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ABSTRACT

The mechanism of major climate phenomena such as El Nifio and La
Nifia has not yet been revealed, also it is impossible to completely simulate
using the physical climate model, where the global environment of the
large scale climate phenomenon, and its weather conditions. Furthermore,
analyzing the climatic phenomena through the physical model to exist in
limited areas, predicting involves considerable difficulties. Based on the
results of the physical model, when applied to hydrologic circulation system
in a small region such as Korean Peninsula, it is possible to follow a problem
in scientific credibility and understanding. Therefore, this study analyzed non-
linear behavior links with atmospheric teleconnections between hydrologic
variable and climate index using statistical model over the Korean Peninsula
with the ocean-related major climate factors such as ENSO (El Nifo-
Southern Oscillation) and IOD (Indian Ocean Dipole) in the tropical regions.
The statistical approach has the disadvantage that it is difficult to expect the
results of significance level due to the limited number of observations, it is
one of the important way that can be utilized to complement to the prediction
result of the physical model.

This study is used to the SSTA (Sea Surface Temperature Anomaly) data
provided by the NOAA (National Oceanic and Atmospheric Administration).
And then we divided different conditions of SST of the traditional CT (Cold-
Tongue) El Nifio phase and a new type of WP (Warm-Pool) El Nifio phase
in the Tropical Pacific Ocean (TPO), and also positive (+) and negative (-)
IOD phases in the Tropical Indian Ocean (TIO). The analysis of the lag
time correlation with climate indices (e.g. ENSO and IOD) and hydrologic
variables (e.g. precipitation and runoff) in the 5-Major River Basin was
performed by principle component analysis (PCA) using a singular spectrum
analysis (SSA), which is widely used in low frequency analysis for time
series data. Using this result has estimated to the joint probability density
function by kernel density estimation. As well, the SSA results are used to
analysis with the atmospheric teleconnections derived from linear and non-



linear correlations by Mutual Information (M) techniques.

The composite anomalies of JJAS (June to September) precipitation
CT/WP EI Nifo decaying years and La Nifia decaying years based on
global observed data from the NCEP (National Centers for Environmental
Prediction) / NCAR (National Center for Atmospheric Research) reanalysis
2 over the East Asia and the Korean Peninsula have expected to clearly
decreasing tendency during CT El Nifio year compared to the normal years.
Particularly, during WP El Nifio year has expected to increasing tendency
then normal years. In addition to La Nifia year shows tended to slightly
increasing tendency. Warm season anomaly precipitation of positive (+) IOD
and negative (-) IOD years, it shows slightly decreasing tendency and normal
state, respectively.

The singular spectrum analysis (SSA) of the eigenvalue analysis of
precipitation and runoff over the Korean Peninsula have explained 54.8%,
and 63.4% by empirical orthogonal function (EOF) 1-12 mode. And also the
climate indices (such as, N_,, N,,., and I0D) have explained 65.4%, 71.4%,
and 61.0% by empirical orthogonal function (EOF) 1-6 mode, respectively.
Therefore, we used the reconstructed component time series data from the
SSA techniques by selecting the RC 1-12 and the RC 1-6 corresponding to a
relatively short period. Results of correlation analysis between hydrological
variable and climate index has came out high correlation with non-linear
correlation analysis using the MI technique more then linear correlation

index shows that there are lag

analysis. In case of N, index and N,

correlations of several month. But for the case of IOD index shows direct
correlation. As a result from this study, extreme climate pattern changes and
their hydrologic local impacts over the Korean Peninsula, it shows significant
increasing tendency during the WP El Nifio decaying year, the CT El Nifio
years are significant decreasing tendency, and during the La Nifia years have
analyzed as to maintain the average state compared to the normal years. In
addition, during the positive 10D years have clearly appeared decreasing



tendency of precipitation and runoff to compare with the normal years. But
for the negative 10D years are analyzed that keeping with the normal year
state and slightly decreasing tendency.

Finally, to carry out utilizing of research results and policy support, we
analysed that the relevant provisions, guidelines, and the business work for
the government affiliated ministry and agencies. As a result of this study, it
is believed that can be utilized to provide long-range river flood forecasting,
reservoir operation, and water resources management during rainy season
by development of the long-range flood forecasting system. The results of this
study, itis also possible to take advantage of support premium determination
of flood insurance, and as a material for notification of flood risk zone, and
also it may be utilized to support the flood risk policy and to obtain the publicity
effect for the public. The "Guidelines of district, city, and country group
management plan" is to run the disaster vulnerability analysis of climate
change every five years, since it should be reflected in the plan, if to perform
every year the climate change disaster vulnerability analysis, it is possible
to take advantage of the research results of long-range flood forecasting. In
the future, extends of this study, it is necessary to clarify a mechanism over
the Korean Peninsula between climate factors and hydrologic variables links
with possible teleconnections in the large scale environments, and also it is
possible to take advantage for the long-range flood forecasting during warm
season to build a statistic-dynamic time series model using the APCC (APEC
Climate Center) MME (Multi Model Ensemble) data.

Keywords: ENSO (EI Nifio-Southern Oscillation), IOD (Indian Ocean Dipole),
SSA (Singular Spectrum Analysis), MI (Mutual Information),
Teleconnection, Hydrologic Variability, Korean Peninsula, 5-Major
River Basin
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El Nifio—Southern Oscillation(ENSO) &2} Gl 1%%F #]9€] Indian Ocean Dipole (I0D)
A S Bl S HR = (SST; Sea Surface Temperature) ¥H3lo]| w2 7]3A] ~H9)
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EAT o354 715 28 F9E Aol o35 BedSy 155 e
3, A97 FATH BYOE A Wt TR T MdARl Eaad 9

o] A5AE 579 maeglow g

H Aol Yshd ATdst 9 7]9Rste] o R R slTili A
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g et al.(2009) ¢ A5 = 5 31om, Nifo3¢} Nifiod #]<¢]
s #E5AR Y] HHPA (transition mechanism) & B2 A2 TS e
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Figure 1. Schematic view of ENSO, IOD and their interaction over the Korean Peninsula
(Base map source: http://www.jamstec.go.jp/)
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Figure 2. Distribution of Sea Surface Temperature(SST) in the tropical region during
El Nifio and La Nifa types (Source: http://www.climate.go.kr/)
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Figure 3. Map of NINO Regions (Source: http://www.bom.gov.au/)
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of ARl sl & dee Holuh AlES FEle Ay SYEE Y (Central
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gt A= HT 5o A MAR SR s & IthKug er al, 2009; Kao
and Yu 2009; Ashok and Yamagata, 2009; Feng et al, 2010; Na et al, 2011;
and Ren and Jin 2011).
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Figure 4. Anomalous conditions in the tropical Pacific (Source: Ashok and Yamagata, 2009.
Nature)
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O o
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2l C= (125°E— 144° W, 10° S—20° N) X|9-& oujsic),

