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Relationships on Magnitude and Frequency of Freshwater Discharge
and Rainfall in the Altered Yeongsan Estuary
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The intermittent freshwater discharge has an critical influence upon the biophysical environments and the eco-
systems of the Yeongsan Estuary where the estuary dam altered the continuous mixing of saltwater and fresh-
water. Though freshwater discharge is controlled by human, the extreme events are mainly driven by the heavy
rainfall in the river basin, and provide various impacts, depending on its magnitude and frequency. This research
aims to evaluate the magnitude and frequency of extreme freshwater discharges, and to establish the magnitude-
frequency relationships between basin-wide rainfall and freshwater inflow. Daily discharge and daily basin-
averaged rainfall from Jan 1, 1997 to Aug 31, 2010 were used to determine the relations between discharge and
rainfall. Consecutive daily discharges were grouped into independent events using well-defined event-sep-
aration algorithm. Partial duration series were extracted to obtain the proper probability distribution function for
extreme discharges and corresponding rainfall events. Extreme discharge events over the threshold 133,656,000
m’ count up to 46 for 13.7y years, following the Weibull distribution with k=1.4. The 3-day accumulated rain-
falls which occurred one day before peak discharges (1day-before-3day -sum rainfall), are determined as a con-
trol variable for discharge, because their magnitude is best correlated with that of the extreme discharge events.
The minimum value of the corresponding 1day-before-3day-sum rainfall, 50.98mm is initially set to a threshold
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for the selection of discharge-inducing rainfall cases. The number of 1day-before-3day-sum rainfall groups after
selection, however, exceeds that of the extreme discharge events. The canonical discriminant analysis indicates
that water level over target level (-1.35 m EL.) can be useful to divide the 1day-before-3day-sum rainfall groups
into discharge-induced and non-discharge ones. It also shows that the newly-set threshold, 104mm, can just sep-
arate these two cases without errors. The magnitude-frequency relationships between rainfall and discharge are
established with the newly-selected 1day-before-3day-sum rainfalls: D= 1.111x10%1.677x10% 3., (73,2 104,
R=0459), T=13267", T,=0.117exp[0.01557,,,), where D is the quantity of discharge, 74, the 1day-before-
3day-sum rainfall, 7,5 and T, are respectively return periods of 1day-before-3day-sum rainfall and freshwater
discharge. These relations provide the framework to evaluate the effect of freshwater discharge on estuarine
flow structure, water quality, responses of ecosystems from the perspective of magnitude and frequency.

Keywords: Extreme statistics, Partial duration series, Return period, Estuary dam, Discriminant analysis
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Fig. 1. The location of 13 rainfall gauges within the Yeongsan Drainage Basin(a). See Table 1 with regard to the symbols of sub basins.
The map of the Yeongsan Estuary(b). The estuary is connected to the offshore sea through three navigation channels, Mokpo-gu, Jung-gu,

and Buk-gu.
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Table 1. Drainage area of sub-basins in the Yeongsan River Drainage Basin (source; Water Management Information System-http:/www.wamis.go kr)

zone Representative steams drainage area (km?)  relative area cities/towns included Symbol
Yeongsan River 714.80 0.21 Gwangju Uy
Upstream .
Hwangryong River 565.04 0.16 Janseong UH
Yeongsan River 421.18 0.12 Naju MY
Midstream Jiseokcheon 663.98 0.19 Hwasoon MJ
Gomakwoncheon 218.95 0.06 Samseo MG
Downstream Yeongsan River 470.58 0.14 Hampyeong DY
Yeongamcheon 264.34 0.08 Yeongam DA
Yeongsan Lake - 150.71 0.04 Mokpo YL
Total - 3469.58 1.00 - -
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Table 2. List of rainfall gauges within the Yeongsan River Drainage, run by Ministry of Land, Transport, Maritime Affairs (source: Water
Management Information System - http://www.wamis.go.kr). The latitudes and longitudes of rain gauges are all transformed into WGS84

