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SUMMARY

[. Title

Projection of ocean temperature and sea level change around Korean
Peninsula (Sub-title: Seasonal prediction of ocean temperature and future

projection of sea level change)

IT. Necessities and Objectives of Research and Development

[] Necessities

Due to the climate change, the frequency of extrem weather events has
increased, and accordingly the probability of cliamte disasters has also
increased. The Korean Meteorological Agency has provided the long-term
climate prediction service in terms of weather variables but the oceanic
variables has not gotten attention so far. To mitigate the climate disaster,
the ocean climate prediction system development is required. Quantitative
forecasting of future sea level rise is the basic data for national policy
response and it is required to develop domestic technology for predicting
future sea level rise according to climate change scenarios around the

Korean Peninsula.

[] Objectives

For the establishment of ocean seasonal prediction system in the seas
around the Korean Peninsula, this study aims at developing the
dynamic/statistical models for the prediction of temperature profile and
estimating the predictability of seasonal temperature change. This study
also incorporates the development of sea level model and prediction of

future sea level change based on the climate change scenarios.



IM. Contents of Research and Development

[] Period of research

01 January, 2015 - 31 December, 2017

[ ] Contents of research

1. Dynamic/Statistical model improvement for seasonal ocean
temperature prediction in Korean seas
- Optimal ensemble climate intialization
- By using climate teleconnection

2. Ocean temperature predictability in Korean seas
- Seasonal climate prediction system establishment
- Climate predictability accessment by applying skill score

3. Simulation of long-term sea level wvariation and prediction of
future sea level change for the seas around the Korean
peninsula

- Development of sea level model and simulation of long-term sea
level variation

- Projection of future sea level and temperature changes for the seas
around the Korean Peninsula based on the RCP 4.5 AR5 scenario

IV. Results

1. Seasonal Climate Prediction System Based on Dynamic Model

Seasonal climate prediction system based a dynamic model of the KIOST
Earth System Model (KIOST-ESM) has been developed. By applying the
Data Assimilation System of KIOST, which i1s developed based on the
Ensemble Optimal Interpolation, ocean observation data have been
assimilated into the KIOST-ESM to produce climate reanalysis. In this
study, the climate reanalysis during 30 years from 1981 to 2010 has been
utilized as the initial condition for the seasonal hindcast experiments. The

ensemble prediction system composed of 8 ensemble members has improved



the seasonal climate predictability. The seasonal hindcast outputs enable to
access the predictability of the KIOST climate prediction system and to
remove the model drift of the KIOST-ESM. Also, we have set up a
real-time ocean observation data collection and quality control system,
which is the basis of the real-time seasonal climate prediction system. The
KIOST-ESM as the real-time seasonal climate prediction system has been
initialized by the climate analysis by applying the Data Assimilation System
of KIOST to assimilate the real-time ocean observation. To access the
KIOST climate prediction system, its predictability have been estimated by
comparing with the ocean reanalysis of the SODA regarded as the
observation in the Korean seas. In a result, its predictability is comparable
to that of the NCEP CFS, or better than that particularly in summer and
winter season. Also, we have established a real-time seasonal climate

prediction system.

2. Dynamical-statistical model for seasonal prediction of ocean
temperature in the vicinity of Korean Peninsula

Coupled atmosphere—-ocean general circulation models including initialization
processes can be utilized for seasonal prediction of ocean temperature in the
vicinity of Korean Peninsula. It 1s difficult to have high seasonal
predictability of the mid-latitudinal climate using the-state-of-the-art
coupled dynamical models. Although climate models have difficulty to
simulate and predict the mid-latitude climate, the dynamical model can
significantly predict the tropical climate including El Nino—active region up
to 12 months. In addition, tropical-subtropical climate variability is highly
correlated with mid-latitude climate, in spite of regional differences.
Therefore, we developed a dynamical-statistical model using prediction
results by dynamical models as predictors and mid-latitude ocean
temperature in the vicinity of Korea as predictands. It was analyzed that
atmospheric circulation associated with subtropical High in the western
Pacific was important predictors for summertime seasaonl prediction of
ocean temperature 1n the vicinity of Korea. Using these results, we

developed a dynamical-statistical model for ocean temperature in the vicinity

—vii —



of Korea in summertime and evaluated the predictability of the model. In
order to predict ocean temperature at the all calendar months, we used
tropical/subtropical sea surface temperature and precipitation as predictors.
We introduced some skill scores to evaluate the predictability of the
dynamical-statistical model, which was developed in this study. It was
revealed that the dynamical-statistical model has a high predictability, which

could be operationally utilized.

