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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 SIVIindex
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 \ulnerability
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

[12] () s 358 ot ales shoazws N Jgd

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

[12] (B) j5 ol 34 JolSS alad gduanas ¥ Jgae
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
1.03-1.15 Moderate deterioration
>1.15 Significant deterioration

[12,14] (A) ()1)54 C—" wled gloazws ¥ Jsi
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

[12,14] (C) Sy den colis bl sduazes O Jge
Table 6. Conductivity (C variable) categories [12, 14]

Cvariable 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) J=lo 5l alols wlad (yanas V g

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
0.51-0.75 Far
0.76-1.00 Very far 2

[12] SIVI axls gdoarws A Jgde
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

(H) Uys OF 515 5 iy o 515 Ol gles —V-Y-Y
P e A RGBS U5 ] [ S T
| e adlate 3 Ls O 3585 bl 55 Jelse 5 g
il s gl 1y s e (S sodes LS Ol e
o am Ls Ol 55k e S e e b o pd O g
il L o 51 e ) Sl S ey s O e oS a8
Ol an e ool e [14] 555 o a8 S L85 55 55 Sl
el sdsa S 1 s H asles sl 03 e Sl
Sl 3l oml e O v SIS S5 a8 5 5bokes
A Ol s L Sl (S audes 0Lsl Sl Lys
ol ol ac e (gl 308 o (S0 4 e 4S 3y dal s
ujsa.:@;t,gﬁq,-l;gwjﬁ;gich“;\;gw\m
Cla.uj'lwjﬂ)'gicls.ﬂtu})ldijde\jﬁquL;“a-L....a)
(S st Al 1) AL e e 51 S L s



S b9 g pdlall o) el

).gl).g PL) Gl’lm ‘slb(ﬂ,ﬁq-l‘ ,_s,l.x.le SRU 9 Do Sg=> sldis ‘sﬂ)ls dkjﬂ

i Sl Sl st b aaloes G e (oS 5 e Lo
dan wily sl 3l eslizad b e (F) 17] o 515 IS 5 )l
3 p03 edsl 4 e Lol 2 Li (0) pd o Ll b el
Slaao g Sl esliul b bl oo g, 5 edd amls JS
Lo A0 Oliabl o3l (7) [16] 355 0 plowil OIS0 5 S5
(V) Calg )3 5 5o amlme Conle Gl 2Ll dan (6l 5

Al s 0 Ll s,

S ke =¥
o3 Gl = SIVE ol (o ey Sl s orl 02
ol 0 eslial Sl (5 a3l b K kel S
slresly a5 cul LSS ols Sy slas e (s5led e
Lol oS oy il sla e Olge 1y Gloy (g e
Jle 53 ARIMA s s 0lo 51 s aes o5 S o ko s
L ARIMA Jie [18] 1id 6] 5uSim 5 oSL law s 14VS
et 9 et Sade s 1 Sy 5 sl U
sla e (lwand g 35 Jis plcd Sl glags
Sl 5 a5l (35 laedeS o iy 45 Sl glanaals
4 O35 e ARIMA Uit (shl3e 51 bt _slasll 51 b
Sl Sl L LU 5o 5 8 s e Sl s LB
(SHalie glaols u by glag m i 55 [19] 5 el
syd e s, S L s ARIMA Ls s oS 5505 5505  Sieeen
Joe 53 I XE e 6 e St ARIMA o3l Jus [20]
adsles 3 a8 Ao e o w Ut oW 5w 555 ARIMA

1wl ol oals QLS (\ \)

p q 0)
ARIMA(p,d,q) U = Z (Z)iut_i + & — Z stt_j
i=1 j=

=1
P edsl m pl O (58 Joli 51 Jol (s O s oS
Sl Je gl £y 5 Jde 1,505 505 Jde 45 00
S S 0250 b 02 ol il b d el e 6 5
Lg Sles G S 0050 b 0o sl a0l (i 1 Sle
Sl @l sd e s (Mann-Kendall) JIus= e O g5
ales (VY) slas Sy 40 S eyl il JIS= e O 50531

