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SUMMARY

(3 B 2 o 7

| . Title

Research on improving the base model of climate forecasting system GloSeab
Il. Purpose and Necessity of R&D

O Purpose

To propose improvements to enhance the efficiency of the dynamical core used
in operational seasonal forecast model.

- To explore the potential applicability of the Korea Meteorological
Administration’s (KMA) operational numerical prediction models to climate
prediction

- To analyze the diffusion processes within climate models and suggest

strategies to improve their efficiency.

To provide fundamental data for the application of climate prediction models by
evaluating the computational efficiency, parallel scalability, and baseline
simulation performance under varying horizontal and vertical resolutions based

on the integration algorithm of the dynamical core.

O Necessity

- Research is needed to improve the dynamical core of operational climate models to
better reflect East Asian climate conditions, thereby enhancing long-range
forecasts for extreme climate events.

- The growing societal demand for high-precision weather forecasts and the need for
accurate climate information are becoming critical for public safety, disaster
preparedness, and economic activities

- With rapid advances in computational technology, expansion of observational data,

and forecast techniques, the need for improving the accuracy of seasonal and



subseasonal climate forecasts is increasing. Leading meteorological institutions in
the U.S., Japan, the UK. and Germany are actively pursuing advancements in
numerical prediction technologies for these purposes.

- The KMA currently operates a climate prediction system for seasonal to
subseasonal forecasting and seeks to enhance operational forecast performance
over the Korean Peninsula and East Asia through continued development and

improvement of the prediction system.

[1l.  Contents and Scope of R&D

O Investigation of Advanced Dynamical Core Technologies for Improved Climate
Predictability
- Comparison of horizontal and vertical grid structures in recent climate model
dynamical cores.
- Efficiency comparison of advanced dynamical cores for long-term integration.

- Survey of high-resolution modeling and topography representation techniques.

O Performance Analysis of the Operational Climate Model's Dynamical Core
- Evaluation of computational efficiency for long-term integration using the operational
model's dynamical core.

- Analysis of diffusion processes for stabilizing climate model

O Development of Improvement Strategies for the Dynamical Core
- Evaluation of the integration algorithms and component-wise computational
efficiency.

- Analysis of numerical stability based on horizontal and vertical resolutions.

|V R&D Results

O Investigation of Advanced Dynamical Core Technologies
- According to the NGGPS project, ECMWEFE’s IFS and FV3 demonstrated superior
computational efficiency. NEPTUNE and MPAS were found to require excessive
computational resources for operational use. NOAA selected FV3 as its operational

model based on these findings.



- Simulations revealed that different dynamical cores produce varying climate
representations in the stratosphere. Finite-volume models simulated larger tropical
"age of air” values than spectral element models, implying differences in material
transport.

- Finite-volume and spectral element-based models showed different climate responses
in the Arctic. Numerical characteristics of each core affect the computation of
physical processes, resulting in divergent temperature simulations that could

significantly impact mid-latitude climate.

O Performance Analysis of the Operational Climate Model

- Enhancements are needed to conduct long-term integrations stably and efficiently.
Simulation profiling identified potential methods to reduce computation time, which
were successfully validated.

- Replacing the non-hydrostatic core with a hydrostatic core led to reduced
computation time. This modification eliminates certain terms in the governing
equations, resulting in a 20.5% reduction in synthetic experiments and a 5.6%
reduction in real-case forecasts.

- Laplacian operator structure in diffusion processes was analyzed. By approximating
non-impactful points as zero (due to matrix sparsity), computational loads were
reduced by 1.8% (synthetic) and 0.1% (real-case).

- Time-split diffusion was introduced to mitigate excessive time consumption in
tracer diffusion during real-case experiments, yielding a 34.2% reduction in
computation time.

- As the climate model expands into an Earth system model (ESM), the increased

burden from additional tracers in advection processes must be addressed.

O Development of Improvement Strategies for the Dynamical Core

- Experiments comparing spectral element and finite-volume dynamical cores under
idealized dry atmospheric conditions showed that the finite-volume core was more
efficient with fewer CPUs, but spectral element cores scaled better with increased
CPU counts.

— Parallel scalability was consistently observed under identical physical process
configurations. The choice of dynamical core significantly affected climate simulation
outcomes, including when using full physics packages.

- Simulations under global idealized and realistic climate conditions revealed that the

spectral element core consistently produced warmer conditions in the lower Arctic



troposphere.
These Arctic simulation characteristics were also observed in seasonal prediction
experiments. However, mean simulation biases had minimal impact on the

interannual predictability as assessed by anomaly correlation coefficients.

Application Plans of R&D Results

Characteristics of the dynamical core in the current operational climate prediction
system will serve as a foundation for developing new systems.

Results from the analysis of advanced dynamical cores in overseas climate models
will deepen academic understanding and contribute to improving operational

performance.
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- VR 27 AT E A sE e 20129 dh7)-a% 75
KR
=

- 7S o MetOfficeZ5-E] =4 % GloSea (Global Seasonal forecasting

system) & HS 7|50 H RO ARSI, B AHE < 2-1>2 29
g 4= 9)8 (Ham et al., 2019; Kim et al., 2021; Hyun et al., 2022).

% 2l 7]¥kS] N96 3]
8t 7 20131 d 3

o o
2 K1

(~135km) S 7}A] = GloSeadd] E=¢jojn, A&
o7 2493519

- 201430 = A EE 135kmollA] 60km=Z 74138 GloSea5 (MacLachlan et al.,

2015; Scaife et al., 2014)E A +F5IA% . 201610 34 A4S Jadol=
3} GloSeabGC2E A3}

- 202135 HA7HA] GloSeabE =Y sFe] A2 299, GloSeab+= GloSeas tH] Tf

71, 3%, A9, Ay w2 o] Al Ul 75U o nE /R sol, Ay

¥l w3l 7134 (historical run) 9 A-$ 2437 AE-S 43

<FE 2-1> 713 FY AE W F2 AH S 29 (GloSea) A<}

GloSeadGA3 GloSeadbGC2 GloSeab
(Until 2015) (Since 2016) H09ean
Atmosphere GA3.0 GA6.0 GA7.2
Ocean G03.0 GO5.0 G06.0
Model )
configuration Sea—ice GSI3.0 (GSI16.0 GSI8.1
Land GL3.0 GL6.0 GL8.0
Coupler OASIS3
Atmosphere N216L85, 0.83° X 0.56° , Top: ~85 km
Resolution . _
Ocean ORCAO025L75, 0.25° on tri-polar grid
Initial Data Forecast Atmos.: KMA ‘ Atmos.: KMA ‘ Atmos.: KMA




