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Estimation of Design Discharge Considering Nonstationarity for
River Restoration in the Mokgamcheon

ABSTRACT

The design flow considering nonstationarity is estimated to determine the design flood related to hydraulic structure quantitatively
based on the design process for stream restoration in the Mokgamcheon watershed proposed by Lee et al. (2011). The purpose of this
research is to suggest new ways that the design flood was calculated considering nonstationarity at the Mokgamcheon watershed.
Storm-unit hydrograph method to calculate design flood and direct frequency analysis were applied and nonstationarity was
considered for the frequency analysis through extRemes toolkit developed at NCAR (National Center for Atmospheric Research).
Although the method of direct flood frequency analysis due to dealing with flowrates directly has a more reliable than strom-unit
hydrograph method, as a result, the method of direct flood frequency analysis underestimated the design flood than strom-unit
hydrograph method due to the characteristics of the flow data. Therefore, the flood of storm-unit hydrograph method (100 years
frequency) was determined as the design flood in the Mokgamcheon watershed.

Key words : Design discharge, Nonstationarity, Stream restoration, Storm-unit hydrograph method, Direct frequency analysis of design
flood, extRemes toolkit
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Table 1. Trend analysis using linear regression, Hotelling-Pabst,
Mann-Kendall method

Linear regression Hotelling-Pabst Mann-Kendall
t Critical VA Critical zZ Critical
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-0.008 2.00 0.516 1.96 0.132 1.96
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Table 2. Parameters determined by extRemes toolkit
Case Parameter Distribution

a 106.480

1 Ié; 39.438
13 0.182
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Gumble

ay(f) -6.032
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Ié; 38.825
¢ 0.177
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(@) return period | return period | return period A grolek AR A, 95% AiEel B A
i 106480 | 3306 3903 4579 W AARRsE 4Rl S o= et Sk Hotelling-
21 Pabst7A3 7 Mann-Kendall 79] 7<%, x&-9] 48X)7), 42
(2038 year) 89.539 308.1 365.8 430.9 24A7F- 36A17F A EAZE AR O] 95%¢] AEo 2 A
(203%,_;&) 129.349 3479 405.6 470.7 ?%éo] = 7"1‘0_% L]'E]?’b_:]' e 9{ i ?.3_17@6‘}1:]—‘;— 73
stoflx] o] FofR)= A3 TR= Hotelling-Pabst 7174,
Table 4. Trend analysis at Seoul and Suwon station
Seoul Suwon
. Linear regression Hotelling-Pabst Mann-Kendall Linear regression Hotelling-Pabst Mann-Kendall
Duration Duration
(hour) t Critical VA Critical VA Critical (hour) t Critical VA Critical VA Critical
(Statistics) | value | (Statistics) | value |(Statistics)| value (Statistics) | value |(Statistics) | value |(Statistics)| value
1 -0.008 | £2.00 | -1.234 | £196| 1207 | £1.96 1 0.032 | £2.00| -0.812 | £1.96| 1.156 | £1.96
2 -0.013 | £2.00| -1.017 | £196| 0.874 | £1.96 2 -0.013 | £2.00 | -0.427 | £196| 1.183 +1.96
3 -0.042 | £2.00| -0.328 | £196| 0.832 | £1.96 3 0.015 +2.00 | 0.538 +1.96 | 0958 | £1.96
4 -0.067 | £2.00| -0.537 | £196| 0.923 +1.96 4 0.034 | £2.00 | -0.348 | +1.96| 1.185 +1.96
6 -0.072 | £2.00| -0.892 | £1.96| 0.768 | £1.96 6 0.072 | £2.00| -0.578 | £1.96| 1.182 | £1.96
9 -0.083 | £2.00| -1.132 | £196| 1427 | £1.96 9 0.042 | £2.00| -0.032 | +1.96| 1162 | £1.96
12 0.012 | £2.00| -1267 | +196| 1.646 | £1.96 12 -0.007 | £2.00| -0478 | £196| 1.102 | +1.96
15 0.046 | £2.00| -1315 | 196 1772 | £1.96 15 0.042 | £2.00| -0984 | +196| 1.183 +1.96
18 0.024 | £2.00| -1.378 | £196| 1.676 | £1.96 18 0.065 +2.00 | -1.324 | £1.96| 1.185 +1.96
24 0.067 | £2.00| -0.753 | +£1.96| 1.648 | £1.96 24 0.094 | £2.00| -2.131 | +1.96| 2201 +1.96
36 0.042 | £2.00| -0.144 | £196| 1.184 | £1.96 36 0.081 +2.00 | -2.234 | £196| 2248 | £1.96
48 0.101 +2.00| -2.032 | £196| 2169 | +£1.96 48 0.075 +2.00 | -1.854 | £1.96| 1.161 +1.96
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Mann-Kendall 37 A7} ¢ Alg@dwkst A0S 1 o,
A& 48AEARY, U] 24REARY - 36AEARE AL S
BEdo] = Ao werdrk F1 B4, AEA Y]
9~48A)&A L -k 21 F7140] Qe AR ERIE T
(Table 5). Fig. 5= A124]2]0] 9-482] 2417k 79 Z 9|7k}
48 X7k 7F9-¢l] Tk Wavelet Power Spectrum® 2 22 9]Ze]