Figure 5. lllustrates those regions used in the El Nifio Modoki Index.
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Figure 6. lllustrates those regions used in the Dipole Mode Index (DMI)
(Source: http://www.bom.gov.au/)
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Mid-Oct 2014 Plume of Model ENSO Predictions
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Figure 8. KMA ENSO forecast outlook (Source: http://www.climate.go.kr/)
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Mid—Oct IRVCPC Plume-Based Probabilistic ENSO Forecast
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Figure 9. IRI/CPC ENSO forecast outlook (Source: http://iri.columbia.edu/

our-expertise/climate/forecasts/enso/)
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Figure 11. BOM IOD forecast outlook (Source: http://www.bom.gov.au/)
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MME) ¢S Wi ¥3tslo] & 57F(CPM, SCM, MRG, SSE, PDF) EEIZF &PdE(VME)
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Nino3 .4 Index for 2014 NDJFMA
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Figure 12. Predicted Nifio 3.4 Index. The predictions from the individual models are
marked A, B, C, D, E, F, and G, while that from the simple composite
MME method is marked as SCM(Source: http://www.apcc21.org/).
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Figure 13. Same as Fig. 1 but for the Indian Ocean Dipole mode index(IODMI)
(Source: http://www.apcc21.org/)
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3.2 U A=
3.2.1 d4E 2= A7

A AAL] 7] - s 2SS 1=R] National Oceanic and Atmospheric Administration
(NOAA) & THo= $F2] Bureau of Meteorology Research Centre, %¥=¢] The
Royal Meteorological Society s©] thxfa} efgef, Aweke] a4 2% (Sea
Surface Temperature, SST), a5 4= (Sea Level Pressure, SLP), a3 &3k
(Sea Surface Wind: SLW) 5 th7]g} sie] @2 Feda== 44 7Isoz 34
sl QIth NOAAONA Algsh= €9 2552 Nifiol+2, Nifio3, Nifio3.4, Nifio4, Ship
trackl, 12]3 Ship track69] 67} Aelx #BZHE QUk o] Ao FolA
Nifio3(5° S—5°N, 150" —90° W), Nifio4(5°S—5°N, 160°E—150"W)#|9¢] #5 A5
7F dvs @@ vlwA] A e Hole io® ¢zl vb QIth(Trenberth,
1997). oyl Fwe] vekdd dire izl sielake] wEe flstod
Hadley Centre’ s9] a5 % #=AHE o] 83519 01, HadISST A& 1° X1° 9
IARWVSEE 2k v Z84lo] Ea glow tEe] FHo]#] (URL, http://www.cpe.ncep.
noaa.gov/data/indices) |4 th*Z =7} 715351t}

DMI (Dipole Mode Index)+= Aol A<Q15x%(the western equatorial Indian Ocean)
A ool sz (50°E—70°E and 10°S—10"N)#{3} Aoff 5159 H&(the south
eastern equatorial Indian Ocean)#]93e]] &@dsH= (90°E—110°E and 10°S—0°N)
o] e IEARY A= & 4 9lor, U] JAMSTEC(Japan Agency for
Marine—earth Science and TECnology) ®lIX] Al&3= AR5 ARESITE JAMSTEC
oAM= A AA 7t 71BeERE ik JIEA Y dlrHs IS5 AEE FH 10
7Ne] SST DMI dataset?} OLR DMIS} SLP DMI 5% &7 & Algsta low, £
Aol M= HadISSTAFEZHEH AP 1958WHE 20101704 € SST DMIAR
2 ARgEIITE B Aol ARgSE SST DMI AHE= t2-9] Eo#|(URL: http:/www.
jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole %20Mode %20Index.html) of| 4]
the-R =7} 7hsslth v Table 12 # A7ollx] ARE-sh Al sidatsd 7]§A
2l ENSO$} I0D9] SST #=A139 o5 yehiglth



Table 1. Definitions of different Regions/SSTA(Sea Surface Temperature Anomaly) data
Index Name ‘ Definition

Among the data collection sites, observation data from Nifio3
(5°N-5°S, 150°W-90°W) and Nino4(5°N-5°S,160°E-150°W)
sites are known to have strong correlation with El Nifo(7renberth,
1997). The area-averaged sea surface temperature anomaly over
this region is a well-known ENSO index.

Nifio 3 and
Nifio 4 Indices

The Indian Ocean Dipole Mode Index(IODMI) is defined as the
SSTA difference between the western(S0°E-70°E, 10°S-10°N)
and southeastern(90°E-110°E, 10°S-equator) regions of the tropical
Indian Ocean [Saji et al., 1999]

Indian Ocean
Dipole Mode
Index
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3.3 97 1y
3.3.1 A& )2 ENSO H8 2%

ME U FHe duxe] 7 oot =84 WS Ee flsh A B
FAM Ao HsAtEe] oJate] dAew EHs] FEAE Stk Kug ef al (2009) 9]
78-F, Nifio3¢} Nifiod #F5AEE of&ato] Aot airies Avs nEgoz S
Hok(Central Pacific) #9319 sl 527) o4 o2 G| sk Ay
olo] AAS B3k} Qlth B3 Ren and Jin(2011)2 M2 v g9 dyns
Nifio3¢} Nifio4 A% #A5AEE o]&ste] CT AYxst WP AYuz -Esiqleh &
Aol d=e] S o 1137] SHSs thie s A= tE FEle ENSO
7 AEH AR = HsEAd ojwdh S A=A F48E7] 218ke] Nifiod
9} Nifiod #]93¢] 1950—201317F41¢] 641 &<te] ¥ SST anomalies AF=E vl
o7 CT dYx9l WP AYns J-8&te] BA435190ch CT Ayt WP Yo +
e U Eq.(2) & 2tk
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Figure 15. Normalized time series for (a)Ns (blue) and Ncr(black) indices, and (b) those of Na(pink)
and Nwe(black) indices. Dotted grey lines indicate one standard deviation for the Ner and

Nwe indices. The term COR denotes the correlations between the two curves in each panel.
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Figure 16. Scatter plots for (a) Ns and Na indices, and (b) Net and Nw indices. The term CC
denotes the correlations between the two indices in each panel.

Ao ¥ (Tropical Pacific) A|919] sllFHIE Ao 2 Qlste] HAsk=
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P (upper quartile) 0.45 oVds 702 sfof, vt Wdshr] AJ&lsh= 3l (developing
year) 9] 7€M 1 tadll =, AEeh] AlEek= @l (decaying year) &) 28714 871
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1991/1992, 1997/19980It}. 3, FYEE Y 4199 od4Ql sl e Aol
3 WA= WP Ay APde] 752 NypAleroll thete] Ewste 3719 ol 8+k
= APgakal A9 0.400174R1 #hs 7o R st Ayt ddaly] Al&ehks S
o] 9€eM 1 v=el =, AEe] ARk slle] 2974 670 8<%t anomaly 7t
04001 A &5z 713 7Iee® Asiginh 919 7ol weh A=E 6718 WP
A AP 1968/1969, 1990/1991, 1994/1995, 2002/2003, 2004/2005, 2009/20100]ck