N512 N768 N1280
Ocean: NEMO Ocean: NEMO Ocean: NEMO
VAR(UKMO) VAR(UKMO) VAR(UKMO)
Atmos.: ECMWF | Atmos.: ECMWFEF | Atmos.: ECMWF
ERA-interim ERA-interim ERA-interim
Hindcast Ocean: Seasonal
. Ocean: NEMO Ocean: NEMO
ODA reanalysis
VAR(UKMO) VAR(UKMO)
(UKMO)
63 days, 2 75 days, 2 75 days, 2
S mem./day mem./day mem./day
Breiaiion e @ orecas 235 days, 2 240 days, 2 240 days, 2
Ensemble member mem./day mem./day mem./day
) 245 days, 2 255 days, 2 255 days, 2
Hindcast
mem./day mem./day mem./day
, . 14 years 20 years 24 years
Hindcast period
(1996~2009) (1991~2010) (1993~2016)
, 2014 ~ May. 2016 ~ Nov.
Operation date 2021 ~ Now
2016 2021
o 9| A3
- 9] A1FE AaEe Fb-lRER el FRHT e (<E
2—2>)
- tjRRe) 7o) 19~0.5° Aol ] SRHIES Sk glon], A4 Al
$ st mel Agse VB e Jolg
- 29 715E 2B gRE APRd n5stE 2YOR Fof AU 2
B 5. EF A 717 o) A% AE BIR ATE BHOR Fhe A
FUE 2d e 2 s g (7]473, 2023)
<3 2-2> 18] 7|5 oS5 Al 2~ d3) (APCC AHs)
7] & = rdrg A= (N7 2H)
BCC (Beljing Climate F BCC_CSM1.1m T106 (~110km) / L26
Center)
BOM (Bureau of a3 ACCESS—S2 N216 (~ 0.5° x 0.5°) / 1.85
Meteorology)




CMCC (Centro
Euro—Mediterraneo sui | ©]&@o} | CMCC—-SPS3.5 ~0.5°x 0.5°/L46
Cambiamenti Climatici)

CWA (Central Weather

. . o vk TCWA1Tv1.1 T119 (~1°x 1°)/L40 (1mb)
Administration)

ECCC (Environment and

7 . ~1°x1° 1
Climate Change Canada) (S 3=s CanSIPSv3.0 x 1°/185 (0.1hPa)

HMC
H logical L-AV-072L9
(Hydrometeorological o,y | SL=AV ~0.72° x 0.9° / L94 (0.04mb)
Research Center of 6

Russia)

JMA (Japan

. SIRGS JMA/MRI-CPS3 TL319 (~55km) / L100 (0.01hPa)
Meteorological Agency)

METFR (METEO

Ik MF Sys 8 TL359 (~50km) /L127 (0.01hPa)
France)

MGO (The Voeikov Main
Geophysical 2 Al o} MGOAM2.4 T63 (~ 1.875°x 1.875°) /125
Observatory)

NASA (National
Aeronautics and Space u) = GEOS-S2S5-2.1 ~0.5°x0.5°/L72
Administration)

NCEP (National Centers
for Environmental u) = CFSv2 T126 (~1°x 1°) /L64 (0.26hPa)
Prediction)

UKMO (UK

4 GloSeab N216 (~ 0.5°x 0.5°) /L85
Meteorological Office) el ooea ( X )/

B30) 7)) Z A 2wlo]A] oF 19-0.5°9) ST} ol B
>

Q.
= o A
) A A NS BFOE BT 71 FARE ] A3



°F 0.5°9 TR =E AHEE

- AR A (oF19)9] 7IFRFEES H e A E L oS

89 EC-Earth 7] 3532 7] 80kmoll A 40km AN T2 134 E3}5HA
ENSO (El Nino—Southern Oscillation) 2] &7F G- (spat1al structure) 7] A1 9]
o} 1S 3] (Haarsma et al., 2020). = BCCY] 7% @Al T106 (~110km)
AN EE AFESY T266 (~40km) LN E3ES =3 TC (Tropical Cyclone),
ENSO, MJO (Madden—Julian Oscillation), QBO (Quasi—biennial Oscillation) 5ol 4]
o] o] ol & ERIFH (Wu et al., 2020).

- H 71 Eg o st Ao A o AR} FE (subgrid—scale)d] 3} HA S
27] el R Y EE km TFEAA Fol= Al B2 HaL sloy, e
Tk ol A2 A7 A <TI™H2-1>A] 5km 3l|/F =] ICON (Icosahedral
nonhydrostatic atmospheric general circulation model) E&L A& E H&<l
CMIP6 (Coupled Model Intercomparison Project Phase 6)H.t} 744~ @x}7F &+
(Schneider et al., 2024). Wa}A km 7R F438F +HA = =7} o] do t}=

Qo155 =ax o7 e HQ Ut Qe

SRR ‘%mﬂﬂ Jol s el ohe} SR A AAE @
- CESM FV (Finite Volume)9} UM< ¢ - 4= AAS ARk WA, CESM SE
(Spectral Element)®} KIM (Korean Integrated Model)& S HA| 7 AA} (Cubed
Sphere Grid) & A28 (<% 2-3>). SHATF A= 9 - 4% 4
$i=F A (Pole distortion) % ¥ &3} A (Parallel efficiency) & 3l 4 sl Eﬂ

2
22 2 7150 28 T3S N340 QA 91 - A% AAE thalse]
T A%} (unstructured grid) & @ol &8sk FAIY. A4} 7|0F 28 %
3}l NCAR (National Center for Atmospheric Research)®] MPAS (Model for
Prediction Across Scales) 288 7| A3 (weather model) ¥} 7] & 1.8 o] o3 AT}
27} @ Holgta 7glstar lom, AA 7]|E2Y 48 A5+ (Michaelis et al.,
2019) ¥ ZZAE (SIMA, EarthWorks) 5S 83t gl&. Ao == oY
@ WA AAE B8R o] Felv) flel woll}, e Agwdae) A A
ST 5 dE BAY S AT H R /TN v FE] A Ak}
AEAR A7t B R



o W2 ’ WF° ’ WF° W HadGEM3-GC3.1

CMIPE IFS
135 km 60 km 25Kkm (4yr) 4km
Precip
LW X
SW
\\‘\'5 \4\& .\\N\ \1\’?' MPI-ESM1.2 CMIP6 ICON
& & & P 200 km 100 km 50 km (4yr) 5km
Precip
LW
SW
I . : . . MAM
0.4 06 0.8 1 i.2 1.4 16 DJEXJIA
RMSE normalized by CMIP3/5 median (1.69 mmd™', 123 Wm=2, 18.0 Wm?) SON

<Y 2-1> o8] 7|1TE2 9 el wrE RMSE A 3%. (Schneider et al., 2024)

5} 2 A AR} A A HSF
MPAS CESM FV CESM SE UM KIM
Horizontal
Grid SCVTs Lat—Lon Cubed Sphere Lat—Lon Cubed Sphere
Terrain— . Terrain— Terrain—
Vertical erralr'1 Vertical Vertical . .
Grid Following Floatin Floati Following Following
: oatin
(height) & & (height) (mass)
o AL F =
7IFRRS SR A ] ARAPEE o] TAHOAG . <3
H2-

1> A MPI-ESM1.2 ®.& o] 13

o




height (km)

- GloSea6+= 85km2]

- <Y 2-2>9} o] AASF =S Fdoll we Aol A Faol AAHY,
S al 0]

2o it oyt o) A4 HgAE R T 5 9l (Skamarock et al,

2019).

