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Abstract : With climate change and population growth, there are significant increases in water
scarcity. There have been water security assessments to abate the gap between water demand and

availability to support water resource management. However, most of the assessments are focusing
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on the water that flows through either on or below the land surface, failing to consider water that

infiltrates and can be used by vegetation. This study presents water scarcity assessment accounting

for Blue and Green water concept, and applied the method to Boryung region. Monthly streamflow,

evapotranspiration, and soil moisture were estimated by SWAT modeling, and each of them was

used to analyze Blue and Green water scarcity. Blue and Green water scarcity had different aspect,

and the result indicated the time when water scarcity is more likely to happen. The water scarcity

assessment framework presented in this paper provides novel assessment method integrating

hydrologic and ecosystem aspects, thereby improving the understanding of how water resources

should be managed.

Keywords : Water availability, Water security, Green water, Water footprint, SWAT, Climate change

= Z7lslal 9tk (Mishra & Singh 2010; Palmer &
Raisanen 2002), oJo| A MA A7 & HZ dbAY
7Fs/do] oA AL ATk, & HELS B st 3us
Zel= AR, Y, A, AFYG 5 ofg #ofollAl
QT E|= Bo] ofo] o] HE El 227 olsl 2o
B ZZ5EA = 7 Bt Falkenmark et al,
1989; Van Loon & Van Lanen 2013).

= 55 S ) ffeiMe ek 3wl ¥
= o]Fofof 5t A[&2AQ1 A )7} o] FolA
of oith, A TS o8] rRTE 55
al7] SlshAle 75 Brke S Ak et
A9 EﬁﬂoF ot 75 WA 7o) =
& A71E Zotste A Sasith A AAR R &
HE g7he] $84d0] ZxE AL Lo w(Junguo Liu

et al, 2017) BEE P71 22 252 0|5} o]
ol7le}
BRE Gk A5 Y7HS Slstel Tefehs

3
F29] FF ol wet A49 F77F ohed ’SPE}
Falkenmark et al,(1989)%= ¢17} 2715+ 42444

or AL H715kgith, Criticality Ratio= o8 75
=23 & ol SFFHE) Y vlER A4 A
& Brkeky o] A4 FE A7 o4 F1t 24
A& thate g Ftrh(Falkenmark 1997; Alcamo et

al. 2000). Water Poverty Index+= 57}A] & 4 (water
availability, access, capacity, use, environment)
= Bolelol 7 a4 A 4TS Belol Brlsie
Alg=o]th(Sullivan 2002; Sullivan et al, 2003), ©]
A9 ohefst 255 H7F At Jlon o5 F=
W EE A AT AAAE AR S oS %
7} A= B 5P s AJ8lpoll Al S B
S B7F ez R,

UM = F9 9 A &2 —4 P eEa

o,

2] AL B3 4249 HILE 619 D}(Kim & Jung

2001; Lee et al, 2017), £+ Z4o—8-203 S o] &
sto] EH FeFS o] &8k UIEH 7IWPE§ o]
gato] njEf fHE BEIt EREFS APyttt

(Hwang et al, 2006; Ahn et al, 2013, Kim et al,
2013; Jung et al. 2015).
AT WA B B 7L

o1
AL A, o} S S A
al

WS W7k o2 s Slek Sk ) 5ol
B Y Soll B 2 9L vAY 5
8 AT A7 B Selelel At BYRE 2

R =55 B7P HE Sasith

wtebA 2 Aol A= EFHE L THEHY A
H& =YetaL, £, Aok B oy BEYSE 1
23k 275 WIHE skt HEEZYE (Water
Footprint)o 4] U2 7HE Q] EZHE e} T YEl=
27}k 7|29 ﬁ;“ 7tollA st B,

ASp)t R B 4 9lov] olE2 B9

x oft,
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olFolu} =2 B Aol o] ¥ tH(Rodrigues o)5}o] giAke- o] STk molstglon ol A
et al, 2014; Veettil and Mishra 2016), EF¢E{¢t = o] Lslo] B2oE W 7Y e Q] HEGL 7}

g A5t ZEAY AR EE HeR Zile
? Qe Al o] AFE FHEHE &
29| 727t BEOF Wl AR 1111-54_‘:
L9 3 SIS dgoel HEee
(Falkenmark & Rockstrom 2006; Falkenmark &
Rockstrom 2010; Rodrigues et al, 2014; Hoekstra
et al. 2011). THHE S} EFYEE BF A &
B2 ke B3 Ao £4) ol % B4 A3
3 FA A HE7E 75k Calder 2007)
A1 A 2o] 3

