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PREFACE

It is our pleasure to present this report on the APEC Climate Center (APCC)’s

research activities in 2013, which has been a very productive year for our Center.

APCC has expanded its research scope, in response to regional societal and
scientific needs. While building expertise in climate prediction remains a priority,
we are extending our reach to include policy-relevant climate applications and

value-added climate information products.

APCC has accelerated efforts to better our service to the region. As one of
the main services provided by APCC, the MME 3-month prediction information
has been productively applied by scientists in developing countries that are unable
to produce their own prediction information. Furthermore, in order to better
prepare for climaterelated hazards in a timely manner, APCC launched its 6-month
MME prediction service in September 2013. We also began to release forecasts
of the Boreal Summer Intraseasonal Oscillation (BSISO), starting from July 2013,
as the world’s first operational BSISO forecast service. Our researchers also achieved
great success in publishing their papers in noted academic journals. Dr. Ok-Yeon
Kim, for example, published a paper in Climate Dynamics and her research was
later selected as one of the Research Highlights by another distinguished journal,
Nature Climate Change. The following research report provides more information

about our research outcomes from 2013.

We will continue to promote the best use of our research outcomes in various
scientific and application areas. Our successes and achievements would not have
been possible without the support of our valued partners. In this regard, I extend

my thanks to you and I hope you enjoy this 2013 Research Report.

Chin-Seung Chung
Director, APEC Climate Center
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Extended Abstracts
Research work | : Hydrological variability by different ENSO types

ABSTRACT

The understanding and predicting of the seasonal to interannual variations of hydrometeorological
data and hydrological data are viewed as a critical consideration for a sustainable future planning.
This study investigated the characteristic changes in seasonal precipitation and runoff associated
with the conventional cold-tongue (CT) and warm-pool (WP) EL Nifio phases during spring (MAM;
March to May) and summer (JJA; June to September] season for the Korean Han River Basin
and its sub-watersheds. During WP EL Nino years, rainfall in MAM and its coefficient of variation
(CV) were higher than in normal years. Moreover, during conventional CT EL Nifio years, JJA season
tended to be drier than in climatologically normal years, although variability in precipitation during
JJA was relatively lower. Data for runoff showed wetter MAM season during both types of El
Nino events as compared to long-term normal years and significant changes in runoff during
summer under CT El Nino conditions. During WP EL Nifo years, increased runoff was seen for
95.8% of all basins and this increase was statistically significant for 58.3% of these basins, but
variability in runoff was small. Overall, the findings confirm that water resources in the Han River
Basin during the MAM and JJA seasons are sensitive to CT/WP El Nifio events. Thus, for basins
such as these, where seasonal variability and the uncertainty of hydrometeorological data are
high, it is necessary to investigate the relationship between climate parameters and hydrologic
factors to maintain the stability of the flesh water supply system and allow prediction of water
resources management.
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Figure 1 Percentage anomalies (departures from 1971-2000 normals) showing changes between

precipitation and streamflow during the (a) Spring (MAM] and (b) Summer (JJA] seasons under different
ENSO types [(e.g., CT/WP EL Nifo) in the Korean Han River basin and its sub-watersheds.
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Table 1 Summary statistics for seasonal variability associated with different ENSO types for the Han

River basin.
- Spring (MAM) Summer (JJA)
ENSO Statistics o o
Precipitation | Streamflow | Precipitation | Streamflow
Average Change (%) 3.47 5.59 21.83 6.85
CT EL Nifo Significant (a=0.10) NA NA 4/23 NA
cv 0.20 0.44 0.30 0.69
Average Change (%) 17.80 21.75 36.51 36.39
WP EL Nifo | Significant (¢ = 0.10) 2/23 10/23 8/23 14/23
cv 0.54 0.24 0.89 0.30

* NA indicates that data were not available.

** CV is the ratio of the standard deviation to the mean.

Keywords: Hydroclimate, ENSO, CT ELl Nifo, WP ELl Nifo, Han River basin
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Research work |l : Changes of tropical cyclone activities during
cold-tongue and warm-pool El Nino phases
and local impacts on the Korean Peninsula

ABSTRACT

Tropical cyclones (TC), also known as typhoons, in the Western North Pacific (WNP) are an
important hydrometeorological factor that drives changes in summer rainfall patterns over East
Asia (EA. Tropical cyclones in the WNP can affect EA regions either directly or indirectly, and
damage from associated extreme rainfall events is gradually increasing. Extreme rainfall can
have adverse effects on the structure and function of river ecosystems; therefore, these types
of impacts need to be examined more closely. Subsequently, this study examined the characteristics
of cyclone activity during cold-tongue (CT) and warm-pool (WP) EL Nifio events, and analyzed the
local characteristics of the corresponding rainfall over the Korean Peninsula (KP) during the
summer. The results obtained through comparisons with all typhoons (1966-2007) affecting the
KP region indicate that typhoons occurring during CT EL Nino years were located in southern
areas (14.3°N, 140.6°E), and typhoons occurring during WP El Nifio years were located in
southeastern areas (14.3°N, 143.2°E). The TC-induced summer rainfall in five major river basins
of Korea decreased by -3.94% from normal levels (1966-2007) during CT El Nifio years, and increased
by 33.92% during WP EL Nino years. While the results of this study were based on relatively
short-term observations and small sample sizes, the data do suggest that TC activities affect
the KP and differences in TC-induced rainfall occur during CT and WP El Nino phases. Such
findings may be useful for making mid- to long-term water resources forecasts, preparing flood
control and disaster prevention plans, helping communities to adjust to a changing climate, and
reducing typhoon-related damages.

(a) CT EL Nifio Years (b) WP El Nifo Years
TC-induced rainfall TC-induced rainfall
(June-September) (June-September)
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Figure 2 Composite anomalies of TC-induced rainfall during CT/WP EL Nifio years. The hatched polygons
indicate statistically significant changes in TC rainfall based on the 10% significance level. The term NA
in the map means that data were not available for this location.
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Table 2 Summary statistics for seasonal variability of TC-induced rainfall during the months of JJAS
and TC-induced heavy rainfall (>50mm/day) during CT/WP

TC Induced Rainfall Heavy Rainfall

El Nino Type Statistics
Han. | Nak. |Geum.| Sum. |Yeong.| Han. | Nak. | Geum.| Sum. |Yeong.

Significant
Change (%) 00 | 1.6 | 41 76 | 224 | 88 | 2563 | 378 | 172 | 46.2
(P<0.10)

CT Significant
Stations (#) 0/27 | 6/33 | 2/21 | 2/15 | 3/14 | 3/29 | 10/33 | &/21 | 4/15 | /14
(P<0.10)

cv 040 | 045 | 042 | 047 | 049 - - - - -

Significant
Change (%) 58.7 | 381 | 382 | 173 | &7 | 370 | 165 | 374 | 241 | 484
(P<0.10)

WP Significant
Stations (#) 15/29 | 13/33 | 8/21 | 2/15 | 114 | 29/9 | 33/7 | 21/7 | 415 | 514
(P<0.10)

cv 023 | 033 | 028 | 034 | 038 - - - - -

* CV'is the ratio of the standard deviation to the mean.

Keywords: CT/WP ELl Nifio, Tropical Cyclone, Western North Pacific, Summer Rainfall

006




>

ENSO THE! tislo} EfZES0| T2 Sl 22Us o

0o
el
opm
i
40
icT
0
N

Ofoh

Research work Il : Integrated flood risk index in a changing

climate

ABSTRACT

In this study, an integrated flood risk index (IFRI) was developed using information on hydrological,
socio-economic, and ecological components to assess watershed-based flood hazards and
vulnerability in the Korean Han River basin, which is a region where flood disasters frequently
occur. In total, this study used 15 indicators to create an IFRI map for the region, and 5 categories
of flood risk were distinguished: “very high,” “high,” “medium,” “low,” and “very low.” The results,
which were presented in ternary diagrams to illustrate the relative importance of the three different

components, show that urban areas in the Korean Han River basin have experienced a decrease
of 1.0% in terms of the hydrologic component. However, the socio-economic and ecological
components have increased by 3.2% and 4.4%, respectively. In rural areas, an increase of 4.8%
was found in the hydrologic component alongside decreases in the socio-economic (1.6%) and
ecological (2.2%) factors. In addition, the IFRI map shows that 20.02% of the total area of the
Han River Basin was classified as having “very high” or “high” flood risk; the size of this high-risk
zone has increased significantly by since 1990. This study also evaluated flood risks according
to the different phases of conditions, and the results from the analysis indicate that flood risks
were worse during strong cold-tongue (CT) and warm-pool (WP) EL Nifio years. Further analyses
of possible factors that affect the vulnerability and resilience of communities to flood hazards
in the Han River basin should be conducted on the basis of this research. Accordingly, the results
from this study may provide useful data for reducing flood risks in developing areas that are
experiencing.

(a) CT EL Nifo (1998) (b) La Nina (2000) (c) WP EL Niro (2005)

D

NA

Integrated Flood Risk

[ 0.8 0- 1.00 (Very High)
[ 0.60 - 0.80 (High)
[ 0.40 - 0.60 (Medium)
[C_]0.20-0.40 (Low)
[~70.00 - 0.20 (Very Low)

Figure 3 Assessment of the integrated flood risk index (IFRI) over the Han River basin, Korea. (a) shows
the strongest CT EL Nifio phase in 1998. (b) shows the strongest La Nifia phase in 2000, and (c] shows
the strongest WP ELl Nino phase in 2005.
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Table 3 Classifications for the integrated flood risk index and coverage during the different phases
of El Nifio and La Nina.

Integrated Flood Risk L Coverage (%]
Classification
Index Ranges CT EL Nifio La Nifa WP EL Nifio
1.00 - 0.80 Very High 8.6 0.0 8.1
0.80 - 0.60 High 15.2 8.1 13.0
0.60 - 0.40 Medium 73.0 29.6 75.8
0.40 - 0.20 Low 32 62.3 32
0.20 - 0.00 Very Low 0.0 0.0 0.0

Keywords: Integrated flood risk index, hazard, risk, vulnerability, Han River basin
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(b) Fractional Precipitation (c) Fractional Flow
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Figure 1 Location of the study area, monthly fractional precipitation, and flow. (a] Shows the Han River

basin and its sub-watersheds, which are located in the center of the Korean Peninsula. (b) shows the monthly
fractional precipitation, and (c) shows the monthly fractional flow.

Table 1 Hydrometeorological data for 24 sub-watershed areas over the Han River basin in South Korea.
Catchment Annual Fractional Fractional

ID Names of the 24 Sub-Watershed Area Precipitation | Flow{MAM) Flow(JJA)

(km?) (mm) (%) (%)
1001 | Namhan River Upstream 24479 1,240 173 472
1002 | Pyeongchang River 1,773.4 1,294 155 56.2
1003 | Chungju Dam 2,483.8 1,210 16.2 54.1
1004 | Dal Stream 1,614.4 1174 15.0 54.4
1005 | Chungju Dam Downstream 524.4 1,202 15.8 59.0
1006 | Seom River 1,491.0 1,298 11.5 60.7
1007 | Namhan River Downstream 2,072.7 1,297 12.6 61.4
1008 | Kumgangsan Dam NA NA 12.9 61.7
1009 | Pyeongwha Dam 351.3 1,081 14.2 57.3
1010 | Chuncheon Dam 1,587.4 1,186 16.4 62.5
1011 | Inbook Stream 931.3 1,149 16.5 51.6
1012 | Soyang River 1,852.0 1,251 17.7 55.1
1013 | Euiam Dam 7217 1,308 15.4 64.6
1014 | Hongcheon River 1,566.0 1,302 16.3 63.0
1015 | Cheongpyeong Dam 760.6 1,337 15.5 65.6
1016 | Kyeongan Stream 561.1 1,266 16.1 62.5
1017 | Paldang Dam 43.9 1,191 14.6 67.4
1018 | Han River in Seoul 1,537.2 1,291 14.1 63.4
1019 | Han River in Goyang 826.3 1,259 13.4 63.1
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Catchment Annual Fractional Fractional

ID Names of the 24 Sub-Watershed Area Precipitation | Flow(MAM) Flow(JJA)
(km?) (mm) (%) (%)
1020 | Gomitan Stream 2,195.2 1,287 12.6 62.4
1021 | Upstream of Imjin River 2,072.7 1,290 1.0 63.4
1022 | Hantan River 2,452.2 1,292 1.4 62.9
1023 | Imjin River Downstream 1,419.2 1,316 10.8 b4.4
1024 | Hantan River Downstream 146.4 1,306 11.5 60.7
Average 1,358.0 1,253.4 14.4 60.2

* N/A represents that data is not available.