coordinates from raw data

. Location elevation : ; i
Station Tatitude(DMS) Jongitude(DMS) (m) period sub basin data for analysis
Gwangju 35-08-38 126-54-17 60 1993-2010 10)'¢ O
Gwangju daem 35-12-00 126-59-23 80 1993-2010 Uy O
Mudeungsan 35-06-56 126-59-55 520 1993-2010 1304 O
Damyang daem 35-22-35 127-00-42 100 1993-2010 Uy x
Samji 35-16-14 126-56-08 34 2003-2010 10D % x
Buk-i 35-26-37 126-46-23 240 1965-2010 UH O
Jangseong daem 35-21-27 126-49-04 240 1993-2010 UH O
Jangseong 35-19-13 126-48-21 - 1965-1998 UH x
Bonghwang 34-57-26 126-47-22 50 1993-2010 MY O
Donggok 35-05-52 126-46-23 20 1993-2010 MY O
Doam 34-59-15 126-43-49 - 1965-1998 MY x
Neungju 35-00-14 126-53-50 30 1965-2010 MJ O
Naju daem 34-57-49 126-50-42 50 1993-2010 MJ O
Dongmyeon 35-01-52 127-02-29 100 2005-2010 MJ X
Cheongpoong 34-52-31 126-58-17 106 2005-2010 MJ x
Yeong San Po 34-59-49 126-47-47 - 1965-1998 MJ x
Ijang 35-05-10 126-51-59 54 2002-2010 MJ x
Samseo 35-13-55 126-38-47 20 1965-2010 MG O
Nasan 35-06-42 126-36-43 20 2004-2010 MG x
Hampyeong 35-04-04 126-31-04 10 1965-2010 DY O
Dopo 34-50-57 126-38-37 20 1993-2010 DA O
Hagueon 34-46-55 126-27-02 10 2005-2010 YL O
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Fig. 2. Definitions of discharge events. Three different events can be defined: original discharge, daily discharge, and consecutive discharge
(a). In this research, consecutive discharges are defined as discharge events for satisfying an independency condition. The event division
algorithm can be applied to consecutive discharges over 4 days that have multiple peaks (b). See the text on the event division algorithm.
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Table 3. Estimates of parameters for unbiased plotting position formulas

Probability Distribution Function o B
Gumbel 0.44 0.12
GEV 044 +0.52/k  0.12-0.11/k
Weibull 0.20 +0.27/Jk 020+ 0.23/./k

28 Weibull 235 242 vi7iis 248 53 Gumbel 32
ot BOATREE S A HEHZE 23T 5 sV wiEeltt
(Goda, 2000).
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Table 4. Candidate probability distribution functions for extreme events
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Probability Distribution function

Cumulative Distribution Functional form, F(x)

Fix)= exp[—exp(—x_B
Gumbel

Y )} (o <x <)

Inverse functional form: y =-In[-InF(x)], y= x_;%?

GEV (General Extreme Value)

Inverse functional form: y = k[(-InF(x))"*~1], y =

F(x)= epol +x;B)fk} (B-kAd<x<w)

W

xX—

~|

Weibull

F(x)= l—exp[—()%B)k], (B<x< o)

Inverse functional form: y = [~In(1-F(x))]", y = ’—“%B
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13192 AzbAC|7F AR k- Holth(Fig. 3a).
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Fig. 3. The general description of discharge data. (a) The annual variations of total discharge and days of discharge are well correlated with
the annual variations of total rainfall within the Yeongsan River Basin. (b) Over 65% discharge events occur during Jun to September, indi-
cating the dominant summer monsoon. (c) The discharge events can be defined as the aggregation of consecutive daily discharges by an
event-separation algorithm. (d) The distribution of discharge magnitude, duration and interval follows a power law.
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SAURO[MELS| ME *YSHFT| AHlAH