_|\l

7} B7Vvslick(Figure 1),

1. SWATS| 7iL

TRgEe 2R YEE BT Teid A9 Y
A B7E 9t 71992 wE o7 SWAT (Soil and
Water Assessment Tool) 23 (Arnold et al. 1998)
S Aot SWATRH-L 0]t 54 H9ed

o HES 2 (United States Department of Agricultural
HEVE 250l gyg?‘g B BT HEe 7H%]O] %3 Research Service, USDA-ARS)ol| A 7]&3t &2
E}UE j—%ﬂa “T“‘é“‘% %7]'—% oi”‘i 7]’ :‘11’_]'7H7]' A 7]Hko] Z2HEF ojs Rudo|t) o] BnFL
v 2 yglolsk & 9)
(ﬁjﬂf?;ffézgilmwiﬁzgt clh o] B frelollA 471210 231 o, EA
2013)= + 718 & = oz 714 = - = N . oo _
Sy R TN R olg, A ol e §E0) 93 3] 919)
T £&5& _—| 4 07]—0]:}\)\———111 Veettil and el on] Bax] WA Al DA g Amu
Mishra(2016)2 gt {0l £38h= 31709] 9] a7 . , .
Sooge B ~ ~‘:P%’4 (Hydrologic Response Unites, HRUs) H=
HE ot EFHEE Brtsto] Blaskgit,
= o]0 u o FE%2 W7} 7Rtk (Arnold et al, 1996).
B ATl4E SAHE 2RaHe 1sHE oo Ao s g A
Uirol BRES kst S AN 3% st 2ot e B A
1A E] 7k 7F
ool SR £fole oz Begest ey o L O A,
t
Bl & algfsto] 25-% W7HE oigld E55 WUkE SW:=SWo+ 2 (Raoy— Quur~ Weegp = Q) Eq. (1)
/ DEM / / Land use map / Mete(;r;;l:gical / / Soil map /
| ! J |
l
Soil and Water Assessment Tool (SWAT)
[ 1 | 1
Soil moisture Evapotranspiration E?:gz)i?er;eer:?s l(E:%V)V Stg.;r;l‘;;;w Current water use
[ I
i
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Figure 1. Study Flow.
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AA7| A SWi= FF B4R (nm), SWor |
o] Zoto] 27| E¥EEeT (Imm), = A|7Hdays).
Ri= i 0L 7122 (mm), Weeer= i £010)

HEUFEF(mm), Qo= 1% T4 YFFH(mm), =

Eq. )& =798 %
IHHEE olgste] ool wdEe WA A
of tstod 2@ 4= 3lom ol= Eq. (2)9F &t &
Aol = TR E e} SFHEE AP S8t
9 =4 WAL Eq. (29 2ol Botor(Van

S
Griensven et al, 2012), o] A& &3 747t 55
el aE 2 BRde ekl 5 Qi

Rainfall = Evapotranspiration + Water Yield +
ASoil Storage + AGroundwater Storage +

Eq.(2)
“Water Yield"(WYLD)= G&%2 2 HRUOA W
2} shH o &2 890w Z2e 717 “Groundwater
Storage™= sHH 0.2 fYHE ¢ des 4%
(GW)et AJote2 FA== 52 F(GWeane)9] A}
o] & 7}g]71t}, “Evapotranspiration”(ET) 9
Ao g B¢l e YERH “Soil Storage”
(SW)h EY Y A= B9 oFe 53tk “Losses”
Sk o] efo] olo g fAEE EOf Fe o]
?l'B}(Schuol et al., 2008).

Losses

o =2
2 W A efolck, 7HEol Fleret hAlel U
TUYE P B E mEYORY BRES Y
tkon ol ol gato] BRE WA /5ol
2 AlE EES,
3. Y2z

el Ags aejstr] 9Iste] USGS(United
States Geographical Survey)oll A A&-3l= DEM
o AJe3h9 o Ex|o]| L1 Eoko] EXS uloat
%%o A& flote] EXEEE(2014)0 B¢
9 ch(Figure 3). ZF HRUS ¥H-S
ﬁak Egomo] ARF, Tk A flsko]
TVERE F A, Ha7)1(0), 4 mm), Bt
£(m/sec), BHEE(%), LA (MJ/m) s
ARESEITE, ZF 7Rk AAL, HE, Fojof 914
3 7| AFE A A E(2014-20116) 8 AMESHYITH E
3k Eﬁé«] H2(2014-2015)3 H2(2016)2 A
EA B E (http://www, water,or kr)o| A |55}

010)5 AHg-st

Nv
O

ofd

Figure 2.

