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Figure 1. The causalities due to various extreme weather events during 1991-2000 (green bars) and 2001-2010 (purple bars). The
percentages above the bars indicate the change in losses during 2001-2010 compared to 1991-2000. Source: WMO (2013).
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Climate extremes are in both “atmospheres” and “lands”
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Global warming impact on extreme events:
Attribution analysis of 2018 heat wave
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2018 strongest heat wave in South Korea

POSTECH

CRL

POSTECH

CRL

Korea logs record-high temperature of 40.7 C

By Yonhap

v =3

Published : Aug 1,2018 - 14:12

South Korea sizzled to its highest-ever temperature of 40.7 degrees Cesius on Wednesday
as sweltering heat continued to grip most parts of the country.

The mercury hit 40.3 Cin the northeastern town of Hongcheon, Gangwon Province, at 2:20
p.m., marking the highest level since 1907, when the country began to keep weather
records, the Korea Meteorological Administration said.

Death toll in South Korea heat wave hits 42

By Claire Lee

Q| i v =5

Published : Aug,

The prolonged heat wave in Korea has claimed 42 lives, the highest number since the
country began recording heat-related fatalities in 2011, health authorities said Wednesday.

According to the Health Ministry, some 3,440 Koreans have been medically treated for
heat-related illnesses, including heatstroke, from May 20 to Aug. 6. Among them, 42 have
died, including five who were working outdoors.

This year’s heat wave, which began in mid-July, is one of the most severe heat waves in
Korean history. On Aug, 1, Korea sizzled to its highest-ever temperature of 40.7 degrees
Celsius, since the country began recording weather and climate data in 1907. The same
day was also the hottest day in Seoul in 111 years, with a temperature of 39.6 C.

POSTERLH 5w viinooe

Koreans experience electricity supply failure amid
prolonged heat wave

By Claire Lee

>ublished : Aug 2, 2018 - 17:50 Updated : Aug 2, 2018 - 1822 A m

Amid the prolonged heat wave, some 2,000 households in southern Seoul experienced a
blackout for about two hours Wednesday, the day Seoul hit a record high of 39.6 degrees
Celsius - the city's highest level in 111 years.

The electrical failure occurred in an apartment complex, Eunma Town, which consists of
some 4,400 units. The complex was built in the 1970s.

A similar incident took place in Goyang, Gyeonggi Province, where 580 units in an
apartment complex lost electricity.
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2018 heat wave in Northeast China CRL

TNx30

£500 & 9850
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= TNx30 : Maximum consecutive
30-day Tmin anomalies (12 Jul ~
10 Aug 2018)

= Record-breaking high TNx30
was observed in Northeast
China, larger than 3SD of 1961-
2013 climatology

= Northward shift of the western
Pacific subtropical high

10°E 140°E 150°E

1 2 a4 5 (ghg)

blue line : 2018 mean the warm Bohai Sea

t  shading : g850
vector : 850hPa moisture flux Angmalous northwes'tward
L black contour : Z500 moisture transportation from
1)

Anomaly of TNx30 [C)
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Year
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POHANG UNIVERSITY OF
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red line : climatology

-> contributing to warmest night

Ren et al. (2019)
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2018 heat wave in Japan CRL

Japan all-time record high temperature

W= Kumagaya, Japan

41.1° c

(105.98° f)

July 23, 2018

287

Max/Min JRASS, HIST, Non-wW

1960 1865 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
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Imada et al. (2019)

POHANG UNIVERSITY OF
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Exp2 (Z850) [ND]

- HIST2018 W

Non-w201s m

HIST »
-3 Non-w e | Reer=0.58
JRA-55 % | Fnonw=0.46
Ryrass = 0.66

-4 . . . ' . . .
-4 -3 -2 -l 0 1 2 3 4

Exp1 (Z200) [ND]

= |n July 2018, Japan experienced extremely
high temperature.

= This heat event caused damage to human
health with 1032 deaths

= Two high pressure systems (NPSH and
Tibetan high) cause warm climate in Japan
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“"Extremely long-lasting” heat wavell
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CRL

\ () 2018 JA Tmox Ano.. D 30 (b) 2018 HWDx (days)
mean=2.6(°C) 4 mean=18.1days 30 41 (c) Tmox
38N 38N 4 21
‘ 3.4 24 9 o
Ny @ 37N+ .3 0
‘e ® 2.8 ® ® 18 =21
36N 4 36N 4 20-
» X 22 S 12 (d) HWDx
35N 4 35N w 157
' ‘ 1.6 e . 4] _§‘ 10
3 34N don ~ah S o A
1 0 NNV VY W NN WY
33N T T T T T T . 7 r r
126E 128E 130E 126E 128E 130E 1980 1990 2000 2010

Gray line : climatology

= Second highest record July-August Tmax (2.6°C warmer than 1987-2010 mean) since 1973
= Record high number of hot days as 31.5 (total number of days with daily Tmax > 33°C),

breaking the 1994 record (29.7 days)
= Record maximum consecutive hot day (HWDx) with 18.1 days
= Huge societal impact for society and economy, including 48 heat-related deaths
= JA mean Tmax and HWDX are strongly correlated (r=0.74)
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Influence of strong tropical convection
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CRL

Correlation (IMRI & 2507)
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= Northwest Indian convection induces a CGT-like pattern, providing favorable conditions
for Korean heat wave

= Strong convection over the South China Sea is associated with Korean heat wave
(similar to PJ pattern).
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Influence of strong tropical convection CRL

(e) 2018 OLR Ano. (f) 2018 H200 Ano.

6ON{ 60N
o a - - - =
40N p s » - 40N
o By i
N ' .
EQ- e EQ
P S, I —_— e
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-30 -20 -10 0 10 20 30 (W/m% -30 30 20 150 210 (gpm)

= Long-lasting heat wave is related to a persistent anomalous high pressure system in
upper troposphere over Korea

= Strong tropical convection over northwestern India and the South China Sea partly
induce the anomalous high pressure
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Objective CRL

This study aims at quantifying human contribution to the 2018 summer

longest duration of heat wave in South Korea

= Using high resolution large-ensemble atmospheric regional climate model (RCM,
weather@home East Asia, 50km) and atmospheric global climate model (AGCM,
HadGEM3-A-N216, 60km at mid-latitude)

= Comparing probabilities of occurrence of the extreme heat wave duration between
model simulations performed under a real world condition (AMIP type) and the

counterfactual world (with human-induced warming removed)

POSTERLH 5w viinooe
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Data CRL

Observations

= Daily temperature: 45 stations for 1973-2018

= 200hPa Geopotential height: NCEP-1 reanalysis with 2.5° spatial resolution
= OLR: from NOAA interpolated data

Model simulations

Model RCM: HadRM3P (w@h) AGCM: HadGEM3-A-N216
Spatial resolution ~50km ~60km (at mid-latitude)
Boundary Prescribed 2018 observed SST Prescribed 2018 observed SST
ALL simulations | condition/forcing (OSTIA) (HadISST1)
(real world) GHG / Aerosol historical/RCP4.5 sulfate emissions historical/historical emission
Land use/cover historical historical
Period 2018 2018
No. of runs 2300 525
NAT Boundary Prescribed adjusted SST (OBS-ANT | Prescribed adjusted SST (OBS-ANT
simulations condition/forcing | influence estimated from ALL-NAT) | influence estimated from ALL-NAT)
(counterfactual GHG / Aerosol Pre-industrial level Pre-industrial level
world) Land use/cover historical historical
Period 2018 2018
No. of runs 3700 525
§ 9
POSTERLH x5 oo
POSTECH
Model performance for teleconnection pattern CRL

Anomaly composite of H200 for strong convection years

(g) H200 composite (OLR">0.5SD) (h) H200 composite (w@h) (i) H200 composite (HG3)
60N 60N 60N
soN ﬁ ﬂ - 40"1% = ’
20N 20N+ D D 20N D
EQ- EQ
665 90E 120E 150E 180 150W 60E 90E 120E 150E 180 150W 60E 90E 120E 150E 180 150W
<[ [ ] <[ [ ]
-10 0 10 20 30 40 50 60 70 (gpm) -10 0 10 20 30 40 50 60 70 (gpm) —10 0 10 20 30 40 50 60 70 (gpm)
* Strong convection year : OLR > 0.5SD over two convection area during 1987-2010
= RCM and GCM reasonably capture the observed teleconnection pattern (Pattern correlation > 0.6)
but with weaker amplitudes
=  Sampling model runs with strong vs. weak convection : when OLR (precipitation for HG3)
anomalies over two convection zones are below the 30t percentile and above the 70t percentile
10
POSTERLH Xy e

-51 -



POSTECH

Data processing CRL

= Gridded Tmax observations to match the spatial scale between stations and gridded model data

= |nterpolating station observations onto HadGEM3-A-N216 grid boxes (0.86° lon x 0.56° lat) by taking
simple average of station values within each grid box

= HWDx for each grid box is calculated using gridded Tmax data

(a) 2018 JA Tmox Ano. JQN(b) 2018 HWDx

(*C)

mean=2.6 (°C) s mean=18.1days
BN 38N -
3.4
37N - 37N 1
2.8
36N 1 36N
35N - 35N 1
34N - 34N 1
33N 33N

126E 128  13CE 126E  128E  130E

= Different Tmax thresholds applied for each model to consider model biases in climatology and
variability in Tmax

= Find temperature corresponding to the same quantile as the observed threshold (33°C):
w@h : 33.21°C, HadGEM3-A-N216 : 30.51°C

POSTERLH 5w vidinooer

POSTECH

Risk Ratio (RR) analysis CRL

= Quantifying anthropogenic influence on extreme events (Stott et al. 2004, Nature)

= Comparing the probability of extreme events occurring in a real world (with human influence) with
that in a counterfactual world (without human influence)

Threshold

Real E RR = PA/PN

P, : Probability that extremes will occur
exceeding the observed strength in
natural unforced conditions (NAT)

Counterfactual

Likelihood

P, : Probability estimated in anthropogenic
forced conditions (ALL)

Climate variable

= Confidence interval : “likelihood ratio method” (Paciorek et al. 2018)

POSTERLH 5w viinooe
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Results - Risk Ratio for Tmax

POSTECH

CRL

(a) Density of Tmax [w@h]

(b) Density of Tmax [HG3]

g 7 — ALL — ALL
— NAT — NAT
— 2018 — 2018
© | — 1994 © | — 1994
o | o \¥_ S | = _\-__——‘_
: 5 2 4 s e
JA Tmax anomaly (°C) JA Tmax anomaly (°C)
w@h HadRM3P HadGEM3-A-N216
Pat 19.8% 3.6%
JATmax | All ensemble Puar 4.2% 0.19%
RR 4.7[4.1-55] 19.0 [4.9-184]

= Human influences increase the probability of extremely warm summer by 4-5 times and 19 times

POSTRELCH

POHANG UNIVERSITY OF
SCIENCE AND TECHNOLOGY

Results - Risk Ratio for Tmax

13

POSTECH

CRL

(a) Density of Tmax [w@h]

(b) Density of Tmax [HG3]

@ @
o — ALL o — ALL
-~ Allsc -~ Allsc
- AllLwc AlLLwc
o S e e
| sC -~ sC
o NATwe © NATwc
— 2018 — 2018
& — e > — 1994
‘@ <t W o<
g o S o
o a
o \ S
S
=2 s IS ol . E&
o o
2 0 2 H 6 2 0 2 4 6
JA Tmax anomaly (°C) JA Tmax anomaly (°C)
w@h HadRM3P HadGEM3-A-N216
Paii 25.9% 16.7%
Strong Cov. Pnar 7.8% 0%
JA Tmax RR 3.3(2.4-4.6] o0 [5.0 - o9]
Pai 8.2% 0%
Weak Cov. PNAT 2.8% 0%
RR 3.0[1.7-5.5] -

= Tropical convection affects the probability of warm summer, but RR remains large
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Results - Risk Ratio for HWDx
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CRL

(c) Density of HWDx [w@h]

(d) Density of HWDx [HG3]

§ 7 — ALL § 7 —— ALL
— NAT — NAT
@ | — 2018 @ | — 2018
Py — 1994 Py — 1994
557 557
g g e I
%0 5 1 15 20 25 30 ) 5 1 15 20 25 30
HWDx(days) HWDx(days)
w@h HadRM3P HadGEM3-A-N216
Py 1.0% 0.76%
HWDx | All ensemble Par 0.11% 0%
RR 9.7 [4.3-26.1] 00 [2.5 - oo]

= Probability of long-lasting heat wave has increased by about 10 times due to human impacts

POSTRELCH
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Results - Risk Ratio for HWDx
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CRL

(c) Density of HWDx [w@h]

(d) Density of HWDx [HG3]

ALL

NAT

NATsc
NATwc

2018
1994

AlLsc
- Allwc

Wiy

ALL
AlLsc
AlLwe
NAT
NATsc
NATwc
2018
1994

Density
0.00 0.05 0.10 0.15 0.20 0.25 0.30
L

Density
0.00 0.05 010 0.15 0.20 0.25 0.30
L

S .
d é 1 b 1I5 2‘0 2‘5 3b (I] é 1I0 1‘5 Zb 2‘5 3b
HWDx(days) HWDx(days)
w@h HadRM3P HadGEM3-A-N216
PALL 1.7% 2.1%
Strong Cov. Pyar 0.24% 0%
RR 7.3[1.5-74.7] 00 [0.32 - o9]
Pan 0.78% 0%
Weak Cov. Pyar 0.25% 0%
RR 3.1[0.47 - 34.9] -

=  Tropical convection can increase or decrease the probability but RR is not affected much

POSTERLCH

POHANG UNIVERSITY OF
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Results - Influence of delta-SST (w@h) CRL

= SST boundary condition for NAT simulation
: Observed SST minus anthropogenic SST increase (delta-SST)
= Delta-SST is estimated from 12 individual CMIP5 models and multi-model mean (All
forcing minus natural only forcing runs for 1996-2005 means)

__CNRM-CM5

-

== N |y
—— —=ememm ¢ Black et al. (2016)
2 15 -1 -05 0 05 1 15 2
' POHANG UNIVERSITY OF 1 7
Pas EEH SCIENCE AND TECHNOLOGY
POSTECH
Results - Influence of delta-SST (w@h) CRL
a b,
1000 (o) 30-b)
500 — RR Tmax (2018) 90% range Tmax (2018) Ri0.63 p<0.05
— RR Tmax (1994) 90% ronge Tmax (1994) Ri0.79 p<0.01 ®
200 °
o 100 5 204
= ['4
5 50 %
x 90 = = - | =
® | SEN = 5
10 = 2 | § | 2 10
5 = | HN ] | o= -
2 =7 L 51
1 11—
HG3 woh 1 2 5 & 5 6 7 & 8 10 11 12 13 2 As 1 05
Individual A SSTs (w®h) AER(Wm™2)
(3 d
1000 (c) 1048
500 — RR HWDx (2018) 90% range HWDx (2018) R:0.57 p<0.01
— RR HWDx (1994) 90% range HWDx (1994)
200 o
2
100 ]
2 g ®
nU: 50 E
x x 5
i 20 | %
10 — g
o = 1| H S ®
\ §--HEQ-5-HEHEy By | | , ® CLEL
HG3 wOh T 2 3 4 5 6 7 8 & 10 11 12 13 2 -5 1 05 0
Individual A SSTs (w@h) AER(Wm=2)

= Spread in RR across the delta-SST is significantly related to the different aerosol sensitivity of GCMs
=  Robust greenhouse forcing influence (RR >> 0) in 2018 JA Tmax and HWDx

POSTERLH 5w viinooe
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Summary & Discussion CRL

= This study quantifies human impacts on the 2018 summer heat wave
intensity and maximum duration by conducting an event attribution analysis.

