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Abstract

Coastal aquifers are vulnerable to saltwater intrusion (SWI) due to several drivers particu-
larly increased water demand and groundwater overexploitation associated with popula-
tion growth, reduced groundwater recharge, and lately climate change. This study examines
the status of SWI in four data scarce coastal aquifers located along the Eastern Mediter-
ranean by assessing how water cycle seasonality, water deficits, and changes in land use
and land cover (LULC) have contributed to increased salinity. A framework that combines
field monitoring with hydro-geochemical techniques, as well as multivariate and inferential
statistical analysis was used to identify the main SWI drivers at play at each aquifer. The
overall assessment showed that all four pilot areas exhibited signs of salinization with dif-
ferent severities. The current state of the aquifers ranged from slightly saline (TDS < 1500
ppm) to highly saline (15,000 < TDS < 31,000 ppm). While the level of the SWI was sig-
nificantly correlated to the dominant land uses at each site, the extent of the water deficit
played a dominant role in explaining the occurrence and intensity of observed SWI rates.
The findings suggest a synergistic effect between increased water deficits and urbanization
and SWL. Site specific measures are discussed for mitigating the impacts of land use, water
demand and deficit towards the sustainable management of the groundwater aquifers.

Keywords Saltwater intrusion - Land use land cover - Seasonality - Eastern Mediterranean

1 Introduction

Saltwater intrusion (SWI) is the landward intrusion of seawater into coastal aquifers poten-
tially leading to groundwater quality degradation which compromises the ecosystem ser-
vices as well as the anthropogenic uses of these aquifers. SWI is often caused by aquifer
over-pumping and land-use change. Aquifer over-pumping, a function of population density,
water consumption rates, and available surface freshwater resources, affects SWI by induc-
ing a hydrostatic imbalance that reverses the hydraulic gradient at the interface between
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saline and freshwater resulting in seawater infringement into coastal aquifers (Tran et al.
2021; Chang et al. 2020; Eissa 2016; Singh 2014; Bear 1979). Changes in land use and
land cover (LULC) affect SWI by increasing the intensity of abstraction from the aquifers or
changing the recharge rate at these aquifers (Tran et al. 2021; Tully et al. 2019; Ivkovic et al.
2012; Payne 2010; Scanlon et al. 2005). Climate change can further exacerbate SWI due
to sea level rise aggravated with increased temperatures (i.e. increased evapotranspiration
and water demand) and reduced precipitation (i.e. less surface water for aquifer recharge)
(Zhao et al. 2021; Xiao et al. 2021; IPCC 2013; Sales 2009). While general trends gov-
erning the interaction of these drivers have been reported’, the direction and magnitude of
these interactions remain area-specific (Werner et al. 2013). This complexity is aggravated
in fractured, karstic, and semi-karstic media (Giese and Barthel 2021; Sebben et al. 2015,
Cherubini and Pastore 2011) as well as in data-scarce regions (Agoubi 2021; Cardenas and
Halman 2016; Werner et al. 2013).

In this study, we present a first attempt at examining the complex interactions of sea-
sonality, water deficit, and LULC on SWI in coastal aquifers through a systematic ana-
lytical approach for the assessment of SWI determinants in data scarce aquifers. We exam-
ined the occurrence and temporal dynamics of SWI at four aquifers under differing LULC
patterns and water deficit conditions. For this purpose, we coupled field monitoring data
with hydro-geochemical techniques and multi-variate statistical analysis to identify SWI
determinants and their associations as well as address commonly reported challenges and
limitations in aquifer characterization and SWI assessment. Finally, we discuss adaptation
strategies and mitigation measures towards the sustainable management of aquifers.

2 Methodology
2.1 Study Area

Four pilot aquifers located along the Eastern Mediterranean coast of Lebanon and over-
lain with different LULC patterns were examined (Fig. 1; Table 1). Aquifer A (Tripoli)
underlies a highly urbanized and densely populated city. Aquifer B (Jal Eldib) is located
below a moderately populated suburb of Beirut city. It is largely residential with few light
to medium industries and a diminishing agricultural sector. Aquifer C (Beirut) underlies a
very highly urbanized and densely populated metropolitan with chronic water shortages.
Aquifer D (Zahrani) underlies an agricultural plain with no urbanization. All four aqui-
fers are largely data-deficient, with little to no information on water levels, the location
of the seawater-freshwater interface, pumping rates, well screen depths, and basic aquifer
characteristics.