Study area.
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Figure 3. DEM and Landuse of the study area.

Table 1. Input Data for SWAT Modeling

Data Type Description / Properties Resolution Source
Digital Elevation Model s United States Geographical
(DEM) Contour map indicating topography (2010) 30x30m Survey
. . Environmental Geographic
Land use map Landsat Thematic Mapper image (2014) 30x30m Information Service
Maximum and Minimum temperature (°C)
Precipitation (mm)
. - . Korea Meteorological
Meteorological data Wind speed (m/s) Daily mean Administration
Relative humidity (%)
Solar radiation (MJ/m?d)
. . e . . Rural Development
Soil map Soil classifications and physical properties 1/25,000 Administration
= Ry £BAR F YFS ARSIt Ay AAEE= 22 FHHAEF(Evapotranspiration”—
FAHALZ 163.3km*0o| 8] ANEFFFEF S EDS $8%CR, EY4(Soil Storage-SW)= ¥
106,6(106m*) o]tk A

o, e s85E

H|wsle] & BE A S grlsieon 1 A} tj4t

4, O Y S22 & Qo] BHE w71 Ao ] Ao )2 ma

= Q7o AE SWAT 24 A3 w3 7 840 Sjglrh, 2 Ao o o] x5 AlZk
THE Y} EFEH NES A-85te] pA A to]] it B2 sho a2y J;L 14 EXT AEH E
& BRI, BRYEE sl AREAG S e vedstlet
TEE go|H o|F 4k&Es}7] fJste] f-E=F(Water
Yield—-WYLD)¥} A 3}4>(Groundwater storage— 1) 1RAHE A=
(GWreno—GWa) 9] T2 o] 8ottt 1-YE = & x99 AZE tol] Tt LR B F-E57HG Wecariy)
ol ool FLHAY A& Sl &5t S Eq. (3)7 o] ¥ F3F(GWavaitabiti) T 483
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(CWrootpring) 2] H] &2 AF&3} 9 tH(Hoekstra et al.
2011), GWiootprinie= A A ZRHARFO 2 SWAT HA4]
2 E3lo] =&H ETY dE Tt GWaisbiipe X
7] BQFSsgko & SWAT 24 A3} & SWE o] 835}
ako

of A3 On] EQRsEe ABAG] 15T B
OFo] 4ERHFS sttt mheby B AT A 4]
2o A4 o|§HE B nejsh] 9I3to]
SWAT 9] 23} w28 Eg4are 129 33
oz Hoh

GVVscwtit}{x,t) = GVVﬁmrprint(x,t) / GWzvaiIabilit}(«\',t) Eq(3)

e
-
n'*
il
O
ofl
i
gﬁ

i} 4= Q& (Footprint) S ©]-8-5}
of g RETFZ 4SSkt EFYEHE AN ¥
ojr| & Ao A= FEFHWYLD)
I A5k A g0 G Wacre—GWa) &2 =25}
Ack 2 dAFoAE EFHE saEE oY A
ﬂﬁ]"ﬂ FS v A A] Y= Ao A o] & & Q=
A Hg ol A s o] A A
=& 93t 5td §-A = (Environmental Flow
Requirements; EFR)S 1&#3}3it}, BEFRY] &&=
AR AE et e el Fash wekA 2
AollM = = AA7E obd FEFolA EFR=
Aol &F T FaF2E APgstglthAcreman &
Dunbar 2003), 389 Eq. (4)F ©]-8-8to] AF=3}
fom Qe ofF £99 aid A1719 fE%Hm?/s)
<= Uehdt,

BWaaitabitissy = Qs — EF R

N
of
E
|o
[r
rlr
m{u

20 F HOFo

Eq. (4)
S FAEE ok =2A B4 2 = A A
O] FeFs o ng o5 Aesl L&k o ol
20] QJth(Veettil and Mishra 2016), ©]of] & o170
A= 7HA A 2 &% W (Presumptive Standard
Method)& ©]-8-8}%12H(Eq. (5) ol Bt H=%
9] 20%°1 s FetHRichter et al, 2012; Hoekstra
et al, 2011; Zeng et al, 2012).