= Probability of extremely JA Tmax and maximum duration of heat wave in
Korea is compared between real world (ALL) and counterfactual world (NAT)
conditions using the datasets from high-resolution large ensemble
simulations from an atmospheric RCM (w@h) and AGCM(HadGEM3-A-
N216)

= Human activities have at least quadrupled the probability of occurrence of
the extremely long-lasting heat waves over South Korea as observed in 2018
summer.

= Strong tropical convection activity seems to have contributed to the
increased probability of the heat wave intensity and duration, but human
influences on heat wave remain overall unaffected by the strength of tropical
convection.

POSTERLH 5w vidinooer
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Z™ E2|(Decision Tree) 2
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(JJA)
R CGT negative

1980 YES = 0 0 /\
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positive negative
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1980 1985 1990 1995 2000 2005 2010 2015 2020

o
3.672

=34 CGTI =0O— NCEP/NCAR-R1 =~ GloSea5-GC2
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o EICEP CFS (1982-2012) o fPCC MME (1983-2005)
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(a) WNPMI, WNPRA, and EASRA

sl S —e— WNPMI
f: : : : : | —=— WNPRA
) A q od 3 : L H 3JL,EASRA3
. a, '\As. < ‘ 7 :_ub 4
e 0 &Qé“ /;:}\ﬂ WA H/\ )
£ 7 bR icive
Iy |
o ][y i ;» L"J ikl ‘I - 1980 1985 1990 1995 2000 2005
S r/fw r:' , i (b) SLIDING CORR(\/\/NPM\ or WNPRA, EASRA)
OE 120E 140E 160E 180E
-0.2 7T
» Western North Pacific ~0-49
Monsoon Index (WNPMI) -0.6
Wang et al. (2001) 0.8
> East Asian Summer T 1985 1990 1995 2000 2005

Rainfall Anomaly
(EASRA) Lee et al. (2005)

» Western North Pacific Subtropical High Index (WNPSH)
Xiang et al. (2013)

_ . PJ (Pacific-Japan) I &
(Nitta, 1987 Huang
and Sun, 1992)

90E 120E 150E 180 150W 120W gow
WNP (Western North

- Pacific) I H
T . _ = (Kwon et al. 2005 Wang
60N 4 paaa 7 4 8 et al, 2007)

N (b) CORR(GPH500,WNPMI) 1994—2004

90E  120E  150E 180  150W 120w  90W
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HetSAIZES 0|8t AZE o=

CCA (Canonical Correlation Analysis) model > IfE 2| 0| %

East Asia Western North Pacific
Summer Rainfall Subtropical High
Z UinPnk Z VinGnk
n n
U = Yk AikPrk Xk Bjdnk
" Xk Pk m Yk Gnic?
Aik1 = Z Uinpnkl
n
_ Zk Pnk9nk

Pnk, = W‘hkl = C=n‘Ink1
Regression coefficient
2 VinBik,
Ank, = W
Jon Forecasted WNPSH
_ Yk PrkGnk w
(=, Un5 0Ty y
— kni”  XjVin
Predicted EASRA

U;, : singular vectors corresponding to A4;;

Vjn : singular vectors corresponding to B

Pnk - canonical variables of 4;;

Gk : canonical variables of B,
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merica
_ %2INPGO), Salinity
a1 0.1 A -
301}* 0 2
20! -0.1
2 -0
10 | North Pacific 4
4 Sea Level Anomalies . NPGO NO; .
—240 —‘220 —-200 —186 -160 -140 -120 -100 3
0
Gulf of Alaska 2
Line P Observations -2
The NPGO index 2 [NPGO |} Hne P Salinity NPGO|, Chi-a
measures changes in the o 05 "
North Pacific gyres 0 & o g
circulation and explains 05
key physical-biological -2 NPGO Line » NO '1
) ine P '3 -
ocean variables 2 1970 1980 1990 2000
year
]
¢} =
- 2nd
* NPGO : 2n EOF SSH 2 Di Lorenzo et al., 2008
1970 1980 1990 2000
18
— NPGOZ2| §Z 4 M3}
180 150W 120W 90W sow
180 150W 120w 90w
Tripole
pattern?

40N

20N

120E 150E 180 150W 120W 9OW

——sl N T —
-0.8 -0.6 0.4 -0.2 0 02 04 06 038

120E 150E 180 150W 120W QOW  GOW

-68 -



—— SOM(Self-Organizing Map) £

o HAt= EEA A7| ZESR| 29| =
)g I 1T

% Clustering Analysis

- Hierarchical Clustering

- K-means Clustering

- Fuzzy C-means Clustering

- Kohonen Clustering

- Self-Organizing Map
(P21 =X 2R &)

input vector

SOM Update Rule

w (n+ 1) =w,(n)+n(n) by, (n) (x - w,(n))

Learning rate

SOM(Self-Organizing Map) & (0f)

1.54 °
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1 (©] D iy
L]
L ]

0.51 =

0 Van o Vany
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L ]
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L ]
*
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-1.51 'Y
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— OLR 4 & (3x3 SOM 1 &)

v’ Daily-mean SH& & A{HI2H(1979-2018) <« 100E-180, Eq.-60N ¥
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ULSAN NATIONAL INSTITUTE OF
Lol SCIENCE AND TECHNOLOGY

Long-term trend and future change of tropical
cyclones around Korea

Dong-Hyun Cha

School of Urban and Environmental Engineering

Ulsan National Institute of Science and Technology

2020/07/09 APCC 7| 20| =3 4F

Introduction

Economic Losses

Economic Losses by Natural Disasters(2010~2015)

B Typhoon

B Heavy Rainfall

= Heavy Snowfall
Others

{from Ministry of Public Safety and Security)

> Tropical cyclones (TCs) are considered to be the most destructive natural hazards in East Asia due to
significant casualties and property damages.

> There have been a number of studies on the long-term variability of TCs over the western North Pacific

(WNP). Zhang et al. (2018) indicated that TC frequency over the WNP decreased recently; however, the
damage by TCs tended to increase as more TCs made landfall in Korea and Japan (Park et al., 2011).
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Introduction

Typhoon CHABA (2016)
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Introduction

Regional Climate Model (RCM)

> Regional climate models can realistically simulate mesoscale phenomena because of high resolution,
sophisticated topography, and physics parameterization.
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Introduction

» Coarser resolution GCM provides initial and lateral boundary conditions to drive RCM.

» Higher-resolution RCM is nested in the GCM and provides mesoscale information.

Introduction

Regional climate downscaling project in Korea

2010-2011: CORDEX Phase | (EAS-44)
2012-2014: 12.5km Korea (KOR-11)
2015-2017: CORDEX Phase Il (EAS-22)

2018-2020: New Project for CORDEX (3 million US$ for 3yr)

CORDEX
CORDEX EA FPS Development

CORE Experiments of Coupled
Experiments (CPM & RCM
LULC)
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Introduction

Current Climate & Mean and Extreme
li Analysi
Observation data ‘ Future Climate based on RCP : pfo}r:;tiin 2?1{3:,5,6
(CRU, APHRODITE) Scenarios (2.6, 4.5, 6.0, 8.5) climate change
Current and Future climate database
(Policy maker, Agency, People etc)

i&

Long-term trends in tropical cyclones

around the Korean Peninsula
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Long-term trends in tropical cyclo'v
Korean Peninsula and westek

. Kossin., (2015)
TC translation speed

Time series of annual-mean TC translation speed and their linear trends Change in the global distribution
Overtand o Over water of TC translation speed
“la North Atlantic § b Western North Pacific 0.045 H M 1949-1982
. I 1983-2016
.‘: 0.04
§’ “ 0.035 i
Sg T
S L o
g § I % 0.02 i
z 5
= ) * o015
0.01
d Northern Indian 0.005 Ix .
T: | § I | 5.
£ o 16 2 @ 4 s s
= Translation speed (km h~")
|1
5 » The global annual mean tropical cyclone translation
@ speeds show a decreasing trend during 1949-2016.
5
=
» The global distribution of translation speed exhibits a
clear shift towards slower speeds in the second half.
E » The differences are highly significant throughout most
£ of the distribution.
H
é » There is a substantial and significant slowing trend over
@ land areas affected by western North Pacific tropical
2 cyclones (21% reduction).

1950 1960 1970 1980 1990 2000 2010 1950 1960 1870 1980 1980 2000 2010
Year Year

TC frequency

Total number of TCs

45 PRTUR SR S NS ST ST A SNNT TR S NS ST ST NS S S W

1 > Time series of the total number of WNP TCs in JJASO
40 from 1960 to 2014 (black line).
35 » The red line represents interdecadal variation with an

1 8-year low-pass filter.
30

frequency

» The decreasing trend of the TC genesis number is

o5
s 1 statistically significant.

20

15-""I""l""l""l""l'-
1960 1970 1980 1990 2000 2010 Hu et al., (2018)

The frequency of Korean Peninsula Affected TCs

12 ey ()

» The significant change point was found between 1983
and 1984 about the number of Korean Peninsula
affected TCs.

» While there were 61 TCs for period 1 (1965-1983), there
were 95 for period 2 (1984-2004).

Frequency

» There was an increasing trend of the number of TCs
that affected the Korean Peninsula (TC-KPA).

0 FPEPIIT I IS i S Sl ST S ai warararnl N,

1970 1980 1990 2000 Choi and Cha., (2015)
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Long-term trends in tropical.eyclone

Choi et al., (2016)

TC genesis and passage frequency

Distributions of difference in TC and TC passage frequency Differences in 500 hPa and 850 hPa streamline

70N 60N
60N

50N

o
20N

10N

EQ 13 1 ° EQ 1 EQ P
100E 120E 140E 160E 180 100E 120E 140E 160E 180 IS0E 160E 170E 180
(a) 500 hPa streamline (b) 850 hPa streamline
® 061009 O 061009 ® 10to— O -10to—
© 031006 0 ~03t0-0.6 ® 051010 0 -05t0-1.0
< 001003 o 0.0t0-0.3 - 001005 ° 00t0-05
(a) TC genesis frequency (b) TC passage frequency

» Difference of TC genesis and passage frequency between Period 1 (1977-1998) and Period 2 (1999-2013).
» Recent TCs were generated further in a northwest region of the WNP.
» TC track showed a pattern that moved to the mid-latitude in East Asia, mostly during Period 2.

» In the difference of 500 hPa streamline between two periods, Anomalous anticyclonic circulations were
strengthened in 30-50N, where an anomalous monsoon trough was placed in the northern South China Sea.

» In the difference of 850 hPa streamline between two periods was also similar to a 500 hPa streamline.

» In addition, anomalous south-easterlies were strengthened from the southeastern sea in the WNP to the mid-
latitude East Asia.

—

Long-term trends in tropical eyclone

. Choi and Moon., (2012)
TC genesis and passage frequency

The ratio of the monthly frequency of TCs from 1951 to 2010  Results of change-point analysis The ratios of monthly TC frequency
. P e e T 50
E = 885% —= 1 1 (@) Western North Pacific
& af * v N\ I 40
3 1 X
§ » 3 / f 30 | m— 2005-2010
g | L /\ y - 1
;r_:a 10f ol \H w ’\’\Vf\f“’\\yfv{ i 20 3
. E 3 4 4 (c) 10 4

Jun Jul Aug Sep

» Most of the TC-KPAs occur during June to September.

E (b) Korean Peninsula

40
» The frequency periods of the TC-KPAs can be divided into three periods: ]
1) 1951 to 1967 (high-frequency period) E

2) 1968 to 1983 (low-frequency period) 20 1
3) 1984 to 2010 (high-frequency period) ]

Ratio of monthly TC frequency
] g
1

» The third period can be subdivided into the high-frequency period (1999-2004; ]
P1) and low-frequency period (2005-2010; P2). Jun ol Aug Sep

» During P1, the number of TCs in the WNP tended to increase until August and
decrease in September.

» During P2, that of TCs in WNP grew until September steadily.

» The ratio of monthly TC-KPAs also shows a trend similar with that in the WNP.
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TC genesis and passage frequency

Distributions of difference in TC and TC passage frequency

FON

BON 4
50N
40N
30N
20N

10N Y

Choi and Moon., (2012)

Differences in frequency of the TC recurvature

(a) TC genesis frequency (TCGF) (b) TC passage frequency (TCPF)
70N 0N
@ 051003 () 051008 @106 919t~ © 051509 @ 051003
# 031005 & 93100 © 0510 & 051010 - ® 031008 & 031008
- 001003 - 0ow-03 w % 60N | L= 00w0s « oow0s 0N 4 L vowe3 « owos
[ 4-Pis0an, 9658
X pa:tas os2E X p2:z0.n 2808

50N
40N o
30N o

20N

.. . e
“.@e =@
& @® . -
[ ]

10N 4

EQ

100E 120€ 140E 160E 180 100E 1208 140E

160E

|§D 100E 120E 140E 160E 180

During P1, more TCs were generated in the southeastern part of the WNP.

TCs tended to pass through the East China Sea from the Philipines and move to the Indochina peninsula and the

south coast of China.

During P2, more TCs were generated in the northeast of the Philippines.

TCs tended to move farther westward than TCs during P1.

TCs that occurred in the sea to the east near the Philippines generally tended to move westward, while TCs that
occurred in the sea far from the Philippines tended to move to the northwest.

The TC recurvature locations during P1 are closer to the west than during P2.

Korean Peninsula and westeri'N

TC intensity

Decadal and annual variation in the central pressure of TC-KPAs

Central pressure (hPa)

1010 e S
1000
990
980
970

1970 1980 1990 2000
Choi et al., (2017)

Central pressure and Maximum sustained wind speed

Latitude ("N)

Latitude change of TC maximum intensity

t-value

= i ]
| I B I R R A I- 71' P R R T I- 73
N2 2 g2 LY R ITRem

I~ & L @ X O & & O o —_ -

F= N = SR = SR - N - N = = S = N = T = = = R |

— — — — - — — — (o] o~ (o] (o] (o]
—— 1977-1998 average -+ t-value

——= 1999-2013 average ——— Trend (latitude)

Choi et al., (2016)

t-value

Central pressure and Maximum sustained wind speed

1020 120
| (@) Central pressure (hPa) | | (b) Max. sustained wind (kt) -
. = . - 100
1000 |- 1F . ]
L 1+ -1 80
980 977.0 [ '
= - 60
L 9738 11 523 ]
960 L 1k 455 440
i 1k 420
040 . 4t I
e - b o
920 . . . .
1999-2004 2005-2010 1999-2004 2005-2010

Choi and Moon., (2012)
The intensity of TCs that affected Korean Peninsula is
increased.