A FH YFeHIE F HAoMEE 20059 62 30U 7
4 6ol WA TFI 133,656,000m°2] LFo]HIEC]THTable 5).
TR MIE A AAIGRE A Ha WRoME & 4l
20053 A F3 YeFeplEe] 75.(133,656,000m*)E F3ITH Table
5). F 529719 HRoME F SAROMIER EFH AL 46
Aolrh, HFAME 7108 FAWHOMIES] SR TS MK
W 490] 171, 69°] 67, 78] 157, 8¥0] 157, 99o] 9H o
E ER} 6929 JFE HElS HQuk(Table 5). & 5ol
el SAFONE} AR B &2 e 47.5%C)A]5F H4
16.19%(2005' )4 H ) 75.8%(2004K1)2] ol <7k HolZ
HAthFig. 4a). AFFETE) o[HE 3(Vpp} 467, 127
ZHKPT K=13+8/12=41/3(A°1 T2 46/(41/3)=3.37E]/de]t}.

FRROMIES] BERZEFTTEZE Gumbel SEFRURE k=14
Ql Weibull g7} Bt A3kst 210 2 VEpdThFig. 4b). =A%
FolHE S} Weibullk=1.4) &52] A3 dldo] AQHeE 1o|
2L oE Rl ¢uEse Fel7Iee] uE d9E nelr)
ol¢} & HE2 FAIFoMIES] RIS A= o
5 A FAYFOMES] R} MEE dotsis bl oF
T 9oyt o] AFelME 1 ARt 32 e Ao
ATt HAREHG 0]g38te] Bojzl Weibull(k=1.4) T
o] w7 4, BY AR E 4=2.0558x10°%, B=9.1058x100]H
o] W] Weibull(k=1.4) 32] A&+ 9.1058x107< x 00|t}

Table 5. list of extreme discharge events during 1997.1 to 2010.8
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(e FFoMIES] 2, & WHF). o] 5 olgsio] 19974
1214 20104 88714 7184 3k 5 Hu oHES] FFsh=
20024 89 1221 EFAIES 82 159) ©]HIE(6.88618x10%m”)
o] ARF/E ANEPE 25.538 4om, 1004 F7) WReHE
o] TFEE 8.1432x10'm’ 22 AAtE

ZAFFOMETR] AZHEAL 724 ©)8ke] -9} 2004 ©]

A9l Z97) TR HFig. 4o). AR FUE Aol B
OlIE zte] AIZHAE Amlsh, FAk= AA AR whE =

=
WRolEs) T o) 3 IAUFE 49 AREALS

o 3899 vepdt), &, FUAE Yol FAYFOMEE o
AR 1520 7HE 02 whAE A AL upx|et FA]HRo]
HES the A5 3 MR SHWRFoHE Tz tigk 107]€
o] AQ¥r}

SRUFOME [ LTl AKX} MY FHAUS
ZAFoHIES} & A A¢APdS AEs] g8
FAHE A7l tigte] FHLFE 1A 5Y7HA, RS
NRE 0URE 44717 AEA 7 EA SRR HIES) g5
= ASAEE 253 H ¥ AR 7 AEAAE B30T
(Fig. 5a). ARAG7} 71 B2 218 443 7292l oish 0d A
25 Agsh= A2 R2=0.5%]0 T HAR 52 9w 3Y
3k 73] thal] 1 AAE Agshes BA9E RP=0.5501th A
zlof) ujsl] Fape] AGA S 7E WA v o] f= 249 A5
20024 82 12904 219714 A& E oHNET} R o|HE
T njE) W 3dE A e 7] WiEe|thFig. 5b).
2002 82 12-21¢2] FAIFOHEFETAIZRS 88 15U)E
G 2719 ARl §7 AEed AR rAds 3Us Ay

o

annual maximum

# of events over threshold

month of occurrence

year discharge(x10°m?) date (> 133,656,000 m®) <Jun. Jun Tuly. Aug. Sep.
1997 342,351 08.04 - 08.09 2 1 1

1998 534,831 09.30 - 10.04 5 1 3 1
1999 467,407 09.22 - 09.25 2 1 1
2000 461,240 08.25 - 08.29 4 1 1 1 ]
2001 329,395 06.23 - 06.27 2 1 1

2002 668,618 08.12 - 08.21 4 1 2 1
2003 433,861 07.09 - 07.17 7 1* 3 2 1
2004 544,747 08.18 - 08.22 6 1 2 2 1
2006 236,473 07.09 - 07.14 2 2

2007 477,161 09.15 - 09.22 4 1 3
2008 247,958 06.17 - 06.25 2 2

2009 425,376 07.15 - 07.20 2 2

2010 242,691 07.01-07.14 3 1 2

total 46 1* 6 15 15 9

*This case occurred in April 25-29.

