Winner method to detect and calculate near 
surface soil salinity
ID North East Resistivity (Ω·m) Conductivity (Mhos/m) EC (mS/cm)
VES1 19.74774 37.25925 2.56E + 01 3.91E − 02 3.91E + 00
VES2 19.73559 37.21418 1.25E + 02 8.00E − 03 8.00E − 01
VES3 19.73573 37.17552 1.19E + 01 8.40E − 02 8.40E + 00
VES4 19.72810 37.13400 1.22E + 02 8.20E − 03 8.20E − 01
VES5 19.68287 37.21013 2.73E + 00 3.66E − 01 3.66E + 01
VES6 19.67175 37.16613 7.22E + 01 1.39E − 02 1.39E + 00
VES7 19.67000 37.13000 2.37E + 00 4.22E − 01 4.22E + 01
VES8 19.53899 37.23901 1.27E + 00 7.87E − 01 7.87E + 01
VES9 19.63039 37.21149 5.54E − 01 1.81E + 00 1.81E + 02
VES10 19.62000 37.19000 1.94E + 01 5.15E − 02 5.15E + 00
VES11 19.61782 37.12820 1.72E + 02 5.81E − 03 5.81E − 01
VES12 19.54288 37.17534 2.11E + 02 4.74E − 03 4.74E − 01
VES13 19.55938 37.21960 2.42E + 02 4.13E − 03 4.13E − 01
VES14 19.55000 37.20000 2.13E + 02 4.69E − 03 4.69E − 01
VES15 19.56306 37.23847 1.67E + 00 5.99E − 01 5.99E + 01
VES16 19.50000 37.26000 3.11E + 00 3.22E − 01 3.22E + 01
VES17 19.46452 37.27729 2.97E + 00 3.37E − 01 3.37E + 01
VES18 19.50844 37.24215 1.38E + 02 7.25E − 03 7.25E − 01
VES19 19.49900 37.22422 2.57E + 02 3.89E − 03 3.89E − 01
VES20 19.49253 37.20002 1.88E + 02 5.32E − 03 5.32E − 01
VES21 19.46388 37.26455 6.98E + 01 1.43E − 02 1.43E + 00
VES22 19.46413 37.24377 1.44E + 01 6.94E − 02 6.94E + 00
VES23 19.45451 37.22083 5.05E + 01 1.98E − 02 1.98E + 00
VES23 19.45451 37.22083 5.05E + 01 1.98E − 02 1.98E + 00
VES24 19.45711 37.23018 3.03E + 01 3.30E − 02 2.11E + 00

Table 8  Threshold calculation based on selective representative EC of the soil from field observations using VES
ID North East Salinity Value from Raster Conductivity dS/m Threshold Threshold Percent
VES1 19.748 37.259 1.02 0.14 67.00 26.27
VES17 19.465 37.277 1.03 0.19 2.00 0.78
VES5 19.683 37.210 1.02 0.36 50.00 19.61
VES16 19.500 37.260 1.03 0.50 48.00 18.82
VES8 19.539 37.239 1.03 0.77 78.00 30.59
VES15 19.563 37.238 1.04 0.78 29.00 11.37
VES9 19.630 37.211 1.02 0.94 32.00 12.55
S1 19.485 37.281 1.80 17.00 183.00 71.76
S2 19.506 37.267 1.47 20.00 255.00 100.00
S3 19.512 37.269 1.52 19.00 220.00 86.27
RS1 19.609 37.242 1.19 17.00 236.00 92.55
RS2 19.603 37.236 1.34 18.00 245.00 100.00
Calculated Threshold in our study area 110.00 43.14
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Fig.  21  Regression analysis illustrating the relationship between the 
satellite-derived Soil SI and ground-measured EC at independent vali-
dation checkpoints. These checkpoints were not incorporated in model 
development or calibration and were used exclusively for final valida-
tion and verification of the salinity estimation approach

 

Fig. 20  Regression analysis between the calculated SI and ground vali-
dation EC, demonstrating the performance of the salinity estimation 
approach

 

Fig. 22  Spatial distribution of field observation sites used to validate 
satellite-derived salinity and moisture patterns in Port Sudan. The cen-
tral map shows the locations of representative field observations (a–p) 
across coastal sabkha, reclaimed land, urban core, and peri-urban 
zones. Insets illustrate corresponding field conditions, including sur-

face salt crusts, waterlogging, saline–alkaline soils, corrosion of rein-
forced concrete, cracking, and structural failure. Locations coincide 
with high salinity (SI > 110) and moisture (SMI > 140) zones identified 
in remote sensing analysis, supporting the spatial representativeness 
of field validation
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Appendix B

Multi-Sensor Detection of Salinity and Moisture 
Dynamics (2008–2024)

See Figs. 23, 24 and 25.

