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Drought Frequency Analysis Using Hidden Markov Chain Model and
Bivariate Copula Function

HMAG /Y g e A e

Chun, Si-Young / Kim, Yong-Tak / Kwon, Hyun-Han

Abstract

This study applied a probabilistic-based hidden Markov model (HMM) to better characterize drought
patterns. In addition, a copula-based bivariate drought frequency analysis was employed to further
investigate return periods of the current drought condition in year 2015. The obtained results revealed that
western Kangwon area was generally more vulnerable to drought risk than eastern Kangwon area using
the 40-year data. Imjin-river watershed including Cheorwon area was the most vulnerable area in terms
of severe drought events. Four stations in Han-river watershed showed a joint return period exceeding
1,000 years associated with the drought duration and severity in 2014-2015. Especially, current drought
status in Northern Han-river and Imjin-river watershed is most severe drought exceeding 100-year return
period.

Keywords : copula, drought, drought frequency, duration, hidden Markov model, severity

e N

2 AT THES) SR felsh, SEEY Ho] /bed &Y vha RREMM 7o) FHE B 7HE
A ShTh, HMM 710be] o] Auint ohleh A%A7e Al B7he 5 =% mEe g5 Jlwe] ojum
s e melste] Seiuiele] 20159 MES WolekT, PR A3 A 0d AnE 7)Eo
GEA gl )3} GHA o] AAHOE THiro] WG B 7Hre] AEst 2 A0 BT AR HTS] By uE)
Ao A9 AT 10%8 JHHe 5 ANY FAA FHAOE HA/HES] WA o] Arke AL AT 5
ATk, A DRANAE 0I4NISAS] 7HE %717 D A=) AGAA717e] LO0do] i Mol wayaka
S A0 HIPHITE S8 B9 D AT Fol A% /Mol MAska glor] ANHOE 1009 ol ge] /1 FHthzh
B9 Uehia 9 slow fekEel)

* AFgtn EEEEE8T JuS (e-mail: chunsy@wku.ackr)

Professor, Department of Civil & Environmental Engineering, Wonkwang University, 460 Iksan-daero, Iksan, Jeonbuk 54538, Korea

= ARty EEFET} A (e-mail: dydxkr@jbnu.ac.kr)
Master Course, Department of Civil Engineering, Chonbuk National University, 664-14 1Ga Deokjin-dong, Jeonju-city, Jeonbuk 561-756,
Korea

s AR}, AEY SN BEEFET HuS (e-mail: hkwon@jbnu.ackr, Tel: 82-63-270-2426)
Carresponding Authar, Department of Givil Engineering, Chonbuk National University, 664-14 1Ga Deokjin-dong, Jeonju-city, Jeonbuk 561-756,
Korea

A8 1295 20155 12H 969



1. M B
HBe B2 L Role] ofelgn 4% vaE AH
o= ER S gl B4R Ad@Aolt) o2l ol f
1980500 3 oF 150 17k Wi 7hgel #ak 4ol7k
U AER A77h s Fasdch Tet 294
NFEA L B FA|, o A

Mitigation Center; NDMC)ol| A= 71z

EA et 71984, A, w94 The o R et

a1 Qlew & Fo¥gel uE S AL2] 73 A

A ThHrs kel B M MR S5 HE F8

&tar 9tk Wilhite and Glantz, 1935).
NDMCoIA &7-38haL Q1= 7Heoll tigh A <]

HA] 7] 584 g2 1] Xl Az

TN ALE NS Wl sh, A, Akl Ask
A= 7H = 3 ae ovEth sl Thie w
2hzo] 237 5L AE 8 ol dad B ol &
HEA 3 AHE ogrlsh, TR BEdrEATE 48
ko] vrebdth ARSI EAA T & B
TRl HAA] Sehs AEZE ARV ASEE ARS
ZIEo R HrhEn fvehs ARiEt ¥R Thee
WA MEFhs s S91e 5 vk A 597
W aklel s s d A Threl Tl tiFE It v
& RS wsl FHA Tk A AN es o
B 9% FAeS WM glow, Ards 54
371 918 Sp71ek sk e SAY 7 ol TR S
o W o8 fEuE A puase] Alxsha &
- rk Sy AklE o = R FAT SR A
BAAA There] 840l AFEY] AlHstglen, As
A e A R BdEs 5 AEHeR =5
AHEBlokshs FEllM WAshs = RS2 AR
ARSIEAA AR B FE AT ALEARRISE AR R K19
sk FHells a7 de Wed S71R 1% 71dst
A 7heel a4l AdE L glon, 71t Tt
ARIBAIA ke s Aol @ 7k dide] gt A