Note. The year shaded (2005) indicates the minimum of annual maximum discharge events. The month of occurrence is determined by the

day of peak discharge (peak time, T,).
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a) Contribution of Extreme Events to Annual Discharge
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Fig. 4. Main characteristics of extreme events. (a) Extreme events account for 47.5 % of annual discharge on average, though annual vari-
ations range from 16.1% to 75.8%. (b) The distribution of extreme events is best fitted to Weibull function with k=1.4. (¢} The extreme

discharge events occurs at a bimodally-clustered interval distribution.
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Fig. 5. (a) The determination of relevant accumulated rainfall and time lag between rainfall and discharge (b) Though the case of 4 day-
sum rainfall with 0 day time lag shows the highest coefficient of determination (&%), the 3day-sum rainfall with 1 day time lag was chosen
as the more relevant rainfall, considering the characteristics of outlier and the usability of prediction. (c) The exploration of outlier. See the

text on the details.

Tef ol 0 S ARIOE B e ek U A @502 Yehhe AFE Bl Ao oz sl Nl
Fo EQW IS VIFOE 1 9S X, T o)d 3] B9 2 sl Bk R Ak JKle] 1) Aeole 3UR A9
g AT olnz dRlEAY GBS A2 FAYol $37 o wolaEg mefslel % Al ARLOR alshe AT Lol
of Qliz, HEATAQ Jolth, Wb WAZE W AF F A of Ak APy o] AT YKo e, N2 B



Ao Qe YA o1 34T AeBS FAYFRL A
3UT AT @ yolet ARdh SR A 39T BT
< BRoMES 4E3 FUd duE

o 4y & Hgsje] ¥
D% Uk o TALRL B 30T BT B9 A
o FPE o7} 9w BY BT S5 398 P9 5

el AFAOE ThojAol Btk Zleke XA o] 2 3

31679] QAIRE o1de] 39F Aol sl Y9 HRE )
FOF WRoMIE 28 €125 IuE A4sE F 10249
SALFRL A o] et ke ZA) e =
AR NES 38 1t 398 A9 20e IEATE o
A9 ZeAPdE dEsit) 102719 AHE AsRY, 19973 5
4 299-3199] 7 1998 4€ 299 FEFE A|Q)shd
AZ BRoES} 0d 2 1Y A2 Bol: 39e 749
o] EAgcE 19973 59 299-31908] 797l dsixE 68 3
Aol W57} dAsto] A 3, A 529 ARE BT} 1997
9 59 20 QA §99l 200 mm7t Y 597 geos 2
Tatal HEe ] Wahs lu|sie] 590] ¢ 69 3ejo} Wt
57} olFoFlt. 1998 4¥ 299} 79T AL 3UF o=
o] YAIRE Y717 ol WHEIF sk 2 0-1 A
22 BHR7E Dot 1007 54700 ths) W] FEUt =29
FoHIES] V|EE WEA71A] E3iQin). o] 2l SRt
3o HIE F AR FAYFOHNES WA= 729 o]HES]
H]E2 45.1%C]t}. ol FXYFoHES] St BAsH=, 3
& 739F ol99) BRI AT AL AAKEIT

3R A9 ol Wil JFAS vIXNE EARTEA PeES
S e s el LHAZNE 8IS R )
L8 39 AL UHolHlEY] HFEAZ g3 1Y o)F
9] go® T3 5] U] STEFA dHATYE o
=9 SHE yeEl] 398 A9 FUNHE AEE FE3)
oh T A 3G A 50.98 mmE 28 A9
daixs SAEROMES] 7R 9EA)7)A) B W s
F7H dojk o= E 9o} 22 V|Z o7 3U% S MYsh=
A FA HA] =tk oiek 199743 59 29-3199] 92} 1998

