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(GRACE)%} Global Land Assimilation System (GLDAS) At2& =33}gch A2 3} 1996~20153 St -
uiete] A% 948~1,857 mm/yre] HFHLE BHL oF 449 7|2 7hgo| WA A5k
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31429 9 o 2291 E3] 1996, 2001, 2008, 2014, 2015 0| Z-AsHATH E3F 2014, 20158 0]l= GRACES]
Z &% (Total Water Storage Anomaly, TWSA)3} GLDAS 9] X| F&<=HF(Total Water Content Anomaly,
TWCA)E ghasstel $-efubeke] 4% +-E8H8 7he-e A3kt
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Ho Geon Lee, Woo-Hyun Jeon, Sang Woong Yun, Kideok D. Kwon and Jin-Yong Lee, 2017, Comparative
study of variation of groundwater and dam storage from 1996-2015 in Korea. Journal of the Geological
Society of Korea. v. 53, no. 5, p. 715-726

ABSTRACT: This study was conducted to compare the variation of the groundwater and surface water in Korea.
For this purpose, we collected hydrological data including groundwater level, dam water level and its storage,
precipitation for the period of 1996~2015, GRACE and GLDAS data for 2002~2015, and 2001~2014, respectively.
The annual precipitation ranged between 948 and 1,857 mm/yr and showed a drought cycle with about 4.4 year
period. The median values of groundwater levels and dam water levels anomalies are -0.4~+0.4 m and -4.0~+4.0
m, respectively. Precipitation, groundwater level, and dam water level were decreased especially in 1996, 2001,
2008, 2014, and 2015. Also, GRACE TWSA and GLDAS TWCA were decreased which indicates the extreme
hydrological drought of Korea in 2014 and 2015.

Key words: groundwater, dam storage, precipitation, drought, GRACE, GLDAS

(Ho Geon Lee, Woo-Hyun Jeon, Sang Woong Yun, Kideok D. Kwon and Jin-Yong Lee, Department of Geology,
Kangwon National University, Chuncheon 24341, Republic of Korea, Critical Zone Frontier Research Laboratory,
Kangwon National University, Chuncheon 24341, Republic of Korea)
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S2]o] hRE FEoE A XS Yaw
ahk ol A9 % A9, Berks, AL7RA SR
sl v o] Qs RO L7 glof Hitol
oo, 48, 22 5 Ao x] Aol Te T4l
o] okA] 31 §itk(o ef al,, 2009). AANUA] A
F SAge 220 gEmu ohet Ao

ufl-$- 293t A-Qo]th(Ryu, 2011; USEPA, 2015). %]
Fo] £ oF 149] km’o|n] o] & F4k 25%
2 0359 km’of| B35l White, 2010). T4 29
A AR $-2)7F AT 5= Qe AN A, BHA,
23l S0 & 0.3%<] 427+ km’ o] tHWhite, 2010).
o] 87Fs 3t LAUL 2 oA W ASTHR 2
8o 209} F2/4J0] Ok 2L YTHKAIA, 2015). %
vkt ot ul=, §9 5 ol F7tellA 47t
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A gEskar A2 oz wEjstr] sl B AN
o] o] 20 2] 1 QtHKAIA, 2015; USEPA, 2015).

T H T 7| TSR Qe A AlAH o R F,
7he, Qe 5 o371t w2 ArdA st Ty
&}32 QITHUSGCRP, 2016). ©]% 7H20. & <13t 1)
= AlAZH oz 1951~20109 9 Z718k= A
=& Holn 53] 2| yer} &3 Fobalobe] 7HaHl
%7} A Z7}sTHSpinoni et al., 2014). v]=+ A
gz o} 2= 7HEoZ <l 2 HE Yo
7he W& A28 531l itk (Lee and Kwon,
2015). 20099 ZZ A& 7HE O & Q18| ¢k 579 &
29] & FAA Hafi7t PAYs T Heo, 2011). £
ZutetE 20159 7RO =2 13| 57t a2 X
3109 ¢ ol4o|w Fafj HA2 ¢F 3,000 ha7} LAY
Ft}H(Chae et al., 2016). o] X F 7HE-2 atist A A
A, Y& sog 2 9fE dsn thgEt FE
2 AR weba 7 tiHlsh] fsiAs A
50} 7t op gt A5k ZRRE BE A
Hofl sl Feet HE5S S AARL HE R A
o] T a5}cHLee, 2015).