V¥

5 S (OAT o ine S5 oy o siioms) dolay 3L b
(S0DON) J 35 Fss 2,5 o I3 sl 53 &S s iy
[18] 553 o s ol o IS ) S0 2
O o3 e Dlsle 5L e 5 035 ok 3575 b J e B
o 0T a8 das o ) OISl cpl |y ol ol ealizad Zass
amles G b Sl bl i Ll e YL 5 e Jl
Apd patie |S 5 e WJsl 4 o ol sla 2t
Sydese e (A) dslre Slldde o 5,2 (D) S bl

[16]

i

i<j i<j<k

336 s sl Dy s el slaws pol s oS

Sla bl g Jols 51 G50 r g2 ol D s el 12l
e li Al (S cealis asli gyl el gl
bl oS ol S Ay edasOLAS ST J gl 4 e Sl
Sij 3 4 o Comlo 2t L (S o sl s 2 3l
5 S bl s pli s el T bl Odlas il sdasplis
4S Cenl (Seas w3 eSOk STy IS covlas (22l
s s 2 6500 bl e b ol Ll i el
awlee (V0) adslee 3l esliad U Lo jastlis ol 55108

A s

()

4 505 N2 (Monte Carlo) J,Ls cose [agy sl eslaal L (Y)
Sl Juce sleslanul L (F) 555 e slowl golas eyl
ol L17] K sluaslal J g o, sl s al,L (Saltelli)
ﬁ‘ BE) )j_..:rL;c (:l?u\ J:"\Jki awd n(2p+2) ‘};QJL.Q.: J\-’\‘jj lJ )\5
Copslo la ozl s QLA)'V_A Aol (gl ojliliad S,
o S5 il o3 P bl o il JS 5 sl as
O 4o e la Sl S slaas s e 4l 5L
sl n adaly ool )5 358 e ansls N(2p+2) L N+N+2Nnp
el Jie (63955 sl bl slaas p oy P8 Cise slad gl

33 aaP el s sl a o Bas ol oo s e OLLS n s



VE-8 Jls & oleis Y§ 0,95

o3 Ulyes (pwdige ool alone

Y 5 X (Smen 3 (5,503 8L das e OLES il ol
DL L5258 il ea Lsde 53 ol ST Ll o 1S 5t
) 3,03 Y X e (Seen 3 5 g Jule G das e
BISE g P AU (Sa Ol 5 £ A Jle b
asloes (V) adsles Lo S5 Stans ot Ol e (ol

Sy

_ px,y - px,zpy,z (\ \c)

Pxyz =
1- px,z2 X ’1 - py,z2

ol Y
PO PUDS|INWTY, JPY. [F PSSR G PRI Y
ST Sledbl jlas b i ol cpl 353 1ol Jike sla el L

123] 555 0 plowil (10) dslas )50 4 AIC
AIC = NLno.? + 2p (0)
oslsls 0.2 (Sl (g slsesls sl N 0T 534S
Sl (S 5 a0 P s Gl (5 slaetilesil
4eles AIC(P) 5 AIC(P-1) AIC(p+L) y:slis 0 e51 ol ol
P o b die ol ST SLedlbl jlns o8 2 055 S e
il s oS AIC(p-1) 5 AIC(P+L) Jloie 55 ,a 51 obas]
Juce s el iS5 ol Ol clie Jde 45 50 o80T
o3l L i ss opl 53 ARIMA Jue 3 Shas 353 o0 5 oes
sMAE e slbs  Sle (NS CidSS yom 25 slne 4 |
A3 L3I NRMSE el ey gllax Sl o Sls 4o