=

i

Eon

Dad

o>

Lo o
T )
M M Mooox X



o2 iy -2 u=2e] NOAA CPC(http://www.cpc.ncep.noaa.govy/) A
AFsh= w7 75w AEsiolon, et ghu APdes MdeEld s 1973/1974,
1975/1976, 1988/1989, 1999/2000, 2010/20110]t}. EojAlgto 2= SSTHS A2
= Apgo R ENSOEA o] whe dunARde] Ay, Ao e g Fo
HoFel dlFHemrt WA 2¥she WP dywgee] APdo] d¥HA CT dyw
APl vlgte], 1 A St el S Wiis) A1 Qe RISt Aol

F 2199e] SST Z71e] whe} st CT AYe sliel WP Iy 8, 2hivk slE 2
sto] st vk Table 28} 2th &2 A7ellAi= ENSO/La Nifia decayingdll & 71
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Table 2. Classification of strong ENSO(CT/WP EI Nifio) and La Nifa years

Different Types of
SST condition

The Strong years during 1960-2013

CT El Nifio 1965/66, 1972/73, 1982/83, 1987/88, 1991/92, 1997/98
WP El Nifio 1968/69, 1990/91, 1994/95, 2002/03, 2004/05, 2009/10
La Nifia 1973/74, 1975/76, 1988/89, 1999/00, 2010/11

3.3.2 B Ao SSTA ¥4 23

Figure 17 <x7} AlRteR= 89] 12€9(DEC) oA 1 vh&3ll 29 (FEB) 7H41<] 371
B2t AufelrgK(tropical pacific) A19ex9] S5 (sea surface temperature, SST) #5
Zpgel oist 1981-2010% climatology 2] XA H composit anomaly, CA) S #4138+ A=
e Qlet. 2] A 42 NCEP/NCAR Reanalysis (URL: http://
www.esrlnoaa.gov) A=E ARSI AE2Q1 Ay S (CT Ao -5 Hd
o Hlgto] IR0 R F& sl 2L7) doldElrh HFAce] FEEgelA FE
AlzFste] FENE A A EoA skl S gRlIg
Rt w2 e 2 HElE R MelE A, e ]

oo e = otk (Figure 17a). gk, WP A o] 49 54

= = [e}
of n|ste] Mg H o R w& g 257 SUEE Y (central pacific) Aol H

¢

=



ko glom, - ol FEE S AeEe A ofelA iRt vk ded 2k
7b Wxsta oo APAQ Ay el wvlste] |apF AL AT F ok
(Figure 17b). Rbe], 2k afjo] 7 o]zl #lFAte] Fefsdeels HE Al
24k SST cold anomaly”t FFEEL7HA] AA 5olA £33k Q55 FRIT F 9l
or, 2 dlo] HHT} 22 sl 2uE REHEUHS Aol JeES X)) A
of A4 WAt 9SS gkl 4= Uk Figure 17¢). AZ T2 9] AUy 39
SSTA(sea surface temperature anomaly) 2] W3} &1z} &4 w7l ojst #;

Mg AS Kug et al., (2009), Feng et al.,(2010) % Ren and Jin(2011) 2] 4=
Frasz] v, 2 AgtelM= Al ke Ee4 4 s v E
TR S HE WHstel] whE dWbe} Sriele] T TR, EE
AA S (tele—connection) % A4 FEHEEY FAO0E A9 WIS st

2 g,

:

(a) CT EI Nino years(DJF) (b) WP EI Nifo years(DJF) (c) La Nina years(DJF)
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Figure 17. Composite sea surface temperature anomalies (SSTA) in the developing phases
of two types of El Nifio during December-January. (a) to (c) indicate SSTA during
CT/WP ElI Nifio and La Nifa years, respectively.

3.3.3 IOD AMY &5+

[0DEA}S- Ao MA%U(B0°E-70°E, 10°S—10"N) ¥ FE %% (90°E-110°E,
10°S—0°N) Ale]9] SST #Hxtz A€tk Saji er al(1999)°] )3 k] 10D &
(1961, 1967, 1972, 1982, 1994, 1997) & AAl8talon, 1972, 1982, 1994, 1997
W & 10D} ENSO7F F55= si7F 2315 o] I0DE ENSO°| -s1ite= ddes



k= A7AHE dth(Allan et al, 2001). FE3F I0DE ENSO9} A|dd¥ko s oy
ol Huw ek 5 3-6714 Fol| ESe] F2dse] Yehdths A7 dE
At (Klein et al, 1999; Lau and Nath, 2000). 78t} B2 A+ (Saji et al, 1999;
Webster et al 1999; Behera et al, 1999; Yamagata et al, 2002; and Saji and
Yamagata 2003) ¢l €Jsh¥, Nifo 3 #|91€] SST Hx}2} IODAF Ale]&] At &
2 B3jo] [0DE ENSOSH: 59702 wgshs o]y QIEek el Ak b
K = (internal mode) Y= S8 (xR 2007). U Figure 182 Saji et al,
19990] Agket ¥ (SSTAME: 19581 3€¥€~1999¢ 89¥)# HadlSST A&.(1958¢
1€9~2010d 79) & vhge 2 DMI(Dipole Mode Index) & 4Fggr Azjolct,

Broo

—V— DMI - HadISST

DMI - Saji et al. (1999)
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1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
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Figure 18. Normalized anomaly time series for the dipole mode index(DIM). Dotted blue line
indicate by HadISST and solid black line indicate by Saji et al.(1999).

Figure 19% Saji and Yamagata(2003)7} Akst ek(+) 2] 10D &} 2(—) <] 10D
3] T otk () 2] 10D sliet 5(—) <] 10D 3e] - Axk= thaa) 2t

D Preprocessing of data. Western Indian Ocean(WIN, 10°S—10°N, 60° —=80° E) 3}
Eastern Indian Ocean(EIN, 10°S—0°, 90°—110°E)9] SSTA&$} Zonal

wind anomaly over the equator(Ueq, area—averaged wind anomaly over



5°S=5°N, 70" -90° B)A=E st AAse] 370€ o]&B+ (3—month
moving average)= FHdlo] g2 AN} A U WEEAS o5, 7d

ol BT A ALl

@ Identifying criteria: Y522 DMIS}E U, ] XFo] Aol 3704 53t 0.50
%3} iz A5 AdEehd ok F7H4 0% WIN EINoA 9] SSTAE Rit)e]
A3zt vepel s, ol Aojiz 371 E<t 0.505 ¥k & R
oF 3H}H(Saji and Yamagata, 2003).
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Figure 19. The bars indicate the beginning, end, and duration of DMIi(intermediate shade),
WIN (outlined bar), EIN(lightest shade), and Ueq (darkest shade) during each
positive and negative 10D years. - by Saji and Yamagata(2003)

Table 3 Saji and Yamagata(2003) 7} #7336 7|2 24-8sto] 1956—2011
A7kAe] HadISSTAIRE wlgo= 11712 s k(+) <] 10Ds| (1961, 1963,
1967, 1972, 1977, 1982, 1983, 1994, 1997, 2006, 2007)<} 1070 23t =
(—) &) 10D} (1958, 1960, 1964, 1971, 1974, 1975, 1989, 1992, 1993, 1996)
£ skl vERA Aol & AgelxE G () €] I0D7F wdste] A
Haok= Aol dldshs 495E 1197H49] 7I3hs SHo® sbeel 5t /9

o] e As AT



Table 3. Classification of strong Positive 10D and Negative 10D years

IOD Types ‘ The Strong years during 1956-2011
Positive 10D 1961, 1963, 1967, 1972, 1977, 1982, 1983, 1994, 1997, 2006, 2007
Negtive 10D 1958, 1960, 1964, 1971, 1974, 1975, 1989, 1992, 1993, 1996