2.2 Y Xtz

1 +2 Xtz

2 AollM ARG B A ARt ST AR 1966-2007d 2] 427 7|7t
X ARE %7} 22U FGHRAIAHWAMIS, hitp://wamis, go kr/)oH Ao}
AEFI, St 512 B e A R B 1257 BEABS PO Thiessen
polygontdiiol oJsto] Al=E Zro|w, {E7A}E+= Precipitation Runoff Modelling
System(PRAS)o] ©fsjo] AAKE Zholch, PRMSERS 4 AR We) AL ol
7F9—§-2maolo], n]2e] US Geological Survey(USGS)oIA 7kl 28 47192
Fo|tHLeavesley et al, 1983; Dressler et al, 2006), ©]&3t F-9H+t A== F-9HE

Smegol WSIEY BAT 53] A9 A8e Aed Eakdold,
2) ENSO %2

AR AAS th7]-3iF A4EL u]=9] National Oceanic and Atmospheric
Administration(NOAA)2 &40 2 $39] Bureau of Meteorology Research Centre,
%=r2] The Royal Meteorological Society 5°] tA Y}l EfHUYL] 3f4H 2k (Sea
Surface Temperature, SST), 35~ ¢ (Sea Level Pressure, SLP), 35~ &3H(Sea
Surface Wind: SLW) & th7]9} s o] € iAEs i 7| s sk ok
NOAAOJA] A 33h= U A 552 Nifiol+2, Nifio3, Nifio3.4, Nifio4, Ship trackl, 71
2] 31 Ship track62] 67 Z|2JollA] TEE T 9t} o] 2|9 ZoflA] Nifio3(5°S - 5°N, 150°
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90°W), Nifio4(5°S - 5°N, 160°E - 150°W) x| <] = =}27} El Nifio &A1} H]w4
75t ARPIS Wol= o oA Hh ITK(Trenberth, 1997), GolEhg] S-Eueke)
chepat o distaleaie] TAFES $1519] Hadley Centre s94 s o8

r

2252 S 0]-8519.0m, HadISST AR 17 X 19] FZIEAIES Zh o 74410 =]
T}2-9] Website(URL, http://www.cpc.ncep. noaa. gov/data/indices)of|A] Wz qrol A}
31t Rayner et al, 2003),

3. 24 Zut

3.1 MZ CHE ENSO 24

Kug et al.(2009)¥} Yeh et al.(2009)2 A2 t}= &e]9] El Nifio AMYS Nifio32}+
Nifio4 PEARE o-&5t] Z73eH, SYHBFLE a7t oA o= §A
35t =S FHQ Bl Nifio Modoki®Fo] A#HdE A7) Qlek. %3 Ren and
Jin(2011) 2] A+Lo]| ¢JelH A= thE FE]2] El Nifio APYS Nifio32} Nifio4 2] HEA1a
£ o}5}o] OT Bl Nifoh WP Bl NifoT 10}, 2 Q7oA A2 2 3ee)
ENSO7} BobAlofx|<le] BT ol 440t §EEA0] ofuat e vjr] B
H317] Slohel WA Ao 23] FH I A4S O Ren and
Jin(2011)0] B2519E 7|22 A 45k 1950-2011d71%] 2] 621 Eoto] U Nifiosel
Nifio4 AnomaliesES HIE S 2 CT El Nifio?} WP El NifioS JLE3}o] A8t} CT

El Nifio?} WP El Nifio®] - ®Re thd Eq. (D3 Zh

Ner=N3—a Ny 0[2{2/57 N3><N4 >0
Nwp=Ny—a N3 0 , otherwise. 6))

o37) A N3&} Nyi= ZH2} Nifio3Q} Nifiod A|4=5 2Ju|ah, Ner= Cold Tongue El Nifio
£ NWP& Warm Pool El NifioE 9Ju|gitt ESt o= A2 thE ENSO9| 1LES ¢t



09

0kl
N

Bl 22us

0%

el
opm
i

Ofoh

ENSO I{HE! tH5le} EfZSso| ma2

RS ol
45}0] 1950—201197}A] CT El Nifio 3f
T El Nifio decayingdl|@} 5719 743t WP

Ren and Jin(2011)0] 23198 7|22 &
9} WP El Nifio 3|2 JtEsto], 5742] 73k C

El Nifio decayingdl}& &3t A¥}= Th3 Table 29} 2Tt

Table 2 Classification of strong CT and WP EL Nifo years
EL Nino Type The Strong years during 1950-2011
CT EL Nifo 1972/1973, 1982/1983, 1986/1987, 1991/1992, 1997/1998
WP EL Nifio 1968/1969, 1990/1991, 1994/1995, 2002/2003, 2004/2005
TS P AR F N olde] MFHa(categorical variable) H= 277]E0]
e = A=t ol ek o2l o] MR ST Bl 2| Ht

CT El Nifio?} WP El Nifio®] J-5-S $J8}0] Kug et al, (2009)-2 Nifio3, Nifio4 Anomalies
BAE o] g3t E ¢lLo) A= Scatter plot2 AA|5}9] Nifio32} Nifio4 2] Anomalies
= wwdt A3} 0,779] ATEAP} EREoH, CT El Nifio?} WP El Nifio®] AnomaliesS
vk A3 0,199] AV Yebdth webd Az oE a7 dAkRe] 534 T
T HollA A= o) 545 B7sH] f1tt A= 9 *Wrﬁlfﬂ A1 UeRd CT
El Nifio®} WP El Nifio2 T-H3}o] 71t Ans 883 4~ Quh(Figure 2a, 2b).
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] 6o, ,
0 © Y=0.5496*X+0.0599 e Y=0.1107*X+0.0401
4 ya © €C=0.77 4 / CC=0.19
//’ o woé) R2=0.60 //, R2=0.04
2 -2
4 2 4 -4 2 2 4
Ns Index Ncr Index
Figure 2 Scatter plots (a) for (a] Nz and Ns indices, and [b) Ner and Nwp indices. The term CC denotes

the correlations between the two indices in each panel.
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]2 Figure 3a= 1950—2011%1_77}x]9] Ns@} Nerf] A A EALEE vlaste] Yepd 2
To]m, N3@} NCTO] AlA 4= 0,982, ¥FHA= 10,6964 LEFGTH E3S Figure
3bi= Ny&F NWP2| A= AP A3E H]asto] LR GO w, NAQF NWPE] 79~ AatAl
7} 0.860.8, EEHEIM= +0.3977% UEhdTh

-2

1 (a) COR = 0.98

1920 1955 1960 1965 1970 1975 1580 1935 1950 1985 2000 2005 2010

(b) COR = 0.88

b J‘w%.m..m MW%
A e B

1950 1855 1960 1965 1570 1975 1980 1985 1880 1995 2000 2005 2010

Figure 3 (a) Normalized time series of Ns (grey] and Ner (black] indices, and (b) those of Ni (grey) and Nup
(black] indices. Dotted grey lines indicate one standard deviation for the NCT and NWP indices. The term COR
denotes the correlations between the two curves in each panel.
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3.2 thr= 7|

T

el 2
1) SSTA &M Zn}

Uhe Figure 4+= El Nifio7} A21El= 2] 12€(DEC)olA Z1 thZ3fl 28 (FEB)7HA] €]
371 E2F Tropical Pacific A% dl4H-2 % (sea surface temperature)?] 1981-2010
climatology®]l o™gt HJHEAHcomposit anomaly, CA)ES UERJIL QtHdata source:
NCEP/NCAR Reanalysis, URL: http://www. esrl.noaa.gov). &2l El Nifio 3(CT El
Nif)S] 749 o] wlslo] AR OR e sl L7} voluelrt siEaile) FejEo)
oM T SYHBL7IA AAl SolA skl S= SIS 4= 9lem, 22 aljof HdHrt

o

SR S L Mejgep e Ao ZA st 91S Sleld 4 qlrkFigure 4a)

bl WP B Nifo 31] %9 Ble] vlslo] vAAH O Lo s 257 Fo)
oK (Central Pacific) K| oA QA ExE3}aL

Aol Bk we s L) Hasli o)

i
)
2
=
=
Z
=
@]
%
=2
=
ol
o,
£

HAZ} 25 18 4= QItK(Figure 4b). A2 T2 FE|Q] El Nifio 3f|19] SSTA(sea
surface temperature anomaly) 2] H3} wjElof| djgt ZpAIgE AH-2 Kug et al., (2009),

Feng et al.,(2010)2} Ren and Jin(2011)2] A3E Z1s}7| vlele, & A toA= El
Nifio?] Ze|% 4 IS thF7] 2o} A& t-E ENSO 38l H3}of whE k799
Beegah gl ol et wHoR aska A,

(a) CT EL Nifio Years (DJF) (bl WP EL Nifio Years (DJF)

NCEP/NCAR Rannalysis NCEP/NCAR Raonalyeis
Surface Skin Termperotura(SST) {K) Composite Anomaly 1981-2010 clime Surface Skin Temperotura(SST) {K) Campasite Anomaly 1981-2010 climo
T ¥ f | NOAA/ESAL Pruvical Sciences DIvlilon] o » 1/ ESRL Prysiedl S<iences Divivien|

by -“a\_.

N e Eim 1206 140 1606 181 180 140 |1M 100w N . L
Dec to Feb: 1969,1991,1995,2003,2005
S I N I — g

T
-25 -2  -183 -1 -08 O 0.5 Il 15 2 25 -14 -1 —0.8 —0.2 0.2 0.8 1 1.4

[ 180 18 [
Dec to Feb: 15973,1983,1987,1982,1998

Figure 4  Composite sea surface temperature anomalies (SSTA in the developing phases of (a) CT and (b)
WP EL Nib]s during December—January.
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2) Global Z+Ii&l 24 Zu}

T2 Figure 5= NOAA®] GPCP(global precipitation climatology project,
http://www.esrl . noaa.gov/psd/cgi—bin/data/composites/printpage.pl) 735wl ol
A RIS R ofAJof FoflA] El Nifio7} 2]F|517] Al2ksh= 8fl9f 2 (MAM) 2
o122(JJA) 73455 Wske] CAZ CT EI Nifio 3|2} WP EI Nifio 3] 7-45k0] LehpS)
t} E3F GPCP A&7} 1979 E g dA7FRA] Q] o] ZAsF=E CT El Nifio decaying3f|
+ 1983, 1987, 1992 1211 1998 2] gk-S 485192, WP El Nifio decayingdfl=
1991, 1995, 2003 1217 200592] S HEIGTE WebH FAING] BAS weat
Asel| et B2 Amel SAS W AN o] B Aol

Figure 5a, 5bol|A] HzH[e} 20| CT El Nifio 89| 73-9- EATEE Y(WNP; Western
North Pacific) 29 9] a2 fHaxstn] Fhte sl i) e 571 Hdol] A=
& BpIE 4= 9T, RS TR Aole] 7 WA B0 4
Sht ol53e) 4% Fdef Hlste] 0
OF 45mmAE Z7IeR= Ao g BAE|Qtt T3k Figure 5c, 5dofx a
El Nifio sjofli= BAElEf |of9] 7= Bao] 7$- S71udo] glon, oj§Ho=

She AOE et el BNES EEY BRI B WAk B
%

H
r
x
®
N
)
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(a) CT El Niflo Years (MAM) (b) CT El Niflo Years (JJA)
GPCP Pracipitation GRCP Precipitation
Fresiprtation (mm/day) Composite Anamaly 1981-2010 climo Preciptation (mm/day) Compasite Enomaly 1981-2010 climo

WO ESHL Physenl Somnes

W ESRL Prysical Semnens rviwion]

Wor to Moy: 1983,1987,1992,1098 Jun ta Aug: 1985,1987,1992,1998
-5 -4 -3 -2 -1 1] 1 2 3 4 5 -3 -z -1 o 1 F3 3
(c) WP EL Niflo Years (MAM] (d) WP EL Niflo Years (JJA]
GRCP Pracipitation GRCP Pracipitation
Preclpltation (mm/day) Compaslte knomaly 1981-2010 climo Precipitation (mm/day) Composits Anamaly 1981-2010 ¢limo
WA ESFL Physical Saimnoes Brvision] WO ESFL Fhyvieal Sciwnews Ovwion]

LT
Mor 1o May: 1991,1995,2005,2005

—4 -3 = ] 0 1 F 3 4 -2 -1.5 =1 —0.5 0 0.5 1 1.5 z

Figure 5  Composite anomalies of GPCP seasonal precipitation (MAM: March to May, JJA: June to August]
during (a, ¢ CT and (b, d) WP EL Nifio years.

