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In diverse hydrogeologic fields, estimation of groundwater storage change is one of the most critical issues.
Accurate estimation methods for determining groundwater storage change are required more and more. For Yeonyang
area of Ulsan Megacity, groundwater storage change was estimated by using water balance method and hydrogeological
analyses. The estimates of groundwater storage change was 240 mm corresponding to 18.7% of mean annual precipitation.
Direct runoff was calculated as 137 mm (10.6% of mean annual precipitation) by using SCS-CN method. Evapo-
transpiration based on the Thomnthwaite method was calculated as 776 mm (60.5% of mean annual precipitation).
Hydraulic properties of the soil types do not show any distinct relation with hydraulic conductivity of the rocks.
This fact suggests that hydraulic property on the surface is different from that of subsurface geology. According to
multi-linear regression analysis between groundwater storage change and hydraulic parameters, a regression equation
of groundwater storage change, which was explained by precipitation and evapotranspiration, was established.
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Fig. 3. Annual rainfall and average temperature in the study area from 1976 to 2005.
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Fig. 4. Long-term variation of annual average temperature.
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Table 1. Soil moisture retention with different combinations of soil types and vegetation (Thornthwaite and Mather, 1957).

Available water Root zone Applicable soil moisture retention
Soil type
mm/m in/ft m ft mm in
Closed mature forest
Fine sand 100 12 2.50 8.33 250 10.0
Fine sandy loam 150 1.8 2.00 6.66 300 12.0
Silt loam 200 24 2.00 6.66 400 16.0
Clay loam 250 3.0 1.50 5.33 400 16.0
Clay 300 36 1.17 3.90 350 14.0
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Table 3. Evapotranspiration in 1995.

e - A

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug.  Sep. Oct.  Nov.  Dec.
Ave. monthly temp (°C) 14 41 77 132 169 197 255 281 205 163 8.4 2.8
Monthly rainfall, P(m) 29.6 19.1 685 648 903 1151 1103 999 455 476 2.1 0.2
12
Annual heat index, J J:Z/n=64.02
n=1
o a = (6.75x107)P~(7.71x107)/4(1.79x1072)J+0.49239 = 1.50
UPE(m) 1.6 83 212 480 694 876 1290 149.1 930 657 245 46
PE(m) 14 7.1 218 525 840 1063 1593 1737 962 639 215 4.0
P(m)-PE(m) 282 121 467 123 64 88 490 -738 -506 -163 -194 -3.8
APWL(m) 0 0 0 0 0 0 -49.0 -122.8 -173.4 -189.7 —209.1 -212.9
SM(m) 300 300 300 300 300 300 2548 1992 1683 1594 1494 1475
ASM(m) 0 0 0 0 0 0 452 555 310 89 100 1.9
AE(m) 14 7.0 218 525 840 1063 1555 1554 765 565 121 2.1
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Table 4. Soil classification by the SCS-CN method (McCuen, 1982).

Description and runoff potential Soil type  Minimum infiltration rate (mm/hr)
Mostly sand and gravel Low runoff potential A 7.62-11.43
Sand with small amount . -
of clay and silt Moderately low runoff potential B 3.81-7.62
Mostly clay and silt Moderately high runoff potential C 1.27~3.81
Clay and silt High runoff potential D 0-1.27
335 3% 507 4 N 25' 400
N N=§’—@ FE S=———-254 (19)
S+254 CN

®

£ 1249° 00" 00"

E 128" 12" 52

DRV

Fig. 5. Hydrologic soil types in the study area.
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Table 5. Hydrologic soil types with respect fo rocks and soil codes in the study area.