Table 5. Period analysis using wavelet

Seoul Suwon
Duration (hour) Period Duration (hour) Period
1 - 1 -
2 - 2 -
3 - 3 -
4 - 4 -
6 - 6 -
9 2 year 9 -
12 2 year 12 -
15 2 year 15 -
18 2 year 18 -
24 2 year 24 -
36 2 year 36 -
48 2 year 48 -

Wavelet Pawer Spectrum

Period (year)
So————

i e AP

1960 1985 1980 1995 1 2 0
Time fyoar) Power Spectral Density, 10°
tmm’” - vear

Duration - 9 hour

Wavelet Power Spectrum

T

i

1280 1985 E 1 2
Time tyear) Powor Spgctal Densiy 1o’
fmm’ - vean

Duration - 48 hour

Fig. 5. Period analysis using wavelet (Seoul)
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95% 2=t 21
+ Utk

F71°1 sF3h= 733 Spectrums- g1

4.2.2 HIEEH| 27et SELRE L

St R 5 ]*Ur e A4S vEe R extRemes
toolkit-g ©]83fe] A|&ARPE 7oAzl gk GEVRE vyl
F= 28I Table 6). Table 6 ()= A& 9] A|&ARRE
ZF§A13el upsle] AP GEVRE w7t $-41 extRemes
toolkite] #otw= HAS B3 HE ASARE FeAtsTt
Gumble X915 -2]"’]5]"’1‘:} AEA A AeAtEE 9IS
ZF36A1EAI7E Az 2 714Nk 2 Qlar 48%|4A)ct
FeAkRE 2d 719 7363"‘6]0] ZA)|(Table 4, Table 5)3}7]
wjiof| extRemes toolkitoll A 2Fd B4 43S efst Y0l
] Fele ot 2tk

alt) = a; +a,sin (7t) +ay cos (7t)
(9~36A1EAI7h) (16)

a(t)=a; +ay(t) + agsin(nt) +a,cos(rt)
(48A]&A17h 17)

Likelihood ratio test(#]5%71d: v)AAAS EshA] &L,
7Hd: MAAAEE 18 $hH ] p-value Zko] 0.05ET} Zhol 95%2]
frejaFols v b3S aLefsk GEVEE] nyirlss F7go]
Aol A iviis R o Frhe a9 Zvh
53] BAEARY] A, T899 S T aLefgh Ao
p-value ko] 0.002% 0of nf-§ & 3te] F7)3% a1 s=
ARG B3E  aesils W wiviwiare] F4o] v
wge Htstsek

Table 6 (b= e121ote] AAREE F9 2150l heled 295
GEVEE wasolch Ao} o] e %7k 394
59| thele] Gumblez = SIR1¥IITE Table 404 24, 364144
o] ZFeAtgrF AFALS Ko, extRemes toolkite] AFYE
HA Y de aefsh AxiEae] dels vhat 2ok

a(t) = +a2(t)
(RAAEZARRL, 362]EAK) (18)

A likelihood ratio test(FAF7H: B AAAIES eelA] ok,
g/ uAAdS TeIshe] pvalue o] 0.05HTH 2o} 95%
9] folgZFo ] vAHAS Teldt GEVEZ Y] u/uss F340)