The latitudes of TC maximum intensity shifted northerly.
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Long-term trends in tropical cyclo"_‘ :
Korea and Japan in late su

1 nlé;tﬂf

Lee et al., (2019)

Data and Methods

| 1

, | » Besttrack data: JTWC (Joint Typhoon Warning Center) Best Track Data

40N I » The analysis area is set as 30—45 °N, 120-150 °E, covering Korea and
, t Japan.

» The analysis period is from June to November for 35 years (1982-2016).

1 t > The analysis area is set as 30—45 °N, 120-150 °E, covering Korea and
g H Japan. Hereafter, TCs passing through the analysis area are referred to as
1 H typhoons in the extratropical WNP (TEW).

T ! ! T
120E 150E

Results

The number of TEW in each period for 35 years (1982-2016).

DATE NUM_TEW DATE NUM_TEW

June 1 - June 10 6 September 1 - September 10 33
June 11 - June 20 11 September 11 - September 20 38
June 21 - June 30 12 September 21 - September 30 34
July 1 - July 10 15 October 1 - October 10 31
July 11 - July 20 17 October 11 - October 20 20
July 21 - July 31 27 October 21 - October 31 12
August 1 - August 10 43 November 1 - November 10 6
August 11 - August 20 37 November 11 - November 20 2
August 21 - August 31 41 November 21 - November 30 2

» The periods with above 30 TEW are selected for further analysis.

Long-term trends in tropical cyclo'"' :
Korea and Japan in late summer an

Lee et al., (2019)
Results

The frequency of TEW in the first half (1982-1998) and second half (2000-2016)

August September October
Early Middle Late Early Middle Late Early
1982-1998 18 18 23 13 16 18 17
2000-2016 21 17 16 20 20 15 13
Relative change (%) 16.7 -5.6 -30.4 53.8 25.0 -16.7 -23.5

» The increasing rate during the early and mid-September and the decreasing rate during the late August are notable
with more than 25 %.

The time series of the frequency of TEW with linear trend line

(a) Sep.1 - Sep.20 p value : 0.002 (b) Aug.21 - Aug.31 p value : 0.007
3 - 3
I} o}
g2 - g2 -
=} =}
c c
o 2
1 ] 1 —
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p-value from the Mann-Kendall non-parametric test.
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Results

Linear trends maps of TC genesis density and track density

September 1-20

(a) TC Genesis Density Trend year’
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Results

Linear trend maps of large-scale environment in September 1-20 (left) and August 21-31 (right)

(a) Sea Surface Temperature (K year)
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(c) Vertical Wind Shear (m s year")
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August 21-31

0.010
0.008
0.006
0.004
0.002
0.000
-0.002
-0.004
-0.006
-0.008
-0.010

(d) TC Track Density Trend
| s

/ S 0.10
0.08
0.06
0.04
F 0.02
t 0.00
= -0.02
P -0.04
008
008
-0.10

p-value from the Mann-Kendall non-parametric test.

e

(b) Sea Surface Temperature (K year’)

(d) Vertical Wind Shear (m's” year”)
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August 21-31

() Steering Wind (m s year"), Geopotential Height (gpm)
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> Sea surface temperature data : OISST (Optimum Interpolation Sea Surface Temperature)

» Atmospheric data :

ERA-Interim reanalysis

» Contour lines in e and f designate 5,880-gpm contour of 500 hPa geopotential height
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Dotted areas and wind vectors indicate p-value from the Mann-Kendall nonparametric test < 0.05



Tropical cyclone activity

El Nino Southern Oscillation (ENSO)

Tropical cyclone activity

and climate indices
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Kim et al. (2011)

» Eastern Pacific warming (EPW), Central Pacific warming (CPW), Eastern Pacific cooling (EPC), these three phases
of ENSO are shown to have different impacts on TC activity over the western North Pacific

» In EPW years, the genesis and the track density of TCs tend to be enhanced over the southeastern part and

suppressed in the northwestern part of the western Pacific by strong westerly wind shear

» In CPW years, the TC activity is shifted to the west and is extended through the northwestern part of the western
Pacific. On the other hand, The CPW produces a large suppression of TC activity in the eastern Pacific basin

» In EPC years, All of the variables investigated show almost a mirror image of the EPW
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Tropical cyclone activity and
-

Intraseasonal Oscillation (ISO)

(1) Madden-Julian Oscillation (MJO)
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Left : 850hPa stream line, 30-60 day filtered relative vorticity anomalies
Middle : 500hPa stream line, 30-60 day filtered omega anomalies
Right : 250hPa stream line, 30-60 day filtered divergence anomalies
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Li and Zhou (2012)

» The significant increase (reduction) in cyclogenesis in the convective (non-convective) phase

» the large contrast in TC frequency also results in a significant difference in daily accumulated cyclone energy (ACE)

between the convective and non-convective MJO phases

Tropical cyclone activity and:
s

Intraseasonal Oscillation (ISO)

(2) Quasi-biweekly Oscillation (QBO)
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Left : 850hPa stream line, 10-20 day filtered relative vorticity anomalies
Middle : 500hPa stream line, 10-20 day filtered omega anomalies
Right : 250hPa stream line, 10-20 day filtered divergence anomalies
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Li and Zhou (2012)

» The northwestward-propagating QBO is characterized by alternating signals of positive and negative convection

— It leads to the results in a northwestward shift in TC genesis locations
— It causes substantial differences in intensity distribution and daily ACE for different QBO phases
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Tropical cyclone activity ands

Tropical Upper-Tropospheric Trough
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» West-east of the TUTT shifts eastward (westward), TC formation is
enhanced (suppressed) in the eastern portion of the WNP
— TUTT shift mainly affects the TC formation in the eastern portion
of the WNP basin

» TCs form in the eastern WNP — Longer time for intensification

/// //

» More TCs developed into typhoons or higher intensity in the east

years than in the west years Schematic illustration of the circulation configuration

in El Nino (red) and La Nina (blue)

Tropical cyclone activity and,

Pacific Decadal Oscillation (PDO)

(a) Wind Shear Index
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» The overall TC activity shows a significant decrease, which is partly related to the positive PDO phase and the
downward trend of TC genesis frequency in the main development region

» The strong (weak) vertical wind shear and strong (weak) subtropical high lead to unfavorable (favorable) condition
for TC genesis during positive PDO phase
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Tropical cyclone activity'and Pa
e

Data and Methods

Frequency of TC (TEW) in each month (JJASON) with top PDO phase years

WPS Domain Configuration

Model WRF v3.9.1
Honzog;&:l;ﬂ:;nne)nsmns 251 x 341
Map projection Mercator
Horizontal resolution 25 km
Lateral boundary condition ERA-Interim
SST data OISST
Vertical levels 35
Microphysics WSM6
Planetary boundary layer YSU
Long and shortwave radiation RRTMG Experiment design
Convection scheme Kain-Fritsch T=T+T

T = zonal everaged temperature
T' = perturbation

Simulation period

EXP 1 1993, 2008 /08 /14 /00 ~ 1993, 2008/ 10/ 01/ 00 CTL= Tyear + T;'ear

EXP 2 1993, 2008 /08 /15/00 ~ 1993, 2008/ 10/ 01/ 00 —_— ,
Zonal =Ty + Tyear

EXP 3 1993, 2008 /08 /16 /00 ~ 1993, 2008/ 10/ 01 / 00

EXP 4 1993, 2008 /08 /17 / 00 ~ 1993, 2008 /10 / 01/ 00

EXP 5 1993, 2008 /08 /18 /00 ~ 1993, 2008/ 10/ 01/ 00

»  All experiments are based on time-lagged ensemble forecast method to reduce uncertainty (each experiment has 5 ensemble members).

Tropical cyclone activity'and P
s

Results TEW

|

Frequency of TC (TEW) in each month (JJASON) with top PDO phase years

1208 1506

Top 5 Negative PDO phase years June July August September October November
2011 3(1) 4(1) 4(2) 7(5) 1(0) 1(0)
2008 1(1) 2(1) 5(2) 7(4) 2(1) 3(0)
1999 0(0) 6(3) 8(7) 5(3) 2(1) 4(1)
2012 3(2) 4(1) 5(5) 5(3) 3(4) 2(0)
2001 3(1) 6(1) 6(3) 5(3) 3(2) 3(0)
Total 10(5) 22(7) 28(19) 29(18) 11(8) 13(1)

Top 5 Positive PDO phase years June July August September October November
1997 3(4) 4(1) 8(2) 6(3) 4(0) 2(0)
1993 2(0) 6(3) 6(3) 7(2) 4(2) 5(0)
1987 2(0) 4(4) 4(1) 7(1) 2(3) 3(0)
1983 1(0) 3(0) 6(4) 2(1) 6(1) 4(1)
2015 2(0) 4(2) 4(4) 5(2) 4(1) 1(0)
Total 10(4) 21(10) 28(14) 27(9) 20(7) 15(1)

Best track data : JTWC best track data
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Tropical cyclone activity and
aaPy
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Results

sea surface temperature in each experiment and difference

(c) CTL-ZONAL, 1993

(b) ZONAL, 1993
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Future change in tropical cyclone

activity over western North Pacific

Data and Methods

List of CMIP5 models analyzed

No.  Model Institute/country
1 ACCESS1.0 Commonwealth Scientific and Indus_trial Research Organization (CSIRO) and B
ureau of Meteorology (BOM)/Australia
2 BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration/China
3 BNU-ESM Beijing Normal University/China
4 CanESM2 Canadian Centre for Climate Modeling and Analysis/Canada
5 ccsm4 N | Center for A heric Research/United States
6 FGOALS-g2 Iéis\gy(;-i_:i]:;i':tt:st:bv:gls;;g:z:::hysics, Chinese Academy of Sciences and C
7 FIO-ESM The First Institute of Oceanography, State Oceanic Administration/China
8 GFDL-ESM2G = NOAA Geophysical Fluid Dynamics Laboratory/United States
9 GISS-E2-H NASA Goddard Institute for Space Studies/United States
10 GISS-E2-R NASA Goddard Institute for Space Studies/United States
1" HadCM3 Met Office Hadley Centre/United Kingdom
12 HadGEM2-A0 :‘:::]i/«w:rlel:stitute of Meteorological Research/Korea Meteorological Administra
13 HadGEM2-CC  Met Office Hadley Centre/United Kingdom
14 HadGEM2-ES  Met Office Hadley Centre/United Kingdom
15 INMCM4 Institute for Numerical Mathematics/Russia
16 IPSL-CM5A-LR L’Institut Pierre-Simon Laplace/France
17 IPSL-CM5A-MR  L’Institut Pierre-Simon Laplace/France
Atmosphere and Ocean Research Institute (University of Tokyo), National Instit
18 MIROC5 ute for Envir | Studies, and Japan Agency for Marine-Earth Science an
d Technology/Japan
19 MPI-ESM-LR Max Planck Institute for Meteorology/Germany
20 MPI-ESM-MR Max Planck Institute for Meteorology/Germany
21 MRI-CGCM3 Meteorological Research Institute/Japan
22 NorESM1-M Norwegian Climate Centre/Norway
23 NorESM1-ME Norwegian Climate Centre/Norway
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Song et al., (2015)

The four terms of the GPI (Genesis Potential index)
are shown below:

Vpot

H
5 70

3
GPI = |10°9|Z X (1 + 0.1V gpeq,) "2X ( 0)3x ()3
n : absolute vorticity (s™') at 850 hPa

Vshear - Vertical wind shear between 850 and 200 hPa
(ms7)

H : relative humidity at 600 hPa (%)

Vpot - maximum TC potential intensity

The potential intensity is calculated as follows:

Vior = Cp(Ts —To) 1~ (In6; ~ In6,)
Ts : ocean surface temperature
T, : mean outflow temperature
Cy : exchange coefficient for enthalpy
Cp : drag coefficient

6, : saturation equivalent potential temperature at the
ocean surface

6, : boundary layer equivalent potential temperature



Results

B =

(a) Spatial distributions of mean frequency of observed tropical
cyclone formation in the WNP. (b—d) July—October mean GPI
calculated by reanalysis data.
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GPI in the WNP simulated by the CMIP5 models. MME (last panel)

is

> Best track data : The International Best Track Archive for Climate Stewardship

(IBTrACS)

» Ocean data : Optimum Interpolation Sea Surface Temperature version 2 (OISST V2) zox

> Analysis period : 1982 — 2005 (24-year), July-October

» The values above each panel on the right are the correlation coefficients between
observed TC frequency and the reanalysis dataset.