3. Simulation of long—term sea level variations and projection of
future sea level change for the seas around the Korean Peninsula

Based on the ocean-sea ice coupled model(GFDL MOMb5-SIS), a series of
numerical experiments were conducted to understand the historical
long—term sea level variations in the seas around the Korean Peninsula and
to predict the future sea level change due to the global warming. Rate of
sea level rise for 1958-2009 estimated from model simulation and
reconstructed sea level analysis is 2.1~2.2 mm/yr for the East Sea and the
Yellow Sea, and 1.9~2.6 mm/yr for the East China Sea. For 1993-2014, it
is estimated to be 2.8~3.1 mm/yr for the East Sea, 3.4~3.8 mm/yr for the
Yellow Sea, and 2.6~4.1 mm/yr for the East China Sea from model and
satellite altimeter data. Future sea level rise rate for 2006-2100 based on
RCP 4.5 scenario is projected to be 6.2~6.5 mm/yr around the Korean
Peninsula from the GFDL-ESM2M climate forcing experiment and 5.0~5.3
mm/yr from the MPI-ESM-LR. Major contribution to the future sea level
rise 1s predicted to be non-steric sea level component in the Yellow Sea
and the East China Sea, and steric component in the East Sea from both
the GFDL-ESM2M and the MPI-ESM-LR climate forcing experiments. The
projected sea level rise for 2006-2100 in the regional seas around the
Korean Peninsula is 59~62 cm from the GFDL-ESMZ2M, and 47~51 cm
from the MPI-ESM-LR experiments, respectively.

— viii —



V. Application plan of results and products

B The developed ocean climate prediction system can be used directly in
the field. The seasonal prediction results can be provided as a result of
KIOST's unique ocean seasonal prediction in the Meteorological Agency.
In addition, seasonal prediction results can be used to establish climate

change adaptation policies and to reduce natural disasters.

® The utilization of KIOST climate model and the utilization of KIOST
observation data will be improved in the future and contribute to

improvement of quality of observation data.

® Contribution to the preparation of climate change scenarios for the
Korean seas and national climate change assessment report by providing

the projected results on the future sea level change
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‘_j Biogeochemistry ‘
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33 3.1.1. 7tolop AR AR 23g°] JfFE (RF=AAlH, 2015)

4. tele} AT AxY 2l 54

KIOST A 7Al2=" 232 AM21 7|29, MOM4.1 sfF=Ed, LM2.1
FARd 9 SIS fPRd gor FAH e, ol IPCC 4% RiLAld
Q4% GFDL CM21 ol MOM =o] 409 WAL A&d AWS
Aslstas mgel FRAR L FAAR A, wge] qek AN P FolA
R WAS AERGT @ 4 Ak o7 2 %4 mde] 9 Axe
B A4 AAE Austa, A4 % 255202 FAH] gom, y] md 4%
A2 247 & AgH HFAET R HF A% 5 2407 v}

;:(j

a 7834 93 74 Fgo] HFS o

A 4¢HHydrostatic) 7F8<5  Adsta glow, z-level 24 A AA
Arakawa B Az AAE A€st= Zdojtt. 53 MOM4.12 GFDL CM2.1
A3 715EdY Y 84 EEEZ gAY glew, KIOST A FA|2~H
HPQArE Fdg W & o] gt} U AA=
rxol W3te] weld da dExdg. vjEHor AL 1° A9 A
AAE AFESEAIRE, Sk 9l gk 9® 300 oy FYelAE 9=

el A4 (Aol AR AobAA AE RoME 1/3°7} Ak dFmde] A
AgsE ARAAE $F 2 8o Sold(singularity) S 4B Helsh]
dal Lol HFalel XS FAS K49 Aol 2 A F el
AN §713, FFHe @IUF] A E XS AT(Tripolar) A%
AANE gt 44 AdE Aexdd AEAS Assd F 500 Fow
T Atk LB OJFFL Sweby WAL Fa 7 Aol wa 53