970

A @7 Hreturn period)-& B7Fsl= Aol Rk oz
s RIEsAe S22t TS 718E7HY
ow gEULRIFRELY ARV $LT ovE T}
A& %78 (exceedance probability) & B 238E
(nonexceedance probability)oll s@3shs &3S H7}
sh= g og FaAA e o] 7
olg} 3 4= itk ehA AFEHARC] 7HE
AA ofe] 7hA] Wi o] A= a1 QlA|RE

Mo Q1A HIL glom AAjd % vhFg W ES] Al
Qb= L Qlrk

20159 8¢ @A f-evte}t tiite] Aol THas
3L glow, 53] ool A9 HA fHE 2V
T 4714 7Heol vERaL Qltt. o]l gk HejlA]
T A= Sgube) 20154 7HE] sk A2l o)
Fetazt st} 53] @A 7HEe] AlEA de E7H
Qake] 71 7HEAI o] BAIH S AR wetet
o FEEH Hto]l 713t 24Yvlm= 2 d(hidden
Markov model, HMM) 7]8Fe] 7HzA]5~(Yoo et al., 2015)
£ Hgsion 7ol Amint olue) A HAHS F
Aol 718 = J=F FZ 2 (copula) T 7149k oA

B pE e 71Me Ea) F 2014~2015 7HEe] W
L=y

it

2
3)
=

-

P

;
ol o

N

:
¥ g o

o
4

= r
o, e
ofrl
=
Ee)
:Oé
X
>
Hy
_0|L
441
o
\)
ol
=2
=
rr
e
rO
Y
=2
X

o ko
g my
A
NE
N
o
_e
ax
i
ox,
il
4
Sl
Ol
ol
38
v
d
h)

2. 7JkEXIT ¥ OIHE HIZsiA Wy
2.1 7h&e| Feof

2 AFAME 7S Aokl oAl Yevjevich
19679l 94 Aletd Run TheoryE 83131t} Run
Theory= 7Fao] AEAZL, A%, ZEE AHosh=t 3
oA o] ATl HLH 1 Q). &, THEEAAS HUt
skt lojA] A2 A 7]EFk(truncation level)
< BEUE A&o] & 7Hao Al 7HEETE E A
dAA7IE AT e 5AS FESkeU €890
(Dracup et al., 1980; Loaiciga and Leipnik, 1996; Mishra
and Desai, 2005; Yoo et al., 2015). ¥ Aol E 671€
A QATES TEIH e, 713EA THeS 4Ys

AIEE R I B TR ET

J

=N

—

BEKEREEMNE



AnomalyE EstalAl the Eq. (1)&

GrES 2439 Fig 12 daT8 838t 4
¢ Anomalys 2743k JNd4 EAEE

(Yoo et al., 2015).

Ays,i +a1s N T '+an— K
4 g = 20 T 1) (1) n

n—ys

A7, ay, T ndE i8] TREEAEFEES UEh,
1,23 -, 1298 YehaL, ys= AR A
Z}F
2}

2.2 24 ojm2= 2E(hidden Markov model, HMM)

3 Qo] At HVMM 7]uke] 7HERA] 7]Ee ©
gom, Threl AHE PReks B RN ek
k. HMM7]9He] 7ha24 7152 Yoo et al. (2014, 2015)
o 27l vk glow], 3 Aol A =) gl thalA
v 7heebl s Aelsianh

)
Sl

29
A

o] Exjo] &y te(hidden state)ol] 1o,
o] &-E(transition probability)-<
= A4 7HES 7|Eo =R i

[e]
i)
=2 o
lo
10 o
o
=
u[rt
1o

R=
AL
e,
o
ols
o
)