¢ vj52 o 9 o BEE el A es

S-S SRS FAS AN gk w2

(NOAA) F o 7|34 71485, A #4(d) 2
5k =, A8l B2, GRACE (Gravity Recovery
and Climate Experiment) $J4d % GLDAS (Global
Land Data Assimilation System) 5 2] W<
o o]k ohjeh A7 AA o) 24U B 9
o2& 433} 11 it GRACE 9Al1 GLDAS +#
WL o] g M| FLBak op et M| TR e] X3k,
Eoprl £ YA 02 oL 25| of2ie 4
ol gt A7+ 8Es] o]FojA|aL QItiRodell ef al,,
2007; Fang et al., 2009; Castle et al., 2014; Whisnant
et al., 2015; Gleeson et al., 2016). $-2uzke] 39
AATF2I} Bl T3 T2 Telaby] ofgn
A1 ol A1) ol thet A7} 2w Aol
SeURhE 74P, SR EA), o2 TAL B
35 o2l 7Bl 2, ARS8 A5, At
9, 2 A 52 #S3kL th(Lee and Kwon,
2016). SHITE S-elutet A 2 5ksk 2] B4g v
23t A2 GRACE, GLDAS o]t dt= ¢
BEg Aot B ATNE 4T AR (R

SV ERUETE

&, ¥ 9 2 A7, A|3k4=9), GRACE, GLDAS)
£ 59 7HE 3715 A8 Al uE x5t
SO A B WEE AA DA O R vl a FHBT

al
=

HEEH
S H

2. 97X

2.1 AFXA

AFAHL A& A9t LeuE Mg o g St
T AR Ajolof] 91x|5he] WAL oF 99,720 km’o]t.
Saebs 29% 2]9(126~130°E, 33~38°N)o]| ]
Z|3te] 2o/ 7] 5ol &3l AbA o] FE3EHA L
Epdtt. 1981~20109 ABH712-2125C, A7
21,350 mmo| 15 (6~8F)ol A7) 50~60%
9] 7371 dhAgttLee and Lee, 2000; KMA, 2011).
AL 5Fo] F2 -2 AR jo|n] EX5 Fej
olth. AF ;= FEZY AR E SHe=RE ¢
Log {2 e $A7F B = o] Ark(Tak
et al.,, 2013; NGIC, 2016). Y& $Als 221
of #FAGT} FHFEG AV Yo FREAF
of 57, ARG E JAPFEGe R RS 4= Qlk
(Ministry of Land, 2015). ©] Lol A&= H=2] 7]
B4 4570, 9 2870, 7RS40 ot
=4 309702} A B=A 1237) 183 GRACE
177} 7+, GLDAS 87 +9 A= & o]-&-stith
2 1). GLDAS 87]9] 7:99-2 GRACE 177 79 &
of) gt Ax|gict

CH

=1
=

22 B8 H A Ashe A2

E1e AR AREL, W, B EL
9] 7SS ERdTE 714y (Korea Meteorological
Administration, KMA) 9] 7|Aa&2 7l 9 974
22 ARE 2ASHUTHKMA, 2016). 7J4TE
£t 19969 71704 FRFHo R 27} MAHo]
20153 9f= 91747F A = et o] Follafs A=
of A=A FE3IAL AF7|Ed AEH R S
= 7= A 457012 MRSt 1996~20154 Y7t
S ARE SURAHI 1), 2 B30 97
2% ARE o 89 ARLTL AT B
1996~20154 2} 71/ dH&4s] At a4
Fo] Ab& 3t (arithmetic mean)S 7|£ 02 of4F
HALE AL O ol 7|Eo] Hi ALBTE
3} B339 AHo] S e Role.
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AR ZA K- water) 25E] ) 74, YHA 9
59 U x4k 7S 5 K-water, 2016). 9
Uzt A 729] -FEA=8 3  effective storage capacity)
©13,934 Mm’o| o] ThE A @l @4efo] 8 F A48
F2-9,782 Mm® (70.2%) ] th(K-water, 2017). what
A B Aol A WAFTFE A B4E HR=
© 2 A9k SARFALA Tefehs He19%
| 2070l A 2015 o= 487071 X =] ¢} 487)

