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ABSTRACT

Sea level rise due to climate change increases the risk of seawater intrusion through coastal aquifers in Korea. In the view
point of topographic characteristics, the slope of the west coast is gentle, while the slope of the east coast is very steep.
Therefore, as the groundwater level gradient decreases away from the coastline, the interface between seawater and
freshwater expands, which causes seawater intrusion. In this study, the impact of sea level rise on seawater intrusion
through coastal aquifers was evaluated spatiotemporally using seawater intrusion monitoring network (SIMN). The results
showed that the groundwater level change of the aquifer on the east coast is relatively more affected by groundwater
recharge than by sea level rise, and that the recharge effect is more persistent than in the past. On the other hand, the
annual variation of groundwater level on the west coast decreases as it moves away from the coastline, indicating that sea
level rise has a significant impact on the aquifer. After comprehensively reviewing these results with the groundwater
quality analysis and the survey results of representative watersheds, it is determined that the aquifer on the west coast of
Korea is more vulnerable to seawater intrusion than on the east coast.
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Fig. 1. Location map of the seawater intrusion monitoring network (n=277)
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Fig. 2. Conceptual model for sharp interface intrusion with sea
level rise (modified after Sherif and Singh (1999)).
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Fig. 3. Conceptual models of unconfined coastal aquifer under the impacts of sea level rise (SLR) on seawater intrusion. (a) the flux-
controlled (FC) system system and (b) the head-controlled (HC) before and after SLR, respectively (modified after Ketabchi et al.

(2016)).
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Table 1. Physical properties of seawater intrusion monitoring network (n=277)

Sea Properties Mean Minimum 1/4 Median 3/4 Maximum SD
Well depth (m) 90.8 40.0 80.0 92.5 100.0 180.0 23.2
Elevation (m, msl) 6.2 -1.1 3.1 45 6.3 89.0 9.8

West Distance to the coast line (m) 3,205.1 20.8 355.1 927.4 4,618.5 23,562.8 4,719.5

(130)  Groundwater level (m, msl) 32 -5.9 0.2 1.9 3.6 85.7 9.8
Hydraulic gradient 0.010 0.000 0.000 0.001 0.007 0.205 0.027
Hydraulic conductivity (cm/sec) 2.9 x 1072 0.1 x 10 0.1 x 107 1.0 x 107* 5.1 x 107 5.7 x 107" 8.8 x 1072
Well depth (m) 83.2 37.0 60.5 80.0 100.0 200.0 26.5
Elevation (m, msl) 6.6 -0.7 1.9 33 5.0 150.9 16.8

South Distance to the coast line (m) 2,014.1 6.8 160.2 682.2 1,685.1 21,452.1 3,905.9

(88)  Groundwater level (m, msl) 35 -6.2 -0.5 0.6 24 145.7 16.7
Hydraulic gradient 0.031 -0.001 0.001 0.005 0.028 0.525 0.074
Hydraulic conductivity (cm/sec) 41 x 102 0.1 x 107° 03 x 107 47 x 10™* 1.8 x 1072 1.2 14 x 107!
Well depth (m) 90.6 30.0 79.0 90.0 100.0 201.0 324
Elevation (m, msl) 16.6 2.7 43 7.7 24.0 112.0 20.9

East Distance to the coast line (m) 1,556.3 81.9 503.3 888.5 2,302.0 7,261.0 1,558.9

(59)  Groundwater level (m, msl) 12.1 9.1 1.5 32 14.8 109.7 21.0
Hydraulic gradient 0.005 0.000 0.001 0.003 0.007 0.042 0.007
Hydraulic conductivity (cm/sec) 3.7 x 107" 0.1 x 107° 0.2 x 10™* 1.7 x 10™ 6.7 x 107 7.9 1.3

FE #3537 Agle Bl Hit 1,556 mz2 71
7V ar, Aajetol Hit 3,205 mE 7PF W Ao=
UElsdth #5g0] 9Xg sida=e AF APt e
At it A ZH2t 6.2 me} 6.5 mel WHH, A3
AP B3 Sl E 16.6 mE ©F 10 m =4 L
Wt #=39) Axs BE diotllA Hit 83.2~90.8 m
FARH UeldAwE, Aele9le sidalss 7o =
Aafokt Fafictolr] 24zt 32 mé} 3.5 mS) whH Fafotol]
A 121 m2 =4 YT sib7EA] Al o
BEF9 A2 A7t Sl wet 3t
oNx 7P ZA F7FsH, AsiktellMe iz o=z F7t
Zo] A7 YeRdth(Fig. 4). TEIAEEE Asieta dalit
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OF =& B 3.7x10" em/secE UERGTE BEFo] A
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Fig. 4. Groundwater level distribution with distance to the coast
line in seawater intrusion monitoring network. Solid lines, dotted
lines, and dashed line indicate the trend lines of data for East Sea,
West Sea, and South Sea, respectively.
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Table 2. Status of the analyzed monitoring wells and results of trend analysis for groundwater level and electrical conductivity during total monitoring period