0
~N
R
rlo
L
o

Ir
e
o\
o,
et
N
)
iy
o
=l
2
it
il
2
—
rE

Awd A7)
BAHQ felge 1T & glglon, Arg weld
NHMM 2 3ol A Aol olg washa £k o2

S
dolgts ¥ 985U =3 (emission probability den-

sity function)®ll thelx 2o)7} 7bsslt) o 7)x 4%

N E 3 S E(mixture) o] FEIS 7AW, &Y
FEl (K)ol aldsl= Gaussian EFEE7F 445
o AAGE Bt aaHor WO 4= )
aotH, 53] AAIFE] nlAdP o] AAY

i [¢)
Wg/dol 2 fElvket A ALl AEeh=d flst

tHKwon et al., 2013).

HMME Fdahed] QolA 718 71249 Alge =
A% =rpdolt) % AHAel 24 Al JXE ¢
Avk, A 0w e i 9l sl 2R Sgo]
d3 WPtk MM A3 253 Aueie eua
el SFEEA WAL Ba) FEAALS $HMoR B
Fola o)F J1Fow A5us welF & Y olFe
stg e Bgole} & 4 vk 44¢] Anomaly Al
& A7k te] A% e R el By () 2.

& A7 o] el euAEE Yeps 94 A

A (sequence) = Eq. (3)¢} Zth
S

80 — wet state = More rainfall than average rainfall
11
40 — |

-80 — |

Rainfall deficit or surflus(mm)
o

"| Drought state = Less rainfall than average rainfall

-120 T T T T ‘ T T T T ‘ T T T

Time(month/year)

Fig. 1. A Schematic Representation of Drought State Based on the Run Theory for a Given Threshold Level
(Yoo et al., 2015)

H48% H125% 20159 12J]

971



i
(i)
ot
&

HMME 748120 Qo T 714 245 55 714
o vhesl arh WA, Foll eisl BEAALR
ol Fol1l Aol HEAY MEE ThE BE Wil
ZAPA O Solatal A a B4, @A AL
[e]

4

oM ShFalsio] $24 HMMEE X538 Plsls,

7F A7l mEbA dA s A 7Pl V1Es AL

~—

Bk ShaL 1= (3, ) & 018 oleha o
o o)A K= edgEe] £ e Y gzt
ey g A4EE &

Lo

N

1o o

F;
)
I EUEIERE Gaussian EEE &
A
=

t
oo
Q‘L
32
o
2
~

K
]
fu
m
5
i
L=}
%0
o
=}
rE
o
e
|.|'|
_9|I=I
_L>|..

e N
e @
-
=
R
rlr

> N
)
e
1o
Jm
oX,
g
3
fru

%o rlo A il

= ol.m
ol
=
£
N
—_

_O|L
32
o
2
o
Yo, o i
gy Mo
Ll
o

o
2
N

iy
&
3
o o

i

ox I
Moo oX
ox

o

N

)

N

f

o X
e

=

2 7hre 540
EaAs st
Al7IHA 7L
Z¥ 1 glrh
X (joint probability densi
= ZH7te] Wgko]

ul

=

ol
)
re
>

o
Ay rlr

oz 2

9,
2 e
o o

i
30,
rlr
)
e
it
Lo
oo
o
R
Ao
2 ox
HU :!o
)

e
z
o
[o
Do
=
o
o
1o
B

0 4
1o
il
ot
Jot
0
> Mo

function)& ==73}17] ¢35

1 % 3+ (marginal probability
density function)” EXE u2s= F$2 71As)
o] ajAlst= Ao o2 9751 ek o]y &

Ao g 2R Gamma FX(Yue, 2001), 298 % Gumbel #

o
ne o
g

1A
T O
=

12

e

.

o

¢

972

vE'__

(marginal distribution)™= A= th=2m1, o]e]gt 7o
71E thiE 2] A4S felA WES sk 5o
ol a7k olY7 EAHS AR AT
= W eRA sEe g 7o) AljkE AL Qo 4
oA th R ZA A MEES] o F2E delehs
Ul 7 &-8=7) vl S7kekaL ik &, vhask 24 Q)
ojx FuAlFTt dntd o SFgHX|RE WAt 2
o] LS EAEFe] ae] Fte] oEAE Bk 4
ol getsli= Ao

4 Jo
02
o

$H& AlFek(Sklar, 1959).