=y

- 0o
NCAR®] 79 1080 52 30 o] 9] A7 485 sirfete, Bge] 452 1
hPa - o2 A0} 9lom, oA s dles 3355 7w oR &8ss A

4= s

Potential Temperature (c.i. = 10 K) and Horizontal Divergence (fill, x 10* s)

Az =100 meter:

30
20
| . """'""f-
10 1k
)
-80 70 -60 -80 -70 -60
longitude (degrees) longitude (degrees)

<I¥ 2-2> AA & T mE 29 9 73 24F F3. (Skamarock et al., 2019)
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L A7 A ES 95k Azl Helmo] g84 vl 4

1) A &8 A7 Helz0] A3

o A U S AdAS EP 9 A5 oS Hx7F 6~871E W= A3A o
U 248 95k 200 o]xke] 7)Ao el A A Ro] Q3 Akl o]
23k A7 A Ho] mjd FRHA]= o oS HAAFS o] &slo] Bl
AETH A5 A A Wol QoA &8st Ldutbdel Astojm g
Hl 2 oW 7|7k 13 4=3)o] I Q 3}

o GloSea6o| 4] F&sl= UMRE L x|y 23 o2 ¢ 38y g ~a 7]
SR HT v wA A7 A ko] B AR Y Y 9 v Rl o R
W= Q5. 2 v A 289 543 702 O 77| (deep atmosphere)
o] A4 EAE BT X3t ol e B ekl thE AR tiy
sto] s wE AL aE54S VA AL e Ao R dE A S

gs0)E 8 HAF A vl

<719 2-3> NOAACA] 20131 8 ZpAT A7 x| ol B 23 v =
A E (NGGPS—Next Generation Global Prediction System, Ming ji, 2016)°l| A X
HUEe® A7 13kme] A EE Falshs H Zagh A4k A S g okst
. ECMWFe] IFS7F 7Hd whE e Holal dom, NOAAA 7t
NMM-UJ ¢} FV37} Ot 0.2 £ At a 84S Hol& Ao 2 el 1
©] NRLo|| A 7]2+¥ NEPTUNEY NCARS] MPASE FA] 7|02, A4 &-&

il

N S

sl719l As] AL AR o] Hol Ha sk Ao 2 e,
NGGPS ZZAEE E3] NOAAE FV3E3S &9 889 714 A3gtsl n3o =z
AEsl o, 1 2AV He 7 T 2% ol = AA 8419 Ao R By

o] o
A=K
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\)
~—

FV3 (2) —e—IFS (Round 1)

8.20
8 —a&— IFS, xtra core counts
—&—NMM-UJ (Round 1)
7 —a— NMM-UJ, improved comms
FV3 (1)
506 —&—FV/3, single
—&—FV3 double (Round 1)
6
—+—FV3, double, xtra core counts
5 NMM-UI (2) e— NIM (Round 1)
4.46

— NIM, xtra core counts
MPAS (Round 1)
MPAS, xtra core counts

MPAS —a— NEPTUNE (Round 2)

281 —e—NEPTUNE (Round 1)

NEPTUNE (2)
222

Speed as Factor of Operational Threshold

: ) NEPTUNE (1)
1 R e L e e S 1.69

8192
16384
24576
32768
40960
49152
57344
65536
73728
81920
90112
98304

106496
114688

Number of Edison Cores
< 2-3> 7 AT SRR BEE AT 13km AAE A FAS 1T B 44 A

r (

A7 ehao] wel ¢ Hlm

EEEREREE

- jstzio] E5ol ek 1 FRFo] melshs 54 A FAY O mel Seol
ge}d = 9. Gupta et al. (2021)8 7]E0] o] AH S Z3) Astzio] S vl
31 Held and Suarez (1994)5 8H43slo] i Fd-A5H <3 t7] &5 &
air parcel =50l tjgk 7] & #H S F718lo] A Z2 benchmark testS A<t

= 7 gdekz0o] H 2 oJ% SSW (Sudden Stratospheric Warming) ¥ 5=
Wk A9l SSW A Rl G= Jetae] Fie wet b2 ol
5 PV A5 SHAREA 1°x 199 W, 20 x 220

1=
*‘;T
S48 BAYAL, PV A9 SRS} Bl W 1l

oo = o=
T
ST
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Number of events

Average sudden warming events per 1000 days

GFDL-PS FR GFDL-FV3 FR CAM-SE FR CAM-FV FR
I GFDL-PS SP @ GFDL-FV3 SP N CAM-SE SP Il CAM-FV SP

2°x2° L40 2°x2° L80 1°x 1" L40 1°x1° L80 2° L80 100Yrs
<% 2-4> 7 e mo] 8 S Y] e SSW R4 Bt WS

<9 2-5>% GotaoE TN age of air 20| A= Hlaldt A9 age
of airi= tH7]o1 M & o] o] § 8k ATt E o™ tracer ol et H7FX 3£ 4.
AT skl dTor Setdas qetaofd wmiE Ao|7k Helow, 53
gy 7|9 RAEC|(GFDL-PS, CAM-SE) #&AAy 7uk =
(CAM-FV, GFDL-FV3) Bt} o FHk7-2] Aol Aol A B Z age of air gk& &
g ol detaofdz e ¢4 540 A A H9 sfl dF= A

9 T
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Age-of-air at different pressure levels

10 fo=eaa ¥
_______ 3 oy
e e 0, R

RERR 2S /s

= SN s

= 8.5 2 » P

> ~JA P e 4

i \\“\\\ oL § - ’(l

o A TN £ A

=) R P ™ i 4

< 7 N BNl s

N - 7 e
RN 74"
Y 427
N,
5.54 (a) s 10hPa|[
T T
/’d
T
.
_____ Py —
8.5 FEsas===sy ey =
. "__: _____ i G

