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ABSTRACT

Consecutive below-normal precipitation years (multi-year droughts) is a critical
issue in California, as made evident by the recent 2012-2015 drought that caused
tremendous socio—economic damages. However, studies on the causes of the
multi-year droughts are limited. In this study, we investigated the atmospheric
and oceanic characteristics of the three multi-year drought events (1999-2002,
2007-2009, and 2012-2015) in California during the last two decades for the winter
(December—February, DJF) in order to understand large-scale circulations that are
responsible for the initiation, maintenance, and termination of droughts. It was
found that abnormally developed upper-tropospheric ridges over the North Pacific
are primarily responsible for precipitation deficits and the ensuing droughts. These
ridges develop when negative sea surface temperature (SST) anomalies including
La Nifla events are pervasive in the tropical Pacific. After 3 or 4 years, it was
found that the droughts ended under the opposite conditions; upper—tropospheric
troughs in the North Pacific with El Nifio events in the tropics. Results of Empirical
Orthogonal Function (EOF) analysis for the 41-year (1974/75-2014/15) 500 hPa
geopotential height in DJF revealed that during the drought periods, the positive
phases of the first and second EOF mode (EOF1+ and EOF2+, respectively) were
active one by one, positioning upper—tropospheric ridges over the North Pacific.
While EOF1+ is associated with cold tropical central Pacific and negative Pacific
Decadal Oscillation (PDO), EOF2+ is associated with the tropical east-west SST
dipole pattern (i.e., warm western tropical Pacific and cool eastern tropical Pacific

near the southern Peru). Based on these results, we developed a regression model



for winter precipitation. While dominant SST factors differ by decades, for the recent
two decades (1994/1995-2014/2015), 56% variability of DJF precipitation is explained
by the tropical east-west SST dipole pattern and PDO (NINO3.4 signal removed)
together. In addition, this model performs well in detecting slowly-varying
precipitation variability and multi-year drought patterns. These results suggest that
SST variability, not only in the western/eastern tropical Pacific but also in the North
Pacific, independently contribute to precipitation variability and long-term droughts

in California.
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1. INTRODUCTION

1. INTRODUCTION

2011/128 A= Al A LYol 7R 2014/15\00 Fofl E5tai=t A
Yol tjHEo] ZA3t 7H("extreme drought”)Et}h 3F @A AHQ] @AlolAF 11

A9l &1 7Ha(“exceptional drought”) AFEfoll &0 QI3Itt o3t 7 A=
Qs =4Igt 4hEo] HIMs] WAy o ul= 9] 5 AHA]Ql Central Valley A
A9 5 &7 F55) =5 7haol WE =it All-BAlsH E4S AL B
AtHBorsa er al, 2014; Wang er al, 2014; Seager et al, 2015; Watson et al,
2016). National Oceanic and Atmospheric Administration (NOAA) Climate
Division 3=+ 7|5 W= 1985¢ o|#i2 2013/2014 XYoo} AZ Ao
gl oWAI= AT A% Al WO AL A Tt F 2011/12-2013/149 71k0]
A & WRE Fo Aoz dHHKSeager er al, 2015).

7heoll dHigt 713sH] dite Sau S 22 AdAset g we vt
A3 FJFAGE Hof st HRlo] BEaAor EAEo] Q7] wiwol Ak Sl o
T7F ol o|FojA[A] k2 Holtt. 7|&9] ATk F2E ARIFTAHY AFel7] W&

o (e.g., Wang et al, 2014; Seager et al, 2015; Watson et al, 2016) & Al
£ oFrEE SAAR olsirt FE3 ARelt. R vl= 7] Aol ot
AFZ2E= FHe EF 7HEol "igh ditse] 5 o]F = uid(e.g., Trenberth er
al, 1988 Trenberth and Branstator, 1992; Lyon and Dole, 1995; Sud et 4/,
2003; Seager er al, 2014) ZAgxyo}l 71F9] AT} wiAYZ| tigt A=
2011-20159 7H& Atl(e.g., Wang er al, 2014; Lee er al, 2015; Seager et al,
2015; Watson er al., 2016) °o|¥jol& ZotH 7] 3Ett.