Ferali Al Aol = ASARE A A% 5 7
BALE §EAAE tEoR et A7t
] o]Fo]x]aL AtKBonaccorso et al., 2003; Kim et
., 2003, Salas et al., 2005, Mirakbari and Ganji, 2010).
7He BAAJAES] A ETXE e MRS
T Al HZoll= ZEFEE o83k X o] v o] FolA]
I ltHZhang and Singh, 2006; Kao and Govindaraju,
2007, 2010). =A% &} 8 E-8-3 7FsiA
S o F2 ko] Anomaly 2 SPI 5
7]

o
TOo2 VHEEAES EE

¢

o J|m
o, o
2N
9
T
z

e
e
o

=5

-]

o
i
u}
g
o

i)
H
:(ujL_‘,

it
)
%)

E AP E el EAARFRE THE AEA A
5 nHsder, ol JERIEE 48] $ElA
= U Eq. (6)9) 22 o= 7t A A7 A o] g
SHHKim et al., 2006).

po_ D)
D5 p(D>d,S=>s)
©6)

o7\, Tpi= D= d ©)aL, FAol §=> s
A@71zreln, B(L)L 7Hre] HAZAS JEPATHKIm
et al., 2006).

=
= A&7 Dot A= Soll g FRFrEERE F(D)
=3 F

o] F7o] WEA| WasTE & QTN AR
X O(Fp(d),F,(s)) & F7487] flelir a2E2} g5 o
$3T B AT oM NSNS sk
QoA 7|BH o7 5712 2EZE} ¥<4+(Gaussian copula,
Clayton copula, Frank copula, Gumbel copula, Student’s

BEKEREEMNE



t-copula) & TSt o, 2 Ad H) mEe} g
2 A7) eI SEFFE F4stel BAo Ba5
gtk ¥ ATelA AHE 5744 o

Table 17} 2t}

SelLizt 7kE HIEEA Ao}

3.1 ti&AY A Af=o| &4

2 Ao FA APFS FE817] 98 713l A
welohs A A-uSae] ARE AREte] it
&S AT - ATl ARRe] B 9
stef 30 ool AETE FEE AE Al e
20159 69 14 7)Fo = 7oA Fak 7HE i 4
ko2 WA A =B R A

64

Kl
o
o

1o
2
fatod
filo
4
N
N
a2
o
fru
¢

o
o
ol
£
r o
-
>
=
2

N
o
AL}
T
u
N

0
Im
0x
rII
-4
[
M

3
3 Aol A= HMME o)§3te] 442] 54& 7744
e FEstel GERIZen, 459l Anomaly7t &4
W ge 1~3 S HEe) dusEo R 7hy
FolHE 7H-S Aolshz gdeiA ge-1
wwagzi%ﬂ%si.

E1AJVh+ﬂ“ﬂ
xq/]
2o

=2

e % ==
[SAR= =ZF, 7‘%.%]‘, % { U] J_]__’_
=

R

ol J}'}‘ N
B P

e}
7HEe] A g0l Aths g #9d F 9l

Fig. 4= HMM #4338}e] 2 2014~201541 7};.5011 o
g s FHHoR BxE Avo|th Fig 4AME
20143 10€, 124, 20154 4¥ 2 6€ A5 717} Yeh)
o] 7HeAlEel TRl REE HUslolth Fig. 4014
SIF]= Hheh o] Mg, 71 B el A9 e 23
g el -1 & Sl JTHem 918
IS S A 5 ik

Latitude ( °)

125'E 126°E 128°E 129°E 131°E

Longitude ( °)

Fig. 2. Weather Stations Used in this Study

Table 1. Copula Functions for Bivariate Drought Frequency Analysis

Copula Functions
Clayton [max (v ?+v?—1;0)]
Gumbel exp(— ((—log(w))’ + (—log(v))?)"?)
1 (exp(—0Ou) —1)(exp(—6Ou)—1)
Frank ~gloglit exp(—6)—1 )
1 1 @71(711) g 4571(711)
Gaussian exp(—= : « (R7'=1D - : )
vdetR 2 Qﬁil(ud) Qfl(ud)
-1 d
Student-t F((v+d)/2)[r(v/2l) TL g2 o)) 1+yTZy/u w+d)/2
(+a)/2))?
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F=(log-likelihood)
Ealgon 7H9