West Sea East Sea
) . Trend Analysis Non-parametric Trend Analysis . Trend Analysis Non-parametric Trend Analysis
Disatnce Initial Disatnce Initial
Well Starting to the Elgva— ground- - ound Groundwater EC Well Starting to the Elgva» ground-  Ground- c Groundwater EC
coast tion water ~ Ground- EC (uS/ level (cm/year) (uS/cm/year) coast tion ter level  water E level (cm/year) (uS/cm/year)
name year line (m, msl) level Wwaterlevel cmiyear) name year line  (m, msl) w(a er evl: level (uS/cm
m) m, msl) (cm/year) Sen’s Sen’s m m, ms| /year) Sen’s Sen’s
( ( Trend slope Trend slope (m) (cm/year) Trend slope Trend slope
WGI1 2008 260 49 2.99 13.0 -61.8 A 13.7 v -374 GG1 2013 255 59 3.60 44 10.8 A 43 A 12.0
WG2 2009 359 3.8 1.61 122 6.5 A 94 A 6.5 GK1 2011 457 3.6 2.38 29 -229.1 v -5.1 v 2368
DB2 2004 612 4.8 0.62 219 28.6 - - A 15.5 HS1 2014 163 3.1 0.50 -1.5 54.1 - - A 57.8
DB4 2012 585 9.4 6.85 234 17.3 A 21.1 - - YG1 2007 166 2.6 2.06 1.3 -191.2 A 1.5 v -59.0 N
YHI 2008 145 3.1 1.10 94 110 - - - - CDI1 2016 410 33 3.19 5.1 115.7 A 6.0 A 315 ‘_{g
YH2 2009 353 5.0 2.90 4.1 -6.1 - - v -8.6 TSI 2007 827 6.3 3.00 -6.1 45 - - A 7.1 lq‘l
PBI 2005 52 35 1.49 5.6 0.1 A 53 - - TS2 2008 543 2.4 0.26 -5.7 3.6 v -6.4 A 35 =2
PB2 2005 354 9.3 4.14 13.8 -4.5 A 6.9 - - GD1 2013 312 22 0.76 2.0 -1.4 \ 4 -3.7 \ 4 2.0 R=)
SD1 2003 281 4.7 6.37 -8.0 51.5 - - A 53.0 GD2 2013 715 3.7 2.10 44 110.5 - - A 94.6 r
SD2 2004 22 5.1 4.48 2.1 6.0 - - A 6.3 DP1 2010 237 5.2 1.84 -4.1 -56.2 v -16.2 - - ﬁ
BS2 2005 568 1.1 1.00 42 35.0 - - - - CY1 2009 804 42 3.29 -4.7 -214.6 v -5.1 v 2142
YS2 2014 765 84 4.70 18.0 355 A 209 A 39.9 GH1 2011 484 12.6 2.85 4.0 0.9 A 42 A 1.0 At
SH1 2015 4,097 6.3 0.66 2.6 492 A 23 A 54.5 GP1 2015 1,025 16.0 6.50 -4.7 0.8 4 -4.9 - - %
MS1 2015 14,605 84 3.15 1.6 5.0 - - A 6.0 GP2 2015 1,329 17.7 8.00 -6.6 -32 v -8.4 v 32 ;‘_‘;
ID1 2015 11,310 6.6 5.40 -11.1 -62.0 v -14.3 v -533 BGl1 2017 874 6.1 2.56 -1.1 -6.0 - - v 2.4 )
Os1 2017 12,488 22 -0.69 15.1 69.3 A 135 A 88.1 Y12 2015 5,064 9.6 -8.85 36.7 10.3 A 375 A 11.5 ol
JB1 2006 137 44 1.74 12.1 -735.4 A 13.6 v -773.2 PH2 2010 564 33 0.60 5.8 -1.9 A 6.6 v -1.5 L
ol
JB2 2006 269 7.1 3.96 0.5 13.5 - - A 11.6 PH3 2016 1,890 8.0 6.13 8.1 -6.8 A 11.8 v -13.1 j;‘
NM1 2015 205 52 1.67 8.1 220.7 A 8.8 A 222.5 HS2 2014 1,080 10.6 6.80 -12.6 2.8 4 -8.8 v 2.7 o