T AEYol 7R ¥y miAYEO] diet Aol wWEW Ve 7
2011/12, 2012/13, 2013/14¥ HEjEGe} BotH2l7t ASE A5 7] A9ale o
glo] Az FUsHA =t "7l ZE Ho| A3t o]t A5 7] HeS T2 ¢
o efigFoll 71918k SST forcing®ll W= th7]9] BESQ1 Aoz BEAE|QIrHSeager er
al, 2015). o] Aol W= tjFEo] 7] Hdo] A5 A9k HAke] 3%t sie
= oj=A: F E«W’ v wate] FrHoMs & LRfE HAst@SE 4=
1/3%F 2oJg) o= X A xyo} 7Hz9] o] tf7|mdoe] 2ol & 4= §l= ol
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Q1 Q1 oy} Hstabo] oJjt AL ofde UA|
SHEE 2013/149 A=Ee] A9k HAR
2014; Lee et al, 2015, Watson et al, 2016). 71 % Lee et al (2015} € E{H
¥ s 2T HAR A E=9] sii9] A2 AEske HH Watson er al
(2016)> A AEEFS] SST HALo| s *WAYSE Rossby waveZt HEBF 171
= AIANFHEE AESHAT oSt 7| AT A= HHYG SST7F AP Ex Yo}
9] 72 FEske 4% 8439 shold v 7ol A% 44 AsEut
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lell HFsHtHWang et al,
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Az]zyo} Fgol = vl 7FE 523t QA F Sk El Nifio-Southern
Oscillation(ENSO)QIH] ENSO2] ®gto] wE Ao th7]9] diabatic heating©]
Rossby wave? $Y= AIE o= o|24t YF4 K Teleconnection)s &5+
IS ATl A JtiShukla and Wallace, 1983; McCabe and Dettinger,
1999). ENSO2} Z5&ate] AHoAE BH nlAR EZX|y} FEX| ol 242l
e Hol=d dAder AEYoKES] 7)) AH2 dYk sfo] Ht o]
Aol e, Y sfoll H ook S 7183 HRopelewski and Halpert,
1987; Gershunov and Barnett, 1998; McCabe and Dettinger, 1999; Myoung and
Deng, 2009). ZL&{u} o]2|3t WA= SAKCE [Fofu] IR AAH 0 R A
g A I9A] 24 gri41d ALSE AEEA 0.33). ol ENSOY =
Bejggo] - 2% (Sea Surface Temperature, SST)O wet £4W A7 A4
Aol HMEAS Hol=t| 3t g2 W) Pacific decadal oscillation(PDO) 7]7tofl=
AU (B3] A7 AstEoty deA ot (Gershunov and Barnett,
1998; McCabe and Dettinger, 1999; Brown and Comrie, 2004). ESt Atlantic
multidecadal oscillation (AMO)2] F&of gt dFt= EAol=4| McCabe et al
(2004)= Az Yo} A9 7] HApe} 7Ra2] 7Fs/dol PDOF AMO9| 914
O] Zghof gty Fgstaitt.

Figure 1°] W=W ZAZ|xyo} AZpai(whet AA)S 414(1975-2015) &< oF
7ro] FA FAE Eol=t B+ olste] A Aol 249 ol A& R X&H A
7} - 2097F Al ¥1(1999-2002, 2007-2009, 2012-2015)8<t, I o]&e] 2049

Hla) tha FHHOoE WA SHHSS & 4 9lek o] % Felel olHo] wls) ]
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1. INTRODUCTION

w7t wis] 2Askltk(Fig. 1), ESE 7189] tol wEd 1990WH] FHlof tiefRt
climate shift7} IS0l AAEY=H] o] 717 A Fo=2 AMOZF 9] 4elA
o] o=z #t E]lom(http://www.estl.noaa gov/psd/data/correlation/amon. us.data)
SOotAlo} ofF E<=o] Ago] HIlH T HEg WHalol| vgsiA= 59 ¥kt
= A Kwon et al., 2005; Chen and Zhou, 2014). |83t @440 v]Fo]
E uf 2 2087 ARIS] A7) A B @42 e dRla E40] fARE 7t
% o] Uct. WA & AofA= 20"71_} AR A xyole] 47| A
B AHEIE AqolA TR %]ﬂ)°ﬂ sl 2tz 1@ 724 /s gt E4=
EA5IL v o =N, B s 2=of 7RIS e ] ¥Qlo] He o
T2 28-S interannual¥ decadal /\lﬂ THEOA 0] sffotarzt gitt YoflA= AF
=0l 71E9 7= Oq:rLEO] Sho] AR FACIE A dixdom & AFolA
= 98] ARIEY vl 42 B5t] 7R FEAI didE <8 SA
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2. DATA AND METHODOLOGY

2 ATollA ARG AP LYot 7 Hlo]E:= National Climatic Data Center
(NCDO)OIA Al&sk= U.S. Climate Division DataZ# Zg|ZuUol W 77§9]
climate division2] B3 71E2E 123t Az yol P ¥¥ Z=Fo|t}. Climatic
Research Unit(CRU)Z HIEo= & AZRYo} FihE ANESIIE ASol= A
o] FARE 23S 4 4 A di7|Hae= 2.5°X2.5° ZHA9] National Centers
for Environmental Prediction-National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (R1)E AF&5I=t]| 500 hPa AYHILE=(HGT), aiH 7]
4(SLP), 850 hPa HlIE 59 WE ARSI SSTF WEwHEAKoutgoing
longwave radiation, OLR)+= National Oceanic and Atmospheric Administration
(NOAA)7} Al&dk= SST Extended Version 4(2°X2°)2} monthly interpolated
OLR(2.5°X2.5° )& 27 o853ttt

3F/d7] WM A|4= Climate Prediction Center archives (http://www.esrl.
noaa.gov/psd/data/climateindices/list/)25& €2 ¥¥ A}Fo|t}. ENSO WHE
4 98l ARSE A4 NINO3.4(C]F NINO34E H#7]) Aolnf o] goj=
NINO1+42(°]& NINO12& #7]), PDO, Southern Oscillation Index (SOI), El Nifio
Modoki Index (EMI), Interdecadal Pacific Oscillation (IPO) §°] AR&=ISc}. tf7]
A)42+= Arctic Oscillation (AO), North Atlantic Oscillation (NAO), West Pacific
Pattern (WP), Pacific/ North American Pattern (PNA), East Atlantic/West Russia
Pattern (EA/WR), Scandinavia Pattern (SCA), Tropical/ Northern Hemisphere
Pattern (TNH)°] ARE-=|iHt.

AL7I7HS & 41W(1974/75-2014/2015, Pl)o|H 7F=7|7t AA R} 74w =4
Al RS A5 8 A717EE FHE 21¥9(1974/75-2014/15, P2)o]tiTablel). ©]
ot RS 9hA AFFIEo] 19909 E SR AU climate shiftE 1123t Zlo]

Tl Chen and Zhou, 2014).