3.3.4 Q19 A SSTA ¥4 43}

Figure 20 %¥(+) 2] 10D events®} &(—) 2] 10D events?} 38l Yeh= a2
A (SEP) oA 112 (NOV) 7k4]12] 3702 w2t Al %= (Tropical Indian Ocean) A<
oAl #5H 3G (sea surface temperature, SST) el tgh 1981-2010d 7]%
Zk(climatology) 2] ¥HdH=}FH composite anomaly, CA) S #2413 Ayvjolt) dFHEE
9] dHA} 2492 NCEP/NCAR Reanalysis (URL: http://www.esrl.noaa.gov) A&
= ARSIt () <] 10D a8 Z-f, el nlete] vlwd %2 sl 257F of
ks ZEle] Ao IR AEY HEoR AA S0l st e gRlst
T ow, @2 Fol BdrT ngdAcR v sl 27F duiRlES FHES
2 A EolA EEekL 3laE RIS ¢ 3Uvh(Figure 20a). 3 %(—)94 I0D 3l
o A%, & ()2 10D sfiek= R, Fde] Hlsto] & i &
oA Al QJILgf ST AolA HA E¥Estal Jlom, 2 S %
AoR 2 3FH 257t QuRIEY U A%y FRFoRE HA *‘Oixﬂ st
b ME}(Flgure 20b). Z1Eu ofA], ISk tholE B iy 4
> ges] BreA|A] edgkown, AT 2Fle] F(+) <]
10D 3¢} = (=) 2] 10D 32] SSTA(sea surface temperature anomaly)2] W3} W&
I wjFhSe]| ohet AL Saji ef al, 1999, Webster er al. 1999, Behera et al.,
1999, Yamagata et al, 2002, ¥} Saji et al. 2003 59 I+ Fashy| vigth £
Aol 10D 214 &4 18-S o7 i A2 o 10D die wstel] we gt
HEEs} 5T 8] T FRRIAMCETE, 2 o YA 9 A9F 7

WEEY BHOR AT Wl @gstudt Sk




(a) Positive 10D years (SON) (b) Negative IOD years (SON)
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Figure 20. Composite sea surface temperature anomalies(SSTA) in the developing phases of
two types of 10D during September-November. (a) shows SSTA in positive 10D
years. (b) shows SSTA in negative |IOD years.

3.4 diE 71537 #4947
3.4.1 ENSO #|&l #s}o]| wE GPCP 73 4 2%

Figure 212 SIS Xgkeh= ofrlofgl “giqobalol Gl tisto] CT/WP Ay
= decayingdfl¢} Bl skl o354 (June to September, JJAS) Global 7
T Wgl 3"lS Composite Analysis(CA)E &3to] 2418t Aafo]th(Data: NOAA
GPCP, http://www.esrl.noaa.gov/psd/cgi—bin/data/composites/printpage.pl). GPCP
257 1979958 HA7EA Y] o] Sl 2 CT ¥4 decayingslli= 1983, 1988,
1992, 1998'd¢] 47) ghiks Z8sto] BAsI3lom, WP 4 decayingdll= 1991,
1995, 2003, 2005, 20109 570 #tek& Agate] A3kt BEgt 2hut decaying
3= 1989, 2000, 20111e] 37) #uks A8ato] ATy webA A7)k 54
= Hkds iR H AR 548 vkde AR sfAo] A Aol

7137k (climatology, 1981—2010) el thst GPCP #5ee] =
A3}, Figure 21(@)olA Hiaukel Zo] CT 92Uk decayingdl|®] 4% HAEEF

[e]
(western north pacific, WNP) A|&J9] ZF=ak2 7HAsh sHl: J&aiite] 2o
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o] S7F €] Qli= Aoz et 6€~9€2 471€E Fte] At Fde] nlske] oF
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Figure 21. Composite anomalies(1981-2010 climatology) of GPCP precipitation(JJAS: June to
September) during CT/WP El Nifio and La Nifa years over the Asia and North
East Asia domain.



3.4.2 ENSO #¢l Wisle w2 GPCC 73 ¥4 23

Figure 22+ GPCC(Global Precipitation Climatology Center) Precipitation Full
V6(A AAl 67,2007 #=A79] Quality—Control® ¥73reH 25 34 (composite
analysis, CA)& 53a}o], SWI=E 3= ofrJotel siolrlo} Gef thete] CT/WP
A% decayingslle} 2fHUsIE st ©152 (June to September, JJAS) Global
e W) 9els 249350 dujo|tk(Data: NOAA GPCC, http://www.esrl.noaa.gov/psd/
cgi—bin/data/composites/printpage.pl).

71%-%k(climatology, 1981-2010) el tigk GPCC Z=rZe] S4F #Heds #435h
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Figure 22. Composite anomalies(1981-2010 climatology) of GPCC precipitation and V6
combined precipitation(JJAS: June to September) during CT/WP EI Nifio and
La Nifia years over the Asia and North East Asia domain.
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Figure 232 =g Edlshz ofrlofe}l Fhorjol Fof hsto] ¢k(+) <] 10D
et ()2 10Ds]Z F25t] o5 d(June to September, JJAS) Global 7%
3} 9lel-& Composite Analysis(CA)E F3to] 43t Ayjo]th(Data: NOAA GPCP,
http://www.esrl.noaa.gov/psd/cgi—bin/data/composites/printpage.pl). GPCP A&7}
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(a) Positive 10D years(JJAS)
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(b) Negative 10D years(JJAS)
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Figure 23. Composite anomalies(1981-2010 climatology) of GPCP precipitation(JJAS: June to
September) during positive 10D and negative IOD years over the Asia and North

East Asia domain.
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3.4.4 %(+) /()9 10D GPCC 5% el ¥4 Ay

