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ABSTRACT

Uncertainties in climate change and precipitation patterns reduce the predictability of groundwater and surface water
management. In the process of constructing groundwater flow models for existing groundwater management, large-scale
watersheds are typically the primary focus. However, in watershed environments with complex boundary conditions
where coastal lagoons and rivers coexist, it is necessary to establish conditions distinct from those of large-scale
watersheds. This study, targeting the Songji lagoon watershed on the east coast, determined that defining boundary
conditions in small-scale basins can significantly influence the predictive stability of the model and the results of
sensitivity analysis. It quantitatively investigated the impact of boundary condition settings on the calibration and
predictive accuracy of groundwater flow models. To this end, nine scenarios were constructed by stepwise combination of
hydraulic conductivity, river, lake, and drainage conditions. Steady-state simulations using MODFLOW and parameter
calibration based on PEST were performed to simulate groundwater flow for each scenario. Analysis results indicated that
the scenario employing a stepwise calibration method, where river and lake water levels (stage) and conductance were set
first, yielded the most effective water level prediction accuracy (R? = 0.998 and RMSE = 0.138). This demonstrates that,
in small coastal basins, a boundary-focused calibration strategy is an effective approach that reduces spatial uncertainty
and enhances model reliability compared to traditional parameter calibration.
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H 715HsE QI8 7HE 35 T AR Al
HiTel w7} Z71slol ueh(IPCC, 2022; Hirabayashi et
al, 2013), FA99] eFyZ 87}t F93 A2 Batwy
ITHGrey and Sadoff, 2007). 7J=F3F 2 Sbalkake] F25k
Hel= olzl, |, A & AfET AR FHsE
zHetH, ol A7IHoRE AxF HE o EFHANS
AsIA71aL ATH(Vorssmarty et al., 2000). ¥HH X|3}4—=
A AA g 2R oF 30.1%= PRSP (Lee and Kim,



AT A A 5 BAPE 9% 2 2 v e 2 57 97

2021), A|FE tiR] 715Rste] mE @714 wE/dol
JiE e R FgAola Fi

wjZel], vl 715 W} -2 3
012)%]31 Jth(Howard et al., 2006). ©]ol] wk
FA O B2X E8AE Folal, Ak AHET FSAE-S
23R i =8 AWke olsislr] f1gk kst A7t
k3] Z18Y%| 31 ATk Taylor et al., 2013).

53] Agky] 58, B3, s A 9 2
WSS g 0= Jialr] ffal AR dRe] de] 2§
=i o™, 1 £ MODFLOWS} 28 £33k} 7ule)
FAELL A AR 7Y sl B g AN
)31 ) TH(Harbaugh, 2005; Anderson et al., 2015). ©|&] gk
28l s Fo] FAolM 2= (hydraulic conductivity,
K)ot ¥ (recharge, R) 52 A8k &% 31 9 A
g 7P 2 JES Ve T8 MR a1yEAY
(Hill and Tiedeman, 2007; Reinecke et al., 2019).
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|5 0], Czamecki (2010y vl wAIAIT] 7 Z
5SS e E MODFLOW 7|4t %5l 23

o
2o, B3 9 AR D D ARE BEN
T ke B3t s WEHdT 7 AFge) mlx
= FEFS BB ol Bl FElRERe] I B
Aol 5 7E2E AW3E T8 Hrds BT
t}. MacDonald et al. (2012} o}=g]7} & 75 I+
oA A|9H recharge potential] x}o]7} X|sl= A% =&
H7te] 34 WS AT BESE Li et al. (2022)
2 F 3] YA oz HE Y] S HE7}F A
Al 359 ARk oS ApAeHH, FFeo] Al
sleh4 wislel] AHA 0" 7|ofgks AAEIAT

e olefgt A7 Adle T2 AT km? o]
= -9 (large-scale watersheds)S U o2 ==
A Ao} WhE AR -7 (small-scale watersheds),
53] detdll FAH A3 (lagoon)e} 2] sk, 34, &
A7} Aalerst s Agske AHelMe dIIApE &2
Aoz b2 A A8 4 Aok