2. DATA AND METHODOLOGY | 5

Table 1 Specified periods for research.
Period name Period
P1 1974/1975 ~ 2014/2015 (41years)
P2 1994/1995 ~ 2014/2015 (21years)

£ Ao 714 7HEol S T 941 AFESGIRC] AFolA AREH
hA7bEe] Aoe Aol 4149 B olslel si7t 29 ol X&H 7I7te=A
Figure 1(@EHA A X)) w2H 1998/99-2001/02(D12 #71), 2006/07-2008/09
(D22 7)), 281 2011/12-2014/15(D3& FE7]) 7I7to] ojof sigstct. Az
of ALH(12¢, 14, 29, DJF) = Ead JA) A9 53%E AT &
ofUzl A4} DJF Asgo] AR &2 4TS Hol7] W&ol (+=0.87 for
P1) 4% £4 717+ DJFe] ASstalth. #7] W= 53] BAlols A9E Al
olstil: o A=Y 14, 2¥€9] A=E yehdt (E &°1 2001/02¥9] DJF 74
$- 200202 #7]). Figure 191 DJF B NINO34 A|5=¢t 37 H24 SH3
o mhd SHEE AUkt Syt 247 BAEC] Qldl 4197 DJF B
NINO34 A&7t +o(REHADET =AY AUA A7|= 24 Ho=Qich

P (Inches) CA Precip vs ENSO ENSO (°C)

20 30

15 29

10

28

27

26

25

-10 24

-15 23

=== PRCP_ANN ++@®+<PRCP_DJF ==@==NINO34 DJF

Figure 1 41-year (1975-2015) time series of annual (blue solid line) and DJF (purple dashed
line) precipitation anomaly in CA (y-axis in left). The three drought periods for D1, D2, and D3 are
shown in light brown color. ENSO index (red solid line) is also represented (y-axis in right). The red
and blue arrows indicate El Nino and La Nina winters, respectively.
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Frgdt A4S d7Ieey #EdS 2] A6 4192 HGT AZE ¥s4(DJF
HiH)oll gt Empirical Orthogonal Function(EOF) 42 AA|s13tt. EOF 4
o] oA =Q w9 gty TAZEe] Ao wE tjr]/soe EA AolE

ArmE 7] Q5] Comp051te AnalysisE $Y53A+=0l o] E40)4+= HiAl gl= 1000
Ho| B2 Mg Bt bootstrap W (Gershunov and Barnett, 1998)& ©|-&

st AF=E Hi~ fﬂM"—} Hete] RS B fdle A9 A 24E o8
Sttt A% A 24014 A7) A9/ dFEE wiAlR] AsiM AA 59 2
e HYled A7l A9 AlA A £E vagt A9 A9 MIT =AY o
ol A7k ALY UepA] ekttt AE F44S NEs] AsiMe A9 2

w42 ol gstrt.

=
o
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3. RESEARCH RESULTS
3.1 7ISAE 24

Figure 2= Zt 7h= 919 Aed H+ HGT HAE YUeERH Igo|t} ol Ao
A& zfolet 4ol ztol7t UARE 20158S ALfstile A o= H|AF Sjet
of ZH3t FejEgel 49 HGT7F |AIstL U= & 4= Stk 7§ty o= 77
ZYote] AL Aae SoMotelA BB AAX TEH Pacific storm track=
w2t olssts AGA7ZIYO s F=2 WAYRMHEly er al, 1993; Eichler and
Higgins, 2006; Myoung and Deng, 2009). B HC} oA} dhgdst A= Eejgof
7|92 AE Feshe AVFAZIde] A Yot sl isk= S Welishal
o] A A7IYUe BES LA ANUT AREE ol sAIFoEN A ELLole] A
28 A5HE A= Ao2 A kMo er al, 1991; Trendberth er al,
1998; Trenberth and Branstator, 1992). ©] AMdL ZE|xuo} DJF Zrpafyt
HGTO] A#aA A=olA & 4 UxCl(Fig. 3) HHEFY] 5% VAT st 24

P
nn
Ao 7 Wp7E At 9 PAE ZAL ke ARl Qs STy =




8 | 22 207" B S 27t Z2RLI0F CHAZ STt 24200 DIE &8t

b) D2 HGT ¢) D3 HGT
c.i) 2012

 ciii)2014

60

Figure 2 Geopotential height anomaly (m) in winter (DJF) in each drought year for the three
drought cases of a) D1, b) D2, and ¢) D3.

JF PRCP—-HGT ¢

-,
e

or
z 0.9

" ‘ .
~
<L W . ~ )
e .
b B e e e Y ) . P i . S _09

Figure 3 41-year correlation map of California precipitation and 500 hPa geopotential height
in winter (DJF). Black solid lines indicate statistical significance at the 95% confidence level.
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SHH Figure 2014 ZAZ|EZYole] F5H52 = F5F FHAFol4S] HGT
S ES A 71T BB GNA(E S HGT HA) vhE dago]x] gk
g, dgfdos o2 &2 E4L 42 o+ Atk 7 27190 dXY S9% A
o el HGT7} ¢-AIskAIRHFig. 2.ai, aii, bii, ci) 7Hs FHole diMY 60°N E&%
o 9] HGT7} $AIst &0l UtKFig. 2. aiii, biii, cii, ciii). o|&|3t FFFS F
& D22t D39 7ol Zst™, §3] 2013/14QA(Fig. 2.ciioll HotH2}71e] S50l
Al Hol= 7t 29 HGT+= s Aol 413k ehe} w&3-2 ot tHLee et
al, 2014; Seager et al, 2015). 7FHg 717t&<t A% 749 EHEY 7|¥T=
fizdoz ul=y} fiAgoa Hol= HGT e Wsh= 7Maat EHEY 174
Z3E YRIAYo] A= t27] WEQl ALCE FZE=H ol off EOF #4914
AAISHA I ool