—.
Results
Scatter plot of correlation coefficients and RMSE from CMIP5 models.
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» The black box indicates the models used in the future projection.
» The CCs and RMSEs between the GPI from models and the GPI

from ERA-Interim—OISST reanalysis data are calculated for each of

the 23 CMIP5 models
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the multi-model mean.
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Time series of MMEGPI under the RCP scenarios in the domain

(5°-30°N, 110°-160°E).
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Future Change in Tropical Cyclone‘Activit v

in CORDEX-East Asia Multi-RCMs.For

Lee et al., (2019)

Data and Methods

The configuration of the RCMs used in this study

RegCM SNURCM WRF GRIMs
Institute Kongju National University Seoul National University Seoul National University Yonsei University
Dynamics framework Hydrostatic Nonhydrostatic Nonhydrostatic Hydrostatic
Projection, resolution Lambert conformal, 50km Lambert conformal, 50km Lambert conformal, 50km Mercator, 50km
Vertical levels 18 24 27 22
Convection Emanuel (1991) Kain (2004) Kain (2004) Hong and Pan (1998)
PBL Holtslag et al. (1990) Hong et al, (2006) Hong et al, (2006) Hong et al, (2006)
Spectral nudging Yes (full wind nudging) Yes (full wind nudging) Yes (full wind nudging) Yes (rotational wind nudging
only)
Reference Giorgi et al. (2012) Lee et al. (2004) Skamarock et al. (2008) Hong et al. (2013)

The CORDEX-East Asia domain with topography

40N u, o+«

» The analysis was focused on TCs that formed from June to November (JJASON),
since most TCs over the WNP (around 85% of the total annual TCs) tend to occur
during the period.

o 3% : \3 : » Simulation period : present (1980-2005) and future (2024-2049)
% /3 : 5\57_0“3/\& . .
s ﬁd b, =5 > Analysis domain : 0-45°N, 100-160°E

» To diminish the uncertainty of a single RCM, the multi model ensemble (MME)
mean of four RCMs was constructed using the performance-based ensemble
averaging method

i)

il ..
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Lee et al., (2019)

ReSUItS RCP 8.5 (2024-2049) - historical(1980-2005)
TC genesis density TC track density
45N F 45N
EAC region
30N 30N

15N - : 15N
. = cpm ol

" 3
NN b e

| | | |
100E 120E 140E ‘ 166E 100E 120E 140E 160E

NTC, NTC_EAC, ACE, and duration

NTC NTC_EAC ACE Duration
(year™') (year™) (10*m? s?) (day year™)
(1980-200%) 185 5.8 245 5.4
(2'354'?2%29) 207 6.7 201 5.7
Relative change (%) +4.5% +15.8% +17.5% +6.6%

NTC : Number of TC
NTC_EAC : Number of TC movement toward EAC region
ACE = ¥ Vx

-05 -



Future Change in Tropical Cyclone Activit

in CORDEX-East Asia Multi-RCMs Eorce

Lee et al., (2019)

Results RCP 8.5 (2024-2049) — historical(1980-2005)

Relative vorticity (shading) and wind vector (vector)

Precipitati hading, "
at 850 hPa (10 s-1) recipitation (shading, mm day-')

/}’ 3

-1.2

Vertical wind shear between 200 and 850 hPa (m s™') and Meridional temperature gradient (10 °C km-') and
western North Pacific subtropical high at 500 hPa (contour) sea surface temperature (°C)
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Lee et al., (2019)

Results
Probability density function of maximum wind speed
Annual number of TC geneses, number of TCs entering the EAC region, and ACE. 04
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» The frequency of all TCs over the WNP (NTC) hardly increases “E 02 9
[10.9% (10 years)21] during 70 years. g
g
r 0.1
» On the other hands, the NTC_EAC and ACE tend to increase
with similar rates [13.5% and 13.0% (10 years)21, respectively]. 00 4
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in CORDEX-East Asia Multi-RCMs Eore

Lee et al., (2019)

Results
Vertical wind shear as a function of meridional sea surface temperature change over 25-40N, 120-
temperature gradient 145E under RCP8.5 compared to the historical run
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» The MME of the four RCMs captures a positive correlation between VWS and meridional SST gradient that is
enhanced compared with those in the GCMs.

» As the temperature gradient decreases in all GCMs, most of the models simulate weakened VWS, even if seven
models simulate enhanced VWS in the near future (2024-49).

» All CMIP5 models simulate warmer SST than the historical run and an increasing trend of SST in the far future
(2050-75) that is larger than that in the near future (2024-49).

Summary
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» There is a substantial and significant slowing trend over land areas affected by western North Pacific tropical cyclones
(Kossin., 2015).

» While the decreasing trend of the TC genesis number is statistically significant (Hu et al., 2018), there was an
increasing trend of the number of TCs that affected Korean Peninsula (Choi and Cha., 2015).

» TC track showed a pattern that moved to the mid-latitude in East Asia (Choi et al., 2016).

» The intensity of TCs that affected Korean Peninsula is increased (Choi et al., 2017).

» Analysis based on future projection experiments showed that the GPl under the RCP2.6 scenario has no significant
change in the first half of the 21st century and then decreases at the end of the 21st century, while the GPl under RCP8.5
exhibits an increasing trend (Song et al., 2015).

» Climate indices such as ENSO, MJO, QBO, TUTT and PDO affect to TC frequency and intensity over the western north
pacific

» The future (2024—49) projections indicated the insignificant change in the total number of TC geneses (+5%), especially
at lower latitudes, and a robust increase in track density over EAC regions (+17%) (Lee et al., 2019).

» The enhanced TC activity over EAC regions is mainly related to vertical wind shear weakened by reduced meridional
temperature gradient and increased SST at mid-latitudes (Lee et al., 2019).

Thank you !
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Evaluation and application of subseasonal forecasts
from global climate models

APEC Climate Center

Ol# %

***Special thanks to &7tE A&

S2S:barrier to seamless forecast

(a) WEATHER FORECASTS
predictability comes from initial
atmospheric conditions

White et al.,(2017)

S2S PREDICTIONS

predictability comes from initial
atmospheric conditions, monitoring the
land/sea/ice conditions, the stratosphere

excellent and other sources
SEASONAL OUTLOOKS
. predictability comes primarily from
- good sea-surface temperature conditions;
E’é’ accuracy is dependent on ENSO state
&
fair
S -
L
o —
E poor
Zero

10-30 days Meonthly or seasonal averages

30-90+ days
FORECAST RANGE
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S2S: Current status & challenges

S2S project: launched in November
2013 and carried out for 5 years, S2S
phase Il from November 2018 to
December 2023

WMO LC: S2S project 7|8t (for NMS
only, still 3 weeks embargo)
NMME/SubX: North America regional
cluster 7|2t subseasonal MME services
launched.

[

v

Objectives

v NWP vs GCM?

M2 YOJ3! A2 B2 7 AL 7.2
2YEY [ B, Y B} Be

YrjHOE L2 AT ZESY
Y3 50 52 38 Y0 278
AT oF0l fP &2 0j3f = ZF &2
FEEZ 0/0/7/7] B, 0= F& 32 52
g8y 50 24

For better subseasonal forecast

: Post- .
Evaluation : Tailoring
processing
of by for
current dynamical . risk hedge of
subseasonal multi-model ensemble public forecast
prediction method service failure
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KMA GloSeab Evaluation

against [ EccC, ECMWF, NCEP, UKMO |

Center Time Resolution Fest Hindcast | Hindcast | Hindcast
Range frequency Length |Frequency| Ens.Size

4/month
Seoul D 0-60 N216L85 daily onthefly 1991-2010 (1.9.17,25)
0.45x0.45 weekly weekly
Montreal ECCC d0-32 L40 21 (Thu) onthefly 1995-2014 (Thu) 4
Tco639/319 2/week Past 20 2/week
ECMWF ECMWF d0-46 L91 51 (Mon, Thu) on thefly years (Mon, Thu) n
Wasrr‘\'“gm NCEP  d0-44  TI26Lé4 16 daily fix  1999-2010  daily 4
. 4/month
Exeter UKMO d0-60 N216L85 4 daily onthefly 1993-2016 (1.9.17.25) 7

Post-processing Evaluation

Tailoring

for T2M, PREC, 2500

over Globe(G), Tropics(T), East Asia(EA)

*Observation References: ERA5, GPCP, OISST

CREDYT,

Comprehensive and Relative Evaluating Weekly DYnamical ForecasT of KMA

relative, objective, consistent multi-aspect and comprehensive...”

90N

60N

@
=

N

0

308

60S

90S

| L 1

T T T T T
0 30E  60E

T
90E 120E 150E 180 150W 120W 90W 60W  30W 0

H | T T

- Comparing different

climatologies

» Y2Y score variation
- Skill sensitivity to

different
climatologies

index representation

- Earth systems

connectivity

- Skillreliance on

initial status of
climate regimes

Yearly,
. Real-time . . Dynamical
m im regim .
Climatology forecast Climate regimes coupling process
- Mean biases « Skill summary - Hydrosphere- - Sea-air coupling
- PCC & RMSE « Scores for 6 metrics Cryosphere- - Tropics-extratropics
- Relative Error - Relative performance Troposphere- coupling
. Seasonality of KMA Stratosphere climate . Stratosphere-

troposphere coupling
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Post-processing Evaluation

Tailoring

Post-processing Evaluation

Tailoring

C

REDYT 2019

CREDYTx produced by PRDVAPCC

Compr and Weekly Mean DYnamical ForecasT of
KMA (CREDYT) for the year 2019
employing GloSea5, up to four lead weeks
- Do Varables, Verfizzzon
~ Suppose that the operation is scheduled every Thursday, thus W lead 410 days.
“Te
1. Climatology

‘@ Mean biases: T2m,PRECZ500

@ Pattern Correlation C: & Error (RMSE) : T2m PRECZS00

@ Relative Error (RMSE)

T2m,PRECZ500)
T2m,PREC.Z500)

P Pr v
L]

iy
- KMA operation vs Modified: (3x2)x7 ens. vs (3x3)x7 ens. w/wo weight (RMSEss/RMSEnu mwt T2m.PRECZ500)
- Lead based vs Target based: (3x3)x7 ens. wo weighting (RMSE<s/RMSEtens: T2mPREGZS00)

@ Seasonality

- Length of Summer (T2m: G,T.E4)

- Stratospheric Final Warming (U50)

-ITCZ/SPCZ (Prec)

2. Real-time forecast
P
@ Scores for each of metrics:

- (Continuous) Deterministic: ACC (T2m,PRECZ500), MSSS (T2m PREC.Z500)
- (Tercile Category) Probabilistic:
ROCS(T2m,PREC,Z500), HSS(T2m,PREC.Z500), LEPS(T2m,PREC,Z500), and CRPSS(T2m.PREC.Z500)
@ Relative performance of KMA
- Against to each of 4 other GPCs’ models
ACC (T2m.PRECZ500), MSSS (T2m.PRECZ500)
ROCS(T2m,PREC,Z500), HSS(T2m,PRECZ500), LEPS(T2m.PREC.Z500), and CRPSS(T2m.PREC.Z500)
- Rank-based Verification Metrics Merging (RVMM)
RVMM map of KMA (T2m PREC.Z500)
Map of RVMM-based top performing model (T2m,PREC.Z500)

@ Year-to-year score variation
- ACC (T2m,PREC,Z500), MSSS (T2m,PRECZ500)
- ROCS(T2m,PREC.Z500), HSS(T2m.PRECZ500), LEPS(T2m,PREC.Z500), and CRPSS(T2m PREC.Z500)

@ Sensitivi ly T HMA
- Deterministic skill comparison: ACC (T2m PRECZ500), MSSS (T2m.PRECZ500)
- skl lead i ] cycle?

CREDYTx produced by PRDIAPCC

i SON), i2 (AYR. SON), i3 (AYR.

JJASON),
SON), i6 (AYRDJE,MAM,JASON),

i7 (AYRDJFE.MAMJJASON), i8 (AYRDJF.MAMJJASON),
@ Skl (ACC) reliance on initial status of climate regimes

izing initi ili d: T2m PREGZ500)
- sensitivity to Hydrosphere: initial MJO phase & amplitude (T2m PREC,Z500),
NINO3.4 (T2m,PREC.Z500), AEM (T2m,PREC.Z500)
- sensitivity to Cryosphere: initial ART1 (72m,PRECZ500), ART2 (T2m,PREC,Z500), SIE (T2m,PREGZ500)
- sensitivity to Troposphere: initial AQ (72m,PREC,Z500), EAWM (T2m,PREC,Z500), SH (T2m,PREC.Z500)
- sensitivity to Stratosphere: initial PV (T2m,PREC.Z500), QBO (T2m PREC.Z500)
. .

ON),i5 (AYR.

(ACC:

4. Dynamical coupling process
® sea-air coupling.

orrelation map

@ tropics-extratropics coupling

- Div/Con(VP)-EA(T2m) correlation map
@ stratosphere-troposphere coupling

- PY(US0)-T2m correlation map

Miscellaneous
® 2010.1.10-2010.1.26: observed PREC (GPCP) only available over the 405 to 40N domain

10.1029/2009GL040000
tp: cd b/ d: ly- 1DD_v1.2_doc.pdf)

@ Verification of ECMWE reforecasts (5 members only) against ERAS and Glorys12v1 data:
cRPsS: el i

drive.googh ile/d,

Rank-based Verification Metrics Merging
(RVMM)

JA~ MAM DJF  AYR

SON

2019: Z500 RVMM of KMA
L1

L2

[ ee——
30 20 20 29
rank

<
KMA performance level comp™
Aggregating the scoresl!!
How to standardize them??7? -

SON

L1
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Reg. summary

(Categorical)
Probabilistic

top performing model (RVMM basea)
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Post-processing Evaluation

— Tailoring

Post-processing Evaluation

Tailoring

Winter Season Antarctic Warm Biases

KMA: Mean biases of T2M, 1999-2010

UKMO: Mean biases of T2M, 1999-2010

AYR DJF MAM JUA SON

© Prediction Research Department/APEC Climate Center

ECMWEF: Mean biases of T2M, 1999-2010

© Prediction Research Department/APEC Climate Center

[—OBS —ERA-5 —ERA-INT—CFSR —MERRA2

Interior Antarctica (n=31) Coastal Antarctica (n=56) 2 Antarctic Peninsula (n=21)

Temperature (°C)
Temperature (°C)

Gossart et al. (2019)

O FMaAM ] JASOND O FmMAM) JASOND ]FMAMJJASON&

Shortened summer lengt

Importance of seasonality in Stratosphere?

Seasonality: U5

hin Stratosphere

0, 1999-2010

Summer: gray box(Clim), arrow(2019), thr = 75% quantile (obs) Slope: U50 grad. near FW onset

averaged at 70degN

Summer length Final warming slope

a a

OBS

L3 KMA
ECCC
ECMWF
NCEP

UKMO

w1l We Wil W16 W21 W26 W31 W36 W4l W46 W51

-25 00 25 50 7.5 10.0 125 150 175
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Post-processing Evaluation

Tailoring

Too tightinitial coupling in polar

area

Weekly SST-PREC Corr. during 1999-2010

Line: 80E to 80W zonal avg., -4W & -2W: SST leading, +2W & +4W: SST lagging

Sl gy Ll
P p el
: % % r

0.00 0.25 0.50 0.00 0.25 0.50

P o 3 o o3 o ¥

0.00 0.25 0.50

© Prediction Research Department/APEC Climate Center

Assessment of SUDS@asonal MME's potential

=  Prediction skill for hindcast & real-time forecast
v" ACC (Anomaly Correlation Coefficient)
v" LEPS,ROC, SR

for v2016 &v2017 sets
for 4(11) variables and 3(12) regions

For 3 models (ECMWF, ECCC, and NCEP) &

4 MME variations
MME_e (extended/original reference period, equal weighted MME)
MME_c (common/short reference period, equal weighted MME)
MME_g (common period, grand ensemble MME, pooling)
MME_w (common period, root ensemble size weighted MME)

Reference: ERA-Interim (short period)

= |tsreliance on ENSO & QBO year-to-year variation
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12 Regions

11 Variables 12 Regions
TMAX Globe
TMIN Tropics
™M S. Extratropics
PREC N. Extratropics
MSLP East Asia
Z200 South Asia
Z500 North America
U200 South America
U850 Australia (or Australasia)
V200 Australia + S. Pacific
V850 Russia (or Northern Eurasia)