Table 6. Parameters determined by extRemes toolkit and frequency based rainfall

(a) Seoul (b) Suwon
. . Precipitation (mm) - . . Precipitation (mm) -
D(L}‘lr;tl‘r‘;“ E;f::n Parameter V'fl;le Seoul (2039 year) %f;‘r‘)’n E&f::n Parameter v;;;e Suwon (2039 year)
50 year | 100 year| 200 year 50 year | 100 year | 200 year
o | 41821 o | 36017
1 5 | 14.989 96.1 | 1049 | 113.6 1 8 | 12075 862 | 959 | 1057
¢ | -0038 ¢ ] 0032
o | 65193 o | 52.602
2 5 | 23.547 134.1 | 1426 | 1502 2 3 | 16751 1248 | 1392 | 1542
¢ |-0155 ¢ | 005
o | 78.395 o | 63280
3 5 | 28269 183.7 | 2015 | 2189 3 8 | 23152 165.1 | 1859 | 207.6
€ | -0.024 € | 0061
a | 85771 a | 72.658
4 B8 | 30.008 2122 | 2369 262.3 4 3 | 30.165 206.6 | 2344 | 2633
& | 0.038 & | 0.065
o |101.554 a | 84.103
6 3 34.665 2493 | 2785 308.5 6 B8 | 34.853 2434 | 2774 3133
¢ | 0044 € ] 0079
o |119.755 o | 103.077
ay(?) | -13.029 9 B | 38.064 2792 | 3173 | 3577
9 ay(t) | 1639 [0.017| 286.1 | 3163 | 3474 € | 0085
B | 34742 a |111.49%
¢ | 0051 12 |Gumble[ 5 140197 302.5 | 345.1 | 390.5
o, |127.187 € | 0098
ay(t) | -15.142 o 118380
12 ay(t) | 15974 [0.015| 312.5 | 3487 | 3869 15 5 | 22.960 3299 | 3789 | 4317
5 | 37.068 € | 0115
¢ | 0079 o 123227
Gumble | o1 |133.023 18 5 | 44187 3483 | 402 | 4609
a(t) | -17.01 ¢ | 0
15 ay(t) | 15.04 [0.018] 3358 | 3754 | 4170 o 106814
TR a(t)| 1.162
¢ | 0073 24 2 : 0.009 | 4339 | 4922 | 5562
o |138.463 B_| 46.001
ay(t) |-17.199 £ | 0142
18 as(t) | 15.848 [0.025| 3504 | 3937 | 439.8 o | 128.504
p_|41.620 36 2] 1139 1045 | 4651 | 5233 | 5863
¢ | 0094 B | 50459
o, | 145359 ¢ | o1s
ay(t) | -18.694 o |168.831
24 ay(t) | 16285 [0.027| 3922 | 4414 | 4932 48 8 | 5279 4383 | 502.9 | 573.5
5 | 50572 ¢ o1
¢ | 0078
a, |157.582
ay(t) | -23.865 A3 A% mi S FARY v Srhe 238 B
36 ay(t) | 17.451 [0.016| 4519 | 5123 | 5763 Table 7] HJZHA %lqo}oq AAH A HSE o83}
; 50?&8; o o e A FHsAT) SYsk A17(20391d)0042)
o, |148.942 504, 100y, 2003 ¥ix= % 739-2S 2Pt Table 6 (a),
ay(t) | 1292 (). 305 F7} ofd 2943 o] xJHo] AelE °]°t °R1 HEH
48 :i:; ::jg; 0.002| 5292 | 5765 | 6255 HAAARS Tesh A Tomlsialel o] Ae B2 2|4
g | 5412 ARY 936 AR ZFeAkEAA] SR RIS 2d 1*03 5=
¢ | 0053 W7l wiizolrl. &, A< {2024 ) Bt S d(2039d) 04
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Table 7. Location parameters considering nonstationary

Seoul Suwon
Duration | Location parameter («) | Duration |Location parameter ()
(hour) | year 2024 | year 2039 | (hour) year 2039
9 103.365 136.145 24 195.137
12 111.212 143.162 36 215.078
15 117.982 148.064 - -
18 122.615 154.312 - -
24 129.073 161.644 - -
36 140.130 | 175.033 - -
48 180.388 | 294.582 - -