Figure 24+ GPCC(Global Precipitation Climatology Center)Precipitation Full

V6 (A AA 67,2007 #=4 2] Quality—Control® L7452

) A= e (composit

analysis, CA)S E3}o], SIS Edsh= ofrlolg} ZFrHolrjo} ol tfste] <
(+) 2] 10D} & (—) 2] I0D3lE 3t o35 (June to September, JJAS) Global
7k M) fEls 24938 dajoltk(Data: NOAA GPCC, http://www.esrl.noaa.gov/psd/

cgi—bin/data/composites/printpage.pl).
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(a) Positive 10D years(JJAS)
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(b) Negative IOD years(JJAS)
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Figure 24. Composite anomalies(1981-2010 climatology) of GPCC precipitation and V6 combined
precipitation(JJAS: June to September) during positive 10D and negative 10D years
over the Asia and North East Asia domain.
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Aol =gF Aol LAsH= 10D+ Al B A|qollA sk ENSOF Y
PR A AT 71FAIAEe] FEE vAE FeeRlew AGSTH(Saji et al,
1999; Ashok et al, 2003; Saji and Yamagata 2003). ¢k(+)2] 10D7} ¥sl= &
9] Folze]gl A oAM= 2T @do] WAkl HFE WAL Fobx, <l

b uksAe] fXgk Iuro} Aol A2Ag dAto] wdste] THe g W
F soMls & AFAS 7159 Wk 9s 2o, wiel & (-) 2] 10D ]
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= 7 ke @ake] wbgEl slsAlo]l AXNTH(Saji er al, 1999). # Aol oF
(+)2] 10DS} () 9] 10D7} Wesr] Aldeh= 495 Haxe] o= 94, 17
AEsl] Al&el= 8l 129704 37192 Time WindowS 7H 1 17194 A A=
olsahAx QEF A9 SSTe} Winde] 3} sielS A alith(Figure 25).
el o] QEta] e d) Thset vizhs A4 Zlo] Al v
7|Hrh=, 10D9] ey} el JFs & Qe 71l T 7B WS(SST,
Wind) o] W3} S slelalo], xgjd o e "ol AW FHE-] FiHE
& B0l Ag3ly] 9%t VZAEE BgstaAl deh (+H) Q) 10D} & (-) 2 10D
°] 10D I8} sjele] uh shike EAEd e F4ol dieh 8- 2 AHIA 2 &
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Figure 25. Three-month moving time window for evolution of IOD events.
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Figure 26 () 2] 10D7} ZsiAl ez 11718e] 42(APR)eIM 28l 12¢
(DEC) 7] 3717 792 AAE 7K GuiklsdA Yol #5E sl a2 (sea
surface temperature, SST) ol thgl 1981-2010 7154k2] $Md3HAHcomposit anomaly,
CAZ B3 Aujolt}. sHew9] eAJH A} #4448 NCEP/NCAR Reanalysis IT(URL:
http://www.esrl.noaa.gov) AEE ARESISITE oF(+) 9] 10D sfle] 4€97¢ T3l 12€
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Figure 26. The evolution of three-month SST composit anomalies over the eleven positive
IOD events.



Figure 27 ¥ (+) 2] 10D7} %Al WeRh= 82l 1000mb Vector Wind (m/s) ]l
tigk 1981-2010 715342l /9 xHcomposit anomaly, CA)E #4]gt Axjo|tt.
1000mb Vector WindPJ A2} 22 NCEP/NCAR Reanalysis (URL: http:/www.
esrl.noaa.gov) A5 ARESIGTE 9F(+) 2] I0D3]e] H4d(4—69) FE+= du 0%
&F A ef|A Fde ‘ﬂlé}"i 53 anomaly”7F ZsH Ueh s AS @13 = 9low,
olglgt dd=> 10D7}F Wdsh= A171<1 7?*’&(9 119 E 275 A7 AaliA7] A1z

ot 8l 1292 245 44 A8 S BT = Uk o= H(+) ] 10D HAY
k5% anomaly™= @] JAEFAL] FF 532 AEE AATlE= s o,
AT A9 s ¥u FHTIEE st &5 (upwelling) E¥E 7HAEO®
FRALEF 'H—’F‘ﬂ%Efﬂ old anomaly& 70@} E= Trx]’\]ﬁ = @do] aEks gl

ek vhy ELEH?J Aol E—?}*E’SM wj, /‘10}41347%]%3 726 2|99
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Figure 27. The evolution of three-month Wind composit anomalies over the eleven
positive IOD events.

3.4.5.2 2(—)9] I0D&)e] SST 78} 7El FH4 47
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Figure 28. The evolution of three-month SST composit anomalies over the ten negative IOD
events.
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Figure 29. The evolution of three-month Wind composit anomalies over the ten negative
IOD events.



Al efHF(Tropical Pacific Ocean) #9937} Ao Q1% (Tropical Indian Ocean)
xelo] g e W3l wle) vhlEl= ENSO&A T I0DEA 0] thiti 7] Esel W
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O 71537 Wste] g ow Qlsh 7S ud wisht A A5H4] el ks
m2]7] fEiAE G AIREE] AAZE 2R3 Zojth dNbA o o] WA A7
= SHBEEA oMM sl e] Aol MAEA H, Fdol nlste] Folxl el
A0 o] Ao BB A =g A diFAde] VAdss xdlsh, o]
23t Fe] ggo g Qlslod olAthel Jet streamS WAL 1 =R AN Y
(teleconnection) ol o|=A drt webA ofefdt Al B ASollx EAYeh=

AV, gy, TE]ar Hol st AR FEel WP Ay add ) % =
IOD &%o] A Hjid o]5 71 o] AAXT(ag time)& 7FAaL 4273+
o] ko] FAo] Fagks e = vk webA, & ATl AEAR) %1‘431?_
CT dYx=st A= e Ayl WP Yy, 283l F(H) 3 5(-)2 10D ¢

o] FMIE FERIFY ol HLo] IS THEA, AAARPE st Eﬂ%‘ﬂ
B T=A Hetel] flete] AAIGAFEL] ARIEsAe] T2 ARER= SSA (Singular
Spectrum Analysis) 7|H& ©o]€3F =AEEA (Principle Component Analysis)< 2
Alekd e, Mutual Information(MI) 715¥} Kernel -5 o]&3t A&etE Awg<
o] FAHOT 7|FA s} s FHPREe] AAAPE A W v A THEA

& AAsc

==



| Data and Study Site |

| Transformation of Hydro-climatic Variables ‘

| Principal Component Analysis using SSA ‘

| Mutual Information (MI) Techniques ‘

| Joint probability density function using Kernel ‘

| Linear/Non-linear, Lag Correlations ‘

Teleconnections, Hydrometeorological
Variability, and its local impacts

| Trend/Change, Water Resources Management ‘

| END |

Figure 30. Flow chart of teleconnection based study
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YU=3=(Joint Probability Density Function) & F7d33ch Figure 312 A8 A
AYE FE SSAS MIE o83t 7|$1ake} G- g ko] AA7dvkia] dajolrt,

1. Preprocessing of data

Original Data Set
(monthly time series)

* Hydrologic time series b ﬁf?ﬁ?ff’?ﬂf’f"f‘,’?{
v" Precipitation f\/\/‘ +  Nomalized
v Streamflow W- *x-2

= Climate Indices

*  Data Smoothing
¥ ENSO (Ner/ Nug) -

v 5-month moving average

YID At Exponential smootiing L Teteconnections

L4

time
\4

RC time series

i RC1-2
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Figure 31. Conceptual frame work between climate indices and hydrologic variables
using Singular Spectrum Analysis(SSA) and Mutual Information(Ml)

4.2 SSAE o] g3 B F4
4.2.1 SSAE o] g3t FAEEA vy

A A~FED 7l SSA(Singular Spectrum Analysis) & T34 (Principal
Component Analysis: PCA)olA 3% 7Ho 2 AlAGe HES WH3AA AR
o= WHoltt o] WS AAIYE Ag e ¥ O "HolA Qe