2.2 Assessment of Saltwater Intrusion

The assessment of SWI at the four pilot aquifers followed a framework that combined field
monitoring data with hydro-geochemical techniques as well as descriptive and inferential

! Iran (Jamshidzadeh 2020); Egypt (Nosair et al. 2021); China (Zhao et al. 2021); S. Korea (Chang et al.
2020); Bangladesh (Rahman et al. 2011); Spain (Fatoric and Chelleri 2012); India (Prusty and Farooq
2020); Gaza (Abd-Elaty et al. 2020) among others.
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Fig. 1 Pilot study areas along the Eastern Mediterranean (A: Tripoli city; B: Jal Eldib suburb; C: Beirut
city; D: Zahrani plain)

statistics. The analysis targeted the months of May/June to capture the wet season effect
and the month of October to capture the dry season effect at each pilot area. The number
of sampled wells ranged from 29 in Jal eldib up to 170 wells in Beirut and are within 100
m from the ground surface targeting the formations defined in Table 1. Identification and
classification of salinity was based on the following TDS and CI levels: fresh groundwa-
ter (<100 ppm CI', <500 ppm TDS), slightly saline (100 - 250 ppm CI', 500 - 1500 ppm
TDS), moderately saline (250 - 500 ppm CI°, 1500 - 7000 ppm TDS), highly saline (500
- 1000 ppm CI', 7000 - 15000 ppm TDS), and very highly saline (1000 — 10,000 ppm CI,
15000 - 35000 ppm TDS) (Konikow and Reilly 1999).

2.2.1 Hydrogeochemical Analysis

The Piper diagram (Fig. 2), which is the standard hydro-geochemical method to graphi-
cally depict water chemistry, was constructed seasonally for each site. It represents the
distribution of cations and anions of water samples, and infers geochemical processes
and pathways, dominant ions, hydro-geochemical facies, and water types (Piper 1953).
The SWI generalized groundwater quality index (GQlgy,;) (Tomaszkiewicz et al. 2014),
an index that spatially maps SWI by coupling the fresh-saline water mixing (sea fraction
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5144 G. Rachid et al.

f..o) With the piper diagram, was also computed for each site (Fig. 2). Note that the sea-
water fraction depicts the direction and extent of saltwater-freshwater mixing.

2.2.2 Statistical Analysis

The principal component analysis (PCA), a multivariate technique, was performed to
reduce the dimensionality of the data, identify the most important components con-
tributing to the data structure, and to check if salinization processes were captured by
the principal components (PCs) (Mondal et al. 2010; Yaouti et al. 2009). The logarith-
mically transformed hydro-geochemical data (pH, EC, TH, Na*, K*, Ca?*, Mg?*, CI,
HCOj;, SO, and NOjy) for the dry season, expected to represent the worst-case condi-
tions, at each pilot site was used for the PCA analysis. Rotation of the PCs was carried
out using the varimax method, where both Kaiser criterion (eigenvalues smaller than 1
are considered insignificant) and Cattell scree plot were used to determine the number
of PCs that should be retained. In this study, if the first PC was associated with the key
salinity indicators i.e. CI', TDS, Na*, K*, SO42', then it explained salinity. When the
first PC did not capture the salinity related indicators, it was considered that the aquifer
was less vulnerable to salinization. Additionally, seasonal differences in TDS, CI', and
GQIgywy levels, the main indicators of water quality and salinity, were assessed using
inferential statistical analyses. Statistically significant (95% confidence level) seasonal
changes were assessed using a paired t-test of the logarithmically transformed data col-
lected for each well. All statistical analyses were undertaken using SPSS Statistics (IBM
2018).
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2.3 Understanding the Impact of LULC and Water Deficit on SWI