=

3.
o
B QoA HMME Bajo] 258 SAWNSR 71 o 215 A\2k tialo] 2t2t Gumbel %9 Gamma ¥
Bl %73 L AEE Agelal) AE 2ol MY B HHY FURBRES ARSI FULEBRES
of tiaiA] 7He % A4S Gl A 7he] A3 A% 5 2 A el A 7 AgE et §
HANEE H7slh 2 AFoAes A Adust vie FE Y5953, AIC (Akaike Information Criterion),
o] AZa} 32 ALLsle] EAEMSe & EFRE BIC (Bayesian Information Criterion) 5& ilzlste] 2
g ol TN S ST ol H T Tk g3kt
e S FashsE ol THEel A%AIzk A AR FASENEdS 9 23§48 o]l
of gk FRGEEEE AR A= slo] da 2014~2015 A58 oWk NIEEA S AN G A gk
St} B Aol SRS MEaAe] Al A% fole A gRre] (oA 10d Ae] AR
Table 2. Selected Copula Functions for Each Station
Number Station Name Selected Copula NumberStatlonName Selected Copula
90 Sokcho Clayton’s copula 189 Seogwipo Clayton’s copula
95 Cheorwon Stuent’s t copula 192 Jinju Stuent’s t copula
98 Dongducheon Stuent’s t copula 201 Ganghwa Normal copula
99 Paju Stuent’s t copula 202 Yangpyeong Stuent’s t copula
100 Daegwallyeong Stuent’s t copula 203 Icheon Stuent’s t copula
101 Chuncheon Normal copula 211 Inje Stuent’s t copula
105 Gangneung Stuent’s t copula 212 Hongcheon Stuent’s t copula
108 Seoul Normal copula 216 Taebaek Stuent’s t copula
112 Incheon Normal copula 221 Jecheon Stuent’s t copula
114 Wonju Stuent’s t copula 226 Boeun Stuent’s t copula
115 Ulleungdo Stuent’s t copula 232 Cheonan Clayton’s copula
119 Suwon Normal copula 235 Boryeong Stuent’s t copula
127 Chungju Stuent’s t copula 236 Buyeo Stuent’s t copula
129 Seosan Clayton’s copula 243 Buan Stuent’s t copula
130 Uljin Clayton’s copula 244 Imsil Stuent’s t copula
131 Cheongju Stuent’s t copula 245 Jeongeup Stuent’s t copula
133 Daejeon Stuent’s t copula 247 Namwon Stuent’s t copula
135 Chupungnyeong Stuent’s t copula 260 Jangheung Stuent’s t copula
138 Pohang Stuent’s t copula 261 Haenam Stuent’s t copula
140 Gunsan Clayton’s copula 262 Goheung Clayton’s copula
143 Daegu Normal copula 272 Yeongju Stuent’s t copula
146 Jeonju Stuent’s t copula 273 Mungyeong Stuent’s t copula
152 Ulsan Normal copula 277 Yeongdeok Stuent’s t copula
155 Changwon Stuent’s t copula 278 Uiseong Stuent’s t copula
156 Gwangju Stuent’s t copula 279 Gumi Stuent’s t copula
159 Busan Stuent’s t copula 281 Yongcheon Stuent’s t copula
162 Tongyeong Clayton’s copula 284 Geochang Stuent’s t copula
165 Mokpo Stuent’s t copula 285 Hapcheon Stuent’s t copula
168 Yeosu Clayton’s copula 288 Miryang Stuent’s t copula
170 Wando Clayton’s copula 289 Sancheong Stuent’s t copula
184 Jeju Clayton’s copula 294 Geoje Stuent’s t copula
188 Seongsan Clayton’s copula 295 Nambhae Frank copula
A8 E12%% 20159 124 975
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Fig. 6. Bivariate Drought Frequency Analysis for the Four Representative Stations
(The stars indicate current drought states)
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