EF R(x,l) = 0.2Qmean(x,l)

298 £a%e A,

S AT AT F4A9 203, A4 1
FeAo] 505 8 76k A5} o) gpo] o &
AR, BB 71E T L ABANYA 40
kA w9 AEYA) QA Saspe] Foi
AEE] 5 SE 84 WES FA8S S0

Fo| o & o] Fo| XA A 2011)
2 Aol s FALRTISEAD Y 20169 £
Y g4 S ol gatalon 249 WA o
A WA vlES o] &ste] EFYH SRS
E=EsiTt

SFYE BEFL TG F(BWavaitavity) T 5= 8.5F

(B ] MG AL 051 ol e 313
Eq. (6)2F 2t

B VVscamit}{x,l) =B %olprim(x,t) /B Mmi{abiliw(x,[) Eq (6)

1. 2 =}

1, SWAT 2 M 2 AN

2 AtoAs By A & o] &E|= v/
4291 ON2, SOL K, SOL AWCE o|&a}o] HAS
2B tHPark et al, 2008; Won et al, 2015), 2
S=F 1}&(2014—2015)% 0]

Ei ZPE(ZOIG)Q} H]J_’Lﬁc}ﬂ “1 AA] 0}91‘3}.

SWAT 23 9] A-§4 BF7HE flsto] Fax4
(Nash and Sutcliffe Efficiency, NSE)} 24 A4
(R)E o431t} NSEE SWAT 23 284 %7}
£ flote] AAI HAYA thE 2 082 ARGE = A4
EH 1 ghol 10| 77REE o] A AnE &
ettt 2 onjshn] =&42 offjel 2t
(Nash & Sutcliffe 1970).

>0~y
NSE=1-— Eq. (7)
> (0.-0y
(0= B33k Pi= molgh, 0= AZ10) 1)
84 7

AAARRY) FEel 0.5 ool .
A|4=(NSE) %] 0.4 ol 749 SWATR o] A &
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Figure 4. Time series plot of modeled (SWAT) and observed streamflow.
Table 2. Goodness of fit statistics of modeled and observed streamflow
o . o . Calibration Validation
Calibration Period | Validation Period
NSE R? NSE R?
2014-2015 2016 0.73 0.80 0.78 0.84
4G A8 5T AL e Ramanarayanan  AS}aE o gafo] 1% W BRYE Y] BEL
et al, 1997). 24 A} NSE®} R?o| 2421073, 0.80 7Vsteict.
°7 =EEen A4 Ay NSEe R%] 747t
a8 <E Hr} 47
0.78. 0,842 LFeich(Table 2) 1) TRHE B7F A
SWATS o] &3lo] =& U FWARKED) I}
o Hx m o -
2. 8%= W} Znt EOF4(SW) < Table 49} 2t} o1 W= o]-83}
dgelel AFES, ASeA, S, o] §9 WA FUALT R4S AEsIgon
BT 2 74w div] v]&2 Table 31} 2o Eq. (3)0] 242+ dislste] 1RISIElE st
SWATH A 4h&E Bk, SHANRF 2 f259, e 7900 130 mm oF O & 7P = A Ykt

Table 3. Annual Average of Green and Blue water flows, storage, and the fraction of rainfall