o ERSY HE Hlm 97 717

o] & F 109 wjgh HEE Wb A2 1 H(R)S
AeJstgict. | 2870 A7gstA o Bz 7
B2 Ho] YA 1). 1996~20159 2 Ho
9 MBS 7S 2 ZF o JHAE At
ot AA 9 =95 vebd o AkeE S o83 7
S A9 = Zpo|Z gk AURA| AU 22 gt
E9| J3fa AR AZO0 2 Qe Y ujAs|of &

o} webA o] AR WiAIE] $18) ZUzk(median)
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Fig. 1. Location of the monitoring wells, dams, meteorological stations, GRACE, and GLDAS data used for this
study in Korea. The gray boxes represent the 1x1 degree grid used for GRACE. The blue boxes represent the 1x1

degree grid used for GLDAS with GRACE.
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Table 1. Progress of number of meteorological stations, dams, and national groundwater monitoring stations (NGMS)

used in this study.

Year Meteorological station Dam NGMS
1996 71 20 15
1997 72 21 52
1998 72 22 97
1999 72 22 134
2000 72 24 154
2001 73 26 169
2002 76 26 202
2003 76 26 236
2004 76 26 266
2005 76 28 293
2006 76 29 320
2007 76 30 320
2008 78 30 320
2009 83 30 327
2010 85 31 335
2011 90 31 348
2012 91 48 361
2013 91 48 347
2014 91 48 386
2015 91 48 402
Used 45 28 309

< o]-&3f At

FEH G} AL 28k =7t
Astp@Ead] ARE $8HATHNGIC, 2016).
278 TE AL 19964 157004 2015 o=
402702 F43] F71stA o F 2357l vk
ZHut AR Eo] 9o 1677/ dta=Hyt &
w5712k

R

@S] AUt & dFoM=
o] 10 o4l w27 3097, F&HH54 123
M) gt Aske9] A=E FHFAHIH 1).
D717 FLY 4 HS0| A sk Aed=
7|1Eo2 o]dHaHanomaly)E AAFSIATH A
e e R 1 el i P R - e o
o Y5 AZo2 Qg JFS viAlsH] Al T
e ol & Attt

2.3 GRACERIMZ 0|28t SSHEZHTWS)
GRACE= "&3-+F=(NASA) T} 59435

FAE|(DLR)7} 3522 A2t 3 Hejshe A5l
A oltk. 20023 4478 AA7HA] F 7S B
5ol 91401 ©F 220 km 728 F1 FHHEA A
T A Y] T B2 E #E3aL K (Tapley et al.,
2004). 0] FEA AR 4)(1)7 2o HIHEEA
(Equivalent Water Thickness, EWT)¢] FE|2 =
S A7IM ae AT BIAIE, ppe A2 Bt
U, 3 me FHER T (spherical harmonics)
o] uj ¥, kS Love number, P2 B3k} o
e 2=2 g2 (Legendre polynomial), 62;
o SISt AEol AG, 9 As, = PR 4
A= THREI G BIAE ehl ToiEe
o]thSwenson and Wahr, 2002).

})lm

EWT = a%

e i (21+1)
I=0m=0 (1+k’l)

(cos0)[AG, cos(me)+ AS, sin(me)]
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2% AE iAo AJslrrask groundwater
storage variation, AGW), Z|&==f3H(surface water
storage variation, ASW), EJEH(soil moisture
equivalent, ASM), 2=, snow water equivalent,
ASWE) 233l 5727 AZ 28d ST
(Total Water Storage, TWS)& AlAkg 4= glom 3
AL 2](2)eF Ztt(Rodell et al., 2007, Landerer
and Swenson, 2012; Swenson, 2012).