NM2 2015 452 5.6 1.79 -6.7 24.0 - - A 24.0 YG2 2016 658 44 2.74 8.1 85.8 A 6.9 A 352 <
NH1 2014 95 42 0.95 0.4 443 - - A 65.1 PN1 2016 1,158 44 2.85 -1.3 -84 - - \ 4 -8.2 of)
NH2 2014 649 42 0.60 3.8 -72.1 - - v -47.4 SI1 2012 587 53 4.85 29 43 v -7.1 A 3.8 0;
BSI 2005 1,077 0.9 1.13 0.0 5374 - - A 508.7 CGl1 2011 1,223 8.9 2.76 9.1 5.6 - - A 6.5 O\Jj'
-~
YS1 2013 197 39 224 -0.2 -1,659.9 - - v -16195 GH2 2011 2,561 48.3 2.79 3.0 0.1 - - - -
Mean 2,081 5.1 2.54 4.1 -61.2 9.2 -75.7 Mean 974 82 2.65 0.7 -13.1 0.8 -13.3
Minimum 22 0.9 -0.69 219 -1,659.9 -143 -1619.5 Minimum 163 22 -8.85 -12.6 -229.1 -16.2 -236.8
1/4 199 38 1.03 -0.2 9.8 53 -374 1/4 421 34 1.90 -4.7 -6.6 -6.8 -5.7
Median 356 49 1.77 39 10.0 9.4 11.6 Median 686 53 2.78 -1.4 0.5 -3.7 1.0
3/4 736 6.5 4.10 122 42.1 13.7 54.50 3/4 1,138 9.4 3.52 44 9.2 6.3 11.8
Maximum 14,605 9.4 6.85 234 5374 21.1 508.7 Maximum 5,064 483 8.00 36.7 115.7 37.5 94.6
SD 4,244 23 1.97 10.0 394.1 9.8 437.6 SD 1,036 9.5 3.17 9.4 86.1 12.0 76.5
A and V¥ indicate upward and downward at 95% confidence level, respectively. o
O
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Fig. 5. Location map of the analyzed monitoring wells (n=48).
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Fig. 6. Distribution of elevation (a), groundwater level (b), annual variation of groundwater level (c), and annual variation of EC (d) with
distance to the coast line for the analyzed wells (2018 ~2024). Solid lines and dotted lines indicate the trend lines of data for East Sea and
West Sea, respectively.
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ST it A= 22 2,081 m (22~14,605 m)<}
974 m (163~5,064 m), B3t FI1E= Z}7f 51 m
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HojH4E A5F] Asl9] Wskeo] A vepsth
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Fig. 7. Distribution of annual variation of electrical conductivity to annual variation of groundwater level based on 1 km from the coast
line on West Sea (a) and East Sea (b) for the analyzed wells (2018~2024).
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Table 3. Analyzed results of annual variation of groundwater level during total period, dry season and rainy season during 7 years (2018 ~
2024) for 28 monitoring wells