As described in Table 1, the four pilot aquifers are inherently different with diverse geo-
logical formations, urbanization trends, dependence on groundwater resources, imbalance
between abstraction and recharge, and water deficit status. Accordingly, the direct quantifi-
cation of the LULC impact and groundwater abstraction on SWI is challenging due to this
interplay of hydrological, climatological, and anthropogenic forcings along with seasonal
changes. Faced with this challenge, the relationship between LULC and water deficit with
the groundwater quality was assessed using the Analysis of Variance (ANOVA) on the
salinity indicators TDS, CI and GQIgy, during the dry season. Samples from the pilot sites
were compiled in one set for which water quality variables were log-transformed. The land
use at each site was categorized into four classes: very highly, highly, or moderately urban-
ized and non-urbanized agricultural area (Table 1). The water deficit®> was classified into
three categories: low, medium, and high based on the reliance of each area on groundwater
to meet its water deficit (Table 1). Post hoc t-tests with the Bonferroni and Tukey correc-
tions were conducted when the null hypothesis was rejected to identify the groups with
statistically significant difference in their means.

2.3.1 Sustainable Management of Aquifers

Based on the results, a series of site-specific adaptation strategies and mitigation measures
were explored towards sustainable aquifer management.

3 Results and Discussion
3.1 Occurrence and Intensity of Salinity — Impact of Seasonality

The four pilot areas exhibited signs of salinization with great heterogeneity between
seasons and among locations. Table 2 presents a summary of the physiochemical analy-
sis of both the wet and dry sampling campaigns. The full physiochemical analyses of all
aquifers are synthesized in the Online Resources. Aquifer A (urbanized Tripoli) showed
early signs of salinization particularly along the western coastline during the dry season
(Online Resource 1). TDS levels ranged from 200 ppm (fresh GW) to as high as 3,460
ppm (moderately saline GW), with less than 6% of samples exhibiting saline water qual-
ity (>1500 ppm). The average CI" concentration across both seasons was also indicative
of “slightly saline” water. The Piper diagram for the dry season indicated the concurrent
presence of mostly freshwater (CaHCO; type, Domain I), mixed (CaMgCl type, Domain
IV), and limited primary saline waters (NaCl type, Domain II) within the aquifer. Dur-
ing the wet season, the water quality was dominated by the freshwater type (Domain I),
whilst maintaining the mixed CaMgCl type (Domain IV) in some areas (Fig. 3). These
findings point towards slight salinization as confirmed with the GQIgy,; (Table 2), which
predicted a freshwater dominance in both the dry (mean GQlgy,;=79.5) and wet seasons
(mean GQIlgy,;=82.8). While the change in TDS concentrations between the dry and wet

2 Low, medium and high deficit represent deficits of 5-15%, 15-25% and 25-55% of demand, respectively.
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Table 2 Comparative assessment of the mean values of the physiochemical parameters at the four pilot sites

Season Wet season (June) Dry season (October) Drinking water

Parameter Threshold
Tripoli® Jalel —Beirut®  Zahrani® Trip- Jalel —Beirut  Zahrani WHO (2011)
(2007)  Dib* (2013)  (2014) oli Dib (2013) (2013)

(2013) (2006) (2013)