|0

[¢]

a) D1 SST b) D2 SST ¢) D3 SST

Figure 4 Sea surface temperature anomaly (°C) in winter (DJF) in each drought year for the
three drought case of a) D1, b) D2, and ¢) D3.
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Figure 4= 7F= 319] SST HXE HolFa ot Ay /Yy Al7] (Figure 1)
9} Fig. 4014 Hol= A ejHYF SSTRHE & 5= %ol Al 7HE2 vk &4
Al719 A= =S D12 19999 2y sfoll(Fig. 4.ai), D3& 20119 #Huf 5
9] ol& il 2012¥(Fig. 4.ci)oll AIFE . D29] -9+ 2008 2 o] §
Ql 20079(Fig. 4.bdoll AF=Z1 ot gk 717HFig. 4.bid)s AXW 71Eo]
A& A =HoAh 7He 2710l g HEFY Sy @4 A EHEG Y
oANA FY SST WA FE=AA Uehbsd] ol &9 PDO < 9uldich
ol% = I 7Eo] F& =7 A7 FHEY e SHBYl oAt &
9] SST WA} /-4 HJH20159 ¢ A2). 7Haol F=E 2003, 2010, 20169
e 7HE 2719 vidiEe Ao = EHjgdel 22 HGTZF 43t=(Fig. 5. a,
b, o Bt ol Zego] AT G BB gl At Fol SST WAL b
=t (Fig. 5.d, e, O Al B¢ 2% Iy siFehE Figure 1914 ERIT &
At 53] D19t D29 B9+= EHE gl &2 SST WAt #5=Ed PDO %3t %
o] 9oz AZE (Fig. 5.d, e) 7HEo] & EHYSS AXSIH

2 2

.

Figure 5 500 hPa geopotential height (top) and sea surface temperature (bottom) anomaly in
2003 (a and d), 2010 (b and e), and 2016 (c and f), respectively. Units are m in a), b), and c) and
°Cind), e), and f). These figures were obtained from NOAA Monthly/Seasonal Climate Composites
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage. pl).
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2. 45X EOF EAS Set 71523 e 22| OfsH
3.2.1. EOF £

7129 71 Aol 7HE x|99] ko] HGT HAt FAE o] EAGGo=H
7Fa9] Y92 95|18 st Trenberth er a/, 1988; Lyon and Dole, 1995; Lee
er al., 2015; Watson er al., 2016). ©] AlAdoA+= HGTS| EOF &4 &dl Az
Yolof| 7HEZ fdoks diE 82 He WAt gt

Figure 6= 419 DJF B 500 hPa A|Y1%2] EOF &4 Ayt veid A 1, 2
D= (ZFZF EOF1, EOF2)Y] B7HE¥(a, b)<} Al OD‘(c d)oltt. EOF13} EOF27F Z+
7y 22.8%, 17.5%2# AA| WslF] 40.3%S Agec}y. TEEE By F TE
FEHoE EHBEY dHAvt EE FEo e 1Yol fX|stal qtt. o] A
117]%o] ZAjzo} 4wk Fole Gt L oA AMoA ofu] AFH = 9l
ok % HE7F P13 P2 7|7tof| disf Ae|ayot it 5o JHEAE Kol
(Table 2) EOF29] 7%l o 7t AAAAE EolH ol 95% Al=F7Iol|A 79
olsict, o]#gt AWAOl decadal HSHE QXS BRIsH] Hall 1975WHE 2015
W7HA] 219 running XSS EH A9 2E A7l dis] EOF29] A7} EOF1
Ho] ARG =4 Hetst=ul(Fig. 7) °12%t 23E2 EOF1Et EOF27} e
Uot 4ol ¥sde o Zo] THE0] S AARITE $HH Fig. 79 Aie
SHBAY Bt A7)0l weh sl Bisk 9SS AAIRIh
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(a) EOF1 (22.8%) (b) EOF2 (17.5%)
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Figure 6 The first (a) and second (b) EOF mode for the 41-year DJF average 500 hPa
geopotential height and their principle components (¢ and d). The three drought periods for D1, D2,
and D3 are shown in light brown color.
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S = EEQ 37H g2 iAol & AolE Hol=H EOF12 HAY 5
Al Q o] HARE Hol=t| ¥tsf EOF2+= wiie] sfel
& dAYG =AM 29 #H IR=oA Fo HAPE Holi Ut} wEhA
EOF12 NAO® "% &2 ¥ 4HA+E Holal(P1&t r=0.78, Fig. 8d) EOF2
L JHt} oFsiANlE Solujst 2.9 A#A|4(P1E9t =0.37, Fig. 8h)S Holt},
Zr X5 © A5 AHEH 4 EOF1S 3% SHEge] Hskel A ge] #
st &2 e 7L SAR R R MESHL Qe o 4 vk I BEjEY
9] &9 "HAk= FotrorY] & P
o] Z2 A4S Yetlle Zo=E Eeltt 7|& o] @2 F35F ENSO A7
ol2f3t YALT HEo] oyt Sh=t] Ay Hth= Yy o]z’ £4o] 4
Eftb= o] QItHHurrel 1995; Pozo-Va zquez et al, 2001; Hoell er al,
2013). 3HH 9= SRS EHAY HGTY AT/l 19959 o= F7t
AUt o= HGT EOF #4& 19954 o]di} o]F- 210 tisf| £Eelsto] A3 i
o Zfolof A UEht=dl ol 7|7t EHBEY = FAY $9%= HGT ¥
skeo] A 1, 2 REE A= &Z=o] YEgoy o|% 7|7t Figure 6a2t A9
FASHA Al 1 ZER BSEJHTEUD).
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EOF2(Fig. 6b)= ¥A AFR=ol FElBEFoll= At &9 =, 183 JHiA
T SH= =9 B, AAEC] F Z 7HAIAL Sl o] BE= FHE =