Fig. 23  Multi-temporal soil salin-
ity distribution in Port Sudan 
derived from Landsat-7/8/9 salin-
ity indices for (a) 2014 and (b) 
2016, and from Sentinel-2 data for 
(c) 2020 and (d) 2024. All maps 
are displayed using a fixed color 
scale to enable direct temporal 
comparison, where red indicates 
high soil salinity and green repre-
sents low salinity levels
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Fig. 24  Multi-temporal soil mois-
ture distribution in Port Sudan 
derived from Landsat-7/8/9 data 
for (a) 2014 and (b) 2016, and 
from Sentinel-2 imagery for (c) 
2020 and (d) 2024. All maps are 
displayed using a fixed color scale 
to facilitate direct temporal com-
parison, where purple indicates 
areas of high soil moisture and 
dark green indicates low moisture 
conditions
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Fig. 25  Spatial distribution maps 
indicating changes in soil salinity 
and soil moisture from 2014 to 
2024 in relation to built-up area 
expansion
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Appendix C

Predictive Trends of LULC, Soil Salinity, and Moisture 
(2008–2040)

See Tables 9, 10, 11 and 12, Figs. 26, 27.

Table 9  LULC percentage changes in Port Sudan city from 2008 to 2024 (%)
Year Crops Built-Up Bare-Ground Rangeland
2008 0.01 8.71 80.42 10.86
2010 0.04 9.37 78.70 11.89
2012 0.07 9.37 77.25 13.32
2014 0.01 10.19 71.00 18.80
2016 0.04 11.10 66.34 22.52
2018 0.07 11.14 57.72 31.07
2020 0.16 13.93 40.51 45.40
2022 0.08 14.32 38.15 47.45
2024 0.29 16.89 28.48 54.34

Table 10  Area estimates (km2) of soil salinity, soil moisture, and land-use/land-cover classes for the analyzed years
Year Salinity Moisture Built-Up Bare ground Rangeland Water
2008 8.12 120.15 65.87 608.81 82.06 254.98
2010 11.24 135.12 70.93 595.96 90.05 254.57
2012 16.97 144.50 71.33 588.17 101.38 254.88
2014 20.51 150.84 77.20 538.39 112.62 254.78
2016 26.04 159.17 80.95 483.04 163.71 254.88
2018 24.6 163.67 83.17 430.93 242.33 255.48
2020 27.18 143.86 105.84 307.80 342.10 254.98
2022 26.92 154.54 108.06 287.26 361.32 254.88
2024 40.36 245.49 131.13 221.29 422.43 255.18

Table 11  ARIMA model diagnostics for soil salinity and soil moisture 
time series, reporting estimated parameters, residual variance (σ2), log-
likelihood, and information criteria (AIC, AICc, and BIC)
sigma^2 = 38.76: log likelihood = -19.49
AIC = 40.97 AICc = 41.97 BIC = 40.76
 =  =  = ARIMA MOISTURE =  =  = 
Series: ts_data
ARIMA(0,0,0) with non-zero mean
Coefficients:
Mean
166.01
s.e. 12.523
sigma^2 = 1281: log likelihood = -34.44
AIC = 72.87 AICc = 75.87 BIC = 72.76
* While the ARIMA model captures long-term tendencies, it does not 
explicitly incorporate socio-economic or climatic drivers, and there-
fore the projections represent statistical extrapolations rather than 
deterministic forecasts

Table 12  Combined point forecasts and uncertainty ranges for built-up 
area, soil salinity, and soil moisture
Variable Forecast 

Step
Point 
Forecast 
(km2)

80% CI 
(Lo–Hi)

95% CI 
(Lo–Hi)

Built-up 
area

Early 139.29 127.45–151.13 121.18–157.40
Mid 196.39 162.90–229.89 145.17–247.62
Late 261.66 214.29–309.02 189.22–334.10