Annual variation of groundwater level during

Sea Well Disatnee .to Hydraulic Hydl‘al}ll? Dry season Rainy season
(number of the coast line . conductivity ;
name gradient Total period
ells) (m) (cm/sec) Trend m/ Total period Total period
W (cm/year) Trend Trend
(cm/year) (cm/year)
WGl 260 0.0115 0.017028 A 13.7 A 13.1 A 62.8
WG2 359 0.0045 0.002665 A 9.4 A 144 A 222
DB4 585 0.0117 0.004815 A 21.1 A 229 A 90.0
PB1 52 0.0287 0.000114 A 53 A 4.7 A 30.0
PB2 354 0.0117 0.202000 A 6.9 A 73 - -
YS2 765 0.0061 0.071419 A 20.9 A 22.0 A 63.7
SH1 4,097 0.0002 0.000012 A 23 - - A 5.0
ID1 11,310 0.0005 0.000002 v -14.3 \ 4 -18.6 - -
OS1 12,488 ¥ 0.000181 A 13.5 A 17.9 A 36.0
West JB1 137 0.0127 0.000018 A 13.6 A 16.1 - -
(n=11) NMI 205 0.0081 0.000091 A 8.8 A 10.7 - -
Mean 2,783 0.0096 0.027122 9.2 11.1 44.2
Minimum 52 0.0002 0.000002 -14.3 -18.6 5.0
1/4 205 0.0035 0.000018 53 6.6 222
Median 359 0.0098 0.000181 94 13.7 36.0
3/4 4,097 0.0119 0.017028 13.7 19.0 63.7
Maximum 12,488 0.0287 0.202000 21.1 229 90.0
SD 4,656 0.0081 0.061752 9.8 11.9 29.2
GG1 255 0.0141 0.000180 A 43 A 4.6 A 233
GK1 457 0.0052 0.000020 4 -5.1 4 -6.9 - -
YGI 166 0.0124 0.005204 A 1.5 A 2.6 - -
CDI 410 0.0078 0.290000 A 6.0 A 7.7 - -
TS2 543 0.0005 0.089217 v -6.4 4 -6.2 v =252
GD1 312 0.0024 Sk v -3.7 - - - -
DP1 237 0.0078 Sk v -16.2 v -173 v -52.9
CY1 804 0.0041 Sk v -5.1 v -6.4 - -
GH1 484 0.0059 0.000018 A 42 5.7 - -
GP1 1,025 0.0063 0.000010 v -49 - - 4 =233
GP2 1,329 0.0060 0.000005 4 -8.4 - - - -
YI2 5,064 -k 0.000513 A 375 A 46.3 A 84.3
East PH2 564 0.0011 0.000797 A 6.6 A 7.8 - -
(n=17) PH3 1,890 0.0032 0.000035 A 11.8 A 18.3 - -
HS2 1,080 0.0063 0.006967 4 -8.8 4 -10.3 v -24.0
YG2 658 0.0042 0.001024 A 6.9 A 10.1 - -
SI1 587 0.0083 0.157700 4 -7.1 - - - -
Mean 933 0.0060 0.039406 0.8 43 -3.0
Minimum 166 0.0005 0.000005 -16.2 -17.3 -52.9
1/4 361 0.0035 0.000019 -6.8 -6.6 2322
Median 564 0.0060 0.000655 -3.7 4.6 -23.7
3/4 1,052 0.0078 0.027530 6.3 8.9 38.5
Maximum 5,064 0.0141 0.290000 37.5 46.3 84.3
SD 1,153 0.0037 0.085605 12.0 16.0 49.3

*Elevation is below mean sea level. ** No data. A and ¥ indicate upward and downward at 95% confidence level, respectively.
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Table 4. Correlation coefficients between annual variation of groundwater level and 3 factors (distance to the coast line, hydraulic
gradient, and hydraulic conductivity) with P-value during total period, dry season and rainy season during 7 years (2018 ~ 2024) for 28

monitoring wells

West Sea

East Sea

Annual variation

Correlation coefficient between annual variation of groundwater level and

of groundwater

level (m/year) Distance to P- Hydraulic P- HydraL.lh.c P- Distance to P- Hydraulic P- HydraL.lh.c P-
the coast value gradient value conductivity value the coast value gradient value conductivity value
line (m) & (cm/sec) line (m) £ (cm/sec)

Total period -049 0126 027 0445 0.08
Dry season -0.44 0.198 0.17 0.655 0.02
Rainy season -0.28 0.539  0.17  0.750 0.41

0.808 0.77 0.000 -0.03 0927 -0.11 0.709
0.963 0.82 0.001 -0.05 0.874 -0.09 0.797
0.365 084 0037 0.60 0284 -0.41 0.497

3.3. X5k 2

et therol sl Fe] Faks we 7 Ak
FEIR|ser 2L Wegt S (mixing process) E
o} ol W 3Mk3-(cation exchange reaction)ol] 2|3} A
HIETHAppelo, 1996). ¥ 531529 g3fo] w|x]|=] &
+ Aol Ca*'9f HCO5 o]0 =2 F3x3it}. ue}
Al gt tiEs B AT sk AT digs

o] B¥ES= Ca* o]20] ol 13-7|(cation exchanger)

Lo

Ak Al HH, sfigroll 23 Na' o] 23} wghen)
Aoz digFe] FefAsteH 548 Ca-HCO; %
oA AlEFete] Ca—Cl 7385 714 Na-Cl 322 73}
3] Fth(Richter and Kreitler, 1993; Appelo and Postma,
1993; Jeen et al., 2001).