Y

e
23 i3 Pl e e Ll wailate H1S 55w a5 L
B SARCHEW IRSFTINEYS O I I DRSS SOV IPNCIOUIN o0
Sl (€8) b cmdy dlaosls 0351 s 53 Ole (6,5
0335 o (PS) arsdS by s YoV LYooV Jlejoyso
s (D) IS cul edd a8 k5 s Yerf BY ey Sl
Ol adlaie 53 1) Glodaliin slaelr Cundye 5 4 IS Chale

.M)Lfc

Vo

n-1 n

S= Z Z sgn(X; — Xy)

k=1j=k+1

(v)

Coodle mls el Cadle 1l SgN 5 esls slaas N Ol s &S
ol o e o Zte o3l 33 e V| 45 US e asiie
ST Slacie aisl cie esls T Sk Shewds o
O3l 55 Ks8|y () e A3l i 5 (<)) A3l e
SN Slazss pled Gl Codle pslis pl ¢ samms JIS—pe
S e el o cmws 4 S el 5 el a il
ealS Ly ekasOlis e Cwdle 5 il Ay edasOLiS
el Sl (G 2
S35 (Soen wl 5 510 5P sl el edsl 55502 6
OL_A)'('.A o S oo o3liul PACF o> ;;.WjACF
23l 03,8 Iy (sl s lodh LT3 oo oa b Sl 5as 55 )
SNsed w5 s s 4 G 5P sla bl (6l b
et 3 Al 1) Gl (e S (Stra Sl 5 L8
Slodalle glacsls s u_fmwua PP LL;:...?AA LS
ools ot s Jlay dolok oS Jlm s o b Glos e
O g, Nt g o s 57 (S 32 Ol s 3L el

[22] 545 o arsloes (VY) dslae 3l eslixal b

_ Z;r:kﬂ(rt —D)(r—x — 1) ar)

Yo (1 — )2

S 5l T a0 s g, (St s Pl Ol 3 45

AU i KL Sl Tk 5 Sl S Tr kol Sl

xie V5 =) s (PRANSON) O g o Sied o b o]

Stan Sl a3l 5035 -V L) e ol s
Sl 2 L Jde s

adazr 51,805 Gl sSU S i (San ilie 55k 4

A S gr Ol 1) D (St Ol 3 Ll s

S sl s 5L G (Soen Je Ol

P P SV O g P & S PP UV CINOV

ﬁ\ﬁ;&ﬂ.&y.;ﬁdboiﬁ e 3 P ngngLAJ.?'-‘U

Px

)aﬁ‘fijfu)éﬂjswdﬂﬂw%ﬂ

p—“—{b)a)‘v\ﬁﬂﬁ)“lfbﬁ‘ﬁyﬁx&ﬁé}?w



S gy il () el

o Al 53 Sl S0lsFT 6l Gagie 93 deddgs Sdde LIS b))l

S ale 4 by e Slls 4 o
Table 10. S variable calculation

Cl range (mg/l) 0-250 >250

S; (km?) 10453 187.11
Variable Value
S, (km?) 187.11
S, (km?) 291.64
S 0.641

Il @ by Slabe Ny Jgae
Table 11. | variable calculation

CI range

(ma/h 250-500  500-1000 1000-2000 2000-4000
S; (km?) 81.91 52.36 30.85 22
Cl (mg/) 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 gl & bye Slle N Jgi
Table 12. T variable calculation

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

3579 50 0.214

Ealaa bye Slaabs VY Jga
Table 13. E variable calculation

Cl concentration in CS  Cl concentration in PS E
694 650 1.07

O clile oS ablie cols wlud 51 5S Glawles
Slovlee 5 Laesls (L3 5 o arwlea d5 VI 51 2s IS
sl 0l SOV 5 V) sl s alad g3 pl e by o