EYot 7Ka(D3), 53] 2013/14 A2 A5 4t 2 #3o] 9= A2 A3
Aol A B HH Wang er al, 2014; Lee et al, 2015; Seager et al, 2015).

Table 2 Temporal correlation of CA DJF precipitation with PC1 and with PC2 for P1 and P2.
Numbers in bold are statistically significant at the 95% confidene level.

Period PC1 PC2
P1 (41years) -0.27 -0.35
P2 (21years) -0.37 -0.44
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21-year running correl. btw PC and DJF Precip.
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Figure 7 21-year running correlation coefficients between DJF mean precipitation and PC.
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Figure 8 Scatter plots of PC1 (y-axis) with a) PDO, b) NINO34, ¢) SOl and d) NAO in DJF for
41 years (1975-2015). SOl index is multiplied with (=1.0) for easy comparison with other plots. The
same for e), f), g), and h) but for PC2.
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EOF13} EOF29] AAE(PC1¥ PC2)2 ®W (Fig. 6¢, d) PC12 19904 4t o]
I} o] & W5t 7oA zfo]F Hol=d] o]HELt o]Fo] 7|7} FobHaE ERl
4 9t PC2+ 1979-20009 Atelo]l &s] wWstsittzh 2001-20079 713k
okst = T 20079 o]Fof thA] s R 50 ¢ el Ashie.,
2009, 2011, 2013, 2014&)=3Uck Al 7Het BR-EOIA= ZF 7Fe9] 2710 49
PC1 9ol FEHAA YeRt(D1: 199983 20004, D2: 20084, D3: 20124)
71 o]Fofl= 9] PC2 1ol FESAA Uehh= AHD2: 20094, D3: 2013W
2014)e] et DIofAl= PC27F A9l FdAolleu D22t D39 -9l EOFL,
EOF2 & HEZ} A&Hog ko] S 7 Eejgge 17|49 ol &
2Z 7HAg710] 7hgol thazk A&H ZAo=E Helh

ozt EOF HEEH t7]/31d W AL BAE HW(Fig. 8) EOF1Z
PDOZ 95% Al kol BAHCRE [Fou|dt 5o JHTA(r=-0.53)8 7H1L 3
Lo E35] P9l BAZS HOltKFig. 8.a). NINO349tE HA| S-oJu]gt 2.9 At
TA(r=0.41)5 Hol=d FEooF & M2 et 9 FEWel wzet v
Hol= ¥ 7t ¥ (@Yol 184 gt Ao|tkFig. 8.b). SOIk=
(HIYE Aol -1.0& Fo A3 Fou)gt JHHAIE HolA] g=thFig. 8.0).

)

[

d

EOF2+& PDO% 29| AHA(/=0.259F Holu BAXCZEE fou|etx] 4t
(Fig. 8e). NINO3.49t= BAKCE [Fou|gt Z9] A (=-0.41)E Hol= vt
W EOF19] 792t dog fAakelA, 23t ¥ (@)l wdet §hg-S Eeltk
(Fig. 8f). EOF2+= SOI®t 9Jm|et 29| AHBAE 2rom(/=-0.44) AA dYk
8ol RZSHA ¥hSole Ao E Ueh=d|(Fig. 8g) ©l& EOF19F SO A7}
nuPE ARATE iz o), o]ek Zo] EOF1°] gfuke] o ¥izsta, EOF27F 4
Uko] B visttes 2ie A4k, o] tigt 9= B7]9] §hgo] HIthA A
olgke= 7|&€ A+ AFHHoerling er al, 1997, 2001; Sardeshmukh er al, 2000;
Hannachi, 2001; Wu and Hsieh 2004)2} o] &= A 07 Ho|w oo tjjsf A
A 33904 & B AAIS] thRo] d diolrt FhH F Rt FEAH0E NINO34H
AT FYHISHAYE EOF12 PDO®F, EOF2&= SOI9E A¥HRIATL 2 2=
el olggt Z3k= EOF1-2 PDOSF #E NINO349] #5443}, EOF2+& SOI
o} #AH NINO349| ¥isAdn Af=lo] F HEd] A48oh= g dieH 2k ¥
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3.2.2. Correlation Analysis

Figure 93} 10= ZF AAPE|A PCe}F SSTO] AHHAE Uehdl= 1ol A
A lagZt gl 3@t b), 371¥Y lags & Bt d), 671 lage: = B
9} d)E 13}oi(SST7F PCE AF) P13} P20l tis] 2 A Ict EOF19] tis
AE lag7t §1& ®(Fig. 9a%t b) o ejE ol 29 LA SeE g g #A
7F o "t E3F GEiAvt S vitoARE EotdE]rte] AZ siehS what 1
il &9 B4 E3 {oju|sict

(@)