A AS7E T ZA) aFge] Eri(Table 7). B3k &2 99]
A8AEARES] B, ThE AJ&ARE] 7d9-H T} 202435 2039
of SIS Xjol7h IArk o= F7 el BIHA] e =]
7] whzel, =91x]94e] 24, 36x1&ARE HA), AP AN

s Aol e E I

@ 719 -] Hlal

7S] A - ARG FHE FELCE ARE AR,
QYA 31AH] 71 A B(Anyang City, 2006)0] It} 314
9k o]= SEAT-HE AT o A d(stationary )& A=
she] MIsals fsloly] wiitol mlefe] Wslel= Fasitt.
wEha] B A7) v d(nonstationary)S 12§k w|EjAIA
(2039 SrEd9-F #at v)as Bl vt g Aol
& 8ISk Fig. 62 AEA|Gelx A G- =
H)agh Tefzolet. QRFAl SR 712 A1 E(Anyang City,
2006)2] 36A&ARE 2Ak57E §17] Wil - dqte] SEe-F
e vl BrFssANE AAE o2 B dgte] v
< aefek e grol Al AP E T Stk
53] Ao v ds aefE A& 9ARE o] $HE],

S gho] APl SR SEE- w271 AP

0]o o o]
AMAEE =2

X
= Nonstationary - 50 yr

uuuuuuuuuuuuuu V- TO0yr

Nonstationary - 200 yr
<=+ Stationary - 50y

Stationary - 100 yr

Precipitation (mm)

=+ -a-- Stationary - 200yr

30 S‘D
Duration (hour)

Fig. 6. Comparison for frequency based rainfall (Seoul)

1370 Journal of the Korean Society of Civil Engineers

IS ERIEATE F71800 A7 st P &
2o|7} & = ABAEAREY] g, v A et
A0l shg7ke-ake BinH 10.3%~12.6% xlo]E Rk
Fig. 7 A HelM] 2P S 3h& vlugh 2efzo]
24, 36AEA A RS ALefael7] el

24, 36A&AZ A vIAALS Bg7R0ak o] =) A
= ek 24, 36XEARE el Bl A3
2k zjoli= BlEd 10.1%~169%2] o1& Holi ik

e

gl

T e

423 Huff S9IH0| K2 HEASWo| AZHEE

“TFATE7 kAT A Korea Institute of Construction
Technology, 2000)” M= A& & 8540 792159 dish
o] Huffe] 4291 ol8slo] 9] ARFY X5 48t 74¢
A R 7 B9 R e ek 7 B
LS 2 B9 ) ol viREsh] fsle] 63 tiak
o o3t tF3lFREAls AAlst sAAIGE AFgselth

AP8E AE - hA 0] AGAREE 592l s Huff
o] 4299 T F5719 v 2RH(FEE A83te] 1ARE
Ao g AR Bafellty. 58] AEARNE S-S
IXREo R Zafgh obfi= ®Ee] A - B whlolM ARgeke 8=
2 % ol AR HHeE AFEY] witolth

7

2(i) = t;Di % 100 (19)
DR(i) = C, + Cyz(i) + Cya? (i) + -+ Cyaz™(i)
HR(i) = DR(i) — DR(i—1)
7N, TDE F AL IRHED), (i) & idA] 292145717t
H|(%), tv $-F23% THE BARKERD), i A&7k 1t

N
&

T SPIE G

9], DR(i) < WA 7l
i el i, Ve AR

i) iR
Ar HR(i) & A5 ~
TS YeRdh

]

%

@
a
a

-
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Fig. 7. Comparison for frequency based rainfall (Suwon)



4.2.4 HEC-HMS X2 S5t MAlS2F AP

@® HEC-HMS<] &8 718

2PE RS JEAEE dlo] HEC-HMSE o838 75
-frEEe] ¥ SIeFAS Stk £ A7ollx] 285 HEC-
HMS 2. SCS Curve Number (CN)S o] &:3}0] §-a7-9-2ke
2P AEREE AP Clark TRI=9HE ARSI
w, upRake 2 =g HHS Muskingum F218 A8
o} Fig. 82 I 90l 7759 HEC-HMSE 2] KLAwo]H,
JR31 A|o] ¢itof] T4 Qe B3 3l slideict. wehxd
HEC-HMSE2)E E5) 29 JR31AAY T5eke HrHoa
B froe] AAgTRe 2 Fgdel Eth. HEC-HMSOA
YRR AR H= 999 54 %k ¥ Thiessen ¥
98}k 489 WA= Seoul Metropolis (2010)¢]4] AM-H ZhS
ol-g-ak3irk.