T} Figure 6= GPCC(Global Precipitation Climatology Center) Precipitation
Full V6(A AlA 67,200 A|-HH= AF=29] Quality—Controled H7a) A=E dH/JeH
2AMAM) I} EH(JJA) 7= H3F] CAE CT El Niflo decayingdl|®} WP El Nifio
decayingsf = st} YERARITE #4123} CT El Nifio djofl= w383 54 2+
HAHE Ak AR Z4 =31 om(Figure 6a, 6b), WP El Nifio 8¢} =
°f 30—45mm, oFHoll= oF 60-90mme| FF T77F = A= EA E Itk Figure
6c, 6d). WekA] GPCC Precipitation Full V6 734~ CAS E3F d+ R 7|34 EA43H

021




APCC RESEARCH REPORT

=A%, £3] WP El Nifio7} WHIT Ao & ol id=]= sfjofl= el vlsto] TH7-49]
A3 o 5H el SV "ol UEhg 7ol A& AR ZdEh

{a) CT El Niflo Years (MAM) (b) CT ELl Niflo Years (JJA)

Praciicton foin) Camote Avarctr 112010 <ime Erocitaton God oo e voen

HOWA/ESRL Plireloal Seloscsa Dirlsten

Mar to May: 1973,1983,1887,1992,1998 Jun ko Aug: 1973,1983,1987,1992,1998
(c) WP EL Nifio Years (MAM) ([d) WP EL Niflo Years (JJA)
GPGC Precipitation V6 Combinad GPCC Precipitation V6 Combinad

Procipitation {mm) Gamposita Anoraly 1881-2010 alimo

Procipitation (mm) Gamposits Anormaly 1881-2010 chima

Mar {2 May: 1969,1991,1995,2003,2005 Jun bs Aug: 1963,1981,1995,2003,2005

Figure 6  Composite anomalies of GPCC precipitation and V6 combined seasonal (MAM: March to May, JJA:
June to August) precipitation data during the CT and WP EL Nifio years.
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1,081-1,337mmo] 78 zkal glow 247 S0 Hit 7432 1,253 3mm=E UERGEO.
o, °F AFHUIA) FEFE 60.2%2 A=

O Figure 7 3] AR At At wd(MAM) =5, 454
(JJA) e ool detdiglnt, sPdoe] Agwk Aol e3He 2 542
Bl a2 gasht oY S8 dR-Rost AR foolA Feefol A REd
el 4= Slh(Figure Ta). RO R PR 5 A5 S ST A 5
F 167-225mm ] ZEZ Holn, 2471 FHY Bat2 200.5mm=E LR FEFHA] £
At Bate] 16.0%= AAlstAT ] B Wt el e S SR
A8} 247 SN vl I2A] FaEsh IR ERA ol F2 S 7
EehE BT o= JlH(Figure 7b). W3 PR oI5 A BAE 43 A AF
A 7352 670-852mm 2| FE Ho|H, 247) U B 760, 2mmE S} A
©] 60.6%5 AAJ5t] oEH TS RIS IR AFH Bt A
SR 3= P BAI A3 Mg BRI SR el 2 e 24l
gk 4= Qlth(Figure 7c).

(a) Annual Precipitation (b) MAM Precipitation (c) JJA Precipitation

ANNUAL
11081 - 1149
1174 - 1210
1220 - 1266
1287 - 1316
1337 mm

Figure 7 Annual total precipitation and seasonal mean precipitation over watersheds in the Han River basin.
(a) Shows the annual total precipitation, while (b] and (c] show the seasonal precipitation during the spring
(March, April, and May) and summer (June, July, and August) seasons, respectively. Note that NA indicates that
data were not available.
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(a) Seasonal Fraction Flow (MAM)
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(c) Coefficient of Variation (MAM)
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Figure 8

Hatet efSES| WE

[b) Seasonal Fraction Flow (JJA)

(d) Coefficient of Variation (JJA]

W 65.0-67 4%
W 62.5-650
M 60.0-625
W 57.5-60.0
M 55.0-57.5
52.5-55.0
50.0-52.5
47.2-500

M 0.30-0.33
M 0.28-0.30
W 025028
0.23-0.25
0.20-0.23
0.19-0.20

A}

Percentage change of seasonal fractional flows and the coefficient of variation during the (a and

c) spring (March to May) and (b and d) summer (June to August] seasons over the Han River basin, Korea.
(@ and b) Show the seasonal fractional flows, and (c and d) represent the coefficient of variations, where the
CV = standard deviation / (mean).
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fle)=n"1 330 K{h - X))} (2)

of7|1d, K(e)= dFroln], nd AR g, z= HYY He X=
X1 X, .., X, 258808 Bxd A #EA|, he no| TR Z o F(zero) 02
h=h(n)—0)& Zt= &9 A= (bandwidth)o]ch,
o) AEhe ule Fagh FAlolm, h o] GHe Bk 25
o SlolAl % FastAlet AAEE BEsP Tob17k 414 gk, 2 Aol A8t
G Z 9] AAL Solve the equation plug in(SJP)HHH-S ARSI o, o] °PHL 7|&
o] H= mAQ R(f,)S FAXNES AAste] o] FolES AYsh= WHoR
Sheather and Jones(1991)¢f ol th31f -2 Eqn, (3)1} o] AAE It

N

R(K)

nR(fg”(h))(/fK(x)dx)Z}

=
I

3)

o71H, hiz FolFol] n& ARo| A% ol Qoje] A, Kle) i HUET
R(e)= 2H0) BolZ AAS 913 n]xo] 24S ojnlateh

l

CT El Nifio®} WP El Nifioo] oI5t eV -9 st 52 W = (sensitivity)
9} WEA(variability) 2] B4& QJ5ko], 57l¢] 78t CT El Nifio a2} 5712] 73F wp
El Nifio dlj2 G-E5}0] Kernel2 0|83t A8 2 S&EU 81> (empirical PDF)E AF43}
At the Figure 9a2} 9boj|A B ule} ZHo] CT El Niflo 3@} WP El Nifio dfjof] &}
o183 % W e BEEAo] Bels] chE Ltk 518 4 9lck, B
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Figure 9  Empirical probability density functions for seasonal precipitation and streamflow during (a) spring
and (b) summer periods influenced by CT and WP EL Nifio events in the Han River basin, Korea.
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3.4 ENSO miEitHzlof [ME +F HEEM

A= T2 ENSOSH B3 He] S U] dnA B 9t o1
El Nifio 3|2} WP El Niflo 3fj& J-i6te] 7h=aF9] Al H 2 (seasonal anomaly)of =

sl WEE S BASkT B J4egel AdBAL 2 ool s suriAe
P7Fdoll 1971-2000714] 9] 30d FAZITHe] HALE ot g AFgseich A4
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(a) CT EL Nifio (MAM Precipitation)
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Figure 10
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(b) WP EL Nifio (MAM Precipitation)

3

Frequency
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[ 100
Change (%)

(d) WP EL Nifo (CV)

Percentage changes of spring (MAM) precipitation and coefficient of variations (CV) for composite

anomalies (departures from the 1971-2000 normals) during (a and c] CT and (b and d) WP ELl Nifio years over
the Han River basin, Korea. The effects of both phases of ENSO are shown with different color schemes
(increases in blues and decreases in reds). The hatched polygons show statistically significant changes in spring
precipitation (March to May) based on a 90% confidence level. Note that the term NA indicates that data were

not available.
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(a) CT El Nifio (JJA Precipitation) (b) WP EL Nifio (JJA Precipitation)
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Figure 11 Percentage changes of summer (JJA) precipitation and coefficient of variations (CV) for composite
anomalies (departures from the 1971-2000 normals) during (a and cJ CT El Nifio and (b and d) WP EL Nifio
years over the Han River basin, Korea. The effects of both phases of ENSO are shown with different color
schemes [increases in blues and decreases in reds). The hatched polygons show statistically significant changes
in summer precipitation (June to August) based on a 90% confidence level. Note that NA indicates that data
were not available.
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(a) CT EL Nifio (MAM Flow) (b) WP El Nifio (MAM Flow)
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Figure 12 Percentage changes and coefficient of variations (CV) for composite anomalies in MAM streamflow
(departures from the 1971-2000 normals).
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(a) CT El Nifio (JJA flow) (b) WP EL Nifio (JJA flow)
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Figure 13  Percentage changes and coefficient of variations (CV) for composite anomalies of summer (JJA]
streamflow (departures from the 1971-2000 normals).
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Figure 14, Table 4%} 2t}
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Table 39| A¥}= FE 3489 S4ANY] A2l A& &l - stk

Table 3 Summary of anomalies data for different ENSO years over the Han River basin.
Anomalies Data for CT El Nino Years Anomalies Data for WP EL Nino Years

BT;in Spring (MAM) Summer (JJA) Spring (MAM) Summer (JJA)

Pre. Stre. Pre. Stre. Pre. Stre. Pre. Stre.
1001 -8.70 19.80 -2.00 9.80 17.31 38.14 -3.12 23.93
1002 -3.80 17.00 3.10 21.30 5.17 44.49 1.49 42.72
1003 2.30 16.20 0.00 16.10 25.72 49.72 16.31 25.15
1004 7.50 14.00 8.30 26.40 16.63 34.15 16.36 55.49
1005 7.60 25.00 3.90 24.10 6.94 39.21 4.54 45.53
1006 1.40 17.70 5.20 23.90 -0.46 67.17 4.51 53.79
1007 3.20 21.20 6.80 21.80 4.60 52.53 11.03 39.84
1008 NA NA NA NA 35.48 52.50 15.02 40.23
1009 -3.70 24.30 -0.60 38.40 28.63 49.78 -10.12 66.64
1010 4.50 20.60 2.00 29.20 4033 28.18 -1.28 44.41
1011 1.70 26.10 1.00 33.40 47.50 41.40 0.38 54.90
1012 -2.10 12.20 1.60 23.40 24.04 22.44 -1.42 35.96
1013 14.90 10.90 10.00 20.50 50.77 22.00 10.06 26.14
1014 0.40 21.00 0.50 25.10 22.59 4117 -1.60 38.33
1015 0.30 12.20 14.40 23.00 2614 16.50 18.21 33.61
1016 -6.50 17.60 6.50 30.30 -0.24 40.34 7.50 45.78
1017 -14.80 6.90 18.00 36.50 -7.19 -7.70 23.94 55.51
1018 5.80 12.10 15.00 14.70 16.06 16.78 22.61 18.01
1019 2.90 20.00 7.30 19.50 10.16 43.89 8.39 30.74
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Anomalies Data for CT EL Nino Years Anomalies Data for WP EL Nino Years

lea;in Spring (MAM]) Summer (JJA) Spring (MAM) Summer (JJA)
Pre. Stre. Pre. Stre. Pre. Stre. Pre. Stre.
1020 20.20 21.70 -3.80 19.50 51.97 40.79 -10.40 33.82
1021 18.10 20.70 -2.20 17.20 41.46 31.84 -7.86 27.66
1022 14.50 20.60 5.00 23.00 29.07 28.94 2.73 34.21
1023 8.00 15.00 12.70 6.70 14.02 40.90 15.96 7.76
1024 6.10 16.70 15.80 -3.50 17.28 41.05 21.21 -6.87

* NA indicates that data were not available.
** Anomalies represent deviations from averages during a 30-year period from 1971-2000 in each season.