ol E 9], Voeckler et al. (2014)y2 AT 2EA] headwater
catchment(F%] B3 < 10 km?)ollA sE-X|sk= A%}
E5 oJ9A Ndslel=itel wet Aslee 29 =
2 wo] Ay} I etk B 5199t Bizhanimanzar
et al. (2020)2 7Yt} Thomas Brook &S thido =
MEA 287 B2 7RF 23S vlwgt 29, FAxd
2 G Ao et e wet 9 AT /=
o] Ayt AAs] GeEivial Alxlsisivk. B3 Hansen
et al. (2013)2 €vl= Lillebek #3(4.7 km?)oll A tile

drain?} 22 AR il AARDES B3 XA &S
A5 g A H A FAE ] 1A 7o 7= @l
o] Fewrt A4 AstEkar 2.
webA] $A| 59} e FE5F vt fFoolMe A
TH, A Ex, Bt A x5 2 A5 9
X9} 49 (stage), SFFF == (conductance)2} £ A4
Z3A1Z7 (local boundary condition)®] 2&2] WIZI=E 4
AAle 8 QfloF HrE 4 gt} s AekrA 9]
T BX 35 A=l 7P 2 93 vAe tiEs
= AAR T Askr 2y olxe okt
o7 MdskE F o] AfFY Edddxe tiR
= OE BAZRD A3 A Wg A3 wet
g A7} dolstA vk <= Atk(Na et al., 2007).
b 2 AT AEE a3l HRIg AR As
19991 423 (Songji lagoon)E L2, 2] & 74
Az Ao Asl e EEY wiids B8 2 4
= Agnd vX e JFS AFHoZ FAE A
MODFLOW 7]8F B8-S F538to] 747} spd -S4 vl
A A8S GEist vlie AuRIeE
A% &, 79 5 A5 RMSE, RHE HuL-24315]
t}. o]& Fal thits froolX AxEe FEdEEe} ¢
o] FFo| At A3 FHX = HF o= Algt
Holu, Q3|3 s B 4 AR B HI=E
2735 3
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2R, G At A5 D FARE AT fellae] sk
Belo} 57 wEYe] A o) JleiT 5 9 A
o=

2.1. A7 X

AT P Fole P AT SYe] AN 45
A5, skl B2 APl olsl witkzrE Helwo]
PR Mzolch $ATE B FAU B9, AEIH,
Ak 59 B 592 Fol fIslo] JERgat],
R JoE RO 5k Hisle] BPEE 71
7 (brackish watershed)S B/d$}(Jeon et al., 2021).
SAZ= 984 056 k', FHA 3.826 k', S| 5.56 km
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d) observation wells

Fig. 2. Coverage setup for modeling.

o] A7t 9 A4 545 7HAM(Yum et al, 2015; Kim
et al, 2023), $A o= sligtrte] 24 27} ¢F 50 em =
o™, 201320221 AT 7352 1,100-2,100 mm (Bt
1,390 + 290 mm)E YERY}, FA| A2 o] o
H(7-89)l FFHTH(Lee et al., 2023). 79 A2
A= Y om, F8 FAe FAE AE 252
(282 my} 55 FnSoA] dglsle] A2 FY=
23k o® FAHECHFig 1). 53] 3B A g
A AE 725 HoH, dd A GelMe 5044 7]
Al Wgo] +G= THET FFY T8 FHO=E
E8-=31 th(Jeon et al., 2021).
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B dFdde Aske f5 ZoEs Sd GMS
(Groundwater Modeling System, Aquaveo Inc.) 1045 AR
319, GMS= MODFLOW, MT3D, RT3D, MODPATH 53}
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e) drain coverage

A5 73t /IEEE (Conceptual Model) 7]Hke] 124
AREAF RIFF o]~ (GUDE AlF3H, oI5 B3l &5
TEAE A|ZEE AR o R FAdekal vkt AAIx
A9 FE A ARHoE FETE = e Aol
ATHAquaveo, 2025). A5k & iAol FIAEH
(finite difference method)S 7|WHO.Z 3+ 321 Al
& =%l MODFLOWS ARE3IoH, thso] 491
Hel g A8l 5 S flaEl A AAIF R 7
g AREEA = 2ot Harbaugh, 2005).