e vk iR et SHE

2 JHe F= K7l tiste] AAsITiFig. 9).
BRFo] S8 HYgEie] 53 gho] 2000 o] £
el - BAo 7 AR F 9l= 719 Ho S
Ak ofE JEfiA & el BAgel disiA] 2009
o2l 79 1299 15AEARE Azt $71kke] A%
Z20] feAEE olgalgla A0 taixlE 2010

2
e

)
W10 n Wds
Sea JAIT - [

Fig. 8. HEC-HMS constructed at the Anyang watershed
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Fig. 9. Sensitivity analysis for HEC-HMS
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Fig. 10. Calibration for HEC-HMS
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HoPd$<1 9€ 21U 9AEAIE AeAtse} 57I17ke] A4S
W54 FRAEE o83t HAES AABIth BAge A9,
20099 79 1299] 15R|&AIF 293R8 157&ARE-500d H1e
FE 7F9-32] 335.8 mm(A2), 329.9 mm(5=D)el v]s) 2&
785 sFslE A& & 5 Sl Fig 102 HAZAAZA, H7H
BIH(IR31)9l14 HEC-HMS9| 2Jsf meold faatio] ¥ gkt
7o) AR & F Ak AHe R HAvREE WA
FHoFrEReA WAk el vlsl FHEE] eapt Arke
2 o 5 oltk 73] A2 2010 0¥ 21 9REARE RSk
9REARE-500d HIE ShE 7R9-2R] 286.1 mm(A]E), 279.2 mm
(Gl vl A& 7ol ARE AL 250.5 mm=E FF3]
501 Wi SHER-l HS S & S Uk w9
oIF3E HAe ASAE 47} Fe 2ol Bslal vlaz S8
9] ZFezelx] Bl e se¥sisivia dhdeic) At
Fig. 113} o] o] gho] = gt & G=RIdict 53] HhhiEd
oA a7} 0.9%= Zo} T Hof7t Agleirial Adslith

® AAETE A
AR A 9Y #he= sle] - BAS wiRl HEC-
HMS$ olgslo] T3S RoJ89lr). Fig. 129} Table 8&

HEC-HMSo| A 24 d &
W Z2rEkolr). 50, 100,

N
N
R0

o B

(IR 31)olAfe] A|&AI7E
001 RI=grade] PAAISARE

140

.
=
=3

=
o
=1

. Observed

—4—Simulated

80

60

Flowrate (cms)

40

20

750.00

Time (hour)

T
19:12

Fig. 11. Verification for HEC-HMS
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Fig. 12. Flood discharge by HEC-HMS (JR31)

Table 8. Design flood by design strom - Unit hydrograph method

(critical storm duration)o] E5 6A)7F0 2 FUsH VERF O,
2008 WEESFFE A 2 718 msE Bk Design flood (cms) Critical
B Aol AR S QPASA SHgul7|EA Y 50 year| 100 yar| 200 year | g o o
(Anyang City, 2006)} F¥3l 452|571 %) (Hyundai This study ss2 | 615 | 718 6
Engineering, 2005)2] 57 S} v|wls)] B ktiTable 8, Integrated flood
Table 9). YARET RS B ato] A3} Fha} F-9=3=]A13, management in the 543 610 678 9
SPIgIRAge] W S59ARI0 R & o} giglon], by Anvanecheonbisin (2009
g 49 B AT Ak RS, S SR e | 496 | 55T | e | ss
Table 9. Comparison of design flood
River maintenance mas'ter plan for | Integrated flood management in This study
the Anyangcheon basim (2006) | the Anyangcheon basin (2005)
Analysis for rainfall Stationary Stationary Nonstationary
Time-distribution HUFF method - HUFF method - HUFF method -
Second quarter of storm period | Second quarter of storm period Second quarter of storm period
Effective rainfall SCS CN SCS CN SCS CN
Direct runoff Clark HEC-HMS Clark HEC-HMS Clark HEC-HMS
Stream flow routing Muskingum Muskingum Muskingum
Concentration time / Storage constant Kraven II / Sabol Averaging velocity / Russel | Averaging value of empirical formulas
Critical storm duration Unit: 1 hour Unit: 1 hour Unit: 1 hour
Calibration and verification - - Applied
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o4 - oA%
Table 10. Design flood at the Mokgamcheon
Design flood (cms)
100
2
50 year year 00 year
Direct frequency analysis 347 405 470
This study 552 615 718
Integrated flood
Design strom - management in th.e 543 610 678
Unit Anyangcheon basin
hydrograph (2005)
method River maintenance
master plan for the
Anyangcheon 496 557 617
basim (2006)