_{

32 N
ol
ol 2

=T

‘(F

Table 6. Results of Canonical Determinant Analysis
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49 299 A= BHOHEY] AJxPF} 5Y0f o2 99
71EE 448 F 9o EE AeaFE U HAgkE Hole 1997
d 59 3149 @3 1998 49 299 e glilslgin) FA
R A 3L A T B o srs 909
ol dA7} Yehis A # AxIske AE7E F 1071999 6
23, 19994 72 14, 20059 8¥ 19%, 2006 5€ 5, 20064 5
€ 199, 20061 6¥ 14Y, 2006 7€ 114, 2006'3 7€ 204,
2006 78 264, 20063 8¥ 26%), ‘<UHAZ S AEX Tt
3} Axsh= }grt & 5742008 7€ 29, 20099 78 7Y, 11
4, 159, 21¥9)0 2 veh} @3 AgEs E4olA At
A F 8779 Aol disle] YRS At 3%
%, FEeY o] e, AT AUEd s
£ H718HTH(Table 6).

Y] HAE 04502 YER} SEEA L S Aozl
WEEE2) 7] nE FAE 5 Qe FEolth AENBATE
055724 $ETSE= 28 ) B3] 31% FEE A= Ao
2 veistth, W] 2 78 2 98 vAE W 19
AlRFe) 33 9ol Ak, A4 dib] S EFAE 39E
7392 65.5% AEY FFHE A v dHAZHE= A
Aoz 7 gEHe v)Fo] Wttt FoX 39T AeF B
23 o) 75459, AHAZ] ARE FEE gglsiy
U o) gt d5E AESe A SRRV ouiA] &
B 5L 74.6%2 BFES Kol u Wl SXWHIT
ofdth= A5 81.3%Y HFES RATh FAYF] A {7
Foll ti3t AFES FHE 77.0% F59 FAoE vt

ARz VA E) Aoz worE 34g e
% oy] shrEsve® $ESrE A4S % gt} o]
S AARE S A5ES v oA A, dHAZRAE
1T A9} v)wste] 2 2ol Helx] F=TH(Table 6). 23
Ho| F7FHA| okethd 71gE dest EdEsE Fee Aol
A-sia Fdste] o] Aol IAYH FLFE B3
Sk wrEdrE 39E A9 s s Tne

Halod a3y,

x1 3day-sum, 1day before rainfall over threshold (=50.98 mm)
variables x2 lake level over target level(=-1.35m EL.)
x3 daily minimum tide level off the estuary dam
Scheme 1 (x1, X2, and x3 used) Scheme 2 (x1 and x2 used)
Eigenvalue 0.450 0.448
Canonical correlation' 0.557 (0.31) 0.556(0.31)

Wilks' 2 0.690 (0.00) 0.691 (0.00)
Degree of importance x1(0.935) > x2(0.612) > x3(0.210) x1(0.936) > x2(0.613)
Discriminant function® y=0.020x,+0.711x,+0.147x;-1.732 y = 0.020x;+0.762x,-2.008 (x,=-0.0262x,+2.6352)

T 75.9 (66/87) 74.7 (65/87)
Prediction power* ~ NED 73.2 (41/56) 71.9 (41/57)
D 80.7 (25/31) 80.0 (24/30)

'Values within. the parenthesis are variations of data explained by discriminant function.
*Values within the parenthesis are p-value for significance of discriminant functions.
*A function within the parenthesis for Scheme 2 is an equation of divide between groups.

“T=total data, NED=no extreme discharge, ED=extreme discharge.
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a) 4 Discriminant Space b) x10° Rainfall vs. Extreme Discharge (R2= 0.459)
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Fig. 6. Establishment of magnitude-frequency relations of rainfall and extreme discharges. (a) Resetting the threshold value to select the rainfall
data. (b) Regression analysis between newly-selected discharge dataset. (c) Probability density function for partial duration series of 1day-
before-3day-sum rainfall data with the threshold value, 104 mm. (d) Magnitude-Frequency Relations on Discharge and Rainfail.
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