B AFelMe sl 352 s8] 98 GMS W9
MODFLOW-2000 3§7121E AR&-aFTh. Bl A/ el
(steady state) 717} 702 8 (homogeneous)$t t
T 545 7P, ¥ AxKgridy= 155 m x
15.5 mo] GAR} Heko 2, % 1508 x 265E = 7351
o 978, - AR 2 A5 v lE B3
Coverage= AoJalom, AR 5432 Fig. 20l A8
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o}, == 992 Aquifer coverageZ A37d3}al, Recharge
(RCH) 3j7|1AE o]8&st sxPH |3k ks AHst
Hom, Layer Property Flow(LPF) H|7|A & F3l 2+ 4
Zpol] gt FEHEEE Aottt 312 River coverage
£ 33l RiverRIV) H7|AE 283l P o, sk
9 (stage), 3 ILE(bottom elevation), FHIEE
(conductance) & A0 ZH Aslr-3Fe] Ho AR5
RoJEft). o5 B3l kol 35 (gaining stream) T
=Y (losing stream)O- 2 Z83h= 2S FHO0=Z
F3513Tt. Bl 2738 Drain(DRN) Z71A1S o183 A
191, Ael=$7} vl (drain elevation)S 2} wjjwt
A7t FrEEE FE2E T Ask AS5UH
2y d=gke] vlwE 98] Well (WEL) i7|1AS Eget
coverages T35t #S T} BY FFAHE vl
HZ3I9Y. vIAEe.2 § 4= General Head Boundary
(GHB) 71AE 3l B8t or, 54 49| (stage), T4~
A= (conductance) S 7102 R|3|Re}e] 429 2Jo]o]]
we} Fd-fEe] sk AAIRACE AT £
AollA= PCG2 (Preconditioned Conjugate—Gradient) 3]
2712 A3IATE. PCGE MODFLOW X8 9] f3lai
WS siAehe ol ARREH, 1 P B AR &
E2do] Holurkar &#A] dth(Harbaugh, 2005). E3<]
T oS e Fetebr] S8l BS 9l o IE
H] W8l RMSE(root mean square error, 2] (1)<}
R*(coefficient of determination, 2] (2))5 &85} =¥
Ae=E kst ol P BS 91, 0= B9
9, e B5 9] B, n TS NGE UERITL

Ir

T or

s

oL,

&, p2
RMSE = |3 (0;=P)) (1)

i=1

Table 1. Description of scenarios applied in this study
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i=1

R=1-—"—
3 (0,-0)
i=1

@)

23. A4 7

£ AFeXe 7 AAERAY i wiziss 2780]
A&l e Bojol| miXe At F3ks g Hlawsr]
3l F whe] AU (Se-Se)yS 733K 4 AlUe]
QE 7IE ZASYS 7IFoE A QA4S WA¥oR
ZAAY A= Ao R AAE A, Alvg]l
T2 MQE Table 19] 29k}

718 AU 221 Sy(Baseline Scenario)y= 23+ =
F T 7] AAE AAZRAY 57 QA4 (recharge,
lake, drain, river)S ¥$3F 7]E B3 o7 FTEFHUC
Si(Zoned Aquifer Scenario)o|Xe WS 57 F3
TR TS ts FEs &83) tE FEkER
AL 53 o]AAS WdEIaL, Sy(Aquifer Calibrated
Scenarioy= S &Y T 7709] pilot points 274
slo] PEST 79E o83t FedE® 3hs A5t

S5-S72 OAT(one-at-a—time) A= AU LZ2A, S,
AU Q. 71l A B2 SR (recharge rateyS 7S
S;, B4 9 (stage) B FHE=(conductance)= =3t S,,
v 737l (drainyg 2788 S5, 3k 579 (stage)s 2%
Se, 3 4 (stage) B H =" (conductance)E 7HEH O =
ZA3%}t S;0]t). Sg (Final Calibrated Scenario)= S-S,
OAT 4] A= viR o= sl Az A4S A
Z§o=z 31gsk & S,0F FYS pilot points ARE-3HA
PESTE FRAEEE HAS T Alve] o]tk o] A

Scenario Name

Description

Sy Baseline Scenario

S;  Zoned Aquifer Scenario
S,  Aquifer Calibration Only (PEST-K},)

S;  Recharge rate Adjustment Scenario OAT vs.
S,  Lake Stage & Conductance Adjustment Scenario OAT vs.
S5 Drain Conductance Adjustment Scenario OAT vs.
S¢  River Stage Adjustment Scenario OAT vs.
S;  River Stage & Conductance Scenario OAT vs.
Sg  Fully Calibrated Scenario (PEST-K)

Default setup: homogeneous aquifer, initial boundary conditions, recharge,
lake, drain, and river inputs.