Aol HEE HIBAF O ZN HZo] H= WFgE Atolo vgd T A
Y-S FHsks APEY A 7ol oju, A AR A= Ak o AA
" 3

, FoJ=®l 219 (embedding dimension, M)l 2l Al7le] whE

50 AT



el st RS AlFal] ok wEbA SSAHRS AR} 33 G0l s AlAL
ke, H= AT AR #HEE WA Fo AR (PCA) 9] §F ol A
Akl AR olnt ofjl AFEYIA | et Ay VT et
Algllell FAE st BAE olsisly] flsl o 7] £8AGE o &% ANlE
AR 5 TRt 2ol A-gH oA lvk

SSA9] 71EAl JNdS YxgelA H]Z3IME (Non—harmonics) & A|ASHO 24
Apg oA AR Fal= F7149 A (trend) S A FFetsl 4= 9l o tH(Moon
and Lall, 1996; #/d%k 2001). SSAE 434 AW &< (Empirical Orthogonal Function;
EOF) & $83F Aoz AAYd A8 X, (1<i<N)eo] tjato] =me] Ak} F7)

A T & A F2 APH HugdsrE olgst] A% & AARE Hug

4 EOF 13 EOF 2¢l A%< (Orthogonal) A7)+ Wo|th(Figure 32).

EOF2

A\ 4

Figure 32. Conceptual view of Singular Spectrum Analysis(SSA) techniques by
Empirical Orthogonal Function(EOF)

EOF 19} EOF 2% Alee #u%ow Ak, Aurt 7K1 gl A4 24 4

s g 2 1dd 4 glon, AFEY FAHAA 17X (eigenvalue) &) 7]l w2}



X

At5.8] HlEsPEe weletal sl sl RSl of 3 ofRE A ko] AT
gt & AREF X9 Yol heAA AT LA (reconstructed component, RC) 21
r'I} mIE Agsle] AAETF 7L Qe RS G A & wgs 3
oF B8S A% 5= Stk °]E Eq.(3) 0% thA] A5 dAsE diAg 4= 9l
on, olgA ¥ AEE Fso] AAR st U FEFES 7 AAE AEE

1 1 1 & i .
(R4 X), = T2 2y E L l<i<M-1

1 FM 3)

— k k . -
(R4 X), = 5 24 2 E , M<i<N—M+1
1 ! . . .

RyX) = —— a_. Ef , N-M+2<i<N
( AX)Z N—i+1 ]*12]V+ﬂ[ k; T

SSA+= Karhunen—Loeve (K—L) expansion®]2}i1E €zl SSA7]H 2 PCAﬂ‘ﬂ
oAl whHERS AGA)F] ARESH=d], Colebrook(1978)°l 2Jaf sk Eslo] 23
AFEE91 o™, Broomhead and King(1986) 3} Vautard et a/(1992) 52 -4}
o} ENSO #45 1etslr] 918 SSAE AHgalr] Al&tebas 53] 7174 #ofe] &
Tl wol ARgE= 7] HUth o] 7' EOFel 7|25 il o8 Wi=ke] A4
Aoll AEAZ Folw, AZH Bx7F A1 BEE(sampling rate)©] ¥ w 53] A}

fo] go]3HGhil, 1992; Vautard et al. 1992).

Al EOFel tial]l hets] AR, A= 09} j7F —1<i< MoJal, 1<j=<N
ojm], Z¥z} Fxka} Alztel oist WS v wf, history of discrete field X, ;& 71
7o) wFHE] (EOF) 2F PC(Principle Component) 2] #3r=o] tholslA] Fcth ojuj
SSAT FRHA W1 7 ARHAR WA, S X =X 5 diAE L, Mo AA| 5
7F Ay e ER Ao R SR YAS Sl AN AIRH T4 (Temporal

Principal Component: T—PC)2 M—175F AAAID B} A4 et oluf M (embedding



dimension) & AEleR= AL Aqix} 1= Ao ok} o7 sh= EA8kA AlFre] A

Teof] whet H-e-Ent,

4.2.2 TEARS 7154579 EOFE4

O\l

B AN FEARCGETE, 7ED I 37K s 71945 (Ner, N,
I0D) ¢] #7124 A% B FAE B4 flste] 1966 197H 20099 1297k <]
528712 9 AALG 2zl digt g8l 2] 9 5—Month Moving Averages gt
% SSAE o]g3lo] F=37Hembedding dimension) #M=120), FZ0] (1) =12 A}

o]
g3jo] TR ¥4

™

S AT steE 2§t St (Y, Y, 2 AR,
G 9 FEAR st thAgr AdEY A4S B e AEA Ausk
(EOF) ol thgsh= 1207019 118X (Eigen value) S & HAle]| gk wES2 A3

ke the Table 4, 5, 63 2t}

Table 49} 5= SHFE9} 5tdR-9 Este F
% EOF®AS Arlste] AbEsl Wl & Atel] dish 1fx]9] wiis %k—% UrE}LHﬂ A
o} A A7 Ae, FEHo® EOF 1-29F EOF 3—404 742 & 24k
12.2%, 10.9% % st 31em, EOF 5-69F EOF 7-8°M& 22 & 24k
8.8%, 8.2%%, 12]aL EOF 9-10% EOF 11-12% Z}7t 7.8%, 7.0%
2] EOF 13-120°014 45.1%% A¥sta s dRlst 4 Qlk =
o] EOFE ARgste] Aw7t 7HAaL Qe & 48] 55.9%E A¥e + = ¢

o,

wEk =% 280 A4S, HHHOoFE EOF 1-2¢9F EOF 3—40)4 zkzt
16.8%, 14.7%% d73kal 1o, EOF 5-69 EOF 7-80Mi= 217}
11.5%, 7.7%%, 18]a. EOF 9-10% EOF 11-12+ Z¥7} 6.6%, 6.0%% A2rg3}kaL,
Uz EOF 13—-120°014 36.9%%5 AwWsla 322 &elst 5= o),
°] EOFE AREste] A7t 7Ha Qe & 24k 63.1%E AWe
Utk e AR g EOFEA A3, dAZ o As ®Ho f=% 59
T Atel digh wiEs AdwEo] IA Jepstor, 12719 EOF xsMdis sl &
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Batel thek Bhgolae] WS Wt AHES AL F e ST Heb @
77k] BOF7} Uehe
ate] ulE- EOF 1-129] wlsle] Zrlshtm & 4 glo} mlzshgiom 15a]
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Eigen value ‘ 5-6 ‘ 7-8 ‘ 9-10 ‘ 11-12 ‘ 13-120
KP 12.2 11.4 8.1 8.0 7.9 7.2 45.2
Han 10.6 9.2 8.8 8.0 7.5 7.0 48.9
Nak 14.1 10.8 9.4 8.1 7.9 6.5 43.2
(%0)
Geum 12.6 11.2 9.0 8.5 7.8 7.0 439
Seom 12.1 11.2 8.7 8.4 7.7 7.1 44.8
Young 12.2 11.4 8.6 8.4 7.9 7.0 44.5

* Note: The KP means the Korean Peninsula. The Han, Nak, Geum, Seom, and Young indicate
the Han River basin, Nakdong River basin, Geum River basin, Seomjin River basin,
and Youngsan River basin, respectively.

