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Abstract

This study explored the 2022 drought over the Nakdong River watershed. Here, we developed a bivariate regional frequency analysis
method to evaluate the risk of hydrological drought. Currently, natural streamflow data are generally limited to accurately estimating
the drought frequency. Under this circumstance, the existing at site frequency analysis can be problematic in estimating the drought risk.
On the other hand, a regional frequency analysis could provide a more reliable estimation of the joint return periods of drought variables
by pooling available streamflow data over the entire watershed. More specifically, the Copula-based regional frequency analysis model
was proposed to effectively take into account the tail dependencies between drought variables. The results confirmed that the regional
frequency analysis model showed better performance in model fit by comparing the goodness-of-fit measures with the at-site frequency
analysis model. We find that the estimated joint return period of the 2022 drought in the Nakdong River basin is about eight years. In
the case of the Nam river Dam, the joint return period was approximately 20 years, which can be regarded as a relatively severe drought
over the last three decades.
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Table 1. Characteristics of 10 multi-purpose Dams located in Nakdong-river watershed
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Dam name Observation period Watershed area (km?) Elevation (EL.m) Volume (10°m’)
Gunwi 2010.05 ~2022.08 87.5 208.4 877.0
Buhang 2012.12 ~2022.08 82 201.4 2,189.0
Namriver 2000.01 ~2022.08 2285 51.0 1,280.0
Miryang 2001.01 ~2022.08 95.4 212.5 3,943.0
Bohyeon 2014.07 ~2022.08 32.6 241.0 203.0
Seongdeok 2014.07 ~2022.08 413 368.5 227.0
Andong 1977.01 ~2022.08 1584 166.0 4,015.0
Yeongju 2011.07 ~2022.08 500 168.0 1.2
Imha 1992.01 ~2022.08 1361 168.0 3,423.0
Hapcheon 1989.01 ~2022.08 925 181.0 891.0
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Fig. 3. Multi-purpose Dams location in Nakdong-river watershed
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Table 2. The Archimedean Copula function used in this study

Type of Copula Joint Probability Distribution Function (C, ) Parameter (6)
Clayton [max(u™® +v? —1;0)]"/* 0E[—1,00)\0
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Gumbel exp(— ((—log(u))? + (—log(v))?)"/?) 0€[—1,00)

St ot SR 8o 7FseH o] o™ & o] 7Fsstet 2 Aol 542 U Rl AR E ol &
A2 Table 29} 2t S A o4& 435 e] 7 g 0] E/44IAPE A S
7FE o) A&7 H A= T A A R =B o= EREPE ARSI A= = 7ol A7 IS A5k
Mz dHdol &zl o dejr|al glom SER IS Fo Aotk tid1-9 ol 2= 5 AMg-s17] flste] ot 54
HeFol £E44-& A 2]t 4= It Shiau and Shen (2001)-2 5+ A A AP35 W Copula 5 0]-851o] 2| GH &

ko] A EU kB E-8oto] 7ha o] B WA 1t A& skl
A& Aot ol Shiau (2006)°] 2Jsf A 2] o= 7} )R & ol A2 2] A R e ol A} o gk m o] MET
=Rl A 0] f2 gho & o] 7Hs5hH AR oA S HEATHFAA 2 72 FAoit ol o= 49
o] gHi= Eq. (13 &t H7FEAV S A E 2 S EU S A Yt o] & 9]
o 7} HAgo] FHSMER A, AYSERE 9 vi/Ho] 7
Tos= (a) TS A RS Helalgick B AT o
’ E(L) 7R AR s S =35t 91 219 7] 3+
1= Fpld) — Fyls) + C(Fp(d), Fils)) St ge et e 7 fE 7ol Bt ks A8
o BFSHE 5HA Eq. (8)2 E=2 = LERHAT.

Tps = P(D zZ(OLr)S > ) (7b)

E(L) Q= t S )=l (8)

T 1 C(F,(d), Fys))

N,
[o
Nolo ofN & g

Smo Hool A BEARE BEU AU LA

R,

o % Y

of 27} Basiet. ofe] hal theko.2 s
S AT AP A2 O W PEIH O T, B8
EP LR ERE EERE I BRER R e
oA 2)E Y SHE4EES A Sl AR
A Setete] 49 Aot Zol AR AST} thas 2
A9 AIUE o] AHGEE BLHOET BEHTF

o 2
>
)
FUoS5 Job g HU L o2

Olt
i

S I Jo o

o

A7M d,, 5, A S 19 FH BRI n(j)E j
s dlo] ZhE o] g Ve ol g @ 9 s,
wjo] FEEre| Wt d) |, s, A WA el iR e
Sa) A2H shEueke] mashd Aug vehir