Sledeos 53 JS Bl Ol laly B E ST slaglel
35 =l 4 by e Sliales 5 lassls (Wsd o acul=s PS 5 CS
ol ol SOV VY Jslos s wles

ool glotaliie glasls 31 (K) S5 dn Solia (slaosls
S ATCBIS il 5 5 Sy S sy S osbisal b s 3 005
0L ppalie b 033 e 5 Jo0sss 0 5550 Ol S

)bjj))bj_:a\q‘f U\Owﬂ)})ﬁh C,\iU.A gﬁf;'45.lhb@

Cl ion concentration
distribution (mg/l)

Wells

— High : 3579

S Low:50

0 15 3 6 9 12

anWyj%)Sdﬁwé)jYp

Fig. 2. Cl concentration distribution and wells’ location
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Table 14. C variable calculation

Hydraulic conductivity

range (m/d) <40 >40
S; (km?) 146.56 145.08
Variable Value
Sp (km?) 145.08
S, (km?) 291.64
C 0.51

H ol o by Slasles N Jgus
Table 15. H variable calculation

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

H 0.51

D wli by Slisls N0 J g

Table 16. D variable calculation

Distance from Sq S D
shore (m) (km?)  (km?)
>1.5 99 291.64 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 051 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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Fig. 8. Vulnerability map
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Table 18. Variable ranks in GSA method

Rank Variable
1 E

GSA coefficient
4.82%x1073
H 51x107*
D 4x107%
C 243 x 107*
T
S
|

1.4x 1074
7.24 x 1075
441 %1075
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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 (2,1,1) 0.91 18 0.09 21 (3,1,1) 0.89 20 0.11 41 (1,1,2) 0.85 26 0.14
2 (211) 085 26 0.14 22 (111) 083 27 0.15 42 (2,1,1) 0.9 19 0.10
3 (111 079 32 0.18 23 (121) 077 35 0.21 43 (101) 076 35 0.21
4 (11,1) 082 28 0.16 24 (121) 076 35 0.21 4 (212 078 33 0.18
5 (11,1) 081 29 0.16 25 (212 075 36 0.20 45  (21,1) 089 20 0.11
6 (2,1,1) 0.86 24 0.13 26 (2,1,1) 0.86 24 0.13 46 (3,1,1) 0.86 24 0.13
7 11,1 0.77 34 0.19 27 (1,1,1) 0.83 27 0.15 47 (1,2,1) 0.79 32 0.18
8 (2,2,1) 0.75 36 0.20 28 (3.1,1) 0.81 29 0.16 48 (2,2,1) 0.75 36 0.20
9 (311) 085 26 0.14 29 (212) 082 28 0.16 49  (1,1,1) 086 24 0.13
10 (1,11) 086 24 0.13 30 (111 084 27 0.15 50 (21,1 089 20 0.11
11 (311 08 22 0.12 31 (121) 078 33 0.18 51 (L11) 086 24 0.13
12 (2,1,2) 0.68 42 0.28 32 (2,1,1) 0.83 27 0.15 52 (1,1,2) 0.87 23 0.12
13 (221) 075 36 0.20 33 (1,11 088 22 0.12 53  (221) 079 32 0.18
14 (2,1,1) 0.89 20 0.11 34 (2,1,1) 0.89 20 0.11 54 (2,1,1) 0.88 22 0.12
15 (@111 09 19 0.10 35  (101) 065 45 0.32 55 (31,1 08 22 0.12
16 (212 075 36 0.20 36 (101) 071 40 0.26 56 (221) 089 20 0.11
17 (311 08 24 0.13 37 (212 075 36 0.20 57 (211) 091 18 0.09
18 (21,2) 085 26 0.14 38 (211 081 29 0.16 58  (211) 085 26 0.14
19  (1,1,1) 089 20 0.11 39 (L11) 086 24 0.13 59 (111 086 24 0.13
20 (221) 077 34 0.19 4 (211 089 20 0.11

Loy g ol O 3,08 s 6l 3500 o3linad 55 Jl sla0) ol

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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