Table 5. Eigenvalues displayed as a percentage of the total variance (Streamflow)

Eigen value ‘ - - 7 ‘ 9-10 ‘ 11-12 ‘ 13-120
KP 17.3 153 11.7 7.3 6.1 5.7 36.6
Han 133 11.9 10.6 9.2 8.2 7.6 39.2
Nak 18.6 16.2 11.2 7.7 5.8 5.5 35.0
(%)
Geum 18.0 15.5 11.8 7.4 6.0 54 35.9
Seom 16.7 14.7 11.7 7.2 6.7 59 37.1
Young 16.6 14.7 11.7 7.2 6.7 59 37.2

Table 6= Ncr, Nyp, I0D2] 37F4] 7]$X]5=ef| gt & Ake] et ]2 wiF
& 2 YERIRITE 5219 B4 A3l NepZ 1341572 749 EOF 13 EOF 294 2+



7y & WAk 15.2%, 15.1% 5 AWsta 9lew, EOF 33 EOF 4% & w4k
11.3%% 10.1%%, 18] EOF 5% EOF 6 Z7; 6.5%%} 6.2%% éﬂs‘%}z Atk
= 158 67149 EOFwte g g7t 2k & T

T Ath Nup 7154579 7% EOF 13 EOF 2011*1 7#74 3 ‘ﬂ*u 22.2%, 19.5%%
Avstal 9lew, EOF 3% EOF 4% & 4kl 10.1%Y 7.1%4, 12131 EOF 59}
EOF 62 Z7Z} 6.6%%}F 5.9%% Asta Aok = 158 67142 EOFTe g 57}
Zh= T e 71.4%% AW & eS¢ Stk 10D 71§59 A% EOF 1
7} EOF 204 B & #4ko] 15.6%% AWska 9lew, EOF 33 EOF 4+ 747t
T B2 10.2%$F 9.4%, 1¥)al EOF 58+ EOF 6& ZH7}F 5.2%%) 5.0%% A3t
33tk 5 15 67H4€] EOFRRe R ka7t Zhe & 24k 61.0%% A¥E + 9
55 o 2= 9} ol 7}x1 S| 713252 (Ner, Nywe, 10D) ol th3k EOFE-4] A3},
OAZ Nwp 715A4HRS] F tAtel] dist Wi dyee] A vehsed, & 67H4
EOF ZsPdi nhs 7}X1L+ % BAloll thdt 61.0~71.4%2) #=5e vl Alg]w

T oS S 18m ', EOF 7HE EOF 1207 7Hzke] EOF7} »}E}
WAk H]E-2 EOF 1-6¢°] wlste] Anjsirtar & 4 lv.

b4

=

o
=
e

Table 6. Eigenvalues displayed as a percentage of the total variance (Climate Indices)

Eigen value ‘ |
Ner Index 15.2 15.1 11.3 10.1 6.5 6.2 35.6
(%) | Nwe Index 222 19.5 10.1 7.1 6.6 59 28.6
10D Index 15.6 15.6 10.2 9.4 5.2 5.0 39.0

A3z or, SSA A4S Foto] AdulE A8 EOF 1-129F 7154522 EOF
1—6+= Preisendorfer’ s rule(1988) & AZ| =5 A& o % viEshz s 0% 453
th webA 2 Aol TR 7I9AE AR T AR 60%°) ddshs A
9 12702 6702 af-Aell tgsh= A2 Fwsk: EOF 1-12, EOF 1-65 A+
A2 destar, ymA] afe] adels HElE HEZsPdREo R grste] A2kl
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(b) Streamflow (Korean Peninsula)
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Figure 33. Time series of original value and standardized amplitudes for precipitation and

streamflow in the Korean Peninsula.



(a) Ncr Index
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Figure 34. Time series of original rainfall and standardized amplitudes for climate indices.
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Figure 36. Eigen vector and eigen values in 120 embedding dimension for normalized

hydrorologic indices(precipitation and streamflow in the Korean Peninsula) and
the climate indices(Ncr, Nwe, and IOD).
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(a) Precipitation (KP)

(b) Streamflow (KP) (c) Ncr Index
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Figure 37. Five-month moving average time series and reconstructed components for

standardized amplitude (precipitation and streamflow in the Korean Peninsula)

and climate indices (Ncr, Nwe, and IOD).
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Figure 38. Schematic view of MI calculation with histograms
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Figure 39. Random sample data set for comparison with the linear correlation coefficient
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Table 7. Configuration of sin function in each section

Sections ‘ Applying functions ‘ Added noise
10 < x < 32 103in(%) N(0,6)
32 < x <635 40sin () N (0,12)
63.5 < x < 95 10sin () N (0,6)
95 < x < 134 80sin () N(0,9)
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() =— N K(t) (6)
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Table 8. Kernel function type and equation

Kernel Function ‘ K(®)
1
—for [t[<1
Rectangular 2
0 if otherwise
1 —¢
Gaussian Wors exp(T)
Epanechnikov %(1 - %t2)/ V5, forltl< V5
3h
Rajagopalan m(l — ), for [t|<1
1
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ol&2] 7k daliEt A VIsol He 34 FEE AAsks ZlolH old wAE
sdst7] 918t WS Sheather (1986) 71 A|*ksllal, Fox Kernel ¥2] A
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(Sheather and Jones, 1991).
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Figure 43. Schematic view of analysis procedures for joint probability
density function using kernel.
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Figure 44. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Ncr) index in the Korean Peninsula.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 45. Same as Figure 44. but for streamflow.
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(a) lag 0 (b) lag 1

Rain

Figure 46. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Nwe) index in the Korean Peninsula.

(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 47. Same as Figure 46. but for streamflow.
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Figure 48. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and 10D index in the Korean Peninsula. (a) to (d)
indicates lag 0, 1, 3, and 6, respectively.
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Figure 49. Same as Figure 48. but for streamflow.
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Figure 50. Nonlinear and linear CCs with their 90% confidence bounds

between Ncr index and monthly precipitation of (a) Korean
Peninsula, (b) Han River, (c) Nakdong River, (d) Geum River, (e)
Seomijin River, and (f) Youngsan River using KDE and LR
approaches, respectively. The confidence bounds are given by 5%
and 95% quantiles of 1000 bootstrap replications.
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Figure 51. Same as Figure 50. but for streamflow.
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52. Nonlinear and linear CCs with their 90% confidence bounds
between Nwe index and monthly precipitation of (a) Korean
Peninsula, (b) Han River, (c) Nakdong River, (d) Geum River, (e)
Seomijin River, and (f) Youngsan River using KDE and LR
approaches, respectively. The confidence bounds are given by
5% and 95% quantiles of 1000 bootstrap replications.
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Figure 53. Same as Figure 52. but for streamflow.
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54. Nonlinear and linear CCs with their 90% confidence bounds
between I0OD index and monthly precipitation of (a) Korean
Peninsula, (b) Han River, (c) Nakdong River, (d) Geum River, (e)
Seomjin River, and (f) Youngsan River using KDE and LR
approaches, respectively. The confidence bounds are given by 5%
and 95% quantiles of 1000 bootstrap replications.
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Figure 55. Same as Figure 54. but for streamflow.
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Figure 56. Composite anomalies of annual rainfall during CT/WP EI Nifio and La Nifia years.
The hatched polygons indicate statistically significant changes in annual rainfall
based on the 10% significance level.



