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rendering them unsuitable for agricultural, industrial, and domestic use. Consequently, monitoring and
predicting the vulnerability of these aquifers is critical for sustainable water resource management and )
the development of effective mitigation strategies. A key approach for assessing the status of coastal SIVI index
aquifers involves the use of specialized classification indices that quantify their susceptibility to Coastal aquifer
salinization. This study focuses on assessing the vulnerability of a coastal aquifer system to seawater Vulnerability
intrusion by employing the Seawater Intrusion Vulnerability Index (SIVI). The SIVI framework was  prediction
selected for its comprehensive nature, as it distinctively integrates both inherent (static) and dynamic
(temporal) characteristics of the aquifer. Inherent parameters, such as hydraulic conductivity and
aquifer thickness, define the aquifer's natural buffer capacity, while dynamic parameters, including
groundwater level reflect the seasonal and anthropogenic stresses acting upon the system. This dual
consideration provides a more holistic and realistic assessment of vulnerability compared to indices
that rely on a single category of parameters. The application of the SIVI index to the study area
revealed that a substantial portion, approximately 60%, is classified as vulnerable to seawater
intrusion. This finding indicates a pressing need for immediate attention and proactive management in
these zones to prevent further degradation of water quality. To transition from a static assessment to a
predictive outlook, a general sensitivity analysis was conducted to identify the most influential
variable governing salinity changes. From a set of potential hydrogeological factors, the concentration
of Chloride (CI") ions was determined to be the most effective and sensitive indicator for tracking the
progression of seawater intrusion, given its role as a primary constituent of seawater. Subsequently, a
time series forecasting approach was adopted using the Autoregressive Integrated Moving Average
(ARIMA) model. The historical chloride concentration data from 59 observation wells were used to
build and calibrate the forecasting model based on sensitivity analysis results. After a rigorous process
of model identification, parameter estimation, and diagnostic checking, the ARIMA(2,1,1) model was
identified as the most appropriate and robust model for predicting future chloride levels in the region.
This specific model configuration implies that the forecast relies on two previous time-lagged values
(autoregressive component), one degree of differencing to make the data stationary, and one lagged
forecast error (moving average component). The results from the ARIMA(2,1,1) model forecast a
concerning trend for the short-term, one-year outlook. The model predicts that the overall vulnerability
of the region to seawater intrusion is projected to increase by approximately 8%. The performance of
the ARIMA model for this one-year forecasting horizon was evaluated as favorable, demonstrating a
Mean Absolute Error (MAE) of 25 mg/L, which is considered acceptable given the context of the
study and the variability inherent in hydrogeological data. In conclusion, the integrated methodology
of SIVI and ARIMA provides a powerful toolset for both diagnosing current vulnerability and
anticipating future risks. The study successfully establishes that the aquifer is not only currently
vulnerable but that this vulnerability is on a trajectory to worsen in the immediate future. The insights
gained from this research offer a scientifically-grounded basis for implementing targeted monitoring
programs, designing controlled extraction policies, and planning strategic interventions to safeguard
the long-term sustainability of the coastal aquifer's groundwater resources.
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Table 1. Surface area of groundwater affected by salination (S
variable) categories [12]

Svariablerange  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4
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Table 2. Intensity of intrusion (I variable) categories [12]

| variable range(mg/l) Status  Assigned value
<250 Very low 0
251-500 Low 1
501-1000 Moderate 2
1001-2000 High 3
>2000 Extreme 4
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Table 3- Temporality and seasonality (T variable) categories [12]

T variable range  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.20 Low 1
0.21-0.30 Moderate 2
0.31-0.40 High 3

>0.40 Extreme 4
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Table 4. Evolution (E variable) categories [12]

E variable range Status Assigned Value
<0.85 Significant recovery -2
0.85-0.97 Moderate recovery -1
0.98-1.02 Stable 0
1.03-1.15 Moderate deterioration 1
>1.15 Significant deterioration 2

[12,14] (A) ol =i [\ SRR U PRE
Table 5. Aquifer type (A variable) categories [12, 14]

A variable range Status  Assigned value
Bounded aquifer Low 1
Leaky aquifer Moderate 2
Unconfined aquifer High 3
Confined aquifer Extreme 4
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Table 6. Conductivity (C variable) categories [12, 14]

C variable range Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4
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[12,14]
Table 7. Height difference between groundwater and seawater (H
variable) categories [12,14]

Hvariable range  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4

[12,14] D) Jolo 51 alols ales duaras V Jgar
Table 8. Distance from shore (D variable) categories [12,14]

D variable range Status Assigned value
0.00-0.10 Very small -2
0.11-0.25 Small -1
0.26-0.50 Medium 0
0.51-0.75 Far 1
0.76-1.00 Very far 2
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Table 9. SIVI index categories [12]