pH NA 6.9 7 6.95 NA 685 7.0 6.9 6.5-8.5

Electric Conductivity EC  NA 1905 9504 1159 NA 1823 12008 1005

Total Dissolved Solids 631 1427 4610 903 657 1367 5944  1075.6 600
TDS

Ca’* 121 169.5 2827 1261 140 1368 2493 1583 300

Mg 43 101.5 2299 535 168  98.1 2468 719 300

Total Hardness TH 480 840.5 16515 5352 419 7451 1637.6 691.1

Na* 58 189.9 11325 732 115 5204 16293 1525 200

K+ NA 55 19.7 5.0 NA 53 453 36 300

Cr 212 4779 2358 156.3 2255 5465 3203  293.8 300

Co* NA 0 0019 0 NA 0 0.9 0.21

HCOjy NA 306.7 258.6 318 NA 2932 2748 2823

NOy 34 192 398 38 348 184 27 80.6 50

ol 50.7 98.6 391 89.2 652 1238 418.6  100.1 250

Ionic Ratios SWI Criteria

Na*/CI 0.5 0.6 0.5 0.9 1.14 149 06 1.0 <0.86

CI/THCO; NA 2.7 18 0.8 NA 32 244 18 20-50

Mg?*/Ca?* 0.6 1.0 1.5 0.8 020 257 174 096 4552

Br/CI NA 0.001  0.003  0.004 NA  0.001 0001 0.002 0.0015

Ca**/(HCO;+S0,%)  NA 12 1.62 0.9 NA 158 13 1.3 >1

S0 2/Cr 0.2 0.1 0.1 0.4 0.3 019 013 03 0.103

Seawater fraction f., 0.01 0.02 0.12 0.01 0.01 0.03 0.2 0.01

GQIgwater Intrusion 82.8 744 627 82.2 795 679 59 75.8 <75

All values in mg/1 except pH and EC (us/cm); Parameters in ratios expressed in megq/1
See Online Resources 1, 2, and 3 for full results

*Highly urbanized city

®Suburb/ lightly urbanized

“Very highly urbanized city

4 Agricultural plain/not urbanized

seasons was not significant (p=0.420) (Table 3), seasonal changes in Cl" and GQlgy,; were
statistically significant, pointing towards slight salinization in the dry season.

Water quality in Aquifer B (Jal el Dib) exhibited early signs of moderate salinization
(Table 2, Online Resource 2). TDS levels ranged from 380 ppm (fresh GW) to ~4000 ppm
(moderately saline GW). The same trend was observed for the Cl” concentrations with
~90% of the samples experiencing moderate salinization year-round. Seasonal differences
in SWI indicators were statistically significant (Table 3). The hydro-geochemical analysis
showed that water in the aquifer was mostly of the mixed CaMgCl type (Domain IV) in the
wet season and shifted to the NaCl type (Domain II, primary saline seawater) in the dry
season, whilst maintaining the mixed CaMgCl type in some areas (Fig. 3). This saliniza-
tion trend was further confirmed by the GQlgy,; (Table 2) that showed that while ~80% of
the wells were freshwater during the wet season, only 60% were still considered to be fresh

@ Springer
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Aquifer (A) Tripoli— Aquifer (B) Jal el Dib — Aquifer (C) Beirut — Aquifer (D) Zahrani —
Urbanized city Moderately urbanized suburb Very highly urbanized metropolitan Not urbanized, agricultural plain

v%ﬂ.

Ld

Wet season (June)

&

Dry season (October)

c a

Fig.3 Piper Diagrams showing seasonal hydro-geochemical facies of pilot aquifers

in the dry season. This reflects the active SWI into the relatively fresh aquifer with areas
closer to the sea presenting higher salinization levels as compared to inland areas.

The physiochemical characteristics of Aquifer C (underlying the highly urban-
ized metropolitan of Beirut) showed significant SWI with high variability within and
between seasons (Online Resource 3). TDS levels ranged from as low as 390 ppm (fresh
GW) in the wet season to as high as >31,000 ppm (highly saline GW) in the dry season,
with only 21% of the samples indicating fresh to slightly saline water quality (<1500
ppm) (Table 2). Statistically significant seasonal deterioration in the water quality was
apparent (Table 3), where an increase in TDS and CI” and a decrease in the GQlgy,; were
observed between the wet and dry seasons. The hydro-geochemical analysis revealed
the presence of secondary (domain V of CaCl type) and primary saline water (domain II
of NaCl type) in the wet season (Fig. 3) that shifted to primary saline water i.e. seawater
(domain II of NaCl type) in the dry season.