Soil 
salinity

Early 44.39 38.55–50.23 35.46–53.32
Mid 72.60 56.09–89.11 47.35–97.85
Late 104.84 81.49–128.19 69.14–140.54

Soil 
moisture

Early 245.49 201.98–289.00 178.95–312.03
Mid 245.49 122.43–368.55 57.29–433.69
Late 245.49 71.46–419.52  − 20.67–511.65

Projected areal extents (km2) with associated 80% and 95% confi-
dence intervals derived from time-series forecasting. Values illus-
trate contrasting trend behaviors and increasing uncertainty with 
forecast horizon
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Fig. 26  Coupled relationships and temporal evolution of soil salinity, soil moisture, and land-use/land-cover (LULC) variables, illustrating strong 
hydro-saline–urbanization linkages, contrasting responses across land-cover types, and consistent long-term trends derived from satellite analysis
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AB, Sweden) with a Schlumberger electrode configuration, 
in which the current electrodes (A–B) are symmetrically 
expanded while the potential electrodes (M–N) remain rela-
tively close to the center of the array (Dahlin et al. 2006; Tel-
ford et al. 1990). The survey employed a current electrode 
half-spacing of AB/2 = 1.5 m (total AB = 3.0 m) and a poten-
tial electrode half-spacing of MN/2 = 0.5 m (total MN = 1.0 
m). In Schlumberger soundings, the depth of investigation 
is primarily controlled by the current-electrode separation 
(AB), whereas the potential-electrode spacing mainly affects 
voltage resolution and measurement sensitivity rather than 
penetration depth (Loke 2004).

Based on established DC resistivity principles, the 
effective depth of investigation is typically on the order of 
0.1–0.3 times the total current electrode spacing (AB), cor-
responding in this configuration to an expected penetration 
depth of approximately 0.3–0.9 m, which is appropriate for 
characterizing near-surface salinity and moisture conditions 
(Telford et al. 1990; Loke 2004).

Apparent resistivity values were calculated internally 
by the SAS1000 Terrameter from field measurements of 
injected current (I) and resulting potential difference (ΔV). 
The measured resistance (R) was computed as:

R = ∆V

I

The apparent resistivity (ρ_a, Ω·m) was then calculated 
using the Schlumberger geometric factor (K) according to:

ρa = K × R

For the Schlumberger array, the geometric factor is 
defined as:

Appendix D

EC from Resistivity

See Table 13.
Shallow subsurface electrical measurements were con-

ducted using a SAS1000 Terrameter (ABEM Instrument 

Table 13  VES data measurements using a SAS1000 resistivity meter used to derive EC in the study area
No AB/2 (m) MN/2 (m) K R (Ω) Apparent Resistivity ρa (Ω·m) Remarks
1 1.5 0.5 6.28E + 00 1.16E + 00 7.28E + 00 Used for EC calculation from 24 VES
2 2.5 0.5 1.88E + 01 1.13E − 01 2.13E + 00
3 4.0 0.5 4.95E + 01 2.00E − 02 9.89E − 01
4 6.0 0.5 1.12E + 02 7.00E − 03 7.86E − 01
5 8.0 0.5 2.00E + 02 3.00E − 03 6.01E − 01
6 10.0 0.5 3.13E + 02 2.00E − 03 6.26E − 01
7 12.0 0.5 4.51E + 02 1.00E − 03 4.51E − 01
8 15.0 0.5 7.06E + 02 1.00E − 03 7.06E − 01
9 15.0 5.0 6.28E + 01 1.10E − 02 6.91E − 01
10 20.0 5.0 1.18E + 02 6.00E − 03 7.07E − 01
11 25.0 5.0 1.88E + 02 4.00E − 03 7.54E − 01
12 30.0 5.0 2.75E + 02 2.00E − 03 5.50E − 01
13 30.0 10.0 1.26E + 02 6.00E − 03 7.54E − 01
14 40.0 10.0 2.36E + 02 3.00E − 03 7.07E − 01
15 50.0 10.0 3.77E + 02 2.00E − 03 7.54E − 01
16 60.0 10.0 5.50E + 02 1.00E − 03 5.50E − 01
17 75.0 10.0 8.67E + 02 9.00E − 04 7.81E − 01

Fig. 27  Deriving trends of LULC changes over time
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