Age [Yrs]
~l
I/
F/
// 4
i
1
1
\
\)
N

’ e .
5:5 \\T:\ oA
S st N
N =Y L
4 SN =
(b) o’ 30hPa
: :
s ===
=== GFDL-PS FR GFDL-PS SP S
=== GFDL-FV3 FR GFDL-FV3 SP /5
41 —=+ CAM-SE FR CAM-SE SP 7
b ""é;\‘\ === CAM-FV FR CAM-FV SP X
2
3
&
< 2

[T50nPal|
—80 -60 -40 -20 0 20 40 60 80
Latitude
<Y 2-5> 77 etaold AT AL Al 7HA Sl A 9ol whE age of air Ko A}

Jun et al. (2018)9 A& B 7|5 &3l o 2348 4~
=

FAAAR 71 A sta1o] (FV) o] A2 thE 4

2

ahlal 71 Ak ofefio}

<719 2-6> SE Io|7}F FV Sojol| H|3)| &2]4] A =S v b2 29
Sh=A] Shading®. = FAIS 19 Q. SE IOl H= A FoA] o] & 2
Fol efeiAlaL o E = dstel B Al FV Zoj By miedl 8k 2
g 2oshs A4S Bl BT, $37)¢ FE FEA IR HF 2% 4 7]
of3tal . o] A Gtao] nit} B4 A& v Ko Ao
55 A 7)o G A F deS AvE

<a¥ 2-7>& Aoz 551 vt Skt Skl vAe dFES
=4 A FV 3ol Aol thE2A SE Zol= Br A9 SAT (sea of

temperature) 2} E A *] D 2] SLP (sea level pressure)o A f-9jv]|3t 7 AE

ROlS, o) BAYORE FIvIF o] Aol wket Astzolo] mpe B
o] we] A7t FI% A o] 71 Fue Ao % G F F A& o
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hPa

hPa

hPa

a) temperature (T) b) transient eddy momentum flux (u'v')

100 100 ;
380 1= = 330 1 9
550 4———22¢ e 520 -

300 +— S 300 4 |
400 \e 220 400 b
. T | S

500 ~ \\\ s s 500 -
240 e o
| L=
700 - 700 ° |
|
a T2 8
850 3 850 \u‘
1000 | Sl 1000 .
30N 80N
IR T[T T TTTTT T
-5 0 5

c) tra}nsient eddy hflaat flux (v'T")

LININY — —
oo o
oOoOOoO0O
L1 11
<;\:§j¥-
.Y

S

L]
1 1
IV

LY

hPa

e) splecific humidityI (Q)

[
|
|
|

hPa

30N BON

kg k']
-0.0005 0 0.0005 -0.05 0 0.05

<a¥ 2-6> SR A sAWES HE 2F 71wyl E o] FV 32o] 9] 23} (contour) ©F

SE 5o A 3}¢}Fe] 2}o](shading)



a) differences in SAT and SLP (FV)

[K]
[K]

ST S TR T S T TR S S B
10 20 30 40 50 60 70 80 90 100

Sampling size

<9 9-7> 7} dstzmold B & 7FA9

1 1=

ol = F 241 bootstrap A

o=

b) differences ir{T) SAT and SLP (SE)

K]

32 40 1 2 3

d) SAT difference over NA (SE)

2.0 -
1.0 F !
2
0.0 IJ‘I I é I 2 'I‘ e
1.0 —HH ] I © 8
i : 1 4
2.0 = 1
1 | 1 | 1 1 1 | |
10 20 30 40 50 60 70 80 890 100
Sampling size
w2 SAT (shading) ¢ SLP ¥ 3} (color).
=35 =3 box plot

3) A71AE &8 7e ek Al dAstao] 284 vl
SELECEENCPIF X
- A NGGPS ZRAE A NS Gotme] REYL JF dF A2 2
g9 Qo] F8F LA FF APW G Z Fv] FLE B ARolR
mae] A WS AN AT ol EY,
- AR A Getaio] o] AN S FeHE el e Ay Bt ohe
7} AR 3] A9 A7 2ARSI] BAM AR B 2918 BT 98
B oA A AR AN getiole] KM MPASS] A4k 28 A7k
o vl A 23S
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& Suarez (1994) E.2]of KIM¥}
100s, °F 0.5° 4~ 3]

Lok
K
2
=
El
1>
o
‘O,
T
[N

- <OH 2-8>2 % 9 o] Hel
MPASO A B & 2 0 9 A]7HS LhER,
Aol A S E S, MPASI A F A&
KIM®] 10, ZIek ¥ 7Alukap 22 F7H4
W e qtaol o) A AL 2uf 7}
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>
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X
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929.4s 1483.8s 771.6s 1325.3s

Atm etc.
B (70.45, 4.7%)

B (25555, 10.6%) (06 as 17.8%)

Atm etc.

L 52h3est'c5'6%) Small Step Dyn etc.
B (55 05 0.5%)
(183.4s, 23.8%)

Small Step 5

(319.0s, 34.3%) yn etc.

.(264.85, 34.3%) .(52’2,?)'_'8?‘*2"1_9%)
Large Step -Small Step
Large Step (673.8s, 45.4%) (145.3s, 18.8%) Large Step

(178.1s, 23.1%)
KIM_r4 KIM_r8 MPAS_r4 MPAS_r8
(At=100s) (At=100s) (At=100s) (At=100s)

(582.5s, 39.3%) Atm etc. (473.8s, 35.7%)

(469.7s, 50.5%) Large Step (324.3s, 24.5%)

<719 2-8> At = 100s, ¢F 0.5°¢] Held & Suarez (1994) 2 g el 4 KIM, MPAS Al4E &8 AJ7E r4,

8 27 G e Wi =S o]

- <® 2-4>, <3 2-5>¢ 77 dAEE v E KIMOlA At=100s<}
At=200 A& AQA7FH])E. Large stepd} Etc.ol| A+ o] 2341 %2 50 %
F-o] &S 714 = R Small stepoll Al &Sl =2 v]&S 71 KIMO]
Ete. & A& 3F Bl&oll M 25 2 ke 71

- o]& KIMS AU E 29l Fafof 9lo] ALt nlagido] 235 &
AL,

o

Al
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KIM
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lo| A At = 100 18] 22 A3 719
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Total2 A A 22 A 7F Etc
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Total
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Etc.

ool
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55.79%
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p4

(755.6s, 47.2%)
100s)

Small Step
(608.0s, 38.0%)
Large Step

Atm etc.
B (7665, 4.8%)

-Dyn etc.
(160.3s, 10.0%)

KIM r8 n

1601.2s

(At
} 22 9] ne90np3 A E S ¢

Atm etc.