(c) Case Ill (La Nina)

(b) Case Il (WP EI Nifio)

(a) Case | (CT El Nifo)

Figure 57. Same as Figure 56. but for JJAS rainfall.
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Figure 58. Composite anomalies of annual streamflow during CT/WP EI Nifio and La
Nifia years. The hatched polygons indicate statistically significant changes in
annual streamflow based on the 10% significance level.
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Figure 59. Same as Figure 58. but for JJAS streamflow.
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Figure 61. Same as Figure 60. but for JJAS season.
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Figure 62. Composite anomalies of annual rainfall during positive and negative I0OD

years. The hatched polygons indicate statistically significant changes in

annual rainfall based on the 10% significance level.
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Figure 63. Same as Figure 62. but for JJAS rainfall.
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Figure 64. Composite anomalies of annual streamflow during positive and negative 10D
years. The hatched polygons indicate statistically significant changes in annual
streamflow based on the 10% significance level.
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Figure 65. Same as Figure 64. but for JJAS streamflow.
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Figure 66. Three month rainfall patterns for Korean Peninsula averaged over all nine

positive 10D events.
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Figure 67. Same as Figure 66. but for streamflow.
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Figure 68. Three month streamflow patterns for Korean Peninsula averaged over all

seven negative IOD events.
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Figure 69. Same as Figure 68. but for streamflow.
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annual precipitation and annual streamflow in different IOD types (Positive
and Negative) over the Korean Peninsula and their five major river basin.
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Figure 1. Time series of original rainfall and standardized amplitudes.
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Figure 2. Reconstructed components (RC) time series over the five-major river basin

in the Korean Peninsula.
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(c) Geum River Basin
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Figure 4. Five-month moving average time series of standardized precipitation and reconstructed

components over the five-major river basin in the Korean Peninsula.
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(e) Youngsan River Basin
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Figure 5. Time series of original streamflow and standardized amplitudes.
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Figure 6. Reconstructed components (RC) time series over the five-major river basin in the

Korean Peninsula.
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(c) Geum River Basin
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(e) Youngsan River Basin
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Figure 7. Eigen vector and eigen values for 120 embedding dimension over five-major river

basin in Korean Peninsula.
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Figure 8. Five-month moving average time series of standardized streamflow and reconstructed

components over the five-major river basin in the Korean Peninsula.
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Figure 9. Time series of original rainfall and standardized amplitudes.
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Figure 10. Reconstructed components (RC) time series in each climate indices (e.g. CT/WP
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Figure 11. Eigen vector and eigen values for 120-embedding dimension in each climate indices
(e.g. CT/WP EIl Nifio and 10D).
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Figure 12. Five-month moving average time series of standardized climate indices (e.g. CT/WP
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Figure 1. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Nc¢r) index over the Han River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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<Han River Basin: Streamflow>
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Figure 2. Same as Figure 1. except showing streamflow.

<Nakdong River Basin: Precipitation>

(@) lag O (b) lag 1

Figure 3. 3D and 2D joint probability kernel density functions both normalized 5-month

moving average precipitation and ENSO(Ncr) index over the Nakdong River
Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 4. Same as Figure 3. except showing streamflow.
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Figure 5. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Ncr) index over the Geum River
Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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<Geum River Basin: Streamflow>
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Figure 6. Same as Figure 5. except showing streamflow.
<Seomijin River Basin: Precipitation>
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Figure 7. 3D and 2D joint probability kernel density functions both normalized 5-month

moving average precipitation and ENSO(Ncr) index over the Seomijin River

Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.



<Seomjin River Basin: Streamflow>
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Figure 8. Same as Figure 7. except showing streamflow.
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Figure 9. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Ncr) index over the Youngsan River
Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 10. Same as Figure 9. except showing streamflow.
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(] $F21=ke} ENSO (Nwp) 2] Joint Probability Kernel Density Function %123}

<Han River Basin: Precipitation>

(a8) lag O (b) lag 1

Figure 11. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and the ENSO(Nwe) index over the Han River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 12. Same as Figure 11. except showing streamflow.
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<Nakdong River Basin: Precipitation>
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Figure 13. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Nwe) index over the Nakdong River
Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 14. Same as Figure 13. except showing streamflow.



(a) lag 0

<Geum River Basin: Precipitation>

(b) lag 1

Figure 15. 3D and 2D joint probability kernel density functions both normalized 5-month

(a) lag 0

170 o=

moving average precipitation and ENSO(Nwe) index over the Geum River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 16. Same as Figure 15. except showing streamflow.
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<Seomjin River Basin: Precipitation>
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Figure 17. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Nwe) index over the Seomjin River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 18. Same as Figure 17. except showing streamflow.




<Youngsan River Basin: Precipitation>

(@) lag O (b) lag 1

Figure 19. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and ENSO(Nwe) index over the Youngsan River
Basin. (a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 20. Same as Figure 19. except showing streamflow.
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<Han River Basin: Precipitation>
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Figure 21. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and 10D index over the Han River Basin. (a) to (d)
indicates lag 0, 1, 3, and 6, respectively.
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Figure 22. Same as Figure 21. except showing streamflow.



<Nakdong River Basin: Precipitation>
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Figure 23. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and IOD index over the Nakdong River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 24. Same as Figure 23. except showing streamflow.
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<Geum River Basin: Precipitation>
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Figure 25. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and IOD index over the Geum River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 26. Same as Figure 25. except showing streamflow.



<Seomjin River Basin: Precipitation>
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Figure 27. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and 10D index over the Seomjin River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 28. Same as Figure 27. except showing streamflow.
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<Youngsan River Basin: Precipitation>

(a) lag O (b) lag 1

Figure 29. 3D and 2D joint probability kernel density functions both normalized 5-month
moving average precipitation and |IOD index over the Youngsan River Basin.
(a) to (d) indicates lag 0, 1, 3, and 6, respectively.
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Figure 30. Same as Figure 29. except showing streamflow.
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Figure 1. Percentage anomaly (departures from the 1971-2000 normals) changes between MAM

precipitation and MAM streamflow in different ENSO types over the Korean Peninsula and

their five major river basin.
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Figure 1. except showing JJA season.
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Figure 3. Same as Figure 1. except showing SON season.
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Figure 4. Same as Figure 1. except showing DJF season.
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Figure 5. Percentage anomaly (departures from the 1971-2000 normals) changes between
MAM precipitation and MAM streamflow in different 10D types (Positive and
Negative) over the Korean Peninsula and their five major river basin.
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Figure 6. Same as Figure 5. except showing JJA season.
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Figure 8. Same as Figure 5. except showing DJF
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