Soil code Bedrock Hy c_irologic Soil code Bedrock Hy (‘irOIOgiC Soil code Bedrock Hyc'irolegic
soil type soil type soil type
BDC2 Qa, Bg, Sd B Hk Qa, Bg, An, Sd A ScB Sd C
BDD2 Bg, Sd B Hr Qa, Bg, Sd A ScC Sd C
BDE2 Bg, An, Sd B wC Bg, An, Sd B SeD Sd C
BhD Qa, Fs, An, Sd B IwD Bg, An, Sd B Se Qa, Bg, Sd C
BiB Qa, Bg, An B B Bg, Sd C SgD2 Bg A
BiC Bg, An, §d B JiC Qa, Sd C Sgh4 Bg A
BIB Sd B JiD Qa, Bg, An, Sd C SgE2 Bg, An, A
BIC Qa, Bg, An, Sd B JoB Bg B SgE4 Bg, An, A
BID An, Bg, Sd B JoC Bg B SgF2 Bg, An, A
BRC Qa, Bg, Sd B JoD Bg B SmD2  Bg, An, Sd A
ByC2 Bg, An, Sd B MdE Bg, An A SmE2  Qa, Bg, An, A
DgC2 Qa A MdE2 An A SoD2 Bg B
DgDh2 Qa, Fs, 8d A MdF2 Fs, An A Sn Sd B
DgE2 Qa, Fs, Sd A MMC An B SqD Sd B
DgE4  Qa, Fs, An, §d A MMD An A SvD4 Bg A
DSC2 Qa, A MME Bg, An, A SxD2 Bg, An B
DSD2 Bg, Sd A MoB Bg, B TBD2 An, Sd B
GBB Qa, Fs,8d B Mo(C Bg, B Te Qa, Bg, Fs, Sd B
GBC Qa, Bg, Sd B MoD Bg, B TGD2 Qa, B
HHB Qa, Bg, Fs, 5d C MTD2 Bg., Fs, An A TME4 Qa, Fs, An, Sd B
HHC Qa, Bg, Sd C MTE2 Qa, Bg, Fs, An, Sd A UbD Bg, An, B

Qa: alluvium; Fs: felsite; Bg: Bulguksa granite; An: andesitic rock; Sd: sedimentary rock
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Table 6. Antecedent moisture condition (AMC) of soil (Aller et al., 1987).

Total 5-day antecedent rainfall, Ps(mm}

AMC - Description of AMC
Dormant season Growing season
I Ps<12.7 Ps<35.56 Highly dried
i 12.7<Ps<28.0 35.56<Ps<53.34 Moderate
111 Ps>28.0 P5>53.34 Highly saturated
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Fig. 6. Comparison between geology (left figure) and soil series (right figure).

Table 7. Locations and characteristics of the boreholes.

Sint

S

Bangok

Taegi

Ongitaa

I I VRO N

27N

EXPLANATION
QO statest site
{7} Tost arca

Coordinate Elevation  Depth to water Borehole depth Borehole diameter
Village name Borehole no
™ X ™ Y (m) (m) (m) (mm)
B-1 234,282 213,568 204.6 -24 30 76
B-2 234,176 213,514 195.0 -1.0 5.5 76
Jjinti B-3 234,114 213,520 198.8 -3.0 3.6 76
B-4 234,050 213,500 196.0 -04 3.7 76
B-5 234,018 213,494 207.6 -1.7 2.8 76
B-11 233,366 213,306 191.9 - 4.5 60.3
Bangok E-3 233,064 213,216 230.6 -132 19.0 60.3
E-4 232,936 213,174 2334 -14.0 210 60.3
E-8 232,104 212,938 2444 - 12.0 60.3
Taegi E9 232,860 212,864 231.6 - 19.0 60.3
E-11 231,158 212,700 228.0 - 16.5 60.3
Ongtae T-1 231,016 212,677 1393 -180 270 60.3
T-4 230,372 212,444 194.4 -39 10.3 76
T-5 230,408 212,456 188.7 -1.4 10.1 76
Oegol T-6 230,439 212,468 197.3 -6.9 10.0 76
B-20 230,393 212,584 199.4 - 2.3 60.3
B-22 230,295 212,576 204.0 -1.2 34 60.3
B-27 228,801 212,500 160.3 -4.5 7.6 60.3
Eoeumri B-29 228,637 212,491 160.1 -14 6.9 60.3
B-30 228,547 212,490 159.5 -1.2 7.2 60.3
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7F BEshe A Yolle F2 DgE2e] B¥8k7 AUrkFig. 6).
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I M= DgE2, SgE4 28l SmD27} -$-Alsic).
T3 Al47] 8% A GoME JiBSH HHB7F $-4)3ith
(Table 5). H~%(Daegu series)ll &3R= DgE29] Eo)
T uig- Sk T3 HEolthhitp:/asis.rdagokr).
2+ (Samgak series)?] &3R= SmE2, SmD2, SgF4
< e F5g Bl 2 S-S Y v
S (Mitan series)] &3l= MTE29] EShljE 458}
3 BeAe o7 WEAY BEold, A4HE(Jisan
series)ell &3k JiBY Elee o7t BElL B4
AL BE WA 7 =gk 223 3He5(Hwadong
series)oll &3l HHBE 47F 483 vlAdst wi$ &
& 5FEE 7RG