ATWS = AGW + ASW + ASM + ASWE (2

GARA T AAIE| (CSR), AEFX A4
(JPL), =Y =GR F8tA14(GFZ) oA A58t
L= Release 5.02] 2004~2009¢2 7|02 AL =
EAEFH3 Total Water Storage Anomaly, TWSA)
AwE A o] AtollA= 20029 497H
20159 12€71X] 9] A& 71e o2 7551 o]
L3R THGRACE Tellus, 2017). 4% #7229 &
FE Faslstr] Asf Al 7132] A& Bt (ensemble
solution) 4= & ©]-&-8}L +eHd 717+ AF H7E
H(linear interpolation).2. 2 X3} tHSwenson
and Wahr, 2006; Sakumura et al., 2014). A=) A
£ A5 s A= € A= AolA
1°x1%0]m o 9] AR 2 AR Hof] 3= = 17
7} T-ed(126E°~130E°, 34N°~39N°) 2] 1657)€ =}
(2002.04~2015.12) o]-&3FAcH 2 1).

2.4 GLDASE 0|88 AEZSTEZH(TWO)
GLDASE m|3r3-¢-5=9] Art= 50| Al E
(GSFQ), vl=3lgth71d(NOAA), HI=2] e
o2 A€ (NCEP) o A 3% 7= 9lth(Rodel et al.,
2004). 9144 4 #S ARE 7|22 T AlEF A
A2 2 Community Land Model, Mosaic, Noah,
Variable Infiltration Capacity A| &2 do] gt} |
#rdo] et AlZE FHA QL R Fol ThEA A
|k FH Y AHE 8 FE AR ASUS A
goto] AitEojZitt. B, A7, 7 A4
*(canopy water) 52 Z§3t 2| BFFEF(Total
Water Content, TWC) 2.2 AAL=E|H] 2](3)3} 70|
FEFHEHRodell et al., 2004; Fang et al., 2009).

ATWC = ASM + ASWE @)

o ERSY HE Hlm 97 719

= =

AFFTEFE AR AL HskE #H3 &
22 & Bl ot F3e] Mg gol
£t} o] Ao AE= Goddard Space Flight Center
DISCoj| A} A|-&3F= Noah 2.7.12 o|&3}%} o]
Ae $E5H U9 5 A2 T B4
2, A%, AR 4SS EPE 23t =EE0
(Chen et al., 1996). 2001d 1EH¥ 20149 12€7}1A]
1687]1€ 9] At 725 =459tk 45k A 5= 20039
197E 2007d 1297HA] AbeBds 7122 A
A 9 B9 A BE5EaFH3HTotal Water Content
Anomaly, TWCA)e|c}. & Atolld= 453 2k=
o AkeHat 7158 20021 1947 20149 192 &
311 20039 9] X FESBFH= 2001d T} A
g}s] gxJste 072 wsial A|L]stArtHGRACE
Tellus, 2017). $1%= L & Aol A F7teAE=1°x1°
ojm] AGLA|He sFsh= o H T (126E°~129E°,
35N°~39N°)& o] &3 th(ad 1).

3.1 ZsE S

% 25 199604 2015A7HA] E7bwa 4
e AT Aotk A7t AT
55.2% (748 mm)7} 6~8Q AFEHE= AL =2
Wt B+t A7 1,350 mm/yro 2 7|44
N Agehe Amel QA@T A A
2003¥(1,857 mm/yr), i AR5 20159
(948 mm/yr)of| TSI T} 2003 of v]3] 2015
Q745 909 mm/yr 47 WAIs}e] oF 28] 2ol
vt W@ gl Hlal o] A dhe
19964(1,064 mm/yr), 2001(1,002 mm/yr), 20051
(1,286 mm/yr), 2008 (989 mm/ yr), 2009 (1,199
mm/yr), 2013~20151d(1,164, 1,174, 948 mm/yr)
oy 3~5§ o7 whEE|o] veldt} 2013~2015
© 34 Bk &M o2 BF A7) Hrkre
AFS HolaL Stk T T Lol ZFHE o
A AR 20161 A 1,272 mm/yr2 &
AR AL e wolm ok, W A<l
wJ8l 77} 220 BRFE A7} 1998(1,729 mm/y),
2003(1,857 mm/yr), 2011d(1,623 mm/yr) o2
el o ABEZE X (spectral analysis) 23t
oF4.4d 9 7|5 Helrh

2 0 o

flo
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SEuete] e o8 JFEe glon oF
3~5yuttt 7]447Hgo] WS o2 vehta
E£3] 2013~20159-2 otf| 714 7H2o] Algt 7]7ke.