PC1-SST Correlation

41-year (1975-2015) 21-year (1995-2015)

0-mon Lag

3-mon Lag

6-mon Lag

Figure 9 Correlation map of PC1 with a) DJF-mean SST (0-month lag), ¢) SON-mean SST
(3-month lag), e) JJA-mean SST (6-month lag) for the 41 years (1975-2015). The same are b), d)
and ) but for the 21 years (1995-2015). Black solid lines indicate statistical significance at the 95%
confidence level.
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PDO @4F Adtslo] et Zog Helch G HEYAe] &9 A= Zx
= AoHARE 37 Aol A WFig. 9c, d), 671E Mol mulsitk(Fig. 9.e,
f). ol=1gt EOF1¥} SST9| #A o 4SS P1717H} P27|71ol| dis] A4S Ho
AL glew offiolA 7]&E BOFR29| 7ol vis| Hefgdolre AJaaAt At

;O

PC2-SST Correlation

41-year (1975-2015}) 21-year (1995-2015)

0-mon Lag

3-mon Lag
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Figure 10 Correlation map of PC2 with a) DJF-mean SST (0-month lag), ¢) SON-mean SST
(3-month lag), e) JJA-mean SST (6-month lag) for the 41 vyears (1975-2015). The same are b), d)
and f) but for the 21 years (1995-2015). Black solid lines indicate statistical significance at the 95%
confidence level.

EOF29] 74-%(Fig. 10) +oju]gt A3/ do] g HAo] 24 yehdtt. x|
S WA R lagZ7t ¢S A(Fig. 10a%t b) I SEPY/SeigYoll= 9] At

Ago], AefBYF Pacific Warm Pool (PWP) X Foll= 9] A3t/ do] FEA|A Uet
ot EEEY o2 2527359 I & X 9o Fo] IAZF YEebdth dH
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HoF 90 &&= South Pacific Convergence Zone(SPCZ)°|A %49] -‘—}74]7]' SEHEF
QiR o]ojx]&= EOF1-SSTolA &9 TA7F Yet= BF A
o] ot AXI F&Fo 7 ALAHA Qltt 37N lagd B-Fig. 10.c, d) ¥
PWPS}F SPCZ)= oA3] EAist= ¥ FEHELGY =9 A7 nlofsith. &
H3| P27|7tols S SEHIB S HAE FofulshA| ekow NINO1+2 A|<99] '@
(T 9% sihe] &9 /ol FEAA dehdth. 6714 lag?] 3-5-(Fig. 10e
ot f) AAl F9] AL oA} Zo] Yet FEIEFE = NINO4 A oA 9]
ool A Yepdtt o]25%0] EOF2-SSTY] A= 2 I sy Sy HefH
FolA B ZstHA ettt ol2idt Ai= EOF2-SOI9 AAZE f-ofu|3id
Z3KFig. 8g)et LW AE3Ict $HH Figure 93 109 Zil= Z42He] AR A 9
Al AEBANS Yetdis FH ARRRY] F7HA AP AEsHA| 7] e
of Z e} ti7]/sg MeEMHGT, SST, SLP)9] A¥d9 7H4Ql wielS 4w
H7] 25l composite analysisg 5T}

X,

3.2.3. Composite analysis

Composite analysisE I8l 414 59t ZF EOF ®=9] PCHo] +0.7¢Xtt ZAY
Z & Adsto] 49 EOF1(pEOF1), =< EOF1(nEOF1), %2 EOF2(pEOF2), &
9] EOF2(nEOF2) W& FE3}1(Table 3) ZF 189 BAHS 95% AlF =S e}
U= A8 AAat 3 Fig. 110 YeERAIH
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Table 3 Composite years of the positively and negatively extreme EOF1/EOF2 years within the
41-year period (1975-2015). The number of years is indicated in parentheses.
Mode Composite Name Years
Positive EOF1 pEOF1 1976, 1989, 1990, 1993, 2000, and 2008 (6)
Negative EOF1 nEOF1 1977, 1978, 1986, and 2010 (4)
Positive EOF2 pEOF2 1979, 1982, 1985, 1990, 2009, 2011, and 2014 (7)
Negative EOF2 nEOF2 1981, 1983, 1992, 1995, 1998, and 2012 (6)

gt 23]l SkAFF pEOF19] %o HGTAS E W (Fig. 11.ai) EOF19] miel
I SARBH BB MY SHE A9 17|9e] AL Qi o] EEiE
& 7Y HIE FE ofdd]/Ee Aol YRR A7 14T A o] FaL Sl o]
= W A7k G4 BB, S Syuol digt gi719] ®Egoll o't Ao = SSTH
(Fig. 1l.ai)olA gy € 59 PDO @4o] & ystita it 2hukel 39
PDO, EEjBY 17|49] #Aet HAYSS 7]&9] AtolA Eol 85Xl Hvf Qi
Aol W=H Yk Al7]o] BEjEYG 17199 Ashe 2y @40 o9t ITCZ9
A3 0] 2 diabatic heating® 2 <13}] B3t Rossby wavel] Hold|2]7} &
YAl 7108t (Trenberth et al, 1988; Trenberth and Branstator,
1992). |23t Rossby wave?] Auk= F= EejEgo] 174 7slsh Pacific
jet stream= 5&07% HEA|7|A AEE Pacific storm tracks HUTHZE EA4FA]
71+ B3RS 7FAL2H Mo et al, 1991; Trenberth and Guillemot, 1996). SLPE
A B HFig. 11.aiil) FHEY IYE A Fo|A barotropicet FEiZ HGT sHE T}
FARE HEe Holi Qo Ariollx= SEiE I aL7Igol, AEE el A71de]
A8 et ol vk A4l 93t Walker <=8 st 2o HIt
nEOFl‘:{Fig. 11.b) o= "o pEOF1¥ Jo= FARE 2IE Hlth HEH
¥ FHE AFQA 25 A7ISE, otdHiet i Aol 15 7ol FAgH] A
CHFig. 11.bi). SSTAE Ed SEHIEFOl ¥ HAE Holil o] FEFHCP) &