East Middle



HINDCAST: weekiyacc

w1 w2 W3 w4
NExratropics N.Exatropics N.Exatropis N.Extratropics
= EAsia 98 S Extratropics EAsia 98 S.Extratropics EAsia 98 S.Extraopics.
k=] Weekly ACC: Globe o o8
Tropi Trop
= (@ Tom (b) PREG SAsia SiAsia ropics SAsia & ropics
= 20 o
s Syk o ol -
=
[}
15 roo15q ! ! S America S Ameiica ElMiddle S Ameiica EMiddie
Australia NEuasia Austrlia NEwasia Australia NEuwasia i NEuasia
AusiraliasS Paciic AustaliasS Paciic ‘AustalasS Paciic AusiraiasS Paciic
10 Eoo10 4
N.Extratropics N.Extratropics \'" H
EAsa 08 S Extratiopics EAsia 08 S Extraropics E ol 0 p ICa l @%'ﬁhﬂw\m
o6 06 o6 Py
5 R Shsia Tropics. SAsia ol Tropics SAsia od Tropics SAsia o Tropics
o 02
Wy amerca Giove  NAmerca Gobe  NAmerca Gobe  N.Amerca Giove
= a
= 0.0 - L oo -
= P P © e Lo W € e o
@ SN 90\53 90“’20“‘ ‘\cf‘? « RS 5059%0\:\/@0&* F & s America EMidde S America EMidde S Ameiica € Middie s Ameiica € Middle
@ Australia N Eurasia Australia NEurasia Australia N.Eurasia Austre N Eurasia
g () Z500 (d) 200 Australia+S Pacific Australia+S Pacific Australia+S Pacific Australia+S Pacific
20 20
5 NExratropics N Extratropics N Extratropics N Extratropics
T EAsia 08 S Extratropics EAsia 98 —SExtatopics EAsia 08 S Extratiopics EAsia 08 S Extratropics
% < o8 o6
S 18 L s A Shasia Sasia ¥ Tropes Sasia pe Tiopcs
(= ° val
B NAmends, NAmerica NAmenca Giobe  N.America W Giobe
N
1.0 Foo10
S.Amer S.America EMiddie S.America EMiddie S.America EMiddie
e nwiie—| iz » erl Lheight «c
05 4 E o5 AustraiasS Paciic AustraiasS.Paciic ELAEspvum eve el aiass aciic
N Exatropics NExtratropics & ia- MJ 0 sl cdmg
- SeAsia. related...
00 - L oo ° o
S s Lo e NF e o . S toe g Lod L@ Le Te shsia sasia o Tiopics sasa i Tropes
= e M g (oS N N G W (o . R
E S NAmerca NAmerca Giobe  NAmerca Giobe.
N
=
£ _— e S Ameica s Ameiica € Widdls s Amsiica € Widdls
Austala 3~ Eurasia Austraia NEurasi Ausiaia NEurasia sl NEurasia
Australiass Paciic AustalasS Paciic ‘AustalasS Pacifc AusiraliasS Paciic
SCM_e —- SCM_c SCMg — SCMw --- ECMWF --- NCEP --- ECCC
R a e ca 5 t ’ e
. l l " depena'enc yonvar 1able
w1 w2 w3 w4
13 MODEL _g N. Extratropics N. Extratropics. N. Extratropics
2 € extratropics <& N < gxtratropics W extratropics
=
©
= 0.4 (8] s.
© ) [¥]
= o <
e} ] 03 . Amd 6 N.Am 1
0.2
s.A iddie iddie 5. Am iddle
01
0.0 : Aus.+S.Pac. Aus.+S.Pac. ws.+5.Pac.
e ] B B N. Extratropics N. Extratropics N. Extratropics
SYATE RN & S . i \ o
EORCoRS ' Ameltric excep[/gn [hgugh €. Asia Extratropics £ Asia Extratropics A Y Extratropics
25 " s s
o
= n 20 ui y
= o - =4 . - 2 b
‘= i
v 10
8 5. A . S. A i §- Ami S Middle Middle
=] 5 X
P N. Eurasia ura Edfgs: e
— 0 h Aus.+5.pac Aus oy | tsg |
e B8 R . S .
o2 gk b 8 o (o T +S.Pacific +S.A
hr AoV e Extratropics €. Asia s p S: xR ac d firs ‘,,s a
=3
o 070 R
- .
0.65 .
v < .
° o O . Amd
& 2
055 o
0.50 Aus.+S.Pac.
o & C @
S ok 4‘ W& (€ N. Extratropics
St # ., p
= ‘,
s 0.50
= " [
= =) e
©
= n 045 0
040 L s.An
0.35

P
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Evaluation

1. MME defeats ECMWEF?

partty YES

Top ranker counts

Lead
.E’ l)7MME e MME_c MME_g MME_w ECMWF ECCC NCEP & VMME e MME_c MME_g MME_w ECMWF ECCC NCEP
a3 Metric Region
E 80 i 3 20.0
B o 52
C?- 50 125
S  ™W3&Wiéonly
£ = Grand ensemble MME_g is most frequently counted as a top ranker
= (more than ECMWF).
= Region exception: over E. Asia, ECMWF > MME_g.
| => Metric exception:in LEPS, ECMWF is the most.
ACC and ON/ during pJF
5
B M PREC
=
e

Weekly ACC: T2M, DJF, Week 2

Weekly ACC: PREC, DJF, Week 3

080 a) Tropics ® SCMc + ECMWF + NCEP  + ECCC Cort a) Globe ® SCMc + ECMWF + NCEP  + ECCC Cort
E 08 F1s
0.4 F1s
Eie
0.0 - 09Z
04 e
= :
‘= E F 08 05 3 Fos
] [ B S S S B N S E N m P L p S B R N N LU B e e P
=] 98/99 99/00 00/01 01/02 02/03 03/04 04/05 05/06 06/07 07/08 08/09 09/10 10/11 2 2 I'OH 8 98/99 99/00 00/01 01/02 02/03 03/04 04/05 05/06 06/07 07/08 08/08 09/10 10/11 2 2 l'0l| 8
< b 57 © 5E® ]
& b) E.Asia Corr b) Tropics Corr
L 070 — . 0.50 .
] E E1s 08 F1s
=1 060 3 4 E F
o E st CFs 0t ¥ Es
0.50 4 . F 1o ' 12
E F“o L ]
Q040 3 [ 092 00 - oeZ
0303 N AN e F o6 0.4 F o6
0.20 4 E E
3 + N E o3 08 N E os
[ B S B N B . R . R R — P 0.00 T T T T T T T 71 °° T
98/99 99/00 00/01 01/02 02103 03/04 04105 05/06 0G0 07/08 0809 09/10 10/11 88388 98/99 99/00 00/01 01/02 02/03 03/04 04/05 05/06 06/07 07/08 08/09 09/10 10111 §838¢g
=258 =258
o Z ° S

08
0.4
0.0
0.4
-08

0.8
0.4
0.0
-04
-08

*ONI: ONI magnitude (absolute value of ONJ)
**E:ElNino year/L:La Nina year
***only forecasts of initial data within DJF are verified.

Subseasonal prediction skill
- dependent on ENSO strength
- ACC skillis very low in W34 though...

Tailoring
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Post-processing Evaluation

Tailoring

Forecastinformation Tailoring & Reliability estimation

Q. How much can we believe MME forecasts?

In other words, MME forecast “skill” is predictable ?
“Forecasting forecast skill” by Kalnay and Dalcher (1987)
“On the prediction of forecast skill” by Palmer and Tibaldi (1988)

l YES

YES |  KEEP MME forecast

[expected to be reliable?

Hedging

No

EAT skill reliance on...

Skill Persistency
L1(ref) L2 L3 L4
1.0{ 1.00 1.00
usl % é 075 é 075 0.8
a5 P 655 0.6
0.6 1 0.4
8 0.25 . 0.25 -
I 04 0.00 0.00 o
02 -0.25 8 ¢ | -02s -0.2
w oo Climate regimes cross-conditions
2 ~0.75 EATa PC1 PC1~Li U PC2~Li U PC2~SHi WangC_P~Li_U
BN NN AN T&fig o ) m| 0B s o1
é g J o @ | Sw 0(3218) ]
§ —
. - . . Ma/armade temporal stability

EATa L3 skill ~ PC1 stability

PC2~Wang _Z PC2~SHi Wang Z~AOi

(a) (b)
; 10

028 012 007 Q%j o1
M @ @) . AN o) a9) T
% .
o N -
2 m) (20 m (0) el
g ; [S) Q oz
Q < z
— = =
s = o
[ F
-0zs
corr.= 0.474
pval.= 0.000 ~050
7 7 Q g BN NN AN
1/(PC1 std/mean) 1/(PC1 std/mean)
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Post-processing Evaluation

Tailoring

Post-processing Evaluation

— Tailoring

Aguideto
RT skill estimation

Summaries

\

.

= KMA-GloSea5 weekly mean dynamical forecast is
evaluatedin the frame of CREDYTg developed in this
study.

= Based on RVMM, 2019 KMA (GloSea5) system shows
moderate performance among 5 models. When it
comesto Z500, while it ranks around 2" place (after
ECMWF).

= Through the CREDYT, major discrepancies (winter
season Antarctic warm biases, shortened summer
length in Stratosphere, too tight initial air-sea coupling
in polar area) of KMA-GloSeab are identified.
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A guide to estimating lead week3 forecast skill of weakly mean East Asia
temperature during boreal winter

ST AEY AI0A A8 HS2S 1 4500 P %0 SHAL0 2 N0 F LM US.
AN Z Saaydo) I-E ST + UCE, A5 28 L 028 & BO3I0 JIE
FEo| AN JHSAE 2R > YW, SIHOZ URH0|D HFSE consolidated 02
A0 LER N2 DICHE

ECCC, NCEP, ECMWF Ml 2#2| Simple Composite Mean MME 1 Ol& FE2 40| M2,
SO H2 JI2 FYZ 015450 FH0| LECE o2 ZASES ZNE. o2 IZE
BN A€ 3F (B4 S 02| Jbs® = ANS Jt0|=2telS MAIGHAR &

Target Ingredient Input information transformed

HS& SOHAIOH XIS
(100.5°-135.5°E, 30°-
60°N) H#3F FHZ
JI2 (T2m) 0i=2 ACC

weakly mean MME &/ A| 2+
ol =

@@= & 3%)

- Simulated Climate_Regimes: SO0IAIOF =&z
Jl2 ¢S4 (EATa, PC1, PC2), SOHAIOL 2&
K== L_U, WangC_P, Wang_2Z), Altil2|0tJ1e
X< (SHi), S&S X< (AOi) (Table 1,2)

skill 3 - PC1_Stability: 1/[std(PC1)/mean(PC1)] for 1-4 lead
weeks
- ACC_Persistency: 4815 0= ACC
Decision tree based on tercile category information

@ prepare categorized input

TMACC

: Fgt
o w e &
PC1_Stability
| LW3(0) - w)
. @ summarize
L all counts
AN[oELER TS 2 ok Empirical ACC skill Etimation
Nok -
test for f ==
@udl input BNor-? l-Y-E-S---b adding one to
Nos
NN or E
:lothing) =snsuusPadding one to LW3(0) LWa(-1)

@ judge the reliability of predictions and incorporate it into the manual forecast

~

East Asia (EA) winter temperature is highly related to
extratropical atmospheric variabilities (EAWM, SH, and
AO) but those relationships are not always simulated
wellin models (MME).

Despites of low skillin predicting EAWM, SH, AO etc.,
employing them has a lot of potential in EA
temperature forecast “skill estimation” 3 weeks ahead.

The grand ensemble merging MME (MME_g) has a skill
at least comparable to, and perhaps even better than,
the ECMWF.

Boreal winter global subseasonal prediction skill is
largely dependent on the ENSO strength and the
association becomes clearerin longer lead weeks. For
the limited regions and variables, it tends to be high
(low) when easterly (westerly) QBO is prevailing.
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Why AlphaWeather | How To Approach Where We Are | How To Apply

01 Why AlphaWeather
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WHY AlphaWeather

* Disaster-hit Economic losses (UNDRR, 2018)
- Total : US$ 2,908 billion
- Climate-related : US$ 2,245 billion (77% of the total, #7,255)

46%

US$ 1,330
billion

&

W storm

W Earthquake

M flood

M Drought

W wildfire

W Extreme temperature

M Others : Landslide, Volcanic activity, Mass movement

* How can we improve the prediction of new weather extremes?

2%
USS$ 68 billion

2%
US$ 61 billion

P JN

WHY AlphaWeather
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MORE EXTREME WEATHER

CLIMATE EXTREMES INDEX: TEMPERATURES, PRECIPITATION, TROPICS
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Why we need AlphaWeather?

Data Challenge
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Daily Percentage of Data
Ingested Into NWP Models

(ECMWF, 2016)
100% |-611.26M
Geo-stationary satellites Polar-orbiting satellites GPS satellites
Atmpsphenc ( ‘ g g ﬁ
motion vector T S @ @
& ‘.‘%_ SCATT = 2 3
\ / Radiances g a Y
-
Radiances (v} =) @
o -1 —
o
& 5
-
o
7% - 45.13M
3% |- 20.53M
ARCRAFT Dropsondes N Received: All observations received operationally from providers
. Selected: Observations selected as suitable for use
Assimilated: Observations actually used by NWP models
SYNOP - Ship BUPYS il / @The COMET Program
Drifting PILOT
Moored
88
SYNOP - Land
METAR

11

Why we need AlphaWeather?

Resolution Challenge
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Number of compute cores []
=)

1
1
I 2015/6 1 2025
1& >
5

30 25 20 15 10
Model resclution [km]

[ECMWF, Bauer et al. 2015]

QtAtE Intel Processor Clock Speed (MHz)
Pentium4 Prescott
ciolpod
=E-= Core 2Extreme
1000
-10° T Pentiumlil
o %( entium L
= Celeron Multicore Crisis
. 6 : IsHere!
110" = Pentium
[<8 100
E
é 80486
110 ¢ 80386
)
S 10
- 80286
107" &
8080
1,072
10 1
1968 1973 1979 1984 1990 1995 2001 2006
1073
0
01

*  Doubling of resolution requires 8X more processors.
*  Processors are not getting faster.
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How To Approach
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Explanation Framework (1) What Are We Trying To Do?
Task
Recomm_endatlon’ « Why did you do that?
Decision or + Why not something efse?
. Learning This is a cat + When do you succeed?
A 4 Action (2710 (p=93) + When do you fail?
. « When can | trust you?
*» How do | correct an error?
Explainabie | Explanation Decision 3 e e
The user
i makes a T
XAl System Explanation decision omorrow R
- I understand why
The system takes The system provides based on the > N&W o slsacat - lasmiviy
input from the current  an explanation to the explanation Leaming j .  nowhen youll i
task and makes a user that justifies its & g [ Process: | | At fhib R
recommendation, recommendation, Training Explainable  Explanation User with
decision, or action decision, or action Data Bockl Infestece mTesk
. . L Performance vs. Explainabilit
Learning Techniques (today) Explainability P L 4
— (notional) Q1
N Q @ O
"~ Neural Nets =
j NeuaLNete @
o £ o Tomorrow
ee| \
Learni?lg ] : Ensemble 5 @
\ \ ) Bayesian Methods b Today
\ - / Belief Nets L ) @
\ - > ~ o @
/ \ '\ GcRes
[ statistical ACG® = @
Models ey | Decision —] —
SVMs — Models % TS / Explainability =
\ N ©
- . _ b
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Explainability (notional)
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Where AlphaWeather is...