A

=

-
ko
=
m
jar)
i
Bt
o
olr
ol
s
o
=)
[N
i,
=]
i
—
2
2
W
=
o,
N
2
ko
7

Shaick APHE L-BRLE ]S o] §5}e] Kappak- o] 2¢
A A% 5L stk FAR A ESE 710

2 Monte Carlo 22 & $345}to] o]-A A HI, H2, H3 &



Y.-S. Kim et al. / Journal of Korea Water Resources Association 56(2) 151-163 157

2
o
o
o
o
=2
mﬁ

J—]-% Table 5+ 2t} L-HA = ASE
74] JefRtH2e | Hlo) BEAF= 9] ?‘Ej
L-HEATE et HIS 72
skt 7HEHEE i e 2 A
7].11 oMY= 9 9] 107] 1:]—
Z}= = Hosking and Wallis (1997)71 A9t
|20l Fgdot= Ao = et o 52844 474 754’
Hho 2 7hg A AR s A-S =afot it o] o= 2
I (discordancy measure, Di)E 7|52 2 H715190
AAE 1070 AL 5E8S 2= A o= Hrh= ot

3
iz 3
%
T =
O_u H JH L—l
9“ 0* m3
mlm 4“
l

nJlo

rﬂﬁm

T 12
1o
-9,
mN

j ru>4 X
o 1'.1% -
\1 j; flo
rl jo
oﬂ-‘r, ﬁ

B oft g o HUomle
o)

Table 3. L-moment ratio of the drought duration obtained from
multi-purpose Dam data

Variable | Dam name L—C, L—C, L-¢,
Gunwi 0.3462 0.2193 0.0271

Buhang 0.2926 0.2560 0.1582

Namriver 0.3508 0.2061 0.1229

Miryang 0.4573 0.4148 0.2369

Duration Bohyeon 0.3688 0.1349 0.0444
Seongdeok 0.3874 0.1744 0.0281

Andong 0.4004 0.2867 0.1545

Yeongju 0.5683 0.5663 0.3062
Imha 0.3635 0.2412 0.2323
Hapcheon 0.4193 0.2979 0.1451

Table 4. L-moment ratio of the drought severity obtained from
multi-purpose Dam data

Variable | Dam name L—C, L-C, L- ¢,
Gunwi 0.6098 0.4046 0.0953
Buhang 0.5535 0.4351 0.2170
Namriver 0.5201 0.2881 0.0787
Miryang 0.5936 0.4191 0.1761
Severity Bohyeon 0.5245 0.1956 -0.0146
Seongdeok 0.5823 0.3256 0.0173
Andong 0.5547 0.3190 0.0921
Yeongju 0.6935 0.5567 0.2111
Imha 0.5170 0.3402 0.1847

Hapcheon 0.5888 0.3760 0.1255

Table 5. Heterogeneity measure for drougtht factor variables

Heterogeneity measure Duration Severity
H, -0.45 -1.81
H, -1.70 -1.99
Hs -2.137 -2.56
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Table 6. Goodness of fit test result for different marginal distributions

(Drought duration)

Variable Distribution AIC AIC, BIC
Log-normal 261.175 | 261.257 | 267.183
Weibull 270.435 | 270.518 | 276.443
Loglogistic 271.285 | 271.368 | 277.293

neraliz

Dasaton effr’e;:v;l’ge 271.847 | 272.012 | 280.859
(month) | Generalized pareto | 292.315 | 292.481 | 301.327
Exponential 300.000 | 300.027 | 303.004
Logistic 320.125 | 320.207 | 326.133
Normal 333.238 | 333.320 | 339.246
Extreme value 417.555 | 417.637 | 423.563

Table 7. Goodness of fit test result for different marginal distributions

(Drought severity)

Variable Distribution AIC AIC, BIC
Gamma 293.870 | 293.952 | 299.878
Weibull 294.282 | 294.364 | 300.290
Exponential 300.000 | 300.027 | 303.004
Generalized pareto | 302.951 | 303.117 | 311.963
Severity Loglogistic 316.817 | 316.899 | 322.825
mm ef;:::"':;ﬁe 332,921 | 333.086 | 341.932
Logistic 437.332 | 437.414 | 443.340
Normal 442.543 | 442.625 | 448.551
Extreme value 507.951 | 508.033 | 513.959

7He 2|47174e] 7% Log-normal 237} 2|2 0] FH5HE
Foz AAE oW, ThE AHE= Gamma BuJ} 7+
710 2 LElytTh Fig, 4= 71=-0] HEkg o]-g3}o] o]
A SGEREERE S5 LXJQ‘E‘?——-_]ET_’J—?(Cumula-
tive distribution function, CDF)2} 4 H A 4 S-EHUE Y
T8 AR RN 7ha o] A&7 1T Al R SE R
FS A TGEE AL 182 5o geldd 4 ik