In Aquifer D (underlying the agricultural plain of Zahrani) early signs of salinization
were noted (Online Resource 4). The aquifer is reported to be generally fresh to slightly
saline (Table 2). The TDS ranged from a low of 375 ppm (fresh GW) to a high of 3,110
ppm (moderately saline) in the dry season with only 10% of samples exhibiting saline
water quality (>1500 ppm). Note that no statistically significant change was observed
between the wet and dry season in terms of TDS, CI" or GQIgy,; (Table 3) hinting to
limited freshening-salinization processes of the groundwater. The seawater fraction (at
~1%) (Table 2) confirmed this low seawater-freshwater mixing rate between the dry and

Table 3 Significance of paired t-test of the observed change in groundwater quality between the dry and
wet seasons

Study areas Sampling Period p-value TDS  pvalue Cl  p value GQlgy;
Urban city (Aquifer A) Dry 2006 — Wet 2007 0.42 0.04 0.02

Suburb (Aquifer B) Wet - Dry 2013 < 0.0001 0.033 < 0.0001
Highly urbanized (Aquifer C) ~ Wet - Dry 2013 < 0.0001 < 0.0001 0.026
Agriculture (Aquifer D) Wet - Dry 2014 0.583 0.979 0.810

“Paired sample t-test with significance level a = 0.05
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5148 G. Rachid et al.

wet seasons. The water types consisted mainly of mixed (CaMgCl type, Domain IV)
and secondary saline waters (CaCl type, Domain V) with only a couple of wells show-
ing primary saline waters (NaCl type, Domain II) in the dry season. Water types shifted
to mostly fresh waters (CaHCO; type, Domain I) in the wet season ascertaining a gen-
eral seasonal fluctuation from freshwater to secondary saline waters (Fig. 3). A mean
GQIgy; of 75% was observed during the dry season also indicating signs of early mix-
ing of fresh and saline water (Table 2). This presents a dynamic aquifer slightly subject
to SWI with signs of early intrusion in specific areas and a potential for seasonal flush-
ing due to the low urbanization and moderate abstraction rates.

3.2 Principal Component Analysis

The PCA results are summarized in Table 4 in terms of the two main PCs along with
their associated eigenvalues, factor loadings, and the percent variability explained. In
Aquifer A (Tripoli), three PCs with eigenvalues > 1 explained 79% of the total vari-
ability. The first PC (PC1) which explained 67% of the variability, exhibited a strong
positive association with Cl', EC, TDS, Na* and SO,> and a strong negative associa-
tion with GQlgy;. The presence of all variables associated with salinity in PC1 strongly
indicates that this component represents SWI in the aquifer. Similarly, in Aquifer B
(Jal Eldib), three PCs explained 79% of the total variability. Yet, PC1 was only able
to explain 49.3% of the variability. It showed a strong positive association with CI’,
TDS, EC, SO,* and an equally strong negative association with GQIgy;. This indicates
that PC1 represents SWI into the aquifer, however, it also hints that salinity is not the

Table 4 Principal component analysis (PCA) at the four pilot sites

Aquifer Aquifer (A) Aquifer (B) Jal Aquifer (C) Aquifer (D)
Tripoli elDib Beirut Zahrani
Urbanized city Moderately Very highly Not urbanized,
urbanized suburb urbanized agricultural
metropolitan plain
Loadings” PCI PC2 PCI PC2 PCI PC2 PCl1 PC2
Cl 0.982 0.917 0.182 0.903 0.7 0.22
Ca 0.863 0.321 0.857 0.725  0.556 0.692 -0.136
Mg 0.855 -0.2 0.238 -0.908 0.453  0.508 0.618  0.271
TH 0.947 0.78 0.4 0.764  0.568 0.91
HCO;, 0.897 0.118 0.347 -0.111
EC 0.988 0.951 0.209 0.944  0.255 0.483
TDS 0.988 0.951 0.209 0.944  0.255 0.812 0411
NO; -0.337 0.794 0.135 -0.2
SO, 0.952 0.923 -0.192 0.743  0.264 0.25
Na 0.93 0.106 0.405 0.791 0.908 0.102  0.936
pH -0.182  -0.563 0.196 0.163 -0.322
GQlgwr -0.959 -0.59 -0.7 -0.947  0.145 -0.294  -0912
Eigenvalues 8.071 1.3 5.9 2.2 6.8 1.5 4.1 1.9
Variability explained 67.3% 10.9% 49.3% 18% 56.75 12.8% 345% 16.2%
Explains SWI Yes No Yes No Yes No No No