Sivi Vulnerability
<0.19 Very low
0.20-0.39 Low
0.40-0.59 Moderate
0.60-0.79 High
0.80-1.00 Extreme
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Table 10. S variable calculation

Cl range (mg/l) 0-250  >250
Si (km?) 10453 187.11
Variable Value
S, (km?) 187.11
S; (km?) 291.64

S 0.641

Il a by e Slsls N0 J g
Table 11. | variable calculation

Czn:’g/rll)ge 250-500  500-1000 1000-2000 2000-4000
S; (km?) 81.91 52.36 30.85 22
¢l (mg/1) 375 750 1500 3000
S;xCl 3071625 39270 46275 66000

Variable Value

Z S; x Cl 182261.25

S, (km?) 187.11

I 974.09

T ald @ by e Dbl VY g
Table 12. T variable calculation

Maximum annual CI  Minimum annual Cl
concentration (mg/l)  concentration (mg/l)

3579 50 0.214

T

E wlad @ Lﬁf Sl N Y J}J,
Table 13. E variable calculation

Cl concentration in CS  Cl concentration inPS  E
694 650 1.07
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Table 14. C variable calculation

Hydraulic conductivity

range (m/d) <40 >40
S; (km?) 146.56 145.08
Variable Value
Sy (km?) 145.08
S; (km?) 291.64
c 0.51

H ol o by Slole NY Jgor
Table 15. H variable calculation

Height range (m) <1 >1
Si (km?) 149.6  142.04
Variable Value
S¢ (km?) 149.6
S; (km?) 291.64

H 0.51

D gl 4 bg e Slslses N0 g
Table 16. D variable calculation

Distance from Sq St D
shore (m) (km?)  (km?)
>1.5 99 29164 0.34
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Table 17. SIVI index calculation

Variables S | T E A C H D SIVI index
Calculated values 0.641  974.09 0.214 1.071 Unconfined 0.51 0.51 0.34
Assigned values 3 2 2 1 3 2 3 0 0.61
Status High Moderate Moderate Moderate deterioration High High High Medium High
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Table 18. Variable ranks in GSA method

Rank Variable GSA coefficient

1 E 4.82x%x 1073
2 H 5.1x107*
3 D 4x107%

4 C 243 x107%
5 T 1.4x107*
6 S 7.24x 1075
7 | 4.41x 1075
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Fig. 13. Comparison of Cl concentrations predicted by the
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Table 19. Final ARIMA model for all wells

Well ARIMA NS MAE NRMSE | Well ARIMA NS MAE NRMSE | Well ARIMA NS MAE NRMSE
1 (211) 091 18 009 | 21 (3L1) 08 20 011 | 41 (111 08 26 014
2 (211) 085 26 0.14 22 (111) o083 27 0.15 42 (211) 0.9 19 0.10
3 111 o079 32 0.18 23 (121) o077 35 0.21 43 (1,01) 0.76 35 0.21
4 (111 o082 28 0.16 24 (1,21) o076 35 0.21 44 (212) 078 33 0.18
5 (111 os81 29 0.16 25 (212) 075 36 0.20 45 (211) 089 20 0.11
6 (211) o086 24 0.13 26 (211) 086 24 0.13 46 (311 086 24 0.13
7 111 077 34 0.19 27 (1,11 o083 27 0.15 47 (1,21 079 32 0.18
8 (21) 075 3 020 | 28 (311) 081 20 016 | 48 (221) 075 36 020
9 (311 085 26 0.14 29 (212) 082 28 0.16 49 (1,11) o086 24 0.13
10 (1,11) o086 24 0.13 30 (111 o84 27 0.15 50 (211) o089 20 0.11
11 (311) o088 22 0.12 31 (1,21) o078 33 0.18 51 (1,11) o086 24 0.13
12 (212) 068 42 0.28 32 (211) o083 27 0.15 52 (111) o087 23 0.12
13 (21 075 3 020 | 33 (111) 08 22 012 | 53 (221) 079 32 018
14 (211) 089 20 0.11 34 (211) 089 20 0.11 54 (211) o088 22 0.12
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SIVI: Seawater Intrusion Vulnerability Index
ARIMA: Autoregressive Integrated Moving Average

GALDIT: Groundwater occurrence, Aquifer hydraulic
conductivity, height of groundwater Level of above sea
level, Distance from shoreline, Impact of present status of
seawater intrusion, Thickness of aquifer

WQI: Water Quality Index

ANN: Artificial Neural Network

ML: Machine Learning

PACF: Partial Auto Correlation Function
SVM: Support Vector Machine

MLP: Multi Layer Perception

AR: Auto Regressive

GSA: Global Sensitivity Analysis

OAT: One factor At a Time

AIC: Akaike Information Criterion

NS: Nash Sutcliffe

MAE: Mean Absolute Error

ACF: Auto Correlation Function
NRMSE: Normalized Root Mean Square Error
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