PHASE 1:
Define the problem /

Design the architecture

Selection of physical discussion
problem + scientific

question(s)

PHASE 2:
Development/Test t
discussion Algorithm
selection
PHASE 3:

Evaluation/lnterpretation Selection of problem + questions + approach
(algorithm) + data set

Process Schematic

{ ATE TAI |

A 4

oA ml /SE A |
S
AWS/ASOS 7
goy | >
BE|u Al
loT/£01E 7171 ‘ I T — Atz
of| &2k x| &
BaEE
7]h)

Al EAUE T

T271% o 2x| 3

(Support On
Demand)
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(‘19.5.) Z+/F(20mm/h) 0=

Abhijevych et al. (2016, WAF) based on Random Forecast

- 7 a) 14 Jun 2013 20:00 UTC b) 14 Jun 2013 20:00 UTC

Hit Rate

- Climo MCS-l Frequency
—~— Extrapolation

(04 10110) poroares som orpasd © seun

-
| = Random Forest
—
|
|
L

0.0 0.2 04 06 08 1.0

- IO | .
a1 02 03 04 05 05 07 08 09 501 062 0@ 008 1 2 35 5 10 %
02 - False Alarm Rate Suaod Pl wiLpgm )

R
size of predictor suite

Selection of predictors Evaluation Random Forecast Observation

KMA/NIMS preliminary results based on Random Forecast

= Predictors: ERA-5 hourly 13 instability indices = Period: June-August 2009-2018

Convective Available Potential Energy (CAPE) = Observation: Gauge-radar merged hourly rainfall

Convective Inhibition (CIN) = Target: heavy rainfall above 20 mm/h
Severe WEather Threat Index (SWE)

Storm Relative Helicity (HEL) -
Cross Total (CT) ACC CSlI Bias
Vertical Total (VT)
Total Totals Index (TTI) before 3h| 0.70 0.50 0.86
el before2h| 074 | 058 | 078
LA e ) before th| 077 | 063 | 091
Showalter Stability Index (SSI)
Precipitable Water (PW)
23
’ Ol AHIZ} EH A OO =
(19.10) AIZ & 27T oS
2 UAIZE E deAl BlE
=] > 2% YA HE £ 24 A 24
0\0‘
s < > B2% A7 ATiE o Ho| £2
] a
§*]
S -+ > amo| # K5 58
3]
5 > LDAPS 9f ZHX Zb4: ARRHA|I4: 9F0.18~036
n‘t a
N e | 2w Eun
T T T T T
0.1 1 5 10 20
Threshold (mm)
Al 7S 0|83t EHE=2 R 0=
24
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(19.10) AZ E 295 0=
2= X=

+ 37|0& 2UWDAPS) X2
=

DIHALE/A|ZHSHAL S - 15 km/1A|ZE
OlI=AlZt: T+0~48h

prep data : #prcpx0.9 > ntree: 50 Threshold 0.1mm
data :#prcpX 3 A i |
o prep data :#prepx 3/ Random forest " tl‘éxfﬂ
prep data : #prcpx0.9 ntree: 100 Threshold 1mm
No prep data :#prcpx 3 Random forest - xlxn-l :ASOS + AVVS clf 6847H
prep data : #prcpx0.95 tree: 200 HhiecholEmm icti A ZF =X ZEAEE
No prep data :#prcpx 10 i ‘ Pre'dl.ctlo_n - E—r N 1*' I_I‘ M oTo
Random forest Precipitation
prep data : #prcpx0.95 . -t AL o
No prcp data :#prcpx 15 ntrees200 Threshold 10mm " c—’!-Ejl?_I‘: 201 3“’2018"&' 6”8"éJ

Random forest

prep data : #prcpx0.95 o
No prep data :#prepx 25 ntree:i200 Threshold 20mm - é%jlﬂ' 5 2019I|_j 6"'8‘5
Random forest -
Of| =2k

83%

ASX|S ol Lzt Hopeln] 2 7HE
— O] 2 0| % CHH| 83%(Z7-5), 39%(ZEH])

(19.10.) A Z E Za5F 0=

Sliding Window CS1(2019.06 ~ 08)

I Prewon « Prow,in + ' Prow,3en | I Pr.on. Pr.an . - Pr.sen ] S — LDAPS () — Al(de) —— w:gﬁﬁm)
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P 1
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\
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\ 'Irainingu'rdaydau g 31 °:::= 0000, 000 0g0” ﬁe\n-’,a:‘, e
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. sliding Window (window length w day) > o LY '°°'°°'°°°'°,':_:::-:::::":g‘::“”“"-,,,o:
Td’;yl Pron|Prowa| = | P2 | B | B || S
— h . r— T+0 T+3 T+6 T+9 T+12 T+16 T+20 T+24 T+28 T+32 T+36 T+40 T+44 T+48
Training w day data Prediction Forecast time (hour)
- (&b of| 22k CHH| s 6A 12 86%, 12A1Z 81%, 18A|Zt 83%, 24A|Zt 82% X OIED 2= 243XIE, 307} 7424
Al ZZ: 684XI&, TAIZH2HA
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| 2 BN = SN

LDAPS CHH| 45 6A1ZF 120%, 12A1ZF 122%, 18A1ZE 116%, 24A1Z2t 114%
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cf|O|CiXt= 7|2 Al £EH| Oll5(~24A12H 718 7HE

o Z2ZE - (206)

- (71D ZR TA 2, HI0|C YIAL=Q} K| AZtZE ZEQIEE MAT|H W AL

- (A=) 45413 (Convolution Neural Network; CNN) 7|%t2| Semantic Segmentation* 7| & &

*0|0|X| 2 T TH| 2 B2 (dassification)510] Gl 56K b

o FEZEF ET(208) © HS(20.12)

- (1) Sk M7 AL, A|Zto]| 2t M E 22 =

- (A=) M= Yo| ASXIRE MY, Clil'Eel Y=iHojE 1/, ehdaLdY (CNN) HE
550l 0| o] HZXIE 2 AFHA(sequence) H|O|E{ 7/d, =HIZALRNN) HE

(@)
(@ X! B50(0|EIS xY3H
Clxf'22| IL|0[E Of|A|
(b) =2HZAYC| of|A|

(b)

C

27

glO|C{Xt& 7|4 £TH7| 0 =: MAPLE
* Semi-lagrangian 7| &
- cost function 2 £|2SI5H= 0f| 3 0| SHIE] A& = of| 3 HIXof| 2} semi-Lagrangian 7| 7|2 of| 2 ME 35
- (&) of|A2| H=het =X 75 3AIZHOILH, MAPLE > KLAPS)
- (CFE) Z4- of| 29| Ad’d.AHo| gickn 7Pdslm Qo] Gl SA[ZE 2Rt SHA|

Al £Tt7| ofF: 72, MetNet (2020.3.)

+ Convolutional LSTM2 2 1181

- (23] Omnvh ~ 1024mnvh H2I2| ZH=2 02mm ZH2| 5127} binQ 2 T2 (OFX|2 bin 1024mnvh 0|4 BE EFH
- (2%) HRRR CHH| A L= CHE 714 5 1mnyh 04 Z4=0]| Clsl 8A|Zt LY Of|ZZ 7 HRRRELH 2t

- (TPY) Z= of| 30| A Ao| Qickn 7Pdsln Qo] of|SA|ZH 2xhof| $HA|

T & 5 _ _a
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07 " _ 2PR
& - P+R
o M
L fost T Fal
E—— obs rue alse
> True a b
02
0.11 1.0 mm/h False & d
o slo 120 180 240 300 0 420 480 HAUZ P} Me&Re =sgr
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04 How To Apply
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Climate Change: Challenges for ML
Banerjee & Monteleoni, Invited Tutorial, NeurlPS, 2014

1. Past Paleo-climate reconstruction
2. Local: Climate downscaling

3. Future: Climate model ensembles
4. Spatiotemporal: Space and time
5. Tails/impacts: Extreme events

6. Other problems

35
=1
ARTIFICIALLY OFTIQ d
SMART PARTNER, &= 2 WA U.comen
ol
- =019 &390 & &t « JIKXIU= Jl= e
36
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Cont%nts

01s2s

02 peep Learning; .

Artificial Intelligence, Machine Learning

03 Application

S28 climate model prediction data & MME based S28,
LSTM (Long Short-Term Memory)




S2S: window of opportunity 1.

Source: White et al. (2017)

* increasing interest
 at least 10 international weather centers
« a few collaborate projects/program

Barrier to seamless forecast 1.

(a) WEATHER FORECASTS Source: White et al. (2017)
predictability comes from initial

atmospheric conditions

S2S PREDICTIONS

predictability comes from initial
atmospheric conditions, monitoring the
land/sea/ice conditions, the stratosphere

excellent and other sources
SEASONAL OUTLOOKS
- predictability comes primarily from
= good sea-surface temperature conditions;
%f.) accuracy is dependent on ENSO state
=
7} i
Z() fair R
w ﬂ
o
O poor
[Ty
Zero
Daily values

1-10 days Weekly averages

10-30 days Monthly or seasonal averages

30-90+ days
FORECAST RANGE
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Rising demands

AGRICULTURE

Crop production, Fisheries,
Ranching, Trading in grans and other
high value crops

ENERGY & WATER
MANAGEMENT

Water supply management,
Hydropower scheduling, Costal zone
management

BUSINESS

Retail, Various Culture business, Risk
awareness, Financial

Current status

EXTREME WEATHER EVENTS

Wildfire management, Heatwave,
Cold spells

TRANSPORTATION

Maintenance of highways, Railroad,
Airport, Shipping and navigation

S2S

PUBLIC HEALTH

Potential disease outbreaks,
Insurance & financial management

Source: White et al. (2017)
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Burning interests

—

Machine Learning

Deep Learning

Figure source: Nadia BERCHANCE (M2 IESCI, 2018),
https.//master-iesc-angers.comyartificial-intelligence-machine-learning-
and-deep-learning-same-context-different-concepts/

Breakthrough

Atrtificial
Intelligence

L

2.

Any techniques which enable computers to mimic human behavior.

It's the superset of Machine Learning and Deep Learning.
1950's 1960's 1970's

Machine
Learning

A sub-field of Al that comprised of algorithms and statisti
models used by machines to perform a specific task and i
with experience by learning on its own.

Deep
Learning

Subset of Machine Learning that uses Artificial Neural Network

for computation for giving accurate results. 1980 1990's  2000's 2008's

2010's 2016+ Current

2,

As "Held 7le2 et

—
2o ORI 2 o, HFH

o[2{¢t Ea2ld 7l&2 050 0342 7|=

=00 = HE: =T S 7I¢7[= 05 45
N 7tsd2 20 =1 US
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S2S & DL: Challenge 2.

« S2S AR o= FEO| 28 BHE I,
S2s o5& Jidst=s AN 71 /W20l 2+E

. S2s O K20 Hajd 7|aS Meste 7
[] 0|= Xt2O| QXS F0|D HEAS
\N!U/Z ol 7]% Jfeto] Be
— — . 28], 0% M50 9Xp7F 2 HOE U
3-4750 T3+ S25 7| O|= XF2 O MME X9t
Y 7ls Ne

Project overview 3,

> Goal: Improvement of S2S climate model prediction data

- domain : Korea Peninsular
- target climatic variable: Tmax, Tmin, Prec
- time scale : Week 3-4 in model’s time range (e.g., 40~ 60 days)

> Method: Deep learning (LSTM, Long Short-Term Memory Neural Network)
> Input

- S28S climate model prediction data
- MME based S2S data

-141 -



LSTM for Time-Series Prediction 3.

» Time-series data: eg., Weather data

« LSTM (Long Short-Term Memory): &&t7|7|
® ® ® )
[ R T ¢ ¢
[N \ b
o A s AL
& e 4§ S S et
time ® ® ®  time add cells & gates
complement vanishing
RNN (Recurrent Neural Network) LSTM: a modified version of RNN gradient problem

» Used/applied to many researches

*  Xingjian, S. H. I, et al., 2015. Convolutional LSTM network: A machine learning approach for
precipitation nowcasting. Advances in Neural Information Processing Systems.

Recent:

*  Poornima, S. & Pushpalatha, M., 2019. Accuracy (%)
Prediction of Rainfall Using Intensified LSTM Based
. . . . ntensifie [t —a]
Recurrent Neural Network with Weighted Linear Units. A t;m ;il

Atmosphere, 10, 668. RNN with silu S 56,9 1
RNN with rely I 3, 44
LV mmmm 635
ARIMA  — 1
Hokt-Winters  EE——— 7755

60 65 70 75 80 85 S0

Figure 10. Comparing the accuracies of different prediction models.

*  Karevan Z. and Suykens Johan A.K., 2020.
Transductive LSTM for time-series prediction: An application to weather forecasting.
Neural Networks, 125, p1-9.
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Used models for S2S data

Ens. size
KMA 4

Seoul

UKMO Exeter

CMA Beijing
ECMWF ECMWF

NCEP Washington

MSC Montreal

51

21

daily

daily 7

daily 4
2/week 1

(Mon, Thu)

daily 4
weekly 4

(Thu)

Forecast | Hindcast Hindcast
frequency | Ens. size length
3

1991-2010

1993-2015

1994-2014

Past 20
years

1999-2010

1995-2014

Hindcast
frequency

2/week
(Mon, Thu)

daily

weekly
(Thu)

Ensemble

MME-n
(TR60 + TR40)

Preliminary Results:

- 143 -

2020 half year



Obijectives:

« MME 7|8t LSTM 2 2™ 7fM @t= 7Y 7|2 2 & Bt 2=6}{0f &
£79|, ECMWFE Lt 0} OfF oL}

- MME-11} MME-2 Z1} &, MME-2 Z1t7} Z0t0f gt
(O] 7: MME-20{ = ECMWF 7} X&)

FAF

- LSTMEEHE =M

o
00t

717t & 34FE

M o =Ml 7| 7H40~60 days)2| LSTM T 7t TMAX

Subsets & MMEs

ECMWF  MSC NCEP KMA UKMO CMA c1 c2 c3 ca c5  Cc6 MME-1 MME-2
0] 1.0
0.8 - L 08
056 - L 06

ﬁ TLTRIE I i w I}

Siod L

02 L 02

- )
004 — 5 3 s2s
B LSTM . LSTM

02 v Ll — ——— e —— —— 1 .02
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M o|=Mel 7|1 7H40~60 days)2| LSTM E 7t TMIN

ECMWF MSC NCEP KMA UKMO CMA c2 C3 C5 cé MME-1 MME-2

Wil ;} il
el il fadk

M| of| =5 7[7H40~60 days)2| LSTM B 7} PREC

ECMWF  MSC NCEP KMA UKMO CMA c1 c2 c3 c4 c5 Ccs MME-1 MME-2

1.0 1T 17

0.8 = fé_er = f§$M o8

06 - I o6
o4 b oa

w il ddd  dddddd ai-

MECRET il fld

02 41— — — — L —— — —L .02
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Summary (ECMWF vs. MME-1 & -2):