T} Figure 14+ CT El Nifio decayingdl2} WP El Nifio decayingdf|®] eH3-42]
247l FdSel thet FHMAM) T} 5H(IIA) 9] R (Precipitation) T} &
(Streamflow) 2] W29 anomaly(1971-2000 HEZhH B2} 221 B EAS Aty
£ E5to] Uehd Axtolr}, 58 (MAM) 9] 79~ CT El Nifio sfoll= -8 1559
AL ZX)o|(Precipitation: 3.3%, Streamflow: 21.8%)% WP El Niflo o=
(Precipitation: 17,1%, Streamflow: 36,5%)% S %1t} CT/WP El Nifio 3] 2% 9]
g THIBR B vistel 4t §290] 271 eI, S5 WP Bl Nifo o]
L gRe) FUel P §E%el ZHEA0] Falo] Utk Ao BAEd
(Figure 14a), E3F 5 (JJA) 2] 45 CT El Niflo dfoll= = =39 AlE:
2410 (Precipitation: 5.4%, Streamflow: 6.9%)= WP El Nifio 3}jo]|=(Precipitation:
90.8%, Streamflow: 36.4%)% S-A%|9Jt}. CT/WP El Nifio 3] R oko] 7hS 7ixjma
Bdof viste] et 532 S77F A=W, 3] WP El Nifio sfjofl= 83} nizt
THE o] Sl it 2%l S7MEA0] lo] ek Zlo= 4%

tH(Figure 14b).
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(a) Spring (March to May)

(b) Summer (June to August)
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Figure 14 Percentage anomalies (departures from the 1971-2000 normals) showing changes between

precipitation and streamflow for the spring (MAM) and summer (JJA] seasons during different ENSO types over
the Han River basin and its sub-watersheds.

TRS Table 4= A& T2 ENSOC! CT El Nifio 32} WP El Nifio 3|9] E-23} oj=3
Aok g Wil Wa sl Be MEZS Yehlgon], A4 FE0)
tigt 90% Al=lZ(significant level: a = 0,10)014] -Folat ATz} LRt §e19] 7j4
= 23k Aolt}, o}z Table 49] ATz R 3 449 BAANE BKIT 4= 9},

Table 4  Summary statistics for seasonal variability associated with different ENSO types for the Han River
basin.
o Spring (MAM]) Summer (JJA)
ENSO Statistics p— —
Precipitation | Streamflow | Precipitation | Streamflow
Average Change (%) 347 5.59 21.83 6.85
CT EL Nifo Significant (v=0.10) NA NA 4/23 NA
cv 0.20 0.44 0.30 0.69
Average Change (%) 17.80 21.75 36.51 36.39
WP El Nifio | Significant (v = 0.10) 2/23 10/23 8/23 14/23
Ccv 0.54 0.24 0.89 0.30

* NA indicates that data were not available.

** CV is the ratio of the standard deviation to the mean.
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2 AR M= ME CHE SHEfQ| &= 7HX] ENSO (CT/WP EL Niflo) Z{El0f| 2 WNP X|Ho| EjE&ts
g ottt ek ElE S SACE EIE SR 0I5t 5t R HEH 4T L SSRAY HE
EMGIHL} EHE gl Him= CT EL Nifio decaying sHofl £217H(4.270/year], WP EL Nifio decaying
3Holl £207H(4.07H/year)2] EfE0| SHEt=0| HeFS DR D], EiE WA Zi== WP EL Nifio &{7} CT
EL Niflo 3H0f| H|SI Z=4!7|2H{Percentile 50" = 9475 hPa)o| W1 Z|CHZZ4(Percentile 50" = 80
kt]o| =2 Zst EfE0| LMS JtsMo| Q= Hoz EMEIL). E5t T JHX| FHEfQ| EL Nifloof w2
EfZ 2HMQIX|(CT EL Nifio: 14.3°N, 140.6°E, WP EL Niflo: 15.3°N, 143.2°E)Q| X}0|= 7{9| LIEIL}IX]
orotolt EfEQ| 0|sZZ£ CT El Nifio s 42 UAZE XM e ZZEME HO|H, WP
El Nifio ioll= 2 FEARGHE M2t sHtE THQIo| RE02 XN SAlsi= ZE0| USS &el6IN
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Hie = SHtE SME XG0 ZAIE0| o0, WP EL Niflo 5H2| BHE 2| anomaly 0| 33.4%=
St MRS 71 THEO| Q= Ho 2 BAE|ICt OiX|2ez 2 H719| Znt, CT/WP EL Niflo
w2t st Fef el &3 Y EiSdeE el Hatrt gl
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J|EHSt0| ChH|St RY HEY HSHM T 20| 715 ALE MEECH
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s#A120{ : CT/WP EL Niflo, E}Z, WNP, G{=X Z42f
1. ME

EAEHF(WNP, Western North Pacific) o 4] WY Bl g(Tropical Cyclone)- &
ofrfo} x| of 54 ZrpufEl Hate] kS = 471”384 (Hydrometerological) 5=
8 Q9lo7 28313l QUtH(Weng et al, 2007; Tu et al, 2011; Pradhan et al, 2011;
Choi and Moon 2012; Kim et al 2012a). &< 8= (high—resolution) {431} 5

A o] 7|Hkst 7| St LA (Emanuel et al, 2008; Knutson et al, 2010)9]|
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oot EAlegoollA] WS Aol ElfE-2] HAYRIE (Frequency) @t 7% (Intensity)
7 2147] Sof WA ZABRE S B 2 9oL A k. EY 9] T
WA RATE|(NDIC, 2013, http://www, safekorea, go kr) A& A=o] &j&hH WNPA| Y
oA AR BfE-S gkl A7 2191 FRRE WAL 9lom, o]z QI wsl= A
2213(1990-2011)° 53k °oF 11==19] Ajitujale} oF 53078 2] APGARZ | EAst o n ghite
HelollA] elE0] ol sl M 2718 Qs FAVF hgo] el e, ek 2
MPRBIS SelUfele] ARSI} thito] AEEAIS F ok Sk A1 o}t A1)
ZRE R 4 FE Ak A 7ok S A5E el Aol tigt Aol
o= wHth AR Sl Adgelth HEol, o]t Higoll ot kS AP ¢ &
Sioll 4 Bk o2} A2 MBS 1 FEAL w9l e SHolA vl
Aol glon, 53] o5 eedAgel o3t dAIA ArAbdel A2 EWsE

sjofshs Qe A714Q) SA SuSvelA FRs BN B sholc

B 730} A7euel o) felom qla AT AdHom T WNp
(Western North Pacific) A9 sl=HE%= Hl$2s 542 Hajel, 1 WANE 9 7
Lo F7F A FFFE wtggitiE dAtEe] T olerdt =il Qlth(Emanuel 2007;
Elsner et al, 2008; Pradhan et al, 2011; Choi and Moon 2012), tl&0] =413t g3
Ae] 27} e A 0 Aol Qe SR iE e SE19} TRl e
o, e} e s Lol wslel o e o] b wAle] felet 2710 28
)37 Qitkal R E|al QItH(Webster et al, 2005; Elsner et al, 2008; Knutson et al,
2010),

w3 M2 Henes vl @7
e} sgellA] s-2o0] Fidrrh ol
o= o274, dYxo] F7](Frequency), “Jw(Intensity), 18]l Y X]|(Genesis
Position) 7} HS}E|AL Qlom, =8 FEjo El Nifio®] &&7Fs/dol A- o a2 Al
AFslal QJth(Ashok et al. 2007; Kao and Yu 2009; Pradhan et al, 2011; Yoon et al.
2013). o|2|3t =& T 9] A= Warm—Pool(WP) El Nifioglalx E2|™, gk

As0} 5 RA ool BRTh vk s Lt EAiekaL 59 lmeEAololA] ulgAr

b rolle)} s @ o ee] A
EA]S Hol= 7] Cold Tongue(CT) El Nifio
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(b) Distribution of Seasonal Precipitation

BTC-induced Precipitation (JJAS) W Seasonal Precipitation (JJAS) DAnnual Precipitation

1437.3mm

1296.7mm

Precipitation (mm)

Han River Nakdong River ~ Geumn River Sumijin River ~ Youngsan River

Figure 1 Distribution of seasonal precipitation (June to September] in Korea during 1966-2007. (a) Shows
the location of five major river basins in Korea and (b) shows the distribution of seasonal precipitation. The
annual long-term average precipitation amount is noted with a number above the cylinders for each river. The
fraction of seasonal precipitation and TC-induced precipitation are expressed as percentages.

2.2 LKLz

2 Aol ARGE At PR FHAE Atz sl Abw Je1
SRS A GollA BT e g ol A HAR fhite x| o] FUAE T A=
= 1966~2007A9] 4271d 71717 ARE 27} 2] 2 EA|AB(WAMIS 2013,
URL: http://wamis,go.kr/)olA AlgHol ARgsIQlon, /9 Hat i Ame
Thiessen polygon*Hoj oJsto] AM&H Flolt}, tha o & dj4H% A}&+= National
Oceanic and Atmospheric Administration(NOAA)o|A A|-&5}= Hadley Centre?] U=
ARE o]-&5H3 01, HadISST Ab+= 13179 37l es 2hal wijd Z4lo] = o
9] Website(NOAA 2013, URL: http://www,cpc.ncep.noaa, gov/data/indices) |4
2] W2 4= It (Rayner et al, 2003), E3F A E}H A oA WS HiSAR= 1=
2.5°¢F A= 2.5° AAA7]9] 37+ ARE 7He5he] &A% NCEP-NCAR &5 NOAA
(National Oceanic and Atmospheric Administration) 25€ A|-gdo} ARE3}H O
(Kistler et al., 2001), 1966\d3E] 2007 d7}2|2] 4270 ¢ke] HAjefg kol A whyst
=9 A2 Aars 22juele] e|E=AAIE(TRC: Typhoon Research Center, 2013,
URL: http://www,typhoon, or kr/)@} €& 7JAFH(JMA: Japan Meteorological
Agency, 2013, URL: http://www.jma,go.jp/) 8] T= ARE A5 T2 Table 12
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Table 1 Historical data for typhoon frequency over the Western North Pacific region and number of landings
on the Korean Peninsula.

Year | JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV K DEC Total
1966 1 2 1 4110020 | 91) 4 3 1 36(3)
1967 1 2 1 1 1 7(1) 9 9 4 3 1 31(4)
1968 1 1 1 31 | 8| 30) 5 5 21(3)
1969 | 1 1 1 3 4 301 3 2 1 32(4)
1970 1 2 32 | 6l2) 5 5 4 21(2)
1971 1 1 3 4 2 8 520 | 6[1) 4 2 36(3)
1972 1 1 3 6(2) | 501 | 5(1) 5 3 2 31(4)
1973 7(2) | 5(1) 2 4 3 213)
1974 1 1 1 1 4 42) | 51 | 5(1) 4 4 2 32(4)
1975 1 200 | 4 5 5 3 1 21(2)
1976 | 1 1 2 2 2 43) | 42) | s) 1 1 2 25(6)
1977 1 1 3 31 | s 5 1 2 21(2)
1978 | 1 1 3(1) 4 82 | 501 4 4 30(4)
1979 | 1 1 1 2 4 2(2) 6 3 2 2 24(2)
1980 1 4 1 40| 200 | el 4 1 1 24(3)
1981 1 2 32 | 4l 8 | 42 2 3 2 29(5)
1982 3 1 3 3 53 | 5(1) 3 1 1 25(4)
1983 1 3 5 2(1) 5 5 2 23(1)
1984 2 5(1) | 5(1) | 41 7 3 1 27(3)
1985 | 2 1 3(1) 1 83 5 4(1) 1 2 27(5)
1986 1 1 2 2(1) 3 5(1) | 3(1) 5 4 3 29(3)
1987 1 1 2 42) | 4l 6 2 2 1 23(3)
1988 | 1 1 3 2 8 8 5 2 1 3100
1989 | 1 1 2 200 | 701) 5 6 4 3 1 3202
1990 | 1 1 1 31 | 4l 6 | 42) 4 4 1 29(4)
1991 2 1 1 1 40 | 520 | 62) 3 6 29(5)
1992 | 1 1 2 4 81 | 501) 7 3 31(2)
1993 1 1 420 | 70y | s 5 2 3 28(4)

049




050

APCC RESEARCH REPORT

Year | JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC Total
1994 1 1 2 712) | 9(2) 8 6(1) 2 36(5)
1995 1 1 200 | 61 | 501 6 1 1 23(3)
1994 1 1 2 5(1) | 6(1) 6 2 2 1 26(2)
1997 2 3 301 | 40 |2 | o4ln) 3 2 1 28(5)
1998 1 3 5(1) | 21 | 3 2 16(2)
1999 2 1 41) | 6l2) | 6(2) 2 1 22(5)
2000 2 52) | 620 | 501 2 2 1 23(5)
2001 1 2 5 6(1) 5 3 1 3 26(1)
2002 | 1 1 1 3 530 | 61 4 2 2 1 26(4)
2003 | 1 T2 | 2 2 5010 | 3(1) 3 2 21(4)
2004 1 2 5 200 | 8@ | 3 3 3 2 29(5)
2005 | 1 1 1 1 5 5(1) 5 2 2 23(1)
2006 1 1 3| 70 |30 4 2 2 23(3)
2007 1 1 302) 4 5(1) 6 4 24(3)
b 18 | 7 | 15 | 31 | 431) | 70(10) |167(37)|242(49)| 209(30)| 162(3) | 107 | 49 1078(134)