B (70.45, 4.7%)
Small Step
(582.5s, 39.3%)
Large Step
(673.8s, 45.4%)

9

100s)

-Dyn etc.
(156.5s, 10.6%)

KIM_r8

1483.8s
(At

C.
8.2%)

t

Dyn e
(80.9s
p4a

(454.9s, 45.9%)
(At=100s)

Small Step
Large Step
(417.1s, 42.1%)

Atm etc.
= (38.3s, 3.9%)

==
) I

(469.7s, 50.5%)

991.6s
KIM r4 n

c
9.5%)

Atm etc.

Dyn etc.
(88.0s,

Small Step
(319.0s, 34.3%
Large Step

I (52.3s, 5.6%)
Mol WE A2 AJ7E npd+= neb0npd A S 9n

100s)
<718 2-9> At = 100s, ¢F 0.5°¢] Held & Suarez (1994) 2 & o] A] KIM 9]

KIM_r4

929.4s
(At

el

o]
U

K

o

i

A7} 3

(Lauritzen et al., 2015).
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& 14 AALE $A49 248 AR A
5 fA5HE Were 27 918 A AT e 71 A1 F

23O Ay A2 WS A S
NCAR®] CESM2] CAM—-SE, MPAS®} 1] =+ of| A 5-2] E3SM ¥} o] v| A& Az}
& AFSHE g vl XA Z2AL ol A A ES }—E gl Ay A5 (2F 1km

ARz AP 5, 2 BRoIA AFg el ARz oA
A= (Lauritzen et al., 2015; Taylor, 2024).

NCAR®] CESM 2.3 9] 79, dgtziofdl upepa] A& F&slr} v 24 485+
o, 222 /WS FEFHE CAM-SE 702 AL 3 49 ek a Aials)
DU S ALg el BRI, KA ALE B CAM-FY Zolt 9w
ARE ALG R SN QTR AP AF8E) ghont, md S gEe] Ay
T} =2 ol tist AHE AV Bl A A A (Lauritzen et al., 2015).
E3SM=> CAM-SES} fAFsHA ’lA & et AAAtE &838ta gl 5718w
2 Ae Hzo] VaolA) V= Sl wet B Eels AaAe) v 948
91, @ BeaE A9 e AEaE AL AL AL (Taylor, 2024).

UM9] 7-$ Raymond (1988)0] A+t 62} #lo] 2= A E %H% 8 31 3
2 ALgstel AWe) RS Y adtel £H FLY

et al., 2002).
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Height [km] along latitude -30°

5_0 1 1 1 | 1 1
1 —CAM-FV i
- 32x, CAM-SE| |
= 16x, CAM-SE|
4.0' 4 08x, CAM-SE| [
i —04x, CAM-SE| |
1 —00x, CAM-SE| [
- ——GTOPO30 -
30 — —
2.0 B
{/0: =] £
0.0 | T T T | T T __
80W 60W

<719 2-10> CESM®] Hgts0]¢} W&} ZF o i Qhel 2~ Ak o] 23] gA
(Lauritzen et al., 2015)

- <Y2-11>8 7|5 & A2 o7 85 9= o MetOffice®] UM E&,
TR B A|2~"H O 2 a5 51 o) KIM 28, 7= NCARS] MPAS E3 ol A] A}
Botal & o5 A A=Y wAake gharol whe A A Y. UM MPAS+
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A A (Choi and Klemp, 2021)S KIMol| &-&3}o] tA == W 3taA}
WS A Q9] e mE A4l Fest RS FUle] AZ AR o A
o= 2he PR R4 H2E e T Ae (<T1H2-12>)

SIG: coordinate surface
1 L L L L

HEIGHT (km)

T T T T
-10 0 10 20

X (km)

T
-20

HYB: coordinate surface
ol 1 1 1 1

T

HEIGHT (k)

T T T T
—-10 0 10 20

X (km)

SMH: coordinate surface
| — L 1 1 1

HEIGHT (km)

T T T I. T T
-20 -10 0 10 20
X (km)

HEIGHT (k)

HEIGHT (km)

=20

-10 0
X (km)

SMH: theta time=5400 s
5.0 P - . | L | 1

()

3.0 -

N ————

HEIGHT (km)

—-10 o] 10 20
% (km)

-20

g
Ay

<ad 2-12> Al 7HA] 47 AAE A AL AR A e w2 Alavk AR A A,

=3 A= AL AA, HEstAE &3 A= AR} A AL (Choi and Klemp, 2021)
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@] 7%

A

F& Time—Splitting RK3

-

A
o Ao A = ALg3t

T

k)
8l

O]—o
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H
o

=, AR w 7] EA el

O Laprise (1992)7} A ]
[e)

S 7|Eow
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AN=
A7} AL

b

Aol M e A

-
It

74 hybrid sigma—pressure with smoothed coordinate surfaces (Choi and Klemp,

2021) A2 =
order time integration®. % 2%} 9] © 1 WRF, MPAS
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P, w27 A

2 o]

SN

time—split explicit third—order Runge—Kutta (RK3) integrationS A&

T

)
pul
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- Time—split RK3 integration
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(Klemp et al. 2007).
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-9t el A glo] dishe set F-at, Al = WHE Sk run i, vHA
o7 BdlS T3t WEIE A|AE HhdElE fin F-E o2 Lol (<1
Y 3-1>).
AIZE Ao s W = 9 8hsio] £B]= dyn_main_solver.F90°]H, o]
HEINA g FES AXSIE N BFRIE] 5%,
AIZE A H= @A) el BstES daf 7 AR o= ol 4 gl
own, 7} NHFES vy Feste] o B E Hes)

e FEIEE A —2>

| atm_main_program.F20 ]

J set()
/ hybrid_vcoord.F90

GRID generator, MPI, etc. |

LiDeﬂnitlnn of the vertical layers and coordinate

Relatives to SEM

dyn_main_controller.F90

Configuration of DYNAMICS -

I—{READ namelist for DYNAMICS

{dyn_init_driver.F90

Intialization -| dyn_init_real.F90

L! Hydrostatically-balanced reference state

dyn_main_solver.F90

Solver | dyn_flux_advection.FS0
dyn_big_step.F90
dyn_small_step.F90

Preparation of variables passing to physics module A dyn_big_step.F20

fin()

<9 3-1> KIM "¢l Z=9] /d +%
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START