Precipitation Surface Water Groundwater storage Gree(nmvrvra]l/t;rr)ﬂow Green water storage
) ) (qum'yz) (Actual Evapotranspiration) (quim'ym)
71.90 56.02(77.91%) 2.41(3.35%) 13.02(18.11%) 4.74(6.59%)
Table 4. Monthly Average of Green water (mm)
1 2 3 4 5 6 7 8 9 10 11 12
ET 33 5.5 10.2 154 19.6 1475 30.7 20.3 13.5 12.1 54 2.86
SW 6.0 6.2 5.0 5.0 3.8 23 37 27 Q.7 5.5 6.5 73
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Figure 5. Green Water scarcity assessment.
Table 5. Monthly Green Water Scarcity (%)
1 2 3 4 5 6 7 8 9 10 11 12
Scarcity | 0.6 0.9 2.0 3.1 52 8.0 8.2 8.0 5.1 2.2 0.8 04
o0 149] 20 mm ost2 7 SA| vEbEt, 17 & GW_QY AHE Bdte] EFHE TudS A=st
HE FaEY A9 19 5 Makgo] Aglo A Ack EFHUEH 3EES 1Y sade 2
SRt= o 5ol 3aFel o =4 vebwdth ol A st FAE AT o] g T
O 35 BEGO AS e £ § 0 3EEel /M Eeken o] 7 A2 1, 28]
ARE FAIE HolA] ghethe e & o Sl swEel 7P A vebd ol = FHEE 74
AHHE =23 (Footprint) Tl 71 #3ke. She = W Alskert A A e
o St v = 1y 1290l 78 A UrebktT A& 2] violztal & 4 it
I 1 128 A QR BE 7|7t - E EFHE 8% (Footprint) 2447154
27 S| T EYET #7 YE 2o fod & ok iAo WA HEE o
gt 2R REeF A Aab 6, 7, 890l 7 &30l EESIeT 1, 2, 3ol 35l vl =
w7 vebgron 1, 1290f 71 WA vrebgtet LRt ol= o] 7I7F B9t AR E dojr= B
AR 22%S 5% 5 ok AL ovlaict,
2 SS9 97 2% o1 1, 2, 380l F7h 84 Fidol Bast, 1, 2
SWATZ o] &3to] =3 A 3h4=(GW_RCHG, 399 roEe 5T o s a5 gL
GW_Q2 & (YWLD):= Table 63 Zom] &% FQ3ith EF e 19 7M=& #5F2 249
oAl EFR& A 2Igt o} A5t AAEHGW RCHG o Zpego] 7MW 7Y FEgo] 7P Wt
Table 6. Monthly Average of Blue water (mm)
1 2 3 4 S 6 7 8 9 10 11 12
GW_rcra 13.7 11.0 14.0 24.0 382 314 429 345 28.3 375 39.0 34.6
GW_q 19.8 11.6 122 16.3 29.7 309 35.6 35.8 27.0 30.2 354 352
YWLD 273 23.1 249 483 64.6 60.4 85.2 624 60.0 783 71.9 65.8
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Figure 6. Blue Water scarcity assessment.

Table 7. Monthly Blue Water Scarcity (%)

BW _scarcity({%)

1 2 3 4 5 6 7 8 9 10 11 12

Scarcity | 0.35 033 0.28 0.13 0.10 0.12 0.08 0.12 0.12 0.09 0.10 0.11
V. % b ) ekt on Z4eke] Al 2.2 190 7}
1 J2leE Bxa m} 7 RA et en ol Aske W fEEY 259
glo] S40f 7]elgit} R0 1 RS Age
TRAERE ABOl AWHLZ AT 2 UE T o opar g8 S QLo 2ol ciold] I
$2A 4B L AE AP AWAOR ARE 0 Lo Lonoo nean nxs 0o g
Atk R B9 18 RIS AATRE T LS e o e noan
2ol A9 o] e wo] a4 =EE Sl Sere umal A} B u]So] 1 vrh u ek
201 53] 68-89] -IHE 25l 7MY = o olof| FEFo] £ Q8RS 22A|7)S & 4= 9t

etk ol 7129 TANE Wk AR(Veottll oo e SRR T

and Mishra 2016)9] 87} 22} H|3k S 3 2Ex my}

Holm] Ab 7} 529 WA o] {e thiA| 9] 540 2 Aol TR B g ol B 2}
gk & el RS STHES PR A
TAYE B A A 1 e A ) e ETEE B, A
93} 7]7bo] Qo] TITHT} 0 T2 7)2o] EFHE F20] 27 Uehu= Al7l= 42 o453
X3 S0l RAHG o] 4B o] gloy  AFEE NS S T mylon ol ik
2717 0] £2m0] TFo] Wasi} 3] k08| I EFAE L T2 EAof 7]lgtt EY
Ao -8Yol| 2= eFo] 7P wog] o] Al7]e| 1 591 2 YfE ol Hlgf Aok A s FEdl EF
Q] HEero] A Uehong o]o g3t tiy Y] o A T ot 2A e o] &
7 Eadks "—J T At = st B7ksHA| FskSiths THAI7E EAR
SHARE SR ETHS Leshs 71E9] B S
2 850 Ras W e ge) UGS DGO RA 4B B
22908 FaPel A% A4l £ 19Te] 2 B9 RES WrARAch: oot ot Eat
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