2 2z wheke] o] {&S o] A= sla glow £ T3 we
WogE K-vW R43HK-profile parameterization) W&, 2
Smagorinsky W21& o] &3to] g ZatA AAx FEE AT

2. AE0s Hs S s A28 M
7t 9% 2d spaA
A G2 dste] mE ) =
o Sstax sl =EEol FEs dosko 53], AAT VIFAIAH
22 (Global Climate Model) w2]e] 7|$HSE HAdsts 9351420 =
719 gkom IPCC (Intergovernmental Panel on Climate Change)= X
7|ZA 28" mdEZo] #HolslE CMIP (Climate Model Inter—comparison
Program)2] 7]3A A3}EL <&ste] 7|53l HrinaMs ZAds] oS
Bk ooty 71$Wst g B ASel T8 i AsE E8&d on
2 AT A= KIOST Al FAl =8 23S o]&sto] AAF 7] Fd =
FdstAh. o]l & &3 KIOST A28 Ro] Ay oF Aol
o o

FoEgst d5 Ades Easta des ¢ & 9o ¥ 31.2%
1981978 201274 32 &<t 7+ 2, 5, 8, 11958 AlZete] 6719 +9
7135 d&3ta d=%" d4H 225 #=(UK Metoffice?] EN4; Ingleby

= K
and Huddleston, 2007) I A EE YERE Aot Ay Aol
A ARl A% B =2 o5 AdTso] YEva o AHx

o=
¢ el FlAFdA =& AFAdso] yEhva dth
f

o i
=
El
ol
ol
£

-y
s
whel gwbE Fuslde Tl RAHPIAEL A% Hwol
"ol AL & F dth YWHOR HAUPES TFsel FU=
lefel ] AFAzE mye) sFRe) el AnHE e % dud
j

Hlolth, F9% A9 7|FRe Aol 9d4IFS F= MJO (Madden—Julian
Oscillation)t} ISO (Intra-Seasonal Oscillation) S<& X 93te] 9lo] HAA
A FA 2" By o] SHAE 7k Al Q7] "o E dHA 9



(a) FEB start

9ON =
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30N

30 —PHE

- 60S —fa
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start (d) NOV start

(c) AUG
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3% 3.1.2. 7jolop NAAAH RHE olge 71E WAAGS 45, 6718 & G2 L& o5 Ave
UK Metoffice 9] EN49}9] Artw (SH2ALx|Tt, 2015)

Traditional latitude-longitude grid Cubed Sphere grid

S

a3l 3.1.3. 7fojo} x| RAJAE Balo] tf7l@anTlo] Ax} WA, 7]E9] latitute-longitude ZHXFo]A
SHIAA| AXAARS] HE (=LA, 2015)



GAIA1.1 GAIA1.2 GAIA2.0
Base model CM2.1 CM21 Cm2.5
LM3.0 + CLM4.0 Modified LM3.0
Land model LM2.1 with OASIS (CLM4.0)
MOMS5 +NK
Ocean model MOM4p1 MOM4p1 mixing
. Finite-volume Finite-volume Cubed-sphere
Atmospheric core - e
core core grid finite volume
Bretherton and
PBL scheme Lock, 2001 Lock, 2001 Park, 2009
Deep convection SNU convection Relaer
Shallow SNU convection UW shallow Arakawa/Schubert
Convection convection L el

Macrophysics

Tiedke, 1993

Tiedke, 1993

Tiedke, 1993*

33 3.1.4. 7}ojo} R|FAA

d 2ol naoh gt 54 (GAIA 1.1, 1.2, 2.0) RI=d+A1E, 2015)

A7 FATAEAM = Tt VIFdHE ddS Adskr]l 9lE
KIOST A7Alad =g 7id A5 Fdsta dn drinde Axs
SHTAR WAder dE=o Soliel Ak (™ 31.3). E=F
AFEHFS Bt ek NK Wetem WA w I8 FHY a5
AEs HAst= avE dved, oyl #YAEAST EgdteE 96
Bretherton and Park (2009) *<tS Aoz MJO E9o Ass A

FEN A



Jan., SST bias (model - WOA2009)

BEPTH (m) - 1
TIME : 01— JAN-00:

N .