* Source : ENZSSTAIE], http://www.typhoon.or.kr/

Kug et al.(2009)1} Yeh et al.(2009)2 o} el|HoFo] sl 27| oA o2 |l
Al B3xsh= 22 FEQ] El Nifio Modoki@} Nifio3, Nifio42] -2 T=2172}0)
AFA] X519 2.1, Ren and Jin(2011)-& A2 o= ]9 Rl Nifio AR Nifio32}
Nifio4 2] #&At7E ©]-8-5to] CT El Nifio?} WP El NifioE &8ttt & AollAl=
A= ohE FE O] ENSOL} Bijgoll o3t 2l 54 wste] AJHaAIE ++8st| ¢t
o] ShlE 2]9LS O & Ren and Jin(2011)0] EE2810E 7138 #8a}0] 1950~2011
A7k e] 623 Eoko] ¥ Nifio39} Nifiod AnomaliesS HFEFO R CT El Nifio®} WP

mlo

Fl NifioZ T-E3}9c} CT Bl Nifio®} WP El Nifio®] -5 A2 Chapter ()] Eq. (1)&
257 vk 2 o otof| A= Yoon et al, (2013)0] &85}l CT El Nifio A]7]2} WP
El Nifio Al7]9] 570¢] 7Z}8t CT El Nifio 3[(1972/1973, 1982/1983, 1986/1987,
1991/1992, 1997/1998) ¢} 57112] 733+ WP El Nifio 3(1968/1969, 1990/1991, 1994/1995,
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2002/2003, 2004/2005) Al7]% FE310] Bl ofst 45 WE B4 BAS Heslge
o, ol A7)0 BAEHY Ko WA EES dAFOE CT Bl Nifio?} WP EI
Nifio A7]2 Falo] skt Eolels Ealelol Jake nA glEe BRa) sl

=}

SHITE EH|QlE Faksto] ek vl EfEAMH(episodic TCs)oll 23t A&7 =552
HEL Kim et al, (2012)0] AAJSE SHEE oJ8F =121(120°E-138°E, 32°N—-40°N)<
A= Bla-9] AFAI  Hresidence time) T F-99] 75 9 {2 RS 112igh A

—Eﬁﬂ‘ﬂ(exploratory analysis)= 2-8513ct 3 2542l CT El Nifio®} 2| Y5}

Al Q= WP El Nifio7} gHEE=of] 2|94 02 ]3| Jofa 415171 $15te], El Nifio7}

ot 510] S-EpEA) PHAINCAE A8o10T, AR A A Bels)
A} 4271A(1966—20074) T=AF2 ]| thgt Bootstrap random resampling WS A&
Sko CT/WP EI Nifio shele] thet il 7o) o8 22ARE4] SAH fo)y

HAES sttt

The Figure 2= SATE F(WNP) A ofjA] 285k ef5-2] 5709 73t CT El Nifio
3ot 5742 st WP El Nifo 39| dhibwol 9J3ke F9id o] WRMIE(TC
frequency) & HoF=aL itk SATRE S A HollA AT S-S5 19519 -FAH71A]
o]Fo|A| 1L §lon], L-ejutete] HlFATLAE O] 715 SfahH 1951-2012 AAY AYEH
g2 F 16197), o]F ghtwe] gk Xl eHF2 19872 7|&staL qict.

2 AFolMs TRbE QLS ARt SARf B FA oA AR Bl TS O
o fEuete] Bkl Hlad 2 AEQl o5 d(June to September)s O
CT/WP El Nifio 3|2 ~L-&sto] A5G0 Bjg2] HARIEe} Fes BAS Aat 54
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o P MRl HiF2 57/ year 2= A S irt. EJF CT El Nifio 7|kl HAENE

052

& Aol F 69779 EiFol WA, o|F 2170(4.27/year) 2] EjF-o] Shit=o]
F&e vIHHFigure 2a). 12|31 WP El Niflo 7|7koll= SA B A[o)lA 5 6871
g0l st e, o]F 207(4.07/year) o] EjF-o] Tl FE v A= &

A= AATHFigure 2b).

(a) CT El Nino Years (b) WP El Nino Years
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Figure 2 Tropical cyclone (TC) frequency for (a) CT and (b) WP EL Nifio years in the Western North Pacific
region.

Tha Figure 3= SATE | H(WNP) 2| ol A Y B 4-2] 572] 73t CT El Nifio
e} 57112] 735k WP El Nifio 39 gHitE F3F B2 WAZ=(TC intensity) & WOl
AL Qe BiEe] A A4S fste] B2 4 417U (central pressure, hPa)} Z]
tff &< (wind speed, kt)< Box—whisker plots< &8t 2481t 4241} g5
24 2417192 CT El Nifio 3]9]| T 948, 3hPa(Percentile 50 = 960.0 hPa), X4
885hPa® H-AE|9 0™ WP El Nifio 312] 4% Bt 949 6hPa(Percentile 50" = 947.5
hPa), |4 895hPaz EAE QT Figure 3a), E3F gf=9] &4 CT El Nifio 3fjo]|
W+ 78,5kt (Percentile 50™ = 75,0 kt), Z|t 120kn® EA=]¢lom WP El Nifio 312]
A B 75 3kt(Percentile 50" = 80 kt), ] 105kt2 EAE] QT Figure 3b), wEHA]
Box—whisker ploto] 2|8} Percentile 50" ZFHS 7121 BwsteS A, shile oJ3F
El 0] WP El Nifio 8ffofli= CT El Nifio 3ol H|s}o] Bfj5-2] F-47]9fo] HlaLa] Wi g5

of Hri%Er} 8 A BFol WAL THse] Gl Aow By
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Figure 3 Tropical cyclone intensity for the CT and WP EL Nifio years as determined by the (a) central pressure
and (b) wind speed.

1z

3.2 EiSe| TURAX| A BEE

the Figure 4= 7%t CT/WP El Nifio= 7|S=3IH 2249 5708 5 BAEEY
(WNP) R|of| A dRAsE e g-o] skt FaF gfF-2] MY X|(TC genesis position)2}
Y7 Z(TC Tracks) 2| 2to|& HofF=al Qltt, B2 A% (genesis position) | &
HEE BEA BAS QJsto] o|H= AEA HESH(bivariate empirical distribution
functions) & AFESEIH O, Lower quartile level(0%< LQL {25%)1} Median quartile
level(25%< MQL {75%) 121l Upper quartile level(75%< UQL < 100%)2] 37}A] S1LA
Fe|2 Tt B4 A3} CT El Nifio ajjofl= o|¥ef A2 Bxsks: 2419] ¢x)7}
14.3°N, 140 6°E2 E-AE|9lon]. WP Fl Nifio slofli= 24]9] ©]x]7} 15 3°N, 143.2°E&
Baslo] B ] WISl Ae] o]t 719] gl ALow LEREOLL CT Bl Nifo al] 2]
| OH(Phlhppme sea) ol A -A A WAL Q152 1T o QUth(Figure 4a), ERF

ohite = Qle Falet CT/WP El Nifio 39| 8% o325 A%t 2y} F=3igh e
wiste] Ao]i= usHA] SISkOLE, CT Bl Niflo she] 29 Al A4 defe] s
A& Holal Q) o (Figure 4a), WP El Niflo 3[|2] S & F=2A] L 3l(Kuroshio sea)
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£ wehA ke =rQle] f50R oA BAske Aol dae EUsHArk(Figure
4b).

(a) TC-Genesis Position

50N —f —

= S

Jle © CTEI Nino years (14.3N, 140.6€) SN
1§ © WP EI Nino years (15.3N, 143.26)

e s o
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Figure 4  (a) Tropical cyclone (TC)-genesis position and (b) TC tracks of cyclones affecting the Korean Peninsula
during CT (case 1 shown in blue) and WP (case 2 shown in red) EL Nifio years.

3.3 Empirical PDF 24

CT/WP I Nifio S| wH2 SAeEoF Aol A] Hat BfEe] Sl aEs B
5171 f1ste], 5719] 72t CT El Nifio 32} 57]] 745+ WP El Nifio sfjofl '8t B0
SHE | 2lof E0] 2= Al7|(entering date)?} EE2] =417|U(central pressure)o]|
gt W59 A HARE U Ekr(kernel density function)& ©]-8-5t] FAE 4 &Y

T8 (empirical probability density function)E &l B3}t

Th Figure 5+= SATEBE G A 2JollA] A4gE CT/WP El Nifio 3lj<] efg-o] gHte
THRlo R S0l Al7I9} HF-0] SA7IdRIR S AEAGEUETFE YERHAL 9
t}. Figure 5a0llA] H4=H}e} 20| CT El Nifio dfjofli= EATe]E ol A Ayt BjFo] gt
T =HQle] S0l Al7loll gt HdHAte) A A e 5 Ral 59
Zh(positive skew)& 2h= A& YL 2AHR 0] Hoto] o] H|ste] Ao H g Shike
P BT LAY A1717F Hidol vlste] thas W shEe] & A

WP El Niflo 3fjofl= S T30 AE7) =31 9F9] Zl(Negative skew)S 2= Ao

i
i
i
o
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ViR Abie] wige] Blol Hlste] omz FhbE ofgF BjEe] WAl A7k Bide
Hlste] tha kold BHEo| Gle Ao FAHL,

o

B3, Figure 5bojlA] H=Hte} 2] CT El Nifio sofl= SATEE ol A 43t Hie
o] S471%(entering date)o] it e g R[] FAZ BEUEFO] 7t 23l tha
=2 (Positive skew) Y2 A PAA Q= ACR Yo, gHdHARe] ito] ot
A= Fdol YAk 52 g 2be BEo] 2 A0R ZAH W, WP EL
Nifio o= ZEdEghro] HF7t Wil thd F2 gH(Negative skew) ©.2 2]-¢-A 4]
Qlo] A= ] Htd UGS wEs Aoz EAHY, SEUEdro] 95 08X
e FE7h B S e SAiA] B SaA] SA7I8e] 3718 2 AR

WY gHEol 2 ZloR EA4E I

(a) Entering Date (b) Central Pressure (hPa)
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Figure 5 Composite anomalies and empirical probability density functions for (a) the entering date and
(b) central pressure of tropical cyclones (TCs) during CT/WP EL Nifio years.

3.4 Possible mechanism £

CT decaying sjoll= Ze|d, HE=dl, E5=3 LFAH| SSTAZ} ol Hs]
32 WhH, WP decaying ol Ui E5 Z2AQ sl e Lo)S A9l A
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el ) Aofol A SSTAZE AAAOR e A0w b Slek. o] X% HAEEe
AR Aol ) Fmet 8 SSTAL A=A e} FHER BALsH- BhEo]
HES A5t He §AAE 4 i AL ASHOR FFY 5 ik BAL ATAD

LS 3koldt 4~ QJthFigure 6). Th2©2 & Vertical Wind Shear(VWS):= Main
Development Region(MDR) |4 Bg AT S92 BAFoh= B89 7= Wato] J3F
< 5, 53] Y& 20-35% Alo]9] VWSE S AFS ejF2] = st 9 &t
443} CT decaying sfioll= 915 205 FLollA] &9 HAPZL EA Yehal 91 25%

ZFEfAle gt 2o] B ] HAk= PRt s RE UYERHER HlE e
Z) o] Baldt 20| Hr} A7) shilw muQlof AASsH= gEo] A& sl
Eo=ol] F-Lo| Al CT/WP decaying sfloll= HAIK 02 59| HARE 7HA|T, ghite
T Ql A=gellAl CT decaying siolli= 2] HAFE 7HA|H WP decaying o= o] HA}
£ Hol= A& 20 4= Stk wWebA] WP decaying sfiol] THEE A5 57172 Q1gt
B Aol feElth 20 2 A o® EA R AR ORE fofRt Aik= UEUHA]
AUTHFigure 8), THxOE 850 hPa divergence?| -t Q] HAN= 3150l +HE,
=9 WA= skol A HARE UERSITE CT, WP decaying 3ff W5 =R AS5k=
o] Al sE ool B 2] HAE 7HAIAIRE e f]oflAl= CT sfofl o
= 7= Ae® A= SItkFigure 9),
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(a) CT years SST
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Figure 6  Sea surface temperature (SST) composits anomalies obtained from NOAA OISSTv2 in (a) CT years
and (b) WP years. Shading indicates values over 90% confidence based on the Student’'s T-test.