Time LOOP

Dynamics RK3-LOOP

Update Variables

u,v,w, 6,0,q

Input :u, v, T, g, w, psfc, p_hyd, p_air

Physics

Variable update

u,v,6,0,q

Update : p aironq, T

3) Ak AIRF T2 ahd |3k A maAd A3t Hel
EEEELET
- A7) ARE GF AN BEA BN S 98 B Ao ol thek A8 Al
P A TEot BAS QDT (<1 3-32)
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Composition of Calc_time (np3ne090_DOUBLE_HYDRO): total = 8697.0s. Composition of Calc_time (np3ne090_SINGLE_HYDRO): total = 4505.1s.

e

—
T~ ifter_rk_|
wrapup_after_rk_loop [wrapup_after_rk_loop|

& Consol_in_rk_loop /
wraptip_in_rk Joop [me_forward_in_tau
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B IMERG %S 7o 2 F3d A5 TATE A9 24 (HYD) ¥} ¢
A3 dA|8F (<18 3-19>).
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SHiF (diffusion) WQES RK3 A|ZE F3Xmlt) =8 sh= A o] of g} 32 upghof A
ok 5t AR ok ALk AI7HS @EA D S

|5k kot 2 dl (HYD SLAP_tsdfsn)< real forecast® =38 8Fo] HYD SLAP¥} H|
e (<18 3-21>).
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fitlo
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M
1%

1) CESM &st=0] &3}

o NCAR CESM9] tf7]| 22l Community Atmospheric Model (CAM)& &8t
o, BHE 5 200 akel S Sl T Aokl ol

=5 }\%Euxq o2 383 Hl:ﬂ-%’

J

o ©] NCAR CESM Versionlj’/} version 29+ Finite Volume (FV), Spectral
Element (SE), Global Spectral Model (EUL) & &5107} ©A] = o gl om < g}
2013 4T TFFE Ao] s

o E3] x| KIM g&tz0]9] 49 A% (Spectral Element) 7]1Fe] & &t50]
o] EXNES 7|E AXFY | EdA de] &85 9+ Finite Difference,
Finite Volume 52| ZH&-H] 7|¥F Jdtaiol o] 543 A9k Sy 2
A H e = 9lom, o]2]gk CESMY] 545 483 vt Hgtaio] v
AT7F = 3 9l (Jun et al., 2018, Kim et al., 2023, Park et al., 2024).

o AS] 75w ae) eskao] A ek £ES 9lstol KIM ok x10] o} fALSH
8ka101Ql CESMO] SE Hetaio| o} dE4 oz de| AREE L )l #3HA|

AR F10Q1 FV 9 8taio] & gh-8-gk o] stz AR, full physics A3, 715
=

AL Fsta Gstaoldl W WA, mo 54 53 4

o Sjsmole] ol gshedl Ael ol Fal ol 0 WA

friction} E-AFH 'O’ﬂi‘:i/] Newtonian coohngo o] &3l t|7|=9] EAMFA E

= 7“1] A AAF o8-S At Ao E o] F thget ATl AA|F 7]

gl e} AR o] 54 Bt d8Eo] §h5 (<1F 4-1>).

- HS94 AFL t7] &85 wEoUle 78 B 7)1 5ALE AAlS 8-S 1
7] wizel o] AYoA U3 EYAAS 28 F

ato] Agts10]o AeH bl de] &85,
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- NCAR CESM2.2.09] SE 508} FV 519] 2]
HS94 A3l & T2 CPUE AFESH E S 8-S 8

=k (4,0)[T - T (9.0)]

Teq = max{2OOK,[315K —~(AT), sin® 9—(A8), Iog(pﬂ}:cs2 4{—5—-]
0

0

<13 4-1> Held and Suarez (1994) A& o] A& 4 A

- <O¥ 4-2>0A Ay AE GRIEHHE 247) FZolE &&3F oF 20 g A
3] (FV_19, SE_nel6)o] A= FVEo] 9] Z—]%E'f 5 (49.0 syear/day)O] SE 509
H|5}e] (15.11 syear/day)©] $-5~3}A] UEFE.

- 28 CPUZ} 5745 SE Zol 9] A5 o] ¥ 5384 YEs o, 192 &
o] = a3l Ao A= ZH7; 136.28, 108.63 syear/day = 24 cpu ZHEA] F 9]
o] Aol oF 3ul] X xfo| 7} WAGE Aol vlusllS wf xfol 7t 3ASHA 7

)

AMuaE 715 1°2 oF 2w & Z74A171 FV_09,
SE_ne30 Aol A 48, 96, 1927]¢] CPUE &3S v FV 70| 9] 749 12.31
syear/dayZ 2° 3| %=9] 68.57 syear/day©l] H|S}e] F 5uf| o]} SE Fojo] H-$-
4.66 syear/day = 2° 3/ =2] 34.96 syear/day 7] oF 7H] o] A A 7ko] A5}
=)

=

- SE 2oj o] A& CPU 7ol M o] sh2 Ao s =7t ssobd 5 A 714 E.

- 1° =N 192 Zol= E-§ CPUE S8 45 Ae T2 SE ZojollA ¢
< 55151 YElY Y (FV 27.76 syear/day, SE 23.04 syear/day) SE F012] $-F

gt g o] 20 el g e Aol A ok FLsHA BEH.
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Dry Atmosphere Held-Suarez Test

160

136.28
> 140
©
120 108.63
> 95.61
£ 100
2 g0 68.57 71.61
el
% 60
« 34.96
g % 16. 4927 7° 23.04
15.11
‘G 20 12.31 4,66 9.67
FV_09 FV_19 SE_ne30 SE_nel6

Dynamical Cores Type and Resolution

m24 m48 mO6 m192

<718 4-2> FV 1° (FV_09), 2° (FV_19), SE 1° (SE_ne30), SE 2° (SE_nel6) )% 2719
24, 48,96, 19271 ¢] CPUE AF&3F HS94 10 A& Ao 199 AR A Ax}

S

}8ta101 9] full physics A F & o] &3 I8 HH Y 4

- NCAR CESM1.2.1¢] FV &38| ¢} SE 98t 510]9] 20 3 Eo 4] BE B 74
o] 4]-8-%l CAMA4 physics packages &3+ 10470 7|45 64715-H 25671
7HA 9] CPUE &-8-3}o] =883} aL W+ Wall Clock Time2] W3}& A3 &

- FV 30]¢] 749 647l CPU &-&A] 3|4 A2 Fafof it 80.367x7F ™
128, 1927] 9] CPUE 283} 7§ 64.378%, 58.121 %2 2 2fghe] A 6k/¢o] e
3 25671 CPUS] 749~ 23|18 58.853% 0.2 Ho] A|7to] ¥ 5718 (
4—3>).