Aquifer divided into 5 polygons with spatially varied hydraulic conductivity (K},).
Same as S;, Hydraulic conductivity values optimized using 7 pilot points.

Sy : modified recharge rate input.

So: modified lake boundary conditions.

So: modified drain boundary settings.

So: modified river head (stage) conditions.

So: modified river (stage) conditions and conductance values.

Boundary settings fixed to best OAT combination (S;—S5); final PEST cal-
ibration of Kj, using S, pilot points
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o) A WEE ke Adele. Ze g Bl
siaiey, mebd B B AR a3 el
BAER 2] B8 B et SRa sl vk
e Gt AR Sl | 2He Eo.

olo} e A Hoe 27 el AAZAGEA
A, FAASERE W ARG A, S
$)0) JPAL TR} BA5H, BP0 o5 P
PN Y HAe) Y A w=Hshe o 27

o] ek,

2.4, 2 MAH

z7] vy AL 71E A7 2 AY FFAPRE
o g AU $XE FI9] AT e
oF 1,390 mmiyrE, ©] & ¢F 20%71 XalrE FHekEtia
78k 27] e 0.0008 m/dE A o] HlE-
< AR @Az FaE A AT (Hamm et al.,
2019; Chung et al., 2010 5)] 33} HL7} FARBIE. T+
AZ O F2 Hamm et al. 2019y Z thabAe] ZhHe]ule=
FATHAE o g, AT EHAET T F3i8te] 3
sk A|olx] AFE T8I e A9 At A
o] 1,251 mmell 3P, F5AI9~= 8.64 mid, T
0.0006 m/dZ §B1E 19.68%% YEFSTE Chung et al.
2010y 1,868 km* T15.9] 3k T8 i3-S tido= 3}
Rom, A3 FATH F3Qro = s Aok A
< 1,282 mmArE, FEASE 8.64 m/d, SRS 0.0009
n/dZ 3= 9F 21%=E JERITE )% trial-and—error B
207 wdlo] X2 QAT B (water balance) Y]
£ JEsle] AR A

FEREE 273 st EYggRA|Y]
FEIIM AFshs $A4Z 79 W dE BEY A3 &
34 2|, AREE 5)Y ZFEFAGK)E 7N E T
TR 141 mids A831Ant $AE 9] e 1%
g Azl o R slddt 540] 7] 9= A BSAET
FARE el TSAAA UeRE Aeke9] HE 3
k] Z7)Fgo 7 Hit 0.5 m/dE A s3]
conductance= 7[EA 0 Z (0.1 m¥dm= AAHNoH, 5}
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A FH9] 71EFL A3 river depths 4 1 m=2 £
A3k 54 Z(lake)y $A39] HA| Hd FAE
31298} stage 0.5 m, conductance 0.5 m%d/m% A5}
G, v 2 (drainye 1 == 18319 conductance
0.1 mYd/m=Z Z7)3kS A3t ol9sk A8 &
So (Baseline Scenario)ol] H-&F| o, 7|1EZQ0 &
Az sl 71 f5 dEld 2] PAS HA
o] ARS8 At

Si(Zoned Aquifer ScenarioIM= thaz2- 4k, 5A],
4, BjE SoE U] IR FEE the
2 FEelal 72 FHEE FEHER ghs 47 25, 45,
7.5, 10.0 m/d "HYIZ AAHsl] ESF SA00 e olddS
sttt AEA Hef7t 4191 T4 99| =R gk
< 25 md= s9oH Fdo] w2 A B ofF
olZl Bt F9& 100 md= AT} S5 Al L= i
218 7Sk SiQt Q12 W] AskelE =4dsh] 9
gk AR o, AR FRiHEET} Yo vl 23
< FA st w7 4E8] o] FolAA] &dar, T
EE B3 SPIA O gs 28t