Vertical Wind Shear

Vertical Wind Shear

(a) CT years

0

0

120E

Figure 7 Same as Figure 6, except results show the vertical wind shear anomalies obtained fromm NCEP-NCAR
reanalysis. VWS = /(1200 — u850)% + (1200 — v850)° .

5000omega

(a) CT years 5000mega (b) WP years

Q 4 T 2= Q G —
120E 150 0 120E 150E 180

Figure 8 Same as Figure 6, except results show the 500 hPa vertical velocity anomalies.

850diver

(a) CT years 850diver
=

g

Figure 9 Same as Figure 6, except results show the 850 hPa divergence anomalies.
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AH 02 folh Aol Gl Foe AMLOE Uehiglom, o4 750l Bootstrap
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4.1 CT/WP EL Nifo sl EfEZ4 EM

CT El Nifio 32 o]5-d F-& =2 856.6 mm= o H|slo] -0,39% #adh=
Zor gAEloH, st ol St AR P9 858, 1mm(-2.82%), S
991 773,9mm(-2,19%), 27 886, 4mm(6,73%), AR 915, 9mm(—3,42%),
193 GRS 848.6mm(0,22%) = A= QUet, WA, CT El Nifo sfjofl= w782
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(a] CT El Nifo (Case 1) (b) WP EL Nifo (Case Il)

TC-induced rainfall
(June-September)

TC-induced rainfall
(June-September)
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® -100~-75 ® -100~-75

Figure 10 Composite anomalies of TC-induced rainfall during (a] CT and (b) WP EL Nifio years. The hatched
polygons indicate statistically significant changes in TC rainfall based on the 10% significance level.
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BAE, F7 RS 2 R0 374 S0l AT AOE BAEU,

T} Figure 11(b)of|A] E=u}e} ZHo] WP El Nifio dfj(case 2)9] A%, F& shlx
Hhof| 24 FTPAVES 206k 740 NI S7Fske Bae] sl Ao 24
lom, ST A} A7 FAR, FET A Hok= Hashe Aol Sle Aoz
MEISIE), B9 % 127) S0 52 SR A7 o0mel EAH O 5ol
271 sfelo] et Aoz BHEQon, B Sjd ofE A 59 Al Fola
RIS A fAS) 30,698 AAIHAC TEO.R, 50 mm/day S ZTSHe 74
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Figure 11 Composite anomalies of TC-related heavy rain days during (a) CT and (b] WP El Nifio years. The
hatched polygons indicate statistically significant changes in TC-induced rainy days based on the 10% significance
level.
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Table 2

Summary statistics showing the seasonal variability of TC-induced rainfall and heavy rainfall (> 50

mmy/day) over the Korean Peninsula during the summer (JJAS) season for CT and WP EL Nifo years

TC Induced Rainfall Heavy Rainfall
El Nino Type Statistics
Han. | Nak. | Geum. | Sum. |Yeong.| Han. | Nak. | Geum. | Sum. | Yeong.
Significant
Change (%]) 0.0 11.6 4.1 7.6 22.4 8.8 253 | 378 | 17.2 | 46.2
(p<<0.10)
CT Significant
Stations (#) 0/27 | 6/33 | 2/21 | 2/15 | 3/14 | 3/29 | 10/33 | 6/21 15/4 | 14/5
(p<0.10)
cv 040 | 045 | 042 | 047 | 049 - - - - -
Significant
Change (%] 58.7 | 38.1 382 | 173 6.7 370 | 165 | 374 | 241 48.4
(p<<0.10)
WP Significant
Stations (#) 15/29 | 13/33 | 8/21 | 2/15 | 1/14 | 29/9 | 33/7 | 21/7 | 15/4 | 14/5
(p<0.10)
cv 023 | 033 | 028 | 034 | 038 - - - - -

* CVis the ratio of the standard deviation to the mean..
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CHAPTER Ill : Development of an Integrated Flood Risk Index
in a Changing Climate: An Assessment for the
Han River Basin, Korea
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1. INTRODUCTION

Floods are known to be some of the most devastating, yet common, natural
disasters (Wang et al. 2003; Chang et al. 2009; Ni et al. 2010; Wang et al. 2011).

Recent studies have shown an increase in the frequency of occurrence of hydrologic
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extremes, which is influenced by urbanization and climate change (Chang and Kwon
2007; Fedeski and Gwilliam 2007; Nirupama and Simonovic 2007; Bae et al. 2008;
Kim et al. 2012b). In recent decades, developed countries have concentrated on
evaluating risk factors for flooding using a number of quantitative methodologies,
and these studies have their results incorporated into flood control policy. Like other
countries, South Korea has also undertaken significant flood risk research since the
1990s. However, cases that quantitatively analyze flood risks and the effects of floods
in drainage areas in the region are rare because of the need for water resource

assessments to be carried out from a long-term outflow perspective.

Several floods have occurred in the Han River basin, Korea during the last few
decades of the 20" century. The total flooded area is 260,329.8ha, and the sum
of flood damage totals 7,808.5 billion Korean won (KW) from 1971 to 2007. The
total population affected by flooding in this area is approximately 1.07 million; these
data are from the Korean Water Resources Management Information System (WAMIS
2012,http://wamis.go.kr/). Hence, the evaluation of flood hazards and the creation
of a risk map for this region would very important for planning resilient land use
activities and protecting infrastructure (Chang and Kwon 2007; Bae et al. 2008; Chang
2008; Kim et al. 2011; Kim et al. 2012b).

Quantifying vulnerability is seen as a key step toward effective risk reduction and
the promotion of a culture of disaster resilience (Kasperson et al. 2005; Birkmann
2006). To evaluate flood hazards and create a risk map, many qualitative and quantitative
approaches can be utilized (Anselmo et al. 1996; Du et al. 2006; Meyer et al. 2009;
Sinaga et al. 2011; Wang et al. 2011). Flood risks can increase as a result of rapid
development in urban areas (Teng et al. 2006; Nirupama and Simonovic 2007; Lim
and Lee 2009; Kim et al. 2012a). Nanshan et al. (2009) noted that large-scale
vulnerability to regional flood hazards in the Huai River basin, China can be shown
with the social vulnerability index (SoVI) using information based on geographic
information systems (GIS). Hydrological models incorporating a normal distribution
have focused on the line-type distribution of floods (Shi 2003). Shi et al. (2005) suggested
an optimal approach through the adjustment of land use patterns to control and prevent

urban flood disasters in China. Ni et al. (2010) assessed flooding impacts in terms
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of sustainability for long-term disaster risk reduction by development of the insurance
related flood risk index (IRFR), the long-term flood impact on sustainability index
(LFIS), and the sustainable development index (SDI) in mainland China.

A GIS-based spatial multi-criterion approach to flood risk assessment was
performed in the Dongting Lake region in Hunan, Central China (Wang et al. 2011).
In a study of flood risks in the Korean Peninsula, Chung et al. (2004) showed that
the number of rainy days with precipitation greater than 30 mm/day increased
between 1961 and 2002; precipitation has been shown to increase recent flood risks
in South Korea. Furthermore, Chang and Kwon (2007) showed that the 90" percentiles
of daily summer precipitation, intensity, and heavy precipitation have upward trends

in South Korea.

The increasing flood risk in South Korea led Bae et al. (2008) to analyze long-term
trends in precipitation and runoff in five major South Korean river basins for the
assessment of flood risk. Chang et al. (2009) studied flood risk in six representative
cities in the Gangwon Province of South Korea in order to determine whether natural
or anthropogenic causes were responsible for the increased flood risk. More recently,
Kim and Jain (2011) analyzed changes in seasonal precipitation in South Korea’s
five major river basins over the last 40 years (1966-2007), highlighting “hot spots”
where typhoons have had major impacts. Jung et al. (2013) analyzed national-scale
relative flood risk for 139 sub-watersheds in South Korea using non-parametric
methods to calculate relative flood risks based on sensitivity, exposure, and adaptive

capacity indices for each sub-watershed.

The purpose of the present study is to enhance policy standards and to formulate
new methods to reduce flood risks in developing areas in South Korea. Specifically,
this research aims to quantitatively analyze several indicators of flood risk and their
qualitative effects on flood management in the Han River basin. The obtained results
can be expected to provide useful baseline data for stakeholders and decision-makers.
In the following sections, the need for further study of the possible factors that
can lead to an increase in flood risks in the Korean Han River basin will be discussed
along with the results of this particular research project, which employed an integrated
flood risk index (IFRI).
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2. DATA AND METHODOLOGY

2.1 Study area and data

The Han River basin is located in the center of the Korean Peninsula at 36°30-
38°55'N and 126°24-129°02°E (Fig. 1). The watershed accounts for 23% of the
territory of South Korea and it is 26,356 km2 in size; the stream length in the watershed
is 481.7km (Chang2008; Kim et al. 2011; Kim et al. 2012b; Yoon et al. 2013). In
this study, data were collected from 24 sub-watersheds in the Han River basin for
assessment of flood hazard and vulnerability. Most of the eastern part of the Han

River basin is mountainous, and plains are present in the western parts.

According to governmental statistics about South Korean in 2007, the total
population of the Han River basin is approximately 17 million and 12.4 million people
live in the Jung-Rang basin including Seoul, which is equivalent to 34.0% of the
total population. According to WAMIS (2013), the annual mean precipitation is 1,244
mm, the slope of the annual mean precipitation has increased by 3.5%, the total
flooded area of the basin is 260,330 ha, and the sum of flood damage is 7,809 billion
won based on 2007 estimates. Hence, the Han River basin is an area very vulnerable

to flooding, and flood risk assessment is required for flood disaster mitigation.
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Figure 1 Han River basin located in the center of the Korean Peninsula.

Figure 2 illustrates the interannual variability of the anomalies for annual
precipitation and discharge during the study period (1966-2009). The percentage
anomalies of annual precipitation and discharge show significant upward trends during
recent years when compared to the normal range of the annual time series.
Furthermore, the 5-year moving windows of percentage anomaly data sets for
long-term trends show increased tendencies in recent years over the Korean Han

River basin.
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{a) Anomaly of Annual Precipitation (1966-2009)
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Figure 2 Anomaly of annual precipitation and discharge. The red line shows 5-year moving windows for

each time series in the Korean Han River basin.

The IFRI analysis presented here is based on complete hydrologic hazard,
socio-economic vulnerability, and ecological vulnerability data provided by the WAMIS
for the period 1971-2007. Historical observed data were also acquired from WAMIS
in order to assess changes in the basin during different periods. Daily precipitation
data was provided by the Korean Meteorological Administration (KMA 2013,
http://kma.go.kr.), and a number of geographic information system (GIS) layers were
generated in digital format by using Arc GIS 9.3 software to study flood risk and
vulnerability in the Han River basin. The layers included watershed area, land cover,
forest, and flooded area. Furthermore, the study area includes parts of North Korea,
the northern part of the demilitarized zone (DMZ), for which this study used the

only geographic information data available with the exception of the northern part
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of the DMZ.

2.2 Methodology

Definitions of risk in research vary according to applications. The basis of risk
lies in a commonsense understanding of the concept, such as the notion that risk
associated with a particular hazard lies in the consequences of the hazard and increases
with both the probability for exposure and the severity of the hazard. The assessment
of flood risk and vulnerability in this study is based on district disaster system theory,
which is based on the definition of risk expressed by Eq. (1) (Maskrey 1989):

Risk = Hazard + Vulnerability (1)

where hazard is the premise, vulnerability is the base, and risk is the consequence.