Aaliotat salicte] 487l A5 Askr Aol g
o]l A= Piper diagramoll £A1E A3}, Ca-HCO;,
Ca—Cl B Na-Cl 1% 5 tdgt FejAskehy S4¢] v

O West Sea
m East Sea

Cl

Fig. 9. Piper plots of groundwater chemistry for 48 monitoring wells in 2024. Dotted and dashed area indicate well group located on West

Sea and East Sea, respectively.
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EPstth(Fig. 9). 18y A8ligh #=532] 48] | 38}eH4]
EAX8 oM AAZE Ca-HCO; FF8olA Alste] Ca—Cl
FEE AH NaCl FE2o2 Wlsh= FHo] $AIsHA
Uehh= 9hA, F3lQt #532] 5442 Ca-HCO; 3l
] Na-HCO; -8 73 Na-Cl o2 23sl= Fes
HAFE o3t ¢floE Aliqte] 79 sidar=r} vl
S el SJal TG Aol oln] WEEke 2
A =] 7] Wi, 95 EA4e] A3t Clol

G2zl olm] Z}t}sle] Ca-HCO;olA Ca-CIZ 3
o]% Na-CIZ H3lsh= Zlo=z ddtEt) Fajke A3
ool mlaf sficte g wiEH= xslre] 77 Fai
kel $1xIst TA MM T H=e] EAdo] Zg HCO; 7
2o 855 v, S5 g S} Asliqtel] vlsl =4
ool HHG AAHS] Wyt AA] &2 5740] Utk
wEbA] Qb ZI7IAE 739Ol Na'oll oJg Ca**
9} Mg?" o] w3tk 94 whste] Ca-HCO:01A Na-
HCO,2 ®3a}aL, o]% dfigtel]l o 777 &A=
HCO; ™l Hl&} CI” %7} A A Na-CIE R3fsh=
Ao gdE)

AyH oz obA ok AT XSS M-Sl A
S sl gl mE sigRe] o] AsligtelA
A Jepar, o]2 sl ti55-S S5 FHS A
Hol YEZEoF Ao} Rl 540 Fe]R|§eH]
F8}H(hydrogeological evolution)?] 545 RHoFE= ASE
getgEch wha FEetel s digFe] AslSs ol
S Aol sl 2 G rIXA ==, ol Al
Ao =& AHojA ke A7) Bt WEke 2
HiEE u) o] wslo] WA WAYElar, o] F o)

BAZon EYSEA WSt Wow BuwEd,

o

i

7} 65
NM2)yS AX|3te] -9 Folth. NM1% NM2 #5359
aek7kA1e] Adle 22t 205 me} 452 m, daEE 7t
7} 1.67 m¢} 1.79 mo|THFig. 10).

20151 o] wiid ANFH3 A3 Azl gk o] 274
A} 3ot 7R NM1 #2339 ek 2L o
TS 53 A5 1 e FeRse 2
3lo] 271 @0 SFEE Ca-Cl 3 ==k,
NM2 #539] 2L 53T Jao] droz 4
< Ca-HCO; ol 7P7ke- $1xo) afd== s o= et
Yrh(Fig. 11).

T 353E dgom grEel s 1SS 4
&3t A3} NM1 A=FolMe Alzte] ZAapdel wel &)

>

Fig. 11. Piper plots of groundwater chemistry for NM1 and
NM2 monitoring wells during 10 years (2015-2024). Dotted
areas indicate well group for 2 monitoring wells.
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Fig. 12. Electrical conductivity profiling at NM1 (a) and NM2 (b) monitoring wells during 10 years (2015-2024). Dotted arrows indicate
the movement of transition zone between saline groundwater regime and fresh groundwater regime.

FA|oF TS BAREZIHNES €F 2,000~3,000 uS/cm)
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7VIARE Al o] Bigh= Qle A 0= YeRdthFig. 12(b)).
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olt}. B=FTE2 YA GDI, GD2, GD47} 131,
GD5E 9] AHttol f1xIgith. GD32 #&:9] th&
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Fig. 14. Piper plots of groundwater chemistry for GD1~GD5
monitoring wells during 12 years (2013-2024). Dotted areas
indicate well group for 5 monitoring wells.
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Fig. 15. Electrical conductivity profiling at GD2 (a) and GD3 (b) monitoring wells during 12 years (2013-2024). Dotted arrows indicate
the movement of transition zone between saline groundwater regime and fresh groundwater regime.
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