Ukg dAA7IL 5741X42§ Golulet zfolg HolxL ekotth. BejHF ZYo]
£ 49 PDOE M sh= 29 HA7} Yete] BAZoz foulshzl shAu
pEOF19] 7% 2

|3 SST 1142}.4 74 wol| 9ol Altts| okske 3lol 3F 2= 9f
t}. SLPAA Heoles Ao SEEAFe] A7y Hed AEge] 17|g e o
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Bl g Wate] mAsHA WSt ol Eol FEHBFHCP)OIA dolu= SSTH
£°1, CP ZUhe} o] gl 2R FZHrh 3 EOF2 REE %ﬂ
Aol FEESHEP) T EIBFONA 71Q1Sk= SST HAHAE
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warming/A71%4% AEjEAC] cooling/31171 (Fig. 11.dii, diii), pEOF2 composite
o] ZAyoA Hl FHEY cooling/27 ¥ AEHLFY warming/*A 7|4 (Fig.
11.cii, ciii)7} ©]& S 3t} Correlation analysis 2304 EOF2& PWP A
o9 FBEAZE FfuIRt BHi(Fig. 10), EOF1°l4= mmRE Z7KFig. 9) FA]
ojZfet F=3} d¥dol AUt

AUk E= o] dith 59 4719 ¥g2 dE40lA] g2dvh Yk, =
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2001; Sardeshmukh et al, 2000; Hannachi, 2001; Wu and Hsieh 2004). o]Z{st
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2007/08, 2010/11)°] B% EejgeFo] wr|tS g EulE FAw x|FGof| o
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W Sz &) HGT(Fig. 11.a) SEHHEY &2 SST S4(Fig. 11.aii)d FX[RE
o # A7 Azl M= CP 2L Al7]ols 2 NAO f1de] Yt CP
Ul Al7]ol= &9 NAO 4o 2 Uy o] @2 FAXCRE {on] =
H|(Graf and Zanchettin 2012; Zhang et al, 2015) ¥ A7 3+ FejHF] 743t
HJUHeRRt o] WA FAtm EOF1+(EOF1-)o] Brdst 9H(2)9] NAO A4to] &t
g9ohe T 5 SUHFig. 11.a, b)

r°l‘

W EOF2¢} ¥ Ao t=w(Fig. 11.c, d) &/d HBYIA 7108t ST
= AEiE Y SSTE dipole HEE ©o]F1l 9Jal ojuf EejEf Fo=et B
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A 2013/149 AEol AEYole] e 752 Flthe A7 2350] 32
HFE J=d ol e Rdde A R FHAek(Palmer 2014;
Lee et al, 2015; Watson er al, 2016). 3t Zhang er al, (2015)°] =4 FEH
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Precip-SST Correlation (1995-2015)

:
/’ ' | — SNINO12

0.9
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Figure 12 Correlation map of DJF precipitation with a) DJF-mean SST (0-month lag), b)
SON-mean SST (3-month lag), ¢) JJA-mean SST (6-month lag) for the 21 years (1995-2015).
Correlation coefficients were multiplied by (-1.0) for easy comparison to the results of EOF-SST
correlation analysis. Black solid lines indicate significance at the 95% confidence level.

Il AEEAHWP)oll= F2 #A, NINO1+2 ;qq} AL FHF SfetolME 22
TAZE FoustA Yeh=t] ol EOF29] &2 AaA A9x dx[sk= 2=
HoKFig. 10.b2} 9.d) B/AEHF SST dipole, EOF2, Fd &4 A#}goz
ojsfd 4= Uct. ofn] Hel EOF2 #d oz A¥Eo|A dd AMHi8ds SEHEY

= MBS SHEGES GEF sihHY SST tiH] d4rso] Y=t olst
AFolM= AEEGT SEBFY divlol S8 73t 11 olf<= EOF19} A3
o] T2 FHEY U Aol T P2 Aok AHEL-SEBY dipole°] &
7¥sl7] wiZolm, FwF-SSTY] A 237t Fig. 1201441 SEiBFlA
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21-year (1975-2015) running R of the
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Figure 13 Correlation coefficients (21-year running results from 1975 to 2015) between the
observed DJF precipitation and the regressed precipitation using single dependent variable among
PDO, NINO34, NINO12, SNINO12, and WP_SST.
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Figure 14 271-year running correlation coefficients among WP_SST, SNINO12, and PDO.
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Figure 15& Zg|ZUol DJF g WP_diffe AHA 59 W42 AM8e o
Xt AW B tEHS SARES] ATE HojErh H|WE 915 Fig. 13974
HQl WP_SSTE @ =3¥ssE ARSR sARY A3 HA)E oA EAISH
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21-year (1975-2015) running R of the regressed models
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Figure 15 Correlation coefficients (21-year running results from 1975 to 2015) between the
observed DJF precipitation and the regressed precipitation using single or two dependent variables.
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Figure 16 Correlation map of HGT with PDO (a and b), WP_SST (c and d), SNINO12 (e and f)
for 1975-1995 and 1995-2015 (P2). PDO and SNINO12 values were multiplied by (=1.0). Black solid
lines indicate statistical significance at the 95% confidence level.
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F

Figure 17 Correlation coefficients between the observed HGT and the regressed HGT in DJF
using WP_diff and PDO_diff as dependent variables for the recent 21 years (1995-2015). Black solid
lines indicate the correlation coefficient of 0.7.
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Figure 18 Observed DJF precipitation (blue bar, inches) and regressed DJF precipitation (orange
bar, inches) using WP_diff and PDO_diff for the recent 21 vyears (1995-2015).