BEPTH (m) -
TIME < O SAN- 05

LATITUDE

o
LONGMUOE

WRK1-TEMPERATURE[L=1,K=1,D=temp_month] WRK1-TEMPERATURE[L=1K=1D=temp_month]

Jul., SST blas (model - WOA2009)

o
LowGTuoE

o
LowGTuoE

WRK7-TEMPERATURE[L=7,K=1,D=temp_month] WRK7-TEMPERATURE[L=7,K=1,D=temp_month]
-

NK KPP (Reference)

33 3.15. Flojo} XI7AIAE] malo] KPP} NK sl e% 848} Weto] &80

a9 3.1.5% 7holol A FA~®l R e T Egst Wty A
e v7s s A5 yerdth Noh and Kim (Noh
KPP (Large et al, 1994) <+S A&ste] 7Z4zF 193 7€ dg &=

Asste] Folz wwsH. A

e A WFe FWd n5e 9 A% FURIAN A4e B
SElm BWT MARAFAN Aee @aFel teb: o] Uukdelrt, NK
gore AR W AWHoR JIae wud AAFATe ey
L5 WG} A5 Aol KPP WS A RS wuoh 27 AHH AL
Folg 5 At

%“8] 7] AR AAZE EFEE Y8 Bretherton and Park (2009)2] wWheobS
| W MJOY R Aol A MdEeE As SAF F+ Ao 19
3.1.6-: MJO®] phase maps YERH Aotk Z+7 (a)9} (b)i= Bretherton and
Park (2009) ¥} Grenier and Bretherton (2001) ®Weots H-83le] oy ZAys



el Aoltl Bretherton and Park (20095 #AE39S w MJO 7}
MEFo A TEFoE st SHAS TS 7MA 2Yd= 2
AATE. ES Marine ContinentE AU A FZEo=z2 933k o A Fo
Al 2371 A= A3 JeE & wolsta ¢t} whHo| Grenier and
Bretherton (2001)¢] 79 MJO ¢ 28 wWako] FZEoA XZFo=z Istal

o] #=E= Ay A AFRE mosta vt 19 3.1.72 OLR (Outgoing
Longwave Radiation)®} U850 (850 hPa oA 9] w43 F4)S o]&3l9]
MJO <] wave analysisE T3 Aot sFHS=Z NPst= o] Ut
AR 7} A Yeya Qo o= 19 3163 4
g R Tholof A Al ~Hl Y

S
=
2o Aes 2 FEANE e Aoz Vi

(a) KPP edtcam (b) KPP edt
Nov to APR Nov to APR

LI e 2147483647

L I
a0 a5 a0 25 2 18 10 & ¢ & 10 15 20 25 30 & 4

I3 3.16. Zlolo} AIPAIAE Bl 7] FYAAS D43t Poto] Mg BE U AY AYS
UERA MJO2] Phase Map. (a) Bretherton and Park (2009), (b) Grenier and
Bretherton (2001)Q] 492 A&



(a) KPP edtcam
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13 3.1.7. KIOST A7A28 289] tj7] 4ZAAS B4s} Weto] Lo e uge Ay 2

1= vepd MJOQ] Spectral analysis. (a) Bretherton and Park (2009), (b) Grenier
and Bretherton (2001)9] ¥}9rS A&

Y. % 53 A2 AA

AR d55 AaliMes Bt 2718 el d8ste] KIOST A A 2=H
Ry wd3 By AswI VWS ALt AUl AN ARE
A%k H, ol 4 AAe x7IFo® AREstal Utk o]Hd VS TAT
Y& T AnTIE AEA R EFES AAoRE AR FHEHE
ASFS st Atk o] BFPoA 27FS S Yl A&t e
AagE3s 7IHe SN E HH WA (Ensemble Optimal Interpolation; EnOI)
ZIMo R vaA A AMES AFEEA dS53s B s3tste 7ol
G dHRerlsdoM s dFE FHHWATIESE KIOST A4 2= EE
Agsto] A7) AEAN ARE Aitsta HAEEd vk o, ¥aA gt
il s ARy vE A4S ANES AR SdE EFstal KIOST
ZNZEANEA A7) Aol Hold Ao Budk v 9t (Kim et al, 2015).
St al sl Ede] VTR A= (DASK)2F SODA 224 (Behringer,