=]
us

M-I - olxig

S H3E Yehd Aol WA gt
opR7RRA 2 A - A HEke Eﬂr—}. oPZlUJ ]
A AL 4~590] 1,764 Mm” (13.3%) 2 1] 23]

277t A& o2 7hAstal Qlok(Lee and Kwon, 2 9] o 9~109]| 2,845 Mm® (214%)2 v|23 =
2015). A vebeth W2 A wt S)ek 2
71¢] 95 WA 8] H3l AHH o= Aol =
32 HXSE HE A=o] Y} Aboldt ATHS Btk An, 2008).
9 32 W 284S Aste] ATVIHE WA AFTIZHESE W AL 6,403 Mm o] A
900 W e 2000
- Annual precipitation —— Average of annual precipitation for 20 years
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Fig. 2. Monthly precipitation with annual precipitation for 1996~2015 in Korea. The dark gray, gray, and white
colors represent the 5, 4 and 3 year cycles, respectively. Precipitation data were used from 45 meteorological stations

of KMA (www.kma.go.kr).
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Fig. 3. Stored water of dam for 1996~2015 in Korea. The black line and blue bar chart represent the monthly average
and monthly of water volume in 28 dams, respectively. Data are from K-water (www.kwater.or.kr).



F2|L2te] 19%6-2016E Kot & BHX 2t HE Hlm A7 721

AT A5 20119(7,509 Mm'), 22 Ao
A= 19961 (4,865 Mm’)e]l Urebstct. 19964
B A4 2011 FF A4 B} 2,644 Mm®
Zo] of 1,582 Zto|5 WRlch W2 ujd F A
o] F7kst 1996 A ¢ F| 4 Yo A4wFS Vbt
ot AAFtol vlsh Hat Aol AW A=E
1996, 2001, 2006, 2008, 2009, 2014, 2015d 0] =
7 Wk Al7]= 1998, 1999, 2003, 2011H 2.2 1}
e} 7wkt AR WS Helch gt A
Fego] AURE o83t A¥ 3|7 A linear
regression) %2 AT (r=0.75 at p<0.001)Z
AR HES Hols Ao vyt g A9
A AEZ YRkl AAY BYE Al7|¢ tha
Zpo| 7k Q7] wEell A o2 o3t g mE
A ket

33 8 2 HS

I9 4= AF7)7HE9r 287 el ARy
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2 71L& 7} Y9 o] HALe ST A
O ol HAE et | 9= £4.0 mo|f } Y
oA Wssta] 2007d0] 2.3 m ZH25HAT 1998 ol
=39 m F7RIE Sesko] A AE 19%, 2001,
2005, 2014, 2015 o] H =9 o HZ}Y| FHF
247} 0.6, 1.4, 05, -1.3, 1.3 m= LpehL} Zhashe

A& Wolth 771 Wk 1998, 1999, 2003, 2011
| | 9] oAt TPk 242 39, 23, 23,
22 m2 Yepht F71eke 2L 2eloh dAsFn
A1) AP AR 22 AHTIA (r=0.88 at
p<0.001)F Holx|qt F7Ha 2l ©9|2] Zjo|= ¢
3] ARSHA| = Y= Ao 2 woken). A7k o
2205 =0 AghabA|(r=0.74 at p<0.001)2 GAFSH
HEo] UEHThEE 2). sHAITE RiAl=Fa npkrt
A2 AAA gelo] A Z-gate] WgFal=
SAA LR o3t grol =& A gt

3.4 X5l HES

a9 5+ SHASHL S oAt
9] T4 Uelleh 11 Sa= 1287 33 A5
o] BHFA5}4=2(45.3 m, amsl)E 7|E R o|AH
2] F4E vetdlth FH#EA ] Asked=
+0.4 m o[l HYoA MEdt= AR YERTH
O FHALEY] FUake] 7HE BAE Al7]= 19969 2
203 m A2 7P =9E Al71=1998E 02
02 m F7IRF A= eyt BEAske9|=et A
3l429)7} WekE A)7]% 1996, 1997, 2001, 2005, 2006,
2008, 2009, 2014, 20151 © & 7}==aFo] HYE A]7]
9} =2 AFA|(r=0.76 at p<0.001) 2 -SAFEH ¥ %
= HQlth E3 Adke] ARE o83 AFIAR
A A7} 909} Aot T2 ATEA (r=0.77 at
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Fig. 4. Annual anomalies (deviation from the annual average of the study period) of the water level for dams with
annual precipitation anomaly, from 1996~2015. Water level data were used from 28 dams.
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Table 2. Results of linear regression for the comparison of Precipitation, groundwater level, dam water level, dam

water storage, GRACE, and GLDAS.