*loadings based on Rotated Component Matrix with Varimax rotation
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main factor responsible for this variability given its relatively low explaining power. In
Aquifer C (Beirut), three PCs represented 86.6% of the total variability. PC1 explained
56.8% of the variability and had a strong positive association with CI", TDS, EC and
Na* as well as a strong negative association with GQIgy;. Accordingly, PC1 strongly
represents the SWI into the aquifer. It also hints that salinity explains the majority of
the variability in the aquifer, where SWI is well advanced. In Aquifer D (Zahrani), four
factors represented 74% of the total variability. PC1, however, explained only 34.5% of
the variability and was strongly associated with the Total Hardness and TDS and to a
lesser extent with CI", Ca>" and Mg?". This indicates active geochemical processes and
ion exchange; yet there are no clear signs of salinization. Overall, the conclusions from
the PCA concurred with those from the hydro-geochemical interpretations, reaffirming
that while salinity was not a major process in Aquifer D (Zahrani), it was detected in
Aquifer B (Jal EIDib) and was the dominant process in Aquifer C (Beirut) and Aquifer
A (Tripoli).

3.3 Impact of LULC and Water Deficit on SWI

The ANOVA analysis revealed the impact of the LULC and the water deficit on salin-
ity levels, measured as GQIgy;, CI" and TDS. For the GQlgy;, both factors, LULC and
water deficit, were found to be statistically significant (F(3,216) = 40.2, p<0.000 and
F(2,217) = 66.6, p<0.000, respectively). Post hoc paired-wise tests with the Bonferroni
and Tukey corrections showed that the GQlgy,; differed between various categories of
land use (very highly, highly, moderately urbanized, and agriculture). Only the GQIgy;
for the moderately urbanized (Aquifer B) and the agricultural aquifers (Aquifer D) were
not statistically different. The post hoc tests also showed statistically significant differ-
ences (at a = 0.05) in GQIgy; between the high (Aquifer C) and low deficit (Aquifers
B and D) regions as well as between moderate (Aquifer A) and low deficit (Aquifers B
and D) areas but no statistically significant difference was observed between the aquifers
with high (Aquifer C) or moderate (Aquifer A) water deficits. Similar deductions and
trends were reached when the analysis was repeated with CI" and TDS, as a measure of
SWI instead of GQIgy;. The ANOVA results showed that the LULC and water deficit
were both statistically significant with Cl" (F(3,217) = 64.3, p<0.000 and F(2,218) =
89.4, p<0.000, respectively) as well as TDS (F(3,217) = 45.3, p<0.000 and F(2,218) =
71.45, p<0.000, respectively). Post hoc paired-wise tests with the Bonferroni and Tukey
corrections showed that the TDS and Cl levels were statistically significantly different
between various categories of land use (very highly, highly, moderately urbanized, and
agriculture) except between the moderately urbanized (Aquifer B) and the agricultural
aquifers (Aquifer D). The post hoc tests also showed statistically significant differences
(at a = 0.05) in TDS and CI" between the various categories of water deficit (high, low
and moderate) except between the aquifers with high (Aquifer C) and moderate (Aquifer
A) water deficits. Note that while the LULC and the water deficit state can interact, the
assessment of the statistical significance of such an interaction was not possible because
the limited number of pilot sites, which does not allow for all possible combinations
between these two factors to be statistically observed.

The ANOVA results highlighted that the water deficit and the LULC are dominant fac-
tors in the occurrence and intensity of SWI. While water deficit directly drives groundwa-
ter abstraction, leading to SWI, establishing and quantifying a direct relationship between
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water deficit and SWI is challenging due to the multiple other factors at play including
the availability of other water sources (i.e. tankers, bottled waters...etc.), abstraction rates,
and the proliferation of wells. Similarly, while agricultural and non-urbanized areas are
expected to allow more aquifer recharge, this relationship is also dependent on other factors
including the level of urbanization, soil saturation, rainfall, aquifer characteristics, topog-
raphy, as well as groundwater extraction. Nevertheless, urbanization played a surrogate for
lower infiltration rates (LULC) and higher pressures (water deficit) on groundwater aqui-
fers as the factors associated with urbanization (i.e. less permeable areas with less recharge
and more development with more pumping) tended to be associated with significant levels
of salinity in the pilot areas.