Si-SolME SellA Aogt AluR|eE Ve E 7
AAZACH -4, 34-04%) 4 w7iEsy
B34S OAT WHa)o g ehalslolt). Sy(Recharge rate
Adjustment Scenario)Pl| A= 71E%k 0.0008 m/dE TALE
F 0.0001-0.001 m/d FjellA] WSAA, 23 230
Aol gt gkt A9t ATEe 20X =& T
S B5F ¥35l=E 3199t} Sy(Lake Stage & Conductance
Adjustment Scenario)ol|A] RFFS 54 9= HA] 7IE
G991 05 mS FA10F 9F 0.1-1.0 m ] olx] HEpA)A,
Ag9] B 9] 200X 5 BE WstE Hlaeke]
t} 4 SPAEEE 713k 0.5 m¥d/mol] T3l oF 0.1-
1.5 m¥d/m ol 2g8te], sa-tiF 7T wgol
Agtels 7392} Alele 7495 BT HESINT. Sy(Drain
Conductance Adjustment Scenario) il E=E 7|54k
0.1 m¥d/mE 7IEOS=E F= 0.01-1 m¥d/m BNA WA
371, A7 AluE] eddiMe STEERI vl AEE A
B3] 918l Adl 5 mdm7lA] Sjske] 2~E2 Ei2
ES Fsilon, vig Ass Suisislr] sl e
T% &g 3 RISt F ol FejiEEE B V)
T 141 m/dE 710 R °F 0.1-10 m/d E9]elA] WS}
AA, 2834 B AHEE ti55olx] Barss d3Z<I
SRS HEFEIAIT). Se(River Stage Adjustment Scenario)
SE 27 3 5L Telsle] Hol | mold Ha
0.1 m HHR] 2438139}, So(River Stage & Conductance

oy,

ofs
Frr'

o ol

|




AR FNA S 7F RATE A% A 0D s 22 % B} 101
Table 2. Summary of input parameters for aquifer properties and boundary conditions by scenario
Aquifer River Lake Drain
recharge rate Ky depth Cond. head stage Cond. Cond.
Scenario m/d m/d m m%d /m m m%*d /m m%d /m
Baseline So 0.0008 1.41 1 0.1 0.5 0.5 0.1
2.5
45
Kh Si 0.0008 75 1 0.1 0.5 0.5 0.1
10.0
Kh S, 0.0008 0.06-19.94 1 0.1 0.5 0.5 0.1
Recharge rage S; 0.0004 1.41 1 0.1 0.5 0.5 0.1
Lake S4 0.0008 1.41 1 0.1 0.1 0.8 0.1
Drain Ss 0.0008 3.6 1 0.1 0.5 0.5 5.4
River Se 0.0008 1.41 0.3 0.1 0.5 0.5 0.1
River S; 0.0008 1.41 0.3 0.5 0.5 0.5 0.1
Calibarated Sg 0.0005 0.02-17.25 0.3 0.5 0.5 0.5 1.5
Scenario)lAl= 3319 SRMEEE 7|54k 0.1 mYd/mE Fom, ZF AU oM #F HAZRA 9 vy
ujgko® oF 0.01-1 medm HYIONA MSAIA, SEFe]  2Aol A3k A Pl HAE Fee AdHoz
JoiHoE BESG ASRE B Fo4e] B AT Mud & =S TS F 9] AHe) BEgole)
e s w8 Jes Bofslsch HEAE VNEoR mo Solst vlmslgon, F 4
S,(Aquifer Calibrated Scenario)®} Sg(Final Calibrated 1ok} QA= error bare] Aole} WO Z FAEIS 7t

Scenario)?lA= PEST(Parameter ESTimation)S %3

FHIRAEEE AF5RAG3ISIE PEST 2A Al pilot point 7t
ul7) A4 FZHEE = Inverse Distance Weighted (IDW)

HIH (Shepard’s method, exponent = 2.5y ©]-83}o] ®H3t
slem Az 30 m/dZ Ak (truncation)stH . ©1E
Bl B3 AE5AS HHoE FAISFAA vige] B
Beo obgRo s xskEk 2 9,1@ olm| BAE ghe 7izko]