S
r=

_I

[o

©orh I ﬂm
% ol b
m

r° ol ol

33 dghstEE Ry MA

H Aol A= o 7/fH =2 Copula 421 Archimedean
Copula (Clayton, Frank, Gumbel)®]| &35}1= A 7} 2] Copula
PE o] 85t 2o w7 AE FASIG oW, FAE 1Y
o tto & AFtE AAL Zdllste] Ao ASEleRns
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Fig. 4. A comparisons of CDFs between empirical and theoretical
CDFs of the drought duration and severity
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Table 8. Estimated copula parameters for region and each dam (6, 0,,)

Copula model Gumbel Frank Clayton
Region parameter (6) 4.190 13.924 6.477
Gunwi 3.803 12.508 5.686

Buhang 3.475 11.295 5.014

Namriver 3.470 11.277 5.003

Miryang 5.261 17.799 8.660

Each Dam Bohyeon 2.399 7.188 2.812
(0p) Seongdeok 10.278 35.479 18.705
Andong 4385 14.632 6.874

Yeongju 7.137 24.486 12.455

Imha 2.727 8.474 3.483

Hapcheon 4.868 16.384 7.861

Table 9. Goodness of fit test result of region and each dam for the
Gumbel Copula model (6, 8, 0,)
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Table 10. Goodness of fit test result of region and each dam for the
Frank Copula model (6, 8, 6,)

Copula model Frank

Information Criterion AlIC BIC AlCc
Region (65) -263.182 | -260.178 | -263.155
Atssite (0) -249.095 | -243.799 | -244.008
Gunwi -19.437 -19.039 -18.993
Buhang -10.349 -10.151 -9.777
Namriver -25.341 -24.451 -25.091
Miryang -35.197 -34.424 -34.911
Each Dam Bohyeon -6.194 -6.402 -5.194
(0,) Seongdeok -8.041 -8.249 -7.041
Andong -64.612 -63.086 -64.487
Yeongju -11.317 -11.525 -10.317
Imha -28.055 -27.011 -27.845
Hapcheon -40.552 -39.461 -40.352

Table 11. Goodness of fit test result of region and each dam for the
Clayton Copula model (6, 6, 6,,)

Copula model Gumbel

Information Criterion AIC BIC AlCc
Region (6;,) -274.745 | -271.742 | -274.718
Atssite (6) -263.869 | -258.574 | -258.782
Gunwi -19.391 -18.993 -18.946
Buhang -13.301 -13.104 -12.730
Namriver -26.064 -25.174 -25.814
Miryang -33.163 -32.390 -32.877
Each Dam Bohyeon -6.343 -6.551 -5.343
(0p) Seongdeok -6.083 -6.292 -5.083
Andong -70.398 -68.872 -70.273
Yeongju -14.493 -14.701 -13.493
Imha -29.744 -28.700 -29.534
Hapcheon -44.888 -43.797 -44.688

=

-271.742~-274.7450 2 -260.178~-263.182%] Frank 2§ 2
-144.928~-147.932.0 2 YEPH Clayton 2@ H ot A2et A
© g G5tk W Copula M7 B WS $)5) 2+ o
H Ae F8E ayste] 213 mi7iH2] 9o )= FHoF3
5™ Clayton Copula 2 &2 A| 2|$F Gumbel, Frank Copula
e o] 219 w7 Aot HAgko] W w7l HA gk
Hop 2R2 715 2RI 4= ISt At gro] 2245 Yy
o] QP S 7t =2 A Q]m[sh| whEe]l AR s)
Ao] 2RI s Bt A 5o] £2 s I 4= Q%o H
A4 © 2= Gumbel Copula 28-S %22 Copula ZF©
2 Aeste] o] HAsF 7HE A A ol A-& S=YstolTt

Copula model Clayton

Information Criterion AIC BIC AlCc
Region (6) -147.932 | -144.928 | -147.905
Atsite (6) -184.312 | -179.017 | -179.225
Gunwi -18.156 -17.759 -17.712
Buhang 5.741 5.939 6.313
Namriver -29.547 -28.657 -29.297
Miryang -36.516 -35.744 -36.230
Each Dam Bohyeon -6.119 -6.327 -5.119
(0p) Seongdeok 3.070 2.862 4.070
Andong -36.949 -35.423 -36.824
Yeongju -10.882 -11.090 -9.882
Imha -22.406 -21.362 -22.196
Hapcheon -32.548 -31.457 -32.348
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