3.4 Measures for Sustainable Management

The management of water deficit and seasonality requires a holistic understanding of the
drivers of such deficit to enable effective decision making. Management through increased
water tariffs, metering, water quota as well as regulations on water uses (car washing, patio
washing, smart water installations, well permits...etc.) targets water demand control, hence
decreasing the gap with the water supply by addressing the demand-driven water deficit.
Management through water reuse and recycling (grey water systems), inter-basin transfer
and rainwater harvesting projects, water storage, non-conventional water resources (desali-
nation) as well as groundwater recharge aim to supply additional water to meet the demand,
hence decreasing the supply-driven water deficit. In Aquifers B and D, selective measures
targeting demand only such as strict regulations on permits (well location, number, quotas),
metering and water tariffs could be adequate as a long-term sustainable plan. Whereas in
Aquifers A and C, both supply and demand measures are required to reinstate control on
the resources and manage aquifer usage.

Land use management is equally a core component of an aspired holistic approach to
decrease the water deficit (e.g. recharge provides supply, and less urbanized land uses
induce less demand). In Aquifers B and D for instance, coastal planning and shifting to
less water intensive crops could maintain the balance between the urbanized and non-
urbanized areas. In Aquifers A and C, however, a full-fledged landscape approach to
land use management that integrates green infrastructure’ to slow runoff, capture rain-
fall, decrease the urban heat island effect, and enhance aquifer recharge, is more suitable
to avoid further urbanization sprawl in such areas.

Irrespective of the status of salinity, a holistic approach to water management is
imperative for decision making towards ensuring sustainable resource management.
While concerns and interests in managing SWI usually target aquifers already at risk
(e.g. Aquifers A and C), protection of relatively freshwater or moderately saline aqui-
fers (e.g. Aquifers D and B) is of equal priority. Beyond the selection of measures,
monitoring of relevant indicators (e.g. salinity levels, water table, water consumption,
green cover, wells proliferation, urbanization rates ...etc.) is key for continuous periodic
evaluation.

3 Green infrastructure (green roofs, bioswale channels, planters and trenches, rainwater harvesting, sunken
public spaces) boosts the resilience of urban centers by focusing on decentralized systems of intertwined
green and gray infrastructure (Biswas et al. 2019).
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4 Conclusion

In this study, the temporal dynamics of saltwater intrusion under differing land use and
land cover patterns and water deficit conditions was assessed in four aquifers along the
Eastern Mediterranean coast of Lebanon. While the aquifers exhibited signs of saliniza-
tion, significant differences in the observed SWI were evident as a result of the interplay
between various groundwater demand and supply factors operating under various LULC
patterns. The current state of the aquifers ranged from being slightly saline (TDS < 1500
ppm) to highly saline (15,000 < TDS < 31,000 ppm). The overall assessment showed
that the strength of the SWI signal was correlated to the dominant LULC at each aquifer
and that the extent of the water deficit at each aquifer played a dominant role in explain-
ing the occurrence and intensity of the observed SWI rates. Strong seasonal differences
in SWI were observed, especially at the urbanized aquifers, which is believed to follow
the water deficit dynamics between wet and dry seasons. The study suggests a syner-
gistic effect of high water demand (water deficit) and increased urbanization (LULC)
on SWI in aquifers. It also hints to a bleak future awaiting the aquifers underlying the
suburbs of highly urbanized cities if water shortages are not alleviated and urbanization
rates continue at the same rate reflecting an increasing salinization challenge. Without
proper mitigation measures, SWI is expected to further increase under the synergistic
effect of climate change, exacerbating the associated socio-economic burdens to this
region’s vulnerable and fragile communities. Consorted efforts towards the implementa-
tion of adaptation strategies are equally imperative for sustainable aquifer management
that aim to alleviate the impacts of SWIL.
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