- o] g Ayh= 7]E b Re] A o] WHE ] Aol A Bard vk Qle A
AAzEE T dlolg Eufell A7l Alzte] FUbelHA e AR 4.
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Finite Volume (1.9 degree)
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= O
10 A& 23 2] Wall Clock Time

- FV A3 Aol A iyt Bl A AelA 42 A FE AR AvEy o
gtpA o] - CPULl A7) 192701744 Z57FA] Wall Clock Time2] 7427} L1E}
Ut 256709) A9 @819 Wt ARATke] F43L

- olo] Whaj Ba] B4 CPU A|4re] Z7tol wha) Qb Al A 7E P A S

-
- Z AR Belhg e B8 PR kol YA AA ARAD
of Qe mA e olo] whel AA R Ao et} Belggo] s
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Finite Volume (1.9 degree)
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<718 4-4> 64, 128, 192, 2567 CPUE 83t FV 2° (FV_19) s =] RE B¢
109 A& A3 o] A&33/% 23} Wall Clock Time

- SE F0]2] A9 647l CPU E-&A] a4 AE-o] S=aol] HF 129.545% 7} Ag|H,
FV s0] o] oF 80zol] Hlste] 11 AR B Y

—

- 128,192, 2567119 CPUAIA o] WS4 S Ao B, 84.49%, 60.301%, 54.305
%2 CPU S 7}l w2 9Hd 41 Wall Clock Time2] 47} YERS.

- 7] ol st AdellA e E FV sojo] Hlalste] iAo ® wo WY
ol A= R &8 AR sLdeHA HEE (<LH 4-5>).

- 53] 2567l CPUE AF&-3F 79~ wall clock time©] 54.305% % FV 510]9] ¢F 58%
o Hlate] o #2450l YE
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Spectral Element (nel6np4)
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- SE 7ol9] 7} &3/ ek o] Wall Clock TimeS Ay B 7] HS94 A3
of A ‘/]rE]"’h:’j o8t 57 0] 9] AL CPU 7} u& Hﬂ‘?ﬁ_ﬂﬂ'/ﬂ o] Wall Clock Time
o Ao s Y AN E &8 CPUY STl whE Wall
Clock Time®] ZFA27} npz7 A =2 #zH5 (<:7-‘jJ 4—6>).
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Spectral Element (nel6np4)
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c) T (2 degree)

a) -V-VT (2 degree) b) -V,-V,T (2 degree)

~_30W 30E =7 AN

30E

60E/ AmW S Neow
.\ gow goE A GOW GOE |-t i

/120w

-5
-Vy-V,T (1 degree)

E 5015 283 HS94 Aol Yebuh= H3k 925 hPa®] 2% o]+,
GEE 2 o] F, 2 B ¥ 2}o] (SE - FV)

A
N
iy
W
4
v
S|
=
2l
2
o
wm

- AAE YIS AR 5070 V]S Aol A o] 2@k SE sojof 2wha} R
ol T BEH (<1¥ 4-8>).

A =)
= RS =
- gtaolot Bl dAE A HAFEHS A 7
o

BE =S £ A9 (Jun et al
2018)014 1= 874 7150l ol wedriel eyka Flolrt Q8-S AR v 3l
o
.
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a) temperature b) local temperature change rate c) horizontal advection
0

<71 4-8> FV 509} SE =
E W 925 hPad] =% o] &7, %5’7‘%‘5} 2L olF, 2% B ¥ Ao] (SE - FV)
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il
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X
i
uj
v
r

- 71540 &85 SE ZoJ ¢} FV o9 CAMA HA B g A S o] &3}
of 37N 7] AL ASAH S FAaL o5 5SS AN

- NCEP CFS AldS5A5S] sy, siydad A5E o83t 2001d5-H
2015537441 ¢] 109 19 HE A|ZF6l= 157) S ASA D S48 S 53
ofal F Hefaio] o] RO 5AE A (<17 4-9>).

- 715G UEHE AH sHRdiRdY =2
ERA—Interim A4 2} 5 9}2] H] nlof| A =

- FV Zoj9] A-ASAgA HT 7|22 A ERA-Interim A2 2}z H]
ato] H= A9 et gk HxprF B,
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T2M Diff.: FV-5 [Early Winter] T2M Diff.: FV-10 [Early Winter]  T2M Diff.: EV-15 [Early Winter]

12 9 & 3 0 3 & 8 12
el rel rel

T2M Diff.: SE-5 [Early Winter] T2M Diff.: SE-10 [Early Winter]  T2M Diff.: SE-15 [Eary Winter]

—— . miE

T [ [ E

=12 & e [+] 4 B 12
rel

<Y 4-9> FV o] ¢} SE HolE &83 AAEY A 715 o= AF A Yehe
FZu7]|ewe] AE J (5,10, 1570) ] W o] (SE — FV)

- T A AESAE 9] o] @A (Anomaly Correlation Coefficient) 7] ol 54
= B, soprlol, Jul, FRkt AR Hg o w8 A (<719 4-10>).
- ALY AF HT, ool A9 A9 FV AdojdlA & oS4 o] YERY
785- SE ool A F2 54 o] Yehd. 53] Hu|, FopA|of A
9] 157 HFEAA Y 54 9] zfol= 0.3 o]} O & FA| e
- =AE A5 AS F 2o B A9 d57d 9] Aol Ao WAYsHA o
L, so| e} Fopaobe] 75- oF 0.2 o]*b] d =4 9] Zpo)7} A B3] B
A 9] 5- SE FofollA] 0.5 o]d9] 5 o549 Afolrt #EE.
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T2M: Early Winter T2M: Late Winter
L L 1 L L | L L

1 L L 1 L L 1 L L 1 L L 1 L L 1 L L 1 L L 1
= O arcTic [] easTAsiA /A NORTH AMERICA /' NORTHERN _ | © arcric [ eastasia A 1noaTH AMERICA V HORTHERN
T 0.60 T 60 -
= e
(0] T D ]
£ ] c |
S 5}
£ 030 £ 030
[6] []

Q h bS] .
&} ] O ]
& 000 s & 0.00 o
k| ] g ]
° | © |
S -0.30 - S -0.30 -
o™ o ]

1 1 1 I 1 1 1 1 I I

0 3 6 9 12 15 0 3 6 9 12 15

Ensembles Ensembles

<Z1%¥ 4-10> FFV 0] 9} SE 7o) & 883 AAZ A 2A4L TAL 7% oS A oA
Y= 230712529 GAE 9 (5, 10, 1571 mE xfe] (SE - FV)

ool jstsiole] A5 AANE A J1E WAES 2AG TR A
WIS 99 AL W IS £ALE,
o ofatao] vliLg 918 A7} ek 24
- 98707t AsH|al AT (Dynamical Core Intercomparison Project; DCMIP) ol A
T getaoite] Ao s flete] et A LREEES Y TREZE)
P

¥ DCMIPOA] thekst A& to] &4
201239 A9 AAE A (<3 4-1>).