2007, Carton et al., 2000) 22]32 GFDL ECDA (Chang et al., 2013) & W]
Asstd e, 7 AEA Ag5e FoE Hristrl fdA EN4A AR
#Eow hFsta w3olA A 300M B 7bA o) Fit Fel] die s

-



7+ 7E Akl tidite] A Ao A KIOST 71§44 Az7F o2& R}
Hlagk whek AdEs HoFa Qth 53], e FHEYgs x3etE
EA e el SODAY ECDA HEo F& #F9& dHehda dvs Ao
EAQ Aot} Ao AmelF oA 2] KIOST 7| FAEA 2z #9171 vroy
ol th7] RdoA AEHEEs wdt Fe FoFe] HIHJY] WiEow
spotwan Qlvh. Wyl Ede] yehd upeEde] HIdES BASH] s o]
RdoA ¢ Rdw dgdE s dE55 ueEEs AN o v a54S
50% solA AxtsteE stlom, o#HA st Ao HE=EE G e

ZoE MAET 4 A9t (29¥ 3.1.8).

a9 3.1.8. WEH(ENA)T} LA Atm Atole] H&FF (ESHH 3000[871K] FHd $2)
FEe. (a) sgTe7|=d9 7ISA&A A&, (b) ulE7do] ¥AH ofgdast
71299 713A1EA A&, (c) SODA, (d) GFDL ECDA. (Kim et al., 2015)
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UK Met Office
HadISST SST 194701198108 | (https://www.metoffice.gov.uk/ha
dobs/hadisst/)

B NOAA (https://www.ncdc.noaa.go
OISST SST 198109-201212 v/oisst)

AVISO(https://www.aviso.altimet
ry.fr/en/data/products/sea—surface
—~height—products/global/msla-h.h

tml)
WOD 2009

MBT T profile 194701-200407 | (https://www.nodc.noaa.gov/OC5/

WOD/readwod.html)
WOD 2009

OSD TS profile 194701-201212 | (https!//www.nodc.noaa.gov/OC5/

WOD/readwod.html)
WOD 2009

CTD TS profile 196101-201212 (https://www.nodc.noaa.gov/OC5/

WOD/readwod.html)
WOD 2009

MRB TS profile 197711-201212 (https://www.nodc.noaa.gov/OC5/

WOD/readwod.html)
WOD 2009

PFL TS profile 199407-201212 | (https://www.nodc.noaa.gov/OC5/

WOD/readwod.html)
http://www.nifs.go.kr/kodc/index.

KODC TS profile 1961-2012 kodc
°F 24d A A8

DT-MSLA SSH anomalies | 199211-201212
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KODCE A¢ st #= a5 F+2 GTSPP(The Global Temperature and
Salinity Profile Programme)S &3] TAAZFH o=z £xo] s 9lof
GTSPPe] Azt 9 AAANNEE 2A5E5S As3 ~2AHEE I
AEAoE FHFoEN 27| S AT A Al=gel AREsta v
GTSPP= ol~7]dele] ARE 1599 33 713 #2447 ddole sx

o, NetCDF FHE+: wF dodd g AFsar gy =3 o=

Ae 24 E 3 Best-copy AEE v 74 FEL Ao AA A|FH
T e vy w2 §53 4 e FHo] v GTSPPE o] &3+

b5 A (ARGO $AlelE, JODC, WOD
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Observations
T A

Reanalysis

Prediction

S SRR

a2 3.1.10. 71505 A|AH JjEe

B 3.1.2. ¢4E 8=

Ensemble Lagged , ,
o o Time stepping method
Number initial condition
1 Mom4p0
+00h
2 Mom4p1
3 Mom4p0
+06h
4 Mom4p1
5 1on Mom4p0
6 Mom4p1
7 “18h Mom4p0
8 Mom4p1