AURIQ. B2 AR 2780l whet dolskAl VERTH
.S, A QoA PEST A3 A} 0.06 m/dol|A] 19.94 nv/
d Afele] gho] EEEom 7F) e FeiEes 54
of wljer Zxdo] wxlsle AR o] WSS P3, MW2 AR
o AfelellX =A vkt Sg Alue] LollX= 0.02 mv/dell
A1 1725 m/d Ale|E UEREO ™ 7Y 2 FElREET}
Rt 232 S, AlU]ollA vehd 711 5dsk 41t

olgtont, 71 ZrPt wlaa A et BE AR
o A7 QPP B 900 T DA V)RR

A%

g=Igiom, 285 TAIAR] g2 Table 20 LFERAI.

3.1. X|5}5= =o| At
A e Al 7 B3 A

p—
L

-

Fig. 30l AA3}

=
=

Alvg|ed A8l 47 oS 89
& A S
71 AU L(So
aedsio ma9en, &
ALg v BS54l 1
oA 2 ol 2 W <
G s P
8] Adshrlel gAr ]’ 9)\3 =5
e s EY 540 wet ¥
FHHAEES] o]z
sy FERREE
HZ5QoNA A % 3—% F ok R E R A )
29} FUAY T AAAQ] A= FFS AgH eI
t}. S, AUl Qo= pilot parametersS ©|-8-3F PEST
79re] RS Bl FedER s 2T EA A
wAel oA sk, S 912 55 A<}

«lﬂlﬁw‘r Si Mﬂ*
FHo g AEslsld
A& Nkt Anjz, FAdo] =& siot
=7 oA 53] AX I

E:T_

A3 AR 5] 91 237 ok ATk ol
AARAN F-FEFIT FFF HHo] A 22

o =53] vkl A=z Mgt
L2(S-SsellMeE F8 7 AAXRAFEE, 54

T 279 IEE %741 oz
4% S; AU oM e e B

X3 o]1% Ay
4,
LA RS
O 22X AA)AQ]

E

[‘

‘E‘
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R? 0.588

RMSE 2.352 RMSE 1.757

R? 0.877
RMSE 1.285

R? 0.613
RMSE 2.278

R? 0.565

RMSE 2417 RMSE 1.206

Ss

A8 Hﬁ— Fm 7t 75‘741_%@ AT B A =
5 7

*l‘%ﬂgql*t— L:J} 01
Z218 WA AR Bl 54 NS U
Ale] 54 SPIAEES w0 2H T O R AEHNA
o, oh, 11 9] Bl o8] LAt SA YRt

of

il 278 243 SoXE AL B3 sier AARA
QA TGNA9] oS AT} HXF 0 Z A= SleH,

ofe AR ARG Ao AsrATS JEHES

uk 3s) NP ojrlait,

53], 3K 918 248 sl 2] Tl
oo} Aais B50] ABIA el 7918 RS
wo] A3} Ao HEd 497 BHHOR, A3}
97} ola WAH Dxgo] vl Veharh, wh,
3121 9ls T SRAEES 24 selE o U
5 AR AANA 591 clZe) Qo] =7 FIEL
o). ol B8 sl 9lsh W SPAEEE W =
ok Aol AsE B melsfl S A9
ol 4 gtk HE A0 selrke 0 20

JNOE F8 WrES B9 HYS AU oS 3
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RMSE 1.909

R? 0.720
RMSE 1.937

R? 0.998
RMSE 0.138

Sz

Fig. 3. Simulated groundwater head distributions under different scenarios (Se—Sg) in the Songji lagoon watershed.
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= REes Ao AAEd 240 ol sl

HESEIgT). ol ATFE SolX Bk @ sao) e
o B DR X]OH TR B EE A
AAAQ kS uE = 98-8 HoFr)

3.2. Oj7HH QIZE

AU vy 2o BE oS AIwo|
A= e AFH oz sy fEl, #5 909
o= 429] 7o) PAS AT (Fig. 4)E AZ3kslar 2%
AR B BEAFEEIHRMSE)S 21238190} AU
ol By Ass vl B4 e F 137 B
Ao, A %] 548 aeste] s A (River),
AEA] (Mountain), 3iQF 2 435 (Lake, Coastal)= -5}
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