4. CONCLUDING REMARKS |

4. CONCLUDING REMARKS

Aollde 22 2097 WA Aol thdvls Aol (D1, D2, D3)E
Asto] 11 HAUESS HoelAt sii Al A9 358 or 7he2 Juy
2 500 hPa EHEF 7|¢e] ol 3 A A= AL(Fig. 2) 7H=
o] A& A EHAeH Al B¢ 2F Edl el Ayt det
a71940] oFetEr FREUTHFig. 5). wERA 7hael 23H <l
A7|¥9] o el dllo] Hisf #4357 A8 EOF 42 <+

i

o
ol

2 Ho

_l

ol

o

N
™ 1o oy rz
offl
i
kil
N
EO

i
ftfo
=
Az
Hul
o,
o

£

o,
il
rlr
e
o,
)

2
_o‘lt,
8
&

EOF13} EOF2+& ml=-HHAF A oA AEs] & &2t fedS 7HAL Q=
ol EOFl& NAO®H ¥9] AAE, EOR2E 29 AH#AE 71
8.d, h). EOF12 &t FeiBY sied 29t At PDOY} UstA &
om el wHE 29 PDO 9dellA EOF1+7t Hdsh= WHA(Figs. 92+ 10),
EOF2+& dd BHHE Y AeiB e oied 2ot YA ddslol Jl=d SH%
FAEHBY) SST7F HHEY FE(E2)W EOF2+71 Lot SeiE o=
Ed35t PDO #fdo] YehtR] F=rKFigs. 83t 10). o]&|st 252 FEIHY SST
watol| tigt 7] W83 54 EjBY SST dipoled] ot ti7Hkgo] thAa ol &
3] OS2 2u|sk=t] EP ENSO2} CP ENSOO] tigt Exkt tj7]9] ukgo st
71&9] A 2} AFCHWu and Sheigh, 2004; Graf and Zanchettin, 2012;
Zhang et al, 2015).

Aot} thd 7R 2Lk ol CPY 43 59 SST #Ael ofsf f=d
EOF1+3} 541 B8 SST dipolec] 23 =5 EOF2+7} S % 02 ot da
Fo2H 24 ol A&E AR Yepdth &, gy TAo2RE Ay A
571 7 Ao F/sHB el 29 ol A&d 5o #AEM Y 2ot AEE Y
9 #AZE A=EYol 7hge] A7IShE 7HH2 AUHl EOF1+2k EOF2+71 9f
AEH o2 YIP=Aof A= F7H0 A7t Basith. AYko|A SR
o A2 WA F2 7zt dojuf= vk EhuollA Au=o] ek st
FLAE o 7|IZH2d HEAHA]) F9F o] FoIA|H £ LaAlA EJF Aol
gt 44 AtHOhba and Ueda, 2009). F7H41 A-tollAl= 1) 1990t o]

1o



34 | A2 2007 EFEQ S 207t ZR|ELI0F CHAZKSDH 2420 DR &3

2 Ueid ol Ay Wskshe A7]o] ENSO9| s 3yt 2) AHE
sl Lm0 wslero] T, Teln 3) UANTE BT BukTele] o] o
g @7siok & ol

FHHEY)le WPAIHe] HiRf&so]l S7HaED)se d3d°l A=H(Fig.
19) Y Al7]oE WPAIHE] HiF AA7F RIS Wl ¥ 2y Al7]ele
UL o sfolle o3| diFgEoe] &3] doju= ol FF HAHFis.
17014 1986, 1997, 2001, 2009, 2014). wztx o] Aj7]o] Ao FEjHYolA]
cooling®] YEFH AMEYF warming® 7| dipole d/Jo] =783 & 4 et
AAR o]F 2001, 2009, 201492 EOF2+7} A st sfolct. Al AFFxRol
L A7l = AHES warmingoll 710% HEiEY/ Rt WLz
Rossby wave A3} D3 7HE3dlQl 2013/14¢0] 2 7]oE S A0 E F=5 =1
(Palmer, 2014; Lee et al, 2015; Watson et al, 2016) & A+ Aijo A= AEjE
% warming®] SEIEY cooling® BAZCZE Fou|stA A= o] Qo H(Fig.
14, ot AA) MeiEYF warming AHA| Eob = X99] SST7} dipole 3 FEIE 7t
A ] =pte] Abgo] soitheE AR AYtHFig. 15914 3 HAT =4
A 22). AR SSTE ENSOE BlEe I ej8e) 8 & ozt qlway
RG] St Belo] YonE oo tRt Aw gl ATV Basc,

OLR (W/m?) NINO34_djf vs OLR_djf at WP NINO34(°C)
30E ' | 330
20F
~10F :
_20E | , , , , , i50
1980 1985 1990 1995 2000 2005 2010 2015

Figure 19 Time series (1980-2015) of OLR anomaly (solid line) in WP and NINO34 anomaly
(dashed line) in DJF.
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