Crichton (1999) has defined risk as the probability of a loss, and this depends
on three elements: hazard, vulnerability, and exposure. If any of these elements shows
increase or decrease, risk will be increased or decreased respectively. Furthermore,
vulnerability can be defined with physical, social, economic, and environmental factors
or processes, which can have significant impacts on communities (UNISDR 2013,
http://www.unisdr.org/). Thus, this study derived an IFRI model that incorporated

hazard and vulnerability as the following functions:

Integrated Flood Risk Index = function (H; S; Ex) (2)

n

IFRI = {i(hixHi)}Hmrd—i— {Zm] (s;%8)+ gl(ekXEk) (3)

i=1 Jj=1 Vulnerability
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where H; S; and Ek represents the hazardous hydrological index, the socio-economic
index incorporating a vulnerability criteria, and the ecological index incorporating
a vulnerability criteria, respectively; h; s; and ex denote the weighting factors for
the hazardous hydrological index, the socio-economic index, and the ecological index,

respectively (see Table 1).

As shown in Table 1, a four-layer indicator system was established for the
assessment of the IFRI. The following assessment indicators of IFRI were selected
systematically with the approach outlined in previous studies (Rossi et al. 1994;
Fedeski and Gwilliam 2007; Ni et al. 2010; Wang et al. 2011). In this study, the
goals were to estimate the IFRI using two criteria of hazard and vulnerability. The
criteria were divided into three components: hydrologic, socio-economic, and
ecological. There were a number of indicators available for each component, but
only the top five were selected for use in analyses. Table 1 summarizes the conceptual

framework used for the flood risk assessment (Table 1).

Table 1 Conceptual framework and hierarchy of information flow for the flood risk index in the Han River

basin, Korea.
Goal Criteria Components Indicators
Precipitation (H1)
Discharge (H2)
Hydrologic )
Hazard Flood Area Density (H3)
Hazard
Flood Damage (H4)
Land Use (HD)
Population Density (S1)
| ; CocioE ‘ Housing Density (S2)
t t -
" egrag oc10 con.c?mlc Education Density (S3)
Flood Risk Vulnerability
Road Density (S4)
- Production (S5)
Vulnerability
Forest (E1)
Sewer System (E2)
Ecological
oo BOD Pollution Load [E3)
Vulnerability
TN Pollution Load (E4)
TP Pollution Load (E5)
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The analysis of the method used for creating the IFRI starts with the selection
of indicators. First, the hydrological indicators H; to Hs were set to reflect precipitation,
discharge, flood area density, flood area damage, and landuse. Flood area density
and flood damage were calculated from the flooded section over the area of each
sub-watershed. Second, socio-economic indicators S; to Ss were set to reflect
population density, housing density, school density, road density and production.
Population density and housing density were calculated for the area of each
sub-watershed. Lastly, the ecological indicators E; to Es were set to reflect forest
area, sewer system facilities, and occurrence of the biochemical oxygen demand (BOD),
total nitrogen (TN), and total phosphorus (TP) pollution loads in the sub-watersheds.
Again, Table 1 shows the overall conceptual model for how this information was
used to estimate the hydrologic hazard, socio-economic vulnerability, and ecological
vulnerability indices in this study. Historical observed data were obtained from WAMIS
in order to assess integrated risk in the study basin for different time periods in

urban and rural areas.
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3. ANALYSIS AND RESULTS

3.1 Classification of research periods, and urban and rural areas

As a result from an analyses using a modified T-test, the annual precipitation
and runoff data appear to have changed significantly in 1990 over the Korean Han
River basin (Fig. 3). Therefore, in this study, the data were divided into two periods:
pre-1990 (Period I: 1966-1990) and post-1990 (Period II: 1991-2007). A trend
analysis was also carried out trend analysis for the classified time series data set
using a non-parametric Mann-Kendall test. As a result of the trend analysis, hydrologic
data for Period I showed no statistically significant trends. In contrast, the time series
for precipitation and runoff during Period II showed a significant upward trend at
the 5% level of significance. These changes indicate that there is a ongoing increase

in flood risk and vulnerability over the Korean Han River basin.

3 5
, X 10 55 X 10
(O—O—0 Observed Data (a) O—0—0 Observed Data (b)
— = — = Period |:Y=0.0018*X-2.3411 = = = = Period |:Y =0.0093 * X - 16.2042
——-——Period Il : Y = 0.0161 * X - 30.90:

——=— Period Il : Y = 01323 * X - 261.838!

Precipitation (mm)
Runoff (m3/s)

1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

Figure 3 Trend analysis of precipitation and runoff during different period in the Han River basin. (Period
I: 1966-1990, Period II: 1991-2007). (a] Shows the annual total precipitation. (b) shows the annual total runoff.

In addition, the study area was classified into urban and rural areas based on
the percent of urbanization in the mid-watershed portions of the Han River basin.
The urban areas were divided into the top five urbanized areas, and the bottom
five basins were classified as rural areas from 24 sub-watershed areas in the Han
River basin. The selected urban areas were located in the metropolitan areas of
the western part of Han River basin, including Kyungan Stream (1016), Seoul Han
River (1018), Goyang Han River (1019), Upstream of Imjin River (1021), and Hanthan
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River (1022). However, the rural areas is mainly located in eastern part of the Han
River Basin, including Upstream of Namhan River (1001), Phyeongchang River (1002),
Chungju Dam Downstream (1005), Dam of Peace basin (1009), and Soyang River
(1012), respectively.

3.2 Flooded area and flood damage

Figure 4 shows the results of analyzing the flooded area of Han River basin
and flood damage by separating into urban area and rural area for Period I and
Period II. Flooded area was found to be 107,876 ha (Period I: 67,740 ha, and Period
II: 4,0136 ha) for period 1971-2007, and that in rural area, 22,919 ha, (Period I:
11,701 ha, and Period II: 11,219 ha). In addition, as a result of analyzing flood damage,
flood damage in urban area was found to be 1,855,968 million won (Period I: 491,872
million won, and Period II: 1,364,096 million won) for whole study period, and flood
damage in rural area was analyzed to be 756,939 million won (Period I: 331,505

million won, and Period II: 425,434 million won).

Flooded area was bigger in urban area than in rural area by about 78.8%. It
was 82.7% bigger for Period I and 72.0% bigger for Period II. In addition, flood
damage was found to be bigger in urban area than in rural area by about 59.2%.
In addition, it was 32.6% bigger for Period I, and 68.8% bigger for Period IL
Accordingly, urban area showed approximately two times bigger flood damage and
flooded area than rural area, implying that flood vulnerability is high in urban area,
while flood damages and flooded area were found to have increased recently both

in the rural area and urban area of the Korean Han River Basin.
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Figure 4 Flood damage and flooded area in urban and rural areas during different periods, (Period I:

1971-1990, Period II: 1991-2007)

3.3 Ternary diagram for different periods

Ternary diagrams can be a useful tool for assessing three components of the
research indicators. In this study, we used ternary diagrams for assessment of the
influence of flood risk components (hydrologic, socio-economic, and ecological). The
form h; + hz + h3 = 1 can be conveniently represented in ternary diagrams by means
of Viviani’s theorem (Weisstein, 2013), where A; represents the height projected by
any point inside an equilateral triangle of total unit height. In our case, the heights
are identified as the fractional indices for flood risk and vulnerability: (h;, hz hs)
= (H; S; Ex). Equivalently, the IFRI is expressed as the following function:

Hi+Sj+Ek=1 (4)

where H; represents the hydrologic hazard component, S; the socio-economic

vulnerability component, and Ei the ecological vulnerability component.
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According to the ternary diagram, flood hazard and vulnerability have some degree
of relationship with each component (Figure 5). The assessment of hazard and
vulnerability of 24 sub-watersheds, based on the ternary diagrams, indicates that
the three main components had similar effects in period I, but the effects of hydrologic
and socio-economic components were greater in period II. This is thought to be
due to the ongoing development of these areas as well as the impact of climate
change. Thus, it can be inferred that the Han River basin requires more measures

to address these hydrologic and socio-economic components.

Period (I)
Period (Il)

0.2 0.4 0.6 0.8 1

Hydrological Hazard

Figure 5 Ternary diagrams for flood risk in the Han River basin between Period | (1971-1990) and Period I
(1991-2007). Each point corresponds to fractional indices of flood risk and vulnerability subject to the constraint
H:+ 5§ + Ec = 1. The equipartition points are marked by blue rectangular and red cross symbols.

3.4 Spatial distribution of flood hazard and vulnerability

The IFRI involves the process of normalization and the application of weighting
factors to variable indicators in the 24 sub-watersheds. For our case study, we created
common radar charts for flood risk assessment in urban and rural areas and for
different research periods. The radar chart results show that the amount of flood
risk and vulnerability in urban and rural areas and for each study period can be

expressed as a result of the influence of five indicators simultaneously (Figure 6).



ENSO m{E H3let efS eS| WE siite +2HE S8 & &

Results of IFRI analysis indicate that in comparison to the data for Period I, urban
areas for Period Il exhibited increases of 3.2% and 4.4% in the hydrologic and
socio-economic components, respectively, and a decrease of 1.0% in the ecological
component. Furthermore, in comparison to the data for Period I, rural areas for
Period II exhibited an increase of 4.8% in the hydrologic components and decreases
of 1.6% and 2.2% in the socio-economic and ecological vulnerability, respectively
(Table 3).

(a) Hydrologic Hazard (Urban)

Precipitation

Land Use - Discharge

“ Flood Area

P
Flood Damage Density

(c) Socio-economic Vulnerability (Urban)
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st o “.Education
Road Density .
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le) Ecological Vulnerability (Urban)
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_.— Sewer System
Load - ’

“\BOD Pollution

(b) Hydrologic Hazard (Rural)
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(d) Socio-economic Vulnerability (Rural)
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3 Period IT

L “.Education
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Load Load Load Load
Figure 6 Radar chart for the flood risk index (FRI) between urban areas and rural areas during different

research periods. (a), (b) Show estimated results for FRI on hydrological hazard, (c), (d) show estimated results
for FRI on socio-economic vulnerability, and (e], (f] represent estimated results for FRI on ecological vulnerability
in urban and rural areas, respectively. The solid lines indicate the FRI for Period | (1966-1990), and the dotted
lines indicate the FRI for Period Il {1991-2007).
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Table 3 Estimation of the flood risk index (FRI) for urban and rural areas during different periods over the
Han River basin, Korea.

S Urban areas Rural areas Difference (%)
erlo
Hyd. Soc. Eco. Hyd. Soc. Eco. Hyd. Soc. Eco.
" | 067 | 075 | 08 | 038 | 034 | 039 | 787 | 1238 | 1041
poriod | 2 | 030 | 078 | 040 | 054 | 030 | 057 | 41 | 1553 | 296
ere 3% | 07 | 062 | 066 | 042 | 042 | 033 | 769 | 453 | 1000
(1966-1990) &
4 067 | 064 | 061 | 050 | 045 | 038 | 333 | 429 | 617
5" | 08 | 062 | 062 | 018 | 047 | 034 | 3783 | 322 | 814
" | 05 | 070 | 073 | 038 | 031 | 029 | 426 | 1231 | 1528
periog | 2 | 05 | 073 | 036 | 058 | 034 | 059 | 28 | 1116 | 392
ere 39 | 066 | 072 | 074 | 043 | 038 | 034 | 537 | 875 | 1163
(1991-2007) o
4 057 | 068 | 074 | 067 | 050 | 034 | 155 | 371 | 1140
5" | 088 | 074 | 074 | 020 | 037 | 034 | 3400 | 1022 | 119.0

* Hyd., Soc., and Eco. represent the hydrologic hazard, socio-economic vulnerability, and ecological vulnerability
indices, respectively.