AEEE L KIOST ATA~Y 282 B A48 /15 AR gozny
27142 9x Al o] BYS B3 vy A3 42E A% & Yok U
Fosolol sl 19808 % E 20129744 WA A= FaAste] BEARs}e)
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ARIMA (Autoregressive Intergrated Moving Average) 53, 3% (wavelet)
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g89u gt 53 2 (multiple linear regression)S U5 3] 7] 4 o
Zlwkel g o g 4o o =2 A (predictor)?} o =W S (predictand) =
EAA SR A(fitting) AN 2N ASEYPS AT F Ut s3I ARY S
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FAAR dFAAE FE Aol wg oy ©io] U AEFHEAEY
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Agt(fitting) Al 02X dSEYS AT AEAAEAEY AA] vdst
wofoll A ol 2oli QAR I g FAA AJE FHTY] oyHueE WS
7FA AL Qi) Q18417 BHartificial neural network) 232 Q1824 Holek= B A4
7S vtEeRE w3l SAIRYPoH, ASAAWAEAEY Y vTHAE oY
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A vYetded, 1 AY9e Bud AYLE=AATE BAHEG ofdd
7 AFE ol &HAT. HYE fEA o] AFE o]F WNPSH (western
North Pacific subtropical high)gtaz 3kt o] Al X4=7F 29 3.2.6a°
H] L =] A v}

(a) EASRA, WNPSH, and WNPMI

W EASRA

31 e WNPSH
1980 1685 1990 1995 2000 2005 2010
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Pacific monsoon index)= Ztz} vje} &sl ¢, 2]y dd fgo=z JeRd. (b) 119
A=QZ2 71Xl EASRAQF WNPSHQ o]zAhiAl4s =L EASRAQF -WNPSH9

o uAS. 78 A2 9% ALFES Ul (Kwon, 2013).
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hPa A ¢ar=#Hx}e] EOF (empirical orthogonal function) A W# ®=¢] PC
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B 3.3.6. ZF X|Yofle] 1958-2005d 1} 2006-2100d 7]7te] 542 WEHE ('C/yr).

Historical RCP 45
A9 (1958-2005) (2006-2050) (2006-2075) (2006-2100)
GFDL | MPI | GFDL | MPI | GFDL | MPI | GFDL | MPI
=3 0.0168 | 0.0192 | 0.0240 | 0.0228 | 0.0228 | 0.0192 | 0.0144 | 0.0168
33 0.0096 | 0.0084 | 0.0240 | 0.0264 | 0.0264 | 0.0204 | 0.0144 | 0.0156
sZ23 | 00096 | 0.0144 | 0.0168 | 0.0252 | 0.0204 | 0.0180 | 0.0120 | 0.0144
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GFDL-ESM2M 1951 to 2005 interannual KS SV and 5-year mean
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# 3.3.7. 3 7]7K(1951-2005'3)2 ]2 7]7H2006-2100)9] HitaiE +5F WE (B Sv).

GFDL-ESM2ZM MPI-ESM-LR
Month Period A Period B B-A Period A Period B B-A

(1951-2005) | (2006-2100) (1951-2005) | (2006-2100)
1 1.209 1.396 0.187 1.079 1.231 0.152
2 1.023 1.224 0.201 0.919 1.105 0.185
3 1.008 1.236 0.228 1.075 1.198 0.123
4 1.128 1.313 0.185 1.236 1.394 0.158
5 1.196 1.389 0.192 1.321 1.527 0.206
6 1.257 1.428 0.172 1.403 1.570 0.168
7 1.325 1.499 0.175 1.566 1.743 0.177
8 1.397 1.576 0.180 1.654 1.783 0.129
9 1.410 1.601 0.191 1.635 1.726 0.091
10 1.494 1.674 0.180 1.664 1.795 0.130
11 1.525 1.714 0.19 1.650 1.812 0.162
12 1.405 1.614 0.209 1.416 1.596 0.180
avg. 1.281 1.472 0.191 1.385 1.540 0.155
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