Data set "n p r r
. . . L 240 0.000 0.760 0.578
Groundwater level in alluvial aquifer and Precipitation
20 0.000 0.758 0.575
. . . 240 0.000 0.503 0.253
Groundwater level in alluvial aquifer and Dam water level
20 0.000 0.767 0.588
. . . 165 0.782 0.022 0.000
Groundwater level in alluvial aquifer and GRACE
14 0.491 0.201 0.040
) ) ) 168 0.000 0.710 0.504
Groundwater level in alluvial aquifer and GLDAS
14 0.117 0.438 0.192
Groundwater level in alluvial aquifer and Groundwater level 240 0.000 0.947 0.897
in bedrock aquifer 20 0.000 0.954 0.910
) i . 240 0.000 0.727 0.529
Groundwater level in bedrock aquifer and Precipitation
20 0.000 0.837 0.701
) ) 240 0.000 0.525 0.276
Groundwater level in bedrock aquifer and Dam water level
20 0.000 0.797 0.635
) ) 165 0.449 0.059 0.003
Groundwater level in bedrock aquifer and GRACE
14 0.243 0.334 0.112
) i 168 0.000 0.744 0.554
Groundwater level in bedrock aquifer and GLDAS
14 0.048 0.537 0.288
o 240 0.054 0.124 0.015
Precipitation and Dam water level
20 0.000 0.740 0.548
e 240 0.327 0.063 0.004
Precipitation and Dam water storage
20 0.000 0.752 0.566
240 0.000 0.879 0.773
Dam water level and Dam water storage
20 0.000 0.760 0.578

"Number of data.

p<0.001) 2 ASH HE-S B QITHE 2).

19 5b= 3097H AREHEA 2] A8k (48.0
m, amsl)E 7|E 02 o] AR}t FUFE EHH
o} RS 9] Aokl SEBSA 9 sk
e} mEZEA R £0.4 m o] WA WEdl=

< B3It} o HAte] Fogte] 7P Rokd Al
71=1996E 2.2 04 m 22T 7H =9k A7)
L 19984 0.3 m 2713 Ao 2 Uehgdeh. |5t
9ol vl AekE97F Wkd Al71E 1996, 2001,
2002, 2008, 2009, 2014, 2015H .2 A& 3]HEA]
A7} 7T} =8 A (r=073 at p<0.001)2
FARE HES HRlth S AT|S AT np A =2
4 ARE o] 85t S W ¥ FHotE w2 A4
B (r=0.80 at p<0.001) = A} HME- LFEhiTh

S FALSAL RS w2 WA
(r=0.95 at p<0.001)E UEFITHE 2). 2HT=H
T} k=4 o] A= Lee et al. (2006)1} Park et
al. (2011) 3 AR 23S vebdich. weba] S-2ut
2He] S Y5 it Elder 92
Hof glom et Z AIZHY) oAM= &
ARt HES Hols Ao & I

3.5 SENAEZKTWS) L X|ZESTE2EHTWC) HS

ag 6o 2oo1~2o15L=u w3 2EARET} X
FE2,BES X3k Qo|A m At Z2okgtat 34
EPith S2EAATL 2002~20156 o S5 2
gk 2010 ] 6.8 mm, F4gh 20130 -7.5
mm © 2 Yepgth FHEESA I Sl %)
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Fig. 5. Annual anomalies (deviation from the annual average of the study period) of the groundwater level for (a)
alluvial NGMS (123) and (b) bedrock NGMS (309) with annual precipitation anomaly, from 1996~2015.
Groundwater data are from National Groundwater Information Center (www.gims.go.kr).
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