—RI PR g

ECMWF MME-1 MME-2 ECMWF MME-1 MME-2 ECMWF MME-1 MME-2
10 10 10
0.8 0.8 - 0.8 -
0.6 0.6 - 0.6 -
Qg4 Qa4 Qo
Soa4 S o4 S o4
0.2 1 0.2 0.2 QE
0.0 0.0 - 0.0 -
- — -
_02 T I-I M’\fE-LS|TM T T T -02 T I-I M’\IAE-LlsTMI T T '0.2 T -I MIME-II_STMI T T T
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T H(~6 week) O S M 7|7+ LSTM B 7t TMAX

ccC

Z=H(~6 week) 0=

cC

04

0.2

0.0

0.4 A

0.2 4

0.0 4

w1 W2 W3 W4 W5 W6
11 08
= s2s
El LSTM
H 0.6
I 0.4 1
&)
(&]
Q I I I 0z ]
I 0.0

M

—

w1 w2 w3 w4 w5 we
% 0.8
[/ s2s
3 LST™
H 0.6
I 0.4
(&)
o
H I I I I 0.2
0.0
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w1 w2 w3 w4 W5 W6
1T
= s2s
ST
. i | .
_Sﬁi:_— H
==allill] §
- ™
—-©— ECMWF-525

S 7170 LSTM E 7} TMIN

—-@— ECMWF-LSTM
—H8— MME1-S28
—#@— MME1-LSTM
—-5— MME2-52S
—¥— MME2-LSTM

w1 w2 w3 W4 W5 wé
T
/1 s2s
I LST™M
i \
N
\

| L ) A —

it

L —

—-©— ECMWF-828
— @ — ECMWF-LSTM
—H— MME1-82S8
—&— MME1-LSTM
—-7— MME2-82S
—%— MME2-LSTM



7 (~6 week) 0| F 0 7[7tS] LSTM H 7t PREC

w1 w2 w3 w4 W5 W6 w1 w2 w3 w4 W5 we
0.8 1 0.8 11
| — i) [/ s2s
/3 LST™ E LSTM
0.6 0.6
04 4 0.4 4
(do) (5]
(8] (&)
0.2 4 H 0.2 4§ T
H ‘ ‘ _ BN =y i e I
Ul gl m - i} d | e
- = — L] =+ = e
Hi||8® | o8 ||=8]| B | a2
0.0 4 (. 0.0 4
—-©— ECMWF-S2S8

—T— —@— ECMWF-LSTM
—H8— MME1-S28
—8— MME1-LSTM
— 57— MME2-S28
—%— MME2-LSTM

Summary (week 3-4):

0.8

0.6 -

0.4 -

0.2 -

0.0 -

TMAX TMIN m

Models wk 3-4 MME-1 & -2 wk 3-4 Models wk 3-4 MME-1 & -2 wk 3-4 Models wk 3-4 MME-1 & -2 wk 3-4
0.8 0.8
0.6 - 0.6 -
04 - 0.4 -
o
[
% 0.2 - 0.2
; . oA || o || 8|
0.0 - 0.0 -
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Preliminary conclusion:

« MME-1&-2 Z1t7ECMWF E™ A
MME 7|8t Sl LSTM E 2 7§ & 1t=

L =
=

SIFSER| QK| T,
EREE )

w or

. 7|20|A MME-2= MME-1ECH £X|2t LSTM S E™ J4M S 1t=
AX| 2. 2Lt == MME-2 7} :g

%
0Ot

+ LSTM 2EF2 345 0|5 &0 2389] 7|o g

Expected Outcomes & Implications

. oY % MME 7|8 MBS 53 525 0|5 K12 3
SRRV EE TR
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Next Plan

v" Evaluation of LSTM with MMEn
- e.9. MMEn = TR60+TR40 based MME

v Optimization of MME-based DL alg

v' Feature engineering applicatio

Acknowledgements:
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*Collaborators : 2478 ), Jing-Jia Luo (NUIST)
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Deep learning for multi-year ENSO
forecasts
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Deep Learning &1 2|1 11

Recurrent Neural Network

Deep Neural Network
(Deep Learning)

Recurrent
Neural Network
(RNN) 700 [ prpassengers
600 — Prediction
500
400
Convolutional 300
Neural Network 200 o=
(CNN) wo{ 4 >
1950 1952 1954 1956 1958 1960 1962

OMIE 712} Isi@bizwatch.co kr
2018.08.06(%) 17:58

Mo 24t AHeARig
Clorgt 252 w27 2

A2 A4 QOjEIL] A ZHYE 33

2ASF=A0H0H ololEd0IG zinvestment. ca.kr
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==

HUS ZEHEHIAMS SESF4 100 FEHE, E2

dn o |re

Deep Learning & 12|

Deep Neural Network
(Deep Learning)

o2
0

Y, o[ O| ]| At

Recurrent
Neural Network
(RNN)

Convolutional

SGM Output

Neural Network
(CNN)

Intention Predictio

=
=

Convolutional

Neural Network

2l

=t
3201113
@142x142

Autonomous Car (self-driving car) EZM

A10] AL (AHE Q14| XHE F3)

REPRESENTATION

s, &:
I6XTATHLE  16xSKEn16
LIS P

w2 c3: u
323332 16x9x9:32 16499516
@71 @63463 @55x55

—
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A= A4 =52 7= i E

e 1997/98¢ H= &L= O

19974 62 1997 113 1998 3

[ MEHE L2 |+ 2= &S0 A SZLE HOSHHM 185 Bl 2 ]

Bl X2t Ef LS| SAN A|ZHX|AH 23 d

ol I EH CtEol AS2E (1870E )

o Aoy
SRR
o o M
:ﬁ’_’;’%’ s
SN

oo

120W

*Park et al. (2018)

CHAM 2, QI =t S EFCHYL| S+ 22 HEO| 107 ALl /2L LUE FE AZE = UAS
(Park et al., 2018; Ham et al., 2013; Izumo et al., 2010; Rodriguez et al., 2009; Kang and Kug, 2006)
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ALz S =02 CNN HE

218 B~ (Input layer) Z = B (Output layer)

|E 2o
2Ot x|
=t H
=0 -d
U H (Input layer) =5 B (Output layer)
OéILl_lII s . &l : e . il
AU o Py e L

Convolutional 28

Input Convc\-IutionaI output
Filter
®[:,:,0] wO[z,:,0 cl:,:,0]
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0 2 11 0 2 0 )M o 3 8 2
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Advantages of the convolutional process

Neural Network

Hidden layer Hidden layer

Input layer Input layer

100 I
100
100
Needs 30,000 weights vs Needs [300 X (Num. convolutional filter)]

Can be significantly reduce the number of weights for constituting the model.
-> Can be effectively trained even with a smaller number of samples.

Structure of CNN for ENSO Prediction

Input layer

Convolutional
filter

FC layer
Convolutional MP layer 1 Convolutional MP layer 2  Convolutional
layer 1 layer 2 layer 3 S\‘
o Qutput layer
=]
---4 1 ¢ Z aN O
M 12 (VS /M 8 M .| Nino3.4(@+1
= ——5— 18 18— ;J(r: 1-23 months)
O

15 00 15
SST or HT anomaly (°C)

Data Period
CMIP5 historical run 1861-2004
Training dataset
Reanalysis (SODA) 1871-1973
Validation dataset Reanalysis (GODAS) 1984-2017
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CMIP5 €Lz 22| &

AL Z A7 S+ H 2= ot e oé'l-u.: PAE A|7| §¢Jg
(a) Obs. ERSST

oon £0)_08S b) MMM c)_UR0CS
-
20

d) MPI-ESM-MR

\-

30N < S 208
25N 120180 120 120180 120W 120180120
208 -' 20N e) ACCESS1-3 f) CSIRO-Mk3—6- 9 MRI-AGCM3—. 2H20 (h) GFDL HlRAM C18
15N m £Q - EQ _—
10N < o
m 205 205 205
5N N R 150 120w JRE 180 120 120180 120W 1206180 m)w
Eﬂ-gi - 200 {i)_MPI-ESM k) _ACCESS1-0 1) HadGEM2-A
=g, 4 - | - R
105 5% -~ = ? '
158+ “ 208 208
TIE 180 120W 120 180 1200 1206180 120W T 180 V7w
208 < DJF (m) ConAM4 (n) IPSL— CMSA-MR (o) IPSL-CM5A-LR 208 (p) CNRM-CMS
255 ‘ °
3084 = € - £ - € -
= z i oW 00w 208 208
M0E 160E 180 160W 140W 120W 100W  BOW 1206_150_120W 1206180 o 1706180 120w T 160 20w
(b) CM|P5 MMM  (a) MRI-CGCM3 ZON (r) GFDL— HIRAM—C CESM1-CAMS NorESM 1
30N - - 501 L o | £ -
. 0,
25N+
20N V?l' 4112/° s e 60 120w 25 FE 160 vzow I 120160 120W
MRI=AGCM3~-2S, v) CMCC-CM (w) bec=csmi= 1 CCSM4
15N . 208 20 L2 ( )
12:: ) - €0 ’\' ‘ zo{ o EO| - ‘
.
EQ+ T20E_ 160 120w 2 120e 180 12w 20 170e 180 tzow 2 17 160 1zow
55 - 200 FGOALS-s2 20N 2z) GISS—E2-R 20N a) bcc—csm'—'—mzn" (8) FGOALS-g2
108 L) -
1554 " EQ - € X EO] "
205+ 208 208 208 208
1206 160 120W 1206180 _120W 120 180 120W 1206 160 120W
255 - (7) inmem4 6) IPSL-CMSB-LR . (c) BNU—ESM
308+ . 3 é
160W  140W 120W  100W  BOW te - L - e -

208
120E 180 120W 120E 180 120w 120E 180 120w

e T b

IPCC 210 A

Coupled Model Intercomparison Project phase 5 (CMIP5) =
g0 28 7|7 Bgt vt A= 0| 20 E MSH
: M A 3070 O] &t 2] 7t Al=E]|0| M A1t M-S

Mo| && (Transfer learning)

HiE SFE Y

x4 7o|

MILE RFE2Y

Trained weights

Input
(cmIPs)

Input
(SODA)

Nino3.4
(cMmiIP5)

Nino3.4
(SODA)

* 1sttraining : CMIP5 archives (number of samples : about 2,700)
» 2ndtraining : Reanalysis from 1871 to 1973
* Initial weighting for 2" training is final weighting of 15 training
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Correlation Skill

0.9

0.8

0.7

0.6
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a_All-season correlation skills for Nino3.4 (1984-2017)

—eo— CNN CanCM3 —e— CCSM3 —o— GFDL-aer04 —eo— GFDL-FLOR-BO1
L —eo— SINTEX-F ~ —e— CanCM4 —o— CCSM4 —o— GFDL-FLOR-A06

1 i L 1 1 1 ! 1 1 1 1 L 1 1 1 L 1 1 I L 1 1 1

1. 2 3 4 5 6 b 8 9 100 11 12 13 14 15 16 17 18 19 20 21 22 23
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€ Correlation skill - SINTEX-F

d
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23

Forecast lead (months) Forecast lead (months)
[ ]
0.0 0.2 0.4 0.6 0.8 1.0

*Validation period : 1984-2017
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0.50 a 18-month lead prediction skills for Nino3.4 (1984-2017)
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Eastern Pacific (EP) vs Central Pacific (CP) El Nino

SHES AL SEHEY dl
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7"’ dry air./

|
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/\\ |

dry air

| ry air //’F\ )
] /
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ﬂ, > E | /

,'/ : o / )/
Australia ‘ South Australia

[T Pacific Ocean Americd
——a- = - __t
/nrema_rimval\\— ) International
DateLine \1 DateLine
Central Pacific El Nifio I Eastern Pacific El Nifio

SHEY Al A2E T o2 g ot 2

-

60°E 120°E 180° 1200w 50°W 0 60°E 120°€ 180° 120°W 60°W
Precipitation for Oceans (mm/day) PremE\latlun for Continents lmm/dai)
-45 -30 -15 00 15 30 45 -0.45 -0.30 —0.15 0.00 015 030 045

« 2000 O| £ central Pacific (CP)-type El Nino 2] 20| HItHs| &,
*  EPEINino 2t CP El Nino 2| MX| 18 J&2 0f 2 C}5
: F EIY) WL & 726 AO| AL MX| T Impact 2 0| F5H= O 0| S8

Hit rate (%)

CNN MMM CanCM4 CCSM3 CanCM3  GFDL- GFDL- GFDL-  SINTEX-F  CCSM4
FLOR-A06 FLOR-BO1 aer04

GFDL- GFDL- GFDL-
Year 0BS CNN SINTEX-F CanCM3 CanCM4 CCSm3 CcCsSm4 i FLOR- FLOR-
A6 B01
1976 EP EP
1977 cP cp
1979 MiX MIX - - . . . . )
1982 EP EP
1986 MIX MIX MIX MIX MIX MIX MIX EP CcP CP
1987 MIX CcP MIX EP EP EP CcP EP EP EP
1990 cP MIX MIX MIX MIX cP MIX MIX MIX MIX
1991 MIX cP cP MIX MIX MIX EP EP EP EP
1994 MIX MIX EP EP EP EP EP EP EP EP
1997 EP EP MIX MIX MIX MIX MIX MIX MIX MIX
2002 MiX MiX MiX Ep Mix X Ep MiX MiX MiX
2004 cP CcP MIX EP CcP EP EP EP CcP CcP
2006 MIX MIX MIX MIX MIX MIX MIX MIX MIX MIX
2009 MIX MIX EP MIX MIX MIX MIX MIX MIX MIX
2014 CcP CcP MIX MIX MIX MIX MIX CcP MIX MIX
2015 Mix P cP Mix MiX Ep ep P MiX MiX
“'(';"’)'e . (sg’%) 3333 467 5833 50 2 3333 4167 4167
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ol 2AHT MY QAXE Sl AL xS oSSt A S SEE.

E-mail) ygham@jnu.ac.kr
Office number) 062-530-3461
Homepage) http://ocl.jnu.ac.kr/ st =18 L=y

| CHONNAM NATIONAL UNIVERSITY
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Two-Way Interaction between Climate
Change and Aviation
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School of Earth and Environmental Sciences (SEES)
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Impact of Large-Scale Variabilities to Flights

North Atlantic Oscillation (NAO)
+NAO -NAO

DJF88-89, DJF94-95, and DJF15-16 DJF09-10, DJF95-96, and DJF10-11

Impact of Large-Scale Variabilities to Flights

El Nifio Southern Oscillation (ENSO)

+ENSO (El Nifio)

DJF15-16, DJF82-83, and DJF97-98

-ENSO (La Niia)

DJF88-89, DJF07-08, and DJF99-00
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Impact of Large-Scale Variabilities to Flights

Wind anomaly for NAO and ENSO

(a) horizontal wind anomaly for +NAO periods (b) horizontal wind anomaly for -NAO periods
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(c) horizontal wind anomaly for +ENSO periods (d) horizontal wind anomaly for -ENSO periods
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Histograms of zonal winds with NAO

(a) horizontal wind anomaly for +NAO periods (b) horizontal wind anomaly for -NAO periods
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Histograms of zonal winds with ENSO

(c) horizontal wind anomaly for +ENSO periods (d) horizontal wind anomaly for -ENSO periods
50°N - 50°N - JD000

45°N SR 4seN

40°N i = 40w
35°N 1 ssn

30°N 30°N

25°N - 25°N

200N /e es e

N ) A —

20°N - . .