Table 11. Stream gauging station at the Anyangcheon watershed

) Maximum flood
Data period
Date Flood (cms)

Sinjung station 2003 ~ 921

Cheonwang station 2009 ~ -

- - July 16, 2006

Siheung station 2003 ~ 260
Anyang station 1994 ~ 149

H7[2A|2] o2 Spigo] A ARk £ 7o) S5
Fho] A AFE ol v el A8l AR B
o] Aol A8t 2P SEA R A A EHIWI
wjo| il TECKFig. 6, Fig. 7). 3FAINF -5-923kx]15A1 87}
sEAR7 1A ] A, B el 2 HEC-HMSE3S 7k
07 k= A-HERY B e TAS FsIA, EeAREY
AT Aol 2, B¥e] - B of s SRIg
T ke A vlFo] & o, 2 A7} e8] gk A
A B gho] ofnk e v S areldk At
= WA ETE Sl oJFE S Apolel] oJgk FEARl
A7 2 & Juar FE3) ke

0

4.3 SZUM0|Me| HAISEF AP

v g est A SRss|y A 3 uiges
el AASS-- D] A ghs vlasle] HEH o Bt
Flole] AATTRS AT S <k Al APdet
710 24 QREF-9E 3471 8)(Hyundai Engineering, 2005)
o oJaf 10081% Es AAST=o 2 A3kl 9t Table
100] oJahH £ A7te] 2 S RI=sA (R )l ofal Ak
B A} ke 100 ¥IE 405 mis= 71 2, B o] A5
=AM 0 R AEE At Fe 100 HIE 615 msE
71 =k 210 mse] 2jol7} HHER= olfrs AR 4=

e \ \
A ( { L ‘

',\' L. AL L\}
; o ) \
:W/ 7 Sik \@. ﬁUO‘D/I\ e
¥ | — ! A

\‘\ A e ) ﬁ\

] () g A\ 2\
N s A§t10n NN L o
N /7 \ Ve

2km i iltl\\

Fig. 13. Location of stream gauging station at the Anyangcheon
watershed

o,
> o

FA)e] A4, AE FERET ] ol AVeE ReAEE
OLgIAIL Fig. 37} o] 7}4% molamel o ki
o] 80~330 ms2 o FHehA| ko] WA} AT W ol
slek web Wissio = NEE B A gt 94 ATHY
= wholl itk o)l wet A7 FEHIES A1) el
ofs) AHAE T4 Fo] AAFS- TSI o)
A Ferspich sk g Bk,

Table 117} Fig. 13 534S X331 Il 74 Wiell &A18)
T FHEERe YA FHASAEE vERITE 4709 4
#H&Ao] F27|70e0] HE 3~184W A2 AJd3] #rie s
&tk FSTIZE 5 7P 2A] A S5120061d 7Y
169)2] 74, AAASA(IF] BERe} 5319 FRH) A
BEH TS 921 mYsOF ATASA(F] ER)olM 8=
H 52260 m/sS W, 2o ARl HhlE HglEEaEyt
o] F5Eke ek 660 m's AR FAHECL o) ofn] &
A7) AAIES--HAEHEESD) Y A gl 100d H=
615 m'/sZ ABJsh= gholtk Anao 2 B7hzle] Ak
e 7P 2 3he 2 A E ook shE Ao Aol glom,
S]] wes AAIESEHIEE 20010 2 o] ARshs Ao
Efgsitly gotdd) FAEHo g B dFe] AAES--Te =
APl 28l 2FgE 100 Hle 4588 E7de] AAIg4
2o 2 xJelalsiti(Table 10).

R
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