Figure 7 shows the spatial distributions of hydrological hazard, socio-economic
vulnerability, and ecological vulnerability for period I (1966-1990) and period II
(1991-2007) over the Han River Basin, Korea. A number of hydrologic hazard and
vulnerability maps were generated in digital format by using Arc GIS 9.3 software
to study flood risk in the Han River Basin. In this study, five categories of flood
risk were distinguished: very high, high, medium, low, and very low. Results of
hydrologic hazard analysis indicate that in comparison to the data for Period I and
Period Il exhibited increases of 19.9%, 7.2%, and 10.4 in the very-high, high, and
low hazard zone, and a decrease of 28.8% and 8.6% in the medium and very-low
hazard zone, respectively (Figure 7a). In addition, results of socio-economic
vulnerability analysis indicate that in comparison to the data for Period I and Period
II exhibited increases of 1.6%, 9.4%, and 9.7% in the very-high, high, and very-low
vulnerability zone and decreases of 11.1% and 9.7% in the medium and low
vulnerability zone, respectively (Figure 7b). Furthermore, results of ecological
vulnerability analysis indicate that in comparison to the data for Period I and Period
Il exhibited increases of 8.5% and 11.0% in the high and medium vulnerability zone
and decreases of 5.8%, 13.2% and 0.6% in the very-high, low, and very-low

vulnerability zone, respectively (Figure 7c).
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Figure 7 Spatial distribution of hydrological hazard, socio-economic vulnerability, and ecological vulnerability
according to the 5 categories over the Han River basin, Korea for Period | (1971-1990) and Period Il (1991-2007)
in the 24 sub-watersheds. (a), (b) Illustrate the results for the hydrological hazard, (c), (d) represent the results
for the socio-economic vulnerability, and (e), (f) show the results for the ecological vulnerability.
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3.5 Integrated flood risk in different periods

Assessment of flood hazard and vulnerability was performed and included the
selection of indicators, their standardization, weighting of indicators, and classification.
Expression of hydrologic hazard and vulnerability was performed using GIS software
in order to obtain IFRI maps during different research periods. The risk index values

range from 0 to 1, where values close to 1 indicate flooding.

Figure 8 shows zonation map of the IFRI for combinations of flood hazard and
vulnerability in each period (Period I and II) over the Han River Basin, Korea. According
to the flood risk map, the study area was separated into the five zones (very high,
high, medium, low, and very low) for flood risk. The high and very-high risk zones
are mainly distributed in the western plains of the study area, which is contained
rapidly developing areas in the center of the South Korea. The low and very-low
risk zones are mainly located in the under-developed areas of northern and eastern

part of the study area, including mountain areas of Gang-won Province in Korea.

(a) Flood Risk Index (Period 1) [b) Flood Risk Index (Period 1)

bmz

Basin

Water
Flood Risk Index

[ Very Low

30 0 30 60 Kilometers
I — —

Figure 8  Zonation map for combinations of flood hazard and vulnerability from estimations of the integrated
flood risk index (IFRI) in the Korean Han River basin. (a) Illustrates the results for the 24 sub-watersheds for
Period | (1971-1990) and (b} illustrates the results for the 24 sub-watersheds for Period Il (1991-2007).
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As shown in Table 4, 50.89% of the study area was determined to be a very
high or high flood risk zone, and medium, low, and very low zones made up 19.94%,
13.13%, and 16.04% for Period II, respectively. Furthermore, 24.36% of the study
area was determined to be a very high or high flood risk zone, and medium, low,
and very low zones made up 34.24%, 16.63%, and 24.78% for Period I, respectively.
According to the above classification, the following changes in risk zones occurred
between Period I and Period II: record of a 21.52% increase in the very-high-risk
zone, a 5.01% increase in the high-risk zone, a 14.30% decrease in the medium-risk
zone, a 3.50% decrease in the low-risk zone, and an 8.74% increase in the very-low-risk

zone, respectively (see, Table 4).

Table 4 Classification of food risk index range and coverage in different research periods.
Integrated Flood Risk Classification Coverage (% Difference (%)

Index Range Period | Period Il

1.000 - 0.80 Very High 447 25.99 2152 (1)
0.80 - 0.60 High 19.89 24.90 501 (1)
0.60 - 0.40 Medium 34.24 19.94 -1430 (] )
0.40 - 0.20 Low 16.63 13.13 -350 (})
0.20 - 0.00 Very Low 24.78 16.04 -874 ()

The development of flood risk index and flood risk mapping always has the
problem and uncertainty for flood risk assessment, because it has contained complexity
and difficulty. However, these framework and assessment, which provide a better
understanding of the natural disasters and of characteristics of the local community’s
risk, can be a useful tool for flood risk management and decision making for
stakeholders.
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3.6 Integrated flood risk in different SST conditions

Estimation of integrated flood risk index (IFRI) involves the process of
normalization and the application of weighting factors to variable indicators in the
24 sub-watersheds. Therefore, we divide the data into three of strongest year: the
CT El Nifio (1998), La Nifia (2000) and WP El Nifio years (2005). Assessment of
flood hazard and vulnerability was performed and included the selection of indicators,
their standardization, weighting of indicators, and classification. Expression of flood
hazard was performed using Arc GIS 9.3 software to obtain integrated flood risk
index maps during the different strongest ENSO years. In this study, five categories
of flood risk were distinguished: very high, high, medium, low, and very low, using
the standard deviation method. The risk index values range from 0 to 1. Values

close to 1 indicate flooding.

1) Hydrological hazard and vulnerability assessment

Hydrological hazards analysis indicates that in comparison to the data for the
strongest CT El Nifio, the strongest La Nifia and the strongest WP El Nifio year.
The average value of hydrologic risk results exhibited during CT El Nifio (58.5%),
La Nifla (34.5%) and WP El Nifio (56.5%) in the hydrological hazards, respectively,
in comparison to the data for between CT and WP El Nifio exhibited an small increase
of 1.5% in the CT EI Nifio year, and large decreases of 22.0% to 24.0% in the La
Nifia year, respectively (see, Figure 9). Since many sub-watersheds showed increases
in hydrologic hazards under CT and WP El Nifio conditions. But, the very-high and
high hydrologic hazard zone recoded the western part of the Han River basin during
CT El Nifio year and the middle of the Han River basin during WP El Nifio year.
On the other hands, many sub-watersheds show low hydrologic hazard zone during
the La Nifia year. Therefore, great efforts in water resource management are necessary

during under CT and WP El Nifio conditions.

Vulnerability assessment was performed by estimation of the socio-economic

vulnerability index and the ecological vulnerability index in each 24 sub-watershed
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over the Han River basin during the different phase of ENSO conditions. The average
value of socio-economic risk results exhibited during CT El Nifio (33.5%), La Nifia
(30.4%) and WP El Nifio (31.2%) in the socio-economic vulnerability, respectively,
in comparison to the data for between CT and WP El Nifio exhibited an small increase
of 2.3% in the CT El Nifio year, and small decreases of 0.8% to 3.0% in the La
Nifia year (see, Figure 3ab,c). Also, the average value of ecological risk results exhibited
during CT El Nifio (25.5%), La Nifia (25.7%) and WP El Nifio (29.8%) in the ecological
vulnerability, respectively, in comparison to the data for between CT and WP El
Nifio exhibited an small decreases of 4.3% in the CT El Nifio year (see, Figure 3d.e.f).
Therefore, since many sub-watersheds showed small increases in the socio-economic
vulnerability under CT and WP El Nifio conditions can be expected. Also, the ecological
vulnerability showed small decrease under CT El Nifio condition, and small increase
under WP El Nifio condition. And the very-high and high socio-economic and ecological

vulnerability zone recoded the western part of the Han River basin.
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Figure 9 Hydrologic hazard, socio-economic and ecological vulnerability assessment during the different

strongest SST conditions over the Han River basin, Korea. (a) to (c) Represent the hydrologic hazard, (d) to (f]
represent socio-economic vulnerability, and (g) to (i) represent ecological vulnerability.
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2) Integrated Flood Risk Assessment

Figure 10 shows assessment of the integrated flood risk during different phase
of ENSO conditions. The average value of integrated flood risk results exhibited during
CT El Nifio (57.7%), La Nifia (41.2%) and WP El Nifio (57.0%). The very-high and
high flood risk zone recoded the western part of the Han River basin and the CT/WP
El Nifio years recoded high risk more than La Nifia year. As shown in Table 5, 23.8%
of the study area was determined to be a very high (8.6%) and high (15.2%) flood
risk zone. And also, 76.2% of the study area was determined to be a medium (73.0%),
low (3.2%), and very low (0.0%) flood risk zone respectively in the strongest CT El
Nifio year (1998). Furthermore, in the strongest La Nifia year was determined to be
a high flood risk zone (8.1%), medium (29.6%), low (62.3%), and very low (0.0%)
flood risk zones, respectively, in 2000. Lastly, in the strongest WP El Nifio year was
determined to be a very high (8.1%), high (13.0%), medium (75.8%), low (3.2%), and
very low (0.0%) flood risk zones, respectively, in 2005. According to the classification,
the following changes in risk zones occurred between the strongest CT El Nifio, WP
El Nifio and La Nifia: recorded of 8.1-8.6% increase in the very-high-risk zone, a 7.12
% increase in the high-risk zone, a 9.70% decrease in the medium-risk zone, a 0.15%

decrease in the low-risk zone, and a 2.71% increase in the very-low-risk zone.

(a) CT EL Nifio (1998) (b) La Nifa (2000) (c) WP EL Nifio (2005)

Integrated Flood Risk
[ 0.8 0- 1.00 (Very High)
[Z] 0.60 - 0.80 (High)
[__] 040 - 0.60 (Medium)
[C_] 0.20-0.40 (Low)

[ 0.00 - 0.20 (Very Low)

Figure 10  Assessment of integrated flood risk index (IFRI) over the Han River basin, Korea. (a) Represents
the strongest CT EL Nifio phase in 1998, (b) is the strongest La Nifia phase in 2000, and (c] is the strongest
WP EL Nino phase in 2005.
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Table 5  Classification of the integrated flood risk index range and coverage in different research periods.

Integrated Flood Risk L Coverage (%]
Classification
Index Range CT El Nifio La Nifa WP EL Nifio
1.00 - 0.80 Very High 8.6 0.0 8.1
0.80 - 0.60 High 15.2 8.1 13.0
0.60 - 0.40 Medium 73.0 29.6 75.8
0.40 - 0.20 Low 3.2 62.3 32
0.20 - 0.00 Very Low 0.0 0.0 0.0

4. SUMMARY AND CONCLUSION

Floods are frequent natural disasters that can cause very serious losses in terms
of human lives, agriculture, buildings, roads, and other infrastructure. As a
consequence, assessment of flood risk is critical. In this study, we assessed the IFRI
in the Han River Basin, in the center of the Korean Peninsula, an area where flood

disasters frequently occur. The results can be summarized as follows:

i) This study developed a hierarchy for IFRI incorporating several components;
hydrologic, socio-economic, and ecological. Each indicator was subjected to
standardization, weighting, and classification, after which they were combined
to create a IFRI map. Five categories of flood risk were distinguished: “Very
High”, “High”, “Medium”, “Low”, and “Very Low”, and also divided the study
area into urban and rural areas. This study divided two research periods (Period
[: 1971-1990, Period II: 1991-2007) for a contrasting assessment of levels

of urbanization and in a changing climate.

ii) The results from the ternary diagrams, which illustrate the effects of the
three main components, indicate that all components had a similar effect
for Period 1 but that the effects of the hydrologic hazard and socio-economic
vulnerability had increased for Period II. In addition, radar chart results have

shown that in urban areas, between Period I and Period II, the effects of
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socio-economic and ecological components increased by 3.2% and 4.4%,

respectively, and the effects of the hydrologic component decreased by 1.0%.

ili) An assessment of flood hazard and vulnerability was performed, incorporating
the selection, standardization, weighting, and classification of indicators.
Changes in the classification of risk zones between Period I and Period II
were noted: a 21.52% increase in the size of the very high-risk zone, a 5.01%
increase in the size of the high-risk zone, a 14.30% decrease in the size
of the medium-risk zone, a 3.50% decrease in the size of the low-risk zone,
and a 8.74% decrease in the size of the very low-risk zone over the Han

River Basin.

iv) Finally, This study also divided the research periods into the strongest different
SST conditions (CT/WP El Nifio and La Nifia). The results from the hydrological
hazards analysis indicate that the CT El Nifio year was increased 1.5% of
IFR more than WP El Nifio year. And also the La Nifia year appear decreasing
tendency than CT/WP El Nifio years from 22.0% to 24.0%. Changes in the
classification of risk zones between CT/WP El Nifio and La Nifia were noted:
recorded of 8.1 - 8.6% increase in the very-high-risk zone, a 7.12 % increase
in the high-risk zone, a 9.70% decrease in the medium-risk zone, a 0.15%
decrease in the low-risk zone, and a 2.71% increase in the very-low-risk

zone.

An analysis of possible factors leading to increases in flood hazard in the Han
River basin should be conducted on the basis of this research. We expect more effective
policy standards to reduce flood risk in developing areas. Therefore, great efforts
in water resource management are necessary during under CT/WP El Nifio conditions.
Through this study, we learned several lessons regarding the enhancement of policy
standards and the formulation of measures to reduce flood risk in developing areas;

we expect our results to provide useful base data for stakeholders and decision-makers.
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