15°N

+ENSO165°W 150°W 120[:VS_IENSO
§ A‘ ", R .
il
"l
% gonal wind a?gOO-ZOO th?m/s] *
Flight trajectory models
(0]

dp(t) Vucosp(t) + U(9,6,2)

dt R cosO(t) ’ e
do(t)  Vysimp(t) +V(¢,6,2) o

dt - R ’ "“‘.m

* GCR (Great-Circle Route with winds) v V)

Great circle heading angle

from each way point to destination. .
Kim et al. (2015; 2016),

*  WOR (Wind-Optimal Route) Sridhar et al. (2011),
dy(t) Fyina(t) and Williams (2016)
dt ~ Rcos6(t)

<Explicit Forward Euler method>
y(t+1) = y(t) + At {dy(t)/dt}, wherey = ¢, &, and .
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(c) GCRs between HNL and SFO during the +tENSO
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Daily GCRs and WORs for +NAO and +ENSO
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(a) JFK-LHR routes for EB during +NAO
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(€) HNL-SFO routes for EB during +ENSO
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(b) JFK-LHR routes for WB during +NAO
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(d) HNL-SFO routes for WB during +ENSO
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North Atlantic: EB (top) and WB (bottom) GCRs (blue) and WORs (red)
GCRs (blue): stick with GC, WORs (red): wide.
Eastern Pacific: EB (top) and WB (bottom) GCRs (green) and :
GCRs (green): stick with GC,

(a) GCRs between JFK and LHR during the NAO

: wide.

Eastbound and westbound flight times

+EB

+WB
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Flight time [min]
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(d) WORs between HNL and SFO during the £ENSO
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(b) WORs between JFK and LHR during the tNAO

o

—————-

T

+EB

+WB -EB

-WB

- Box plots of the minimum,
maximum, mean, and +SD of
the flight times along the GCRs
(left) and WORs (right) for EB
and WB during + NAO (top)
and + ENSO (bottom) at 200,
250, and 300 hPa levels.

1) WBs takes longer than EBs.
2) WBs in +NAO and +ENSO is
taking longer than those in -

NAO and —ENSO periods.

3) No significant dependency
in different cruising levels.



Histograms of daily round-trip flight time
in the North Atlantic region

(a) Round-trip time along the GCRs between JFK and LHR at 300-200 hPa
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Histograms of daily round-trip flight time
in the Eastern Pacific region
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Extrapolation of delays of round-trip
flight time to overall air traffic

v Averaged daily round-trip time in the North Atlantic Ocean:
JFK - LHR:

Round trip takes 5.09~7.87-minutes longer in +NAO than in —NAO.
ATL - MAD:

Round trip takes 4.24~9.35-minutes longer in +NAO than in -NAO.

** Extrapolate this to overall air traffic for winter season (3-months):
[300 round trips/day (data from Irvine et al. 2016, and Williams 2016 ),
1 gal/sec, 3 USD/gal, and 9.6 kg co, /gall.

= 1,908 ~ 4,207 extra hours in +NAO winter period.
= 6.9 ~ 15 million gallons of fuels more in +NAO winter period.
=21~ 45 million USD more in +NAO winter period.

=66 ~ 144 million COZ emissions more in +NAO winter period.

Extrapolation of delays of round-trip
flight time to overall air traffic

v Averaged daily round-trip time in the Eastern Pacific Ocean:

HNL — SEA:

Round trip takes 5.92~6.7-minutes longer in +ENSO than in —ENSO.
HNL - SFO:

Round trip takes 6.51~8.73-minutes longer in +ENSO than in —ENSO.

** Extrapolate this to overall air traffic for winter season (3-months):
[100 round trips/day (data from the http://www.transtats.bts.qov ),
1 gal/sec, 3 USD/gal, and 9.6 kg co, /gall.

= 888 ~ 1,309 extra hours in +ENSO winter period.

= 3.2 ~ 4.7 million gallons of fuels more in +ENSO winter period.
=9.6 ~ 14 million USD more in +ENSO winter period.

=31 ~ 45 million co, emissions more in +ENSO winter period.
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What is the contrail ?

Water vapor frozen on aerosols from the exhaust of engine
Saturation and condensation, vortex downwash, and freezing

Depending upon ambient atmospheric conditions
Reflecting (trapping) shortwave (longwave) radiation

Aircraft RF
120 L L
1001 E 1992 (IPCC, 1999) 0 2000 linearly scaled from IPCC, 1999
@ 1992 (Minnis et al., 2004) W 2000 (TRADEOFF, 2003, mean)
80
% 60
s 1
4
E, 0
L
0- e | MY
sl 3
-20
-40 1
CO, (0N CH, H,0 Direct Direct | Contrails | Cirrus Total
R Sulphate ~ Soot (w/o Cirrus)
from NO,

Sausen et al. (2000)

* Provide detailed RF values as a function of time during a day.
* Conduct RF study using actual aircraft data over the USA.
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Formation of Contrail and its properties

* RH> Fcontr & T< Tcontr 9 _Q} >
(Schmidt-Appleman Criterion) c \‘C"_/Ln : y
* RH.>0.7 '

(Ice Super Saturation Region)

SAC+ISSR (green) at 34000 ft (FL340) in US
at 13 UTC 23 Apr. 2010

* |ce Water Content for contrail (Schumann 2012)

IWC; = exp (697 +0.103T)

 Effective radius (eg): As a function of T and IWC_ (Sun 2001)
* Optical depth (7): As a function of e and IWC_ (Sun and Rikus 1999).

Radiative Forcing at Top of the Atmosphere
by Schumann et al. (2012)

f (optical depth, effective radius of contrail)
f (Effective Albedo: RSR/SDR, zenith angle,
T of natural cirrus above the contrail)

e

RF,:: disturbance of RF budget
RFg, (<0) + RF, (>0).

f (optical depth, effective radius of contrail)
f (OLR, Contrail temperature)
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Estimation of contrail RF over USA

RF net 00UTC 23 Apr. 2010 RF net 06UTC 23 Apr. 2010
T A T 7

12UTC 23 Apr. 2010 RF net 18UTC 23 Apr. 2010
' H = " . o]

B

L3 A,A

__________

Estimation of contrail RF over USA

00 02 04 06 08 10 12

200 0.21
] - 0.18 T

160 i ‘ : =

- 0.15

& 1 i =
E 7] ‘ - X,
= ] o 2
_ - n

§, % . ‘ — 0.09 GC)
T I °
- 0.06 O

i =

[ o

- 003 /=

T T T 1T T T T T T T 17T 0.00

T
14 16 18 20 22

UTC

<--- night time in USA --->

<--- day time in USA --->

e Contrail RF net is the maximum around late evening.
* Daytime: Cooling (shortwave) and warming (longwave) cancel out.
* Mean: 50.73 mW/m?. (Night: 85.54 mW/m?; Day: 15.92 mW/m?)
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8  Summary and Future Plans

Stronger (weaker) jets are found over the East Pacific Ocean and North Atlantic
Ocean during +ENSO and +NAO (-ENSO and —NAO) phases.

Averaged round-trip flight time is longer in +ENSO and +NAO than —ENSO and
—NAO -> Extra fuel = Extra costs = Extra CO, emissions in +ENSO and +NAO.

Contrail is formed in SAC+ISSR area.

In a case for US, night time RF is large, daytime effect is small.

Impact of other climate variabilities (e.g., MJO, AO, PNA, EAWM, and so on)
for several other major flight routes

Other emissions like NO,, O;, Water vapor, and Contrails
Using the future climate scenarios in the CMIP6 models

Other applications (Turbulence, Icing, Convection, Temperature, Fog, and so
on) for aviation

NSy
Pl

Thank you for your attention !

Jung-Hoon Kim
Seoul National University

ihkim99@snu.ac.kr
http://faa.snu.ac.kr
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Earth system model (ESM)
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1. Marine biogeochemistry prediction

2. Application to fish catch prediction

Toward marine biogeochemistry (BGC) prediction

(" Seasonalto
i multi-annual i
@ i marine BGC |
® Retrospective i‘ predlctlon ,,=
forecasts N ——— -
Produce BGC

Initialization data

Integrating BGC model with physical data assimilation. ,
=> Substantial equatorial BGC bias due to momentum imbalance.

=> Enforcing stricter fidelity to model dynamics over ocean data
- constraints (Park et al. 2018, JAMES)

_______________________________________________________________________________________________________________________________________
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Marine biogeochemistry model of GFDL-ESM2

» COBALT z - —
: The Carbon, Ocean Biogeochemistry . P e ~\
and Lower Trophics planktonic o s //_ ! 780400, % - mgz {*-P
ecosystem model % & ‘yfrﬁmp /B \
» 33 tracers (3 phytoplankton groups, 3 \k L\ «
zooplankton groups, free-living bacteria, 7
organic matter, C, N, P, Si, ....) Q‘t,”n?,‘l,fhe,ic = N2 W

deposition

» Light, temperature, nutrient limitations

» Coupled with physical ocean model Stock et al. 2014

(MOM4, 1deg resolution)

Retrospective prediction

1991 1992 1993 o« e s 2015 2016 2017
1 JAN ——— p 12 3 > x12
1 Feb — » x12
1 Mar— » x12
1 Apr > x12

v’ Targeting seasonal-to-multi-annual prediction

v 2-yr-long, 12-ensemble prediction run started every months

v Prediction skill assessment

: Anomaly Correlation Coeff. (ACC)
: Lead-time-dependent monthly-mean drift removed
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BGC prediction skill (global)

Lead time:
v’ Chlorophyll 1-3 mon

anomaly correlation %, °
(Model vs. Satellite)
¢

North Atlantic South Pacific " North Pacific
|

Trop Pacific

r 0.4

-0

—0.4

Lead Time (mon)

-0.6

0.8
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ENSO, a key for tropical CHL prediction skill

Trop Pacific
—O6— Obg @ — Predict (APR_init 9—11 mon lead)
21 LaLa La La
= 11
2z
& 0
S —11
5
_2- .
_3_
R=0.88 El
1995 2000 2005 2010 2015
Indian Ocean
—©6— Obg — ® — Predict (APR_init 11-13 mon lead)
3 La La
_ 2 La
=
N
Lo T B e T S v~ o e e
=
U —1 1 W
El El ‘
-2 El El
-3 R=0.72
199A 2000 20NA 2010 2014

Reemergence of subsurface BGC anomalies

North Atlantic (NO,) North Atlantic (Chlorophyll)
S

16 24 32 -24 -18 -12 -086 06 1.2 1.8 2.4
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Reemergence of subsurface BGC anomalies

North Atlantic North Atlantic (Chlorophyll

...... oeT

8 1

South Pacific (NO

-0.6 06 12 18 24

South Pacific (Chlorophyll

6 24 .
[umol kg'!/mg m?

Depth (m)

APR UL 0CT _ JAN  APR UL

-48  -36 -2a4 -12 12 24

North Pacific (NO

a6 a8
[umol kg Y/mg m?]
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Potential utility for marine resources (fisheries)

Large marine ecosystems (LMEs)
v Reported annual fish catch 7
data in LMEs
v' LMEs account for 95% of 48
global fish catch

v" Bottom-up forcing for fi
: SST, CHL

BGC prediction skill (Coastal)

Gulf of Alaska

Large marine ecosystems (LMEs)
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Annual fish catch prediction

80

el

Predictable
bottom-up
forcing

Predictable

fish catch by
predicted
bottom-up
forcing

Annual fish catch prediction

Gulf of Alaska California Current

T 0

"Humboldt Current

1000 1000
5000
500
900
2000
800
800
9000
700
700
R=0.64* R=0.77* 6000 R=0.48*
. R=0.48* 600 R=0.63 R=0.20
60 -
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 1092 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 20

Canadian Eastern Arctic Agulhas Current

Somali Coastal Current

Reported

—&— 0-1 Yr Lead
—A— 1-2 Yr Lead
—&— 2-8 Yr Lead

60
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
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CalCOFI 113
STATION POSITIONS

Oxygen prediction skill

O, CalCOFI

151 Obperved

—&— 0—1 Yr Lead X
10 1 —&— 1—-2 Yr Lead
53 .

[pmol/kg]
(@]

710,

5] R=0.75%

1995 2000 2005 2010 2015

Oxygen can explain annual fish catch

- Fish Catches (LME:25) Fish Catches (LME:43)
—e— Reported —e— Predicted (SST)
400 —=— Predicted (CHL) —=— Predicted (02)

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 1882 1994 1996 10988 2000 2002 2004 2008 2008 2010 2012 2014

Fish Catches (LME:46) Fish Catches (LME:52)
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Decision supporting for fisheries management

30N

EQ

EQ

30S

60S

g

Mesozoo

[Variable Importance] [Skill score]

Climate-informed marine resource management

v' Higher average catch and
Forecast Forecast ; }
SST ® SST ® stock biomass of sardines
using future SST
information.
Past | Past | .
SST ° SST y -> Improved marine
resource management
No | No |
ssT]™® ssT1 7 ® _ _
=>» Expecting more benefits
100 125 150 175 700 900 from BGC prediction
Mean Yield Mean Stock Biomass
(1000mt) +/-95th to 5th (1000mt) +/-95th to 5th
percentiles percentiles

Tommasi et al. 2017
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s

, = CHIorophyII prediction
Summary : e - oy

TR

v Up to 1-2 year of CHL
prediction skill depending on
initialization month.

v" Application to fish catch
prediction is successful.

v Feasibility/utility of BGC
prediction is promising.

pC02 SimUIation 0 RCOR (North ?TL)

pCO2 (North PAC)

~80 -40 -20 0 20 40 60

r=0.82

0 -40 -20

Model

20

40
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Air-sea CO, flux prediction skill

v’ Lead time: 2 year

B 1AR2-2000 3 Ind. CRFIIL 1%7-21175 Ini
i Tia . 5

Courtesy to Hongmei Li

Air-sea CO2 flux prediction skill (spatial)

A Air-sea CO, flux

1.0 A A E HEN 8 o : :
] o 5 . 8@ 5 I
g_ 8% c°8 B8 sy ey
] ; : o ‘ ; :
. 08 4 ©o , ® : , o i -
| e :
._g il oQO A oD 2 B a : N ° ]
T 06 | # : S I L
o 1 . ‘
= 04 -, : ~
=z aoo CESM ?
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0.0 — T
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