AR A o, Ao FRHel B 4
2 B54L oeka JEhdti(Table 5). AEH 9
(19971 2J3lH, Ee] Wee 7|3, A, A&, Al
ol #eEm, O FelAE 7157t 7P ZA 93
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Table 8. Relationship between soil and hydraulic

conductivity.
Village Borehole cgﬁg:ggf Soil  Hydrologic
name no (cm /sec)ty codes  soil type
B-1 5.02x10°  Mde A
B-2 2.17x10°  DgE2 A
Jjinti B-3 1.66x10  DSC2 A
B-4 1.18x107  DSC2 A
B-5 438x107  DSC2 A
B-11 521x107  DSC2 A
Bangok E-3 6.04x10*  DgD2 A
E-4 4.07<10*%  DgD2 A
E-8 2.90x10%  JiB C
Taegi E-9 3.83x107%  DgE2 A
E-1t 3.76x1075  DSC2 A
Ongtae  T-1 820x10™°  DSC2 A
T-4 140x107*  IWC B
T-5 520107 IWC B
Oegol T-6 220x10*  IWC B
B-20 6.02x10°%  IWC B
B-22 1.43x102  DgD2 A
B-27 3.53x107%  Tc B
Eoeumri B-29 6.86x1073 Tc B
B-30 8.85x107*  Hk A

Qg - A - HE - WY - Aes

nAE gl o) fEjuetet el F4719 25
717b FElElal A7l FHE A dole ¢ F
FEOE 7137 EYY A B4 o & 932
Mtk RAE onjdith, A7XG Bl 228 2000
AFFAAM FRE EEANTECRNE G £
AELE TR E=EEAE T, Faslold], 2005).
ANFEFe] Zdole A} 2.3~27.0 me|th(Table 7). A&F
el oe] FEAREe} EEe] AAE AuE Z
HFig. 6, Table 8), EFE2] T3 S4o] AQl N4Q
M= FElAEEIF 2.17x1075~1.43x107% c/seco) L,
B3 AgellME 6.02x107°-6.86x107 com/seco] ™, €3
A E 2.90x10™* em/seco]th. wEbA], A1A] L]
EXTY i 543 03N A% g4 &
AEE Aloldle HEig HlE 2AE 24T + %
o ole AEF2e EYY el B3 AR A3}
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sk NE HSZT Y5y, S,
NERaYel MY 24

1o 0R
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SEA FOAE 3 HEA (multiple linear regression)yS
AT FUY BlARAE S5 E AYEY)
A S”ATTE A JHQ) A9l HEsie 3ARA
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SOIE 3ARANN F5EF R p-1le] 57

"FX], XQ; “er Xp—l =

Y=o+ BiXi+ Bt o + B, X (22)

o e FAK R RRAHEZF AE, 1999).
A7\ HFHAAS pee B4 dHolx B, B,
B 718718 UBlE vIRFolth. (224004 A
SR FHAF( AR @R eldE 23Keyt A
71, 2437t nd o

Y= Bot B + Bt -t + B, pates

=1, 2, n 23)
o} -8 PARe] AP A7 = 19} Y Y L
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WO Ei %I.&\]}wm (method of least squares)w 01% b
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Table 9. Correlation coefficient matrix between precipitation

(P), groundwater storage change (AS), evapotranspiration
(ET), direct runoff (D), and baseflow (QS).

AS P ET oD 0s

AS - 0938 0094 0769  0.938
P 0938 - 0341 0935 |

ET 0094 0341 - 0413 0341

oD 0769 0935 0413 - 0.935

os 0.938 i 0.341 0.935 -

Table 10. Result of ANOVA.

Source of Sum of Degrees of Mean .
p-value  F-test

variation squares freedom squares
SSR 8800684 2 440034.2 5.2E-17 203.366
SSE 58363.8 27 2161.6 Foos(2.27)
SST 9384322 29 335

Table 11. Multiple linear regression analysis between
independent variables (precipitation and evapotranspiration)
and dependent variable (groundwater storage change).

Standard error

R R? .
of estimate

Adjusted R®

Regression

. 0.968  0.938 0.933
equation

46.493

Table 12. Result of multiple linear regression analysis.
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Unstandardized coefficients Standardized
Factor . t-test p-value
Coefficient Standard error coefficients
Constant 655.018 213.912 3.062 0.005
Precipitation 0.546 0.027 1.025 20.082 9.2E-18
Evapotranspiration ~1.438 0.287 -0.255 -5.004 3.0E-5
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Fig. 7. Comparison of groundwater storage change by water balance method and groundwater storage change by multiple

linear-regression equation (25).
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