- DCMIP20129] Ag72 A 67 AEZ 22 T AU+
« 0] 572138 (Pure Advection; 32 AX|+ &8 R H7})

tpeket qfRo|A e A¥ &3 H7} (Impact of Orography on n non—rotating

steady —state at rest: Hydrostatic scale)

he

Ol

- A AHE AL 35 FH7} Orographic and non—orographic gravity waves on a
non—rotating small—planet: Non—hydrotstatic scales)
« 3P EBoFA A3 (Rotating planet: from hydrostatic to non—hydrostatic

scales)
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- AT RN Yehhs 7| EiERe] MEA Bl B71E SlalA e AT
o o] A= ofof s, o] AHelH U A % Fopalo} Ao
2 WA= Fo 071880 9% Bt Assok 3.

- @9 ojstmole) A5AAE AN olF, AFEN, 437 Lo 5o FF
B2} el s ofof 3.

<3 4-1> DCMIP 2012¢] A& 31,

Pure advection

1-1 3D deformational flow
1-2 3D Hadley—like meridional circulation
1-3 2D solid—body rotation of thin cloud—like tracer in the presence of orography

Impact of orography on a non—rotating steady—state at rest: Hydrostatic scales

29— 0—x optional: Accuracy of the pressure—gradient calculation in presence of a
mountain

Orographic and non—orographic gravity waves on a non—rotating small—planet:
Non—hydrostatic scales

2—1 Mountain waves over a Schir—type mountain on a small planet

9_9 Mountain waves over a Schir—type mountain on a small planet with wind
shear

3—1 Non—orographic gravity waves on a small planet

Rotating planet: From hydrostatic to non—hydrostatic scales

Dry baroclinic instability on a shrinking planet with dynamic tracers EPV and
4-1—-x ® reduction factors 1, 10, 100, 1000 to enable extreme grid spacings down
to Ax =110 m

Simple moist interactions

4-2 Moist baroclinic instability with large—scale condensation
4-3 optional: Moist baroclinic instability with simplified physics forcings
5—-1 Idealized tropical cyclone with simplified physics forcings

Complex moist interactions

5—2 optional: Idealized tropical cyclone with full physics package
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DCMIP 2012 Test cases

Table 1. A list of test cases described in this document.

TestCase  Description

| Pure advection J-

I 3D deformational flow
12 3D Hadley-like meridional cireulation
13 2D solid-body rotation of thin cloud-like tracer in the presence of orography

| impactor ona g steady-state at rest: Hydrostatic scales | ; .
: - Dry atmosphere experiment with
2-0x optional: Accuracy of the pressure-gradient calculation in presence of a mountain 5
[ Orographic and non-orographic gravity waves on a ing small-plancl: Non-hydrostatic scales | orography and real equilibrium temperature
21 Mountain waves over a Schiir-type mountain on a small planet
2.2 Mountain waves over a Schir-type mountain on a small planet with wind shear
31 Non-orographic gravity waves on a small planct
| Rotating planct: From hydrostatic to non-hydrostatic scales ¥
4-1-x Dry baroclinic instability on a shrinking planet with dynamic tracers EPV and ©

reduction factors 1, 10, 100, 1000 to enable extreme grid spacings down to Az = 110 m

I Simple moist interactions

42 Moist baroclinic with g scall i - -
43 optional: Moist baroclinic instability with simplified physics forcings Aqua-planet experiment with
5.1 Idealized tropical cyclone with simplified physics forcings . -
I Complex moist interactions ) fu"/s'mple phys“:s
52 optional: Idealized tropical cyclone with full physics package

<71¥ 4-11> DCMIP2012 Aol 7]9ket 7] %5 o] A3 A<t

R

- wepb ARG R A7) Adel HSo4 A|d o] Ao A A EEHE 1L

st A} FHHAES 25t DA TR Aqua—planet 2§ 2]

F0j9] 7| qtR o] RO A5 Huld A4gE AoR Akd (<19 4-
- Wu and Reichler (2018)9| A= HS94 Az 7] A8 S AA 233} B4 F=
ggole= W o g st s AglollA 5=
?:]_

=A% (Stratospheric Sudden Warming) @442]
124

379 A Y ek

- =
aA-=
(Arctic Oscillation) 2} A=
38

o de& Bk uk g -12>).
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- Wu and Reichler (2018) A& xﬂ%dﬂﬁoﬂﬁ F=2H Y ez gy
Jucker et al. (2014)°l A A<t B (tau)oll o] ™WE Newtonian
cooling ©. & EAPW]E%% AsKe) 8}% A o 2 o] H 3|xfo] A Ay 2RI R
Hd¥} I35 25 22U 12 ¥R A F 313 3 AFS 7S At
3.

- Wu and Reichler (2018) A3 2 EF o mpg} CESM22] oF 2° a3 =2] FV 93
Fo| & &83sto] F 31313k AP S A1

- WA 2z 32t W2 heating rate?] FEEZ A pwd AR A e
A <, HA A Y A9 €] heating?} tHFA] 9 €] cooling A H o] ZA|
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<71% 4-13> Wu and Reichler (2018)2] AZ 7] o] 482 48 TR EZ 2 453
303] =3k ol A 9] 925 hPa heating rate
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Y 4-14>),
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<19 4-14> Wu and Reichler (2018)9] Axth7] o] ¥}3stx 24 Z2EZ = 533 303
=2 9ol 41.9) 925 hPa o 7]

Wu and Reichler (2018)9] 7AZth7] o] ds}x71 2 gl oA ol
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A ] AZI ) R, A el 43 e

Ao A B2 7}38HA vebbE B4 9 A] Wu and Reichler (2018) TR ES

B g O “Eﬂsﬂxr 10 Chepup, 35 A1938] 47151 o] 3
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63



(b)

(a)

Leading EOF (19%) shown as
regression map of 1000mb height

(m)

<1¥ 4-15> (a) #=o| A e 1000 hPa A1 9 29 3 H A EOF.

(b) Wu and Reichler (2018)2] Azt ~7] o]
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1900-2005 monthly 22.1%

(b) OBS (ERSSTv3b)

PDO:; obs: HadISSTv2.1
1900-2005 monthly 19.3%
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Gropatential Height (above sea lavel) Geapotential Height (above sea level) Geopatential Height (above sea lavel) Geapotential Height (above sea level) Geopotential Height (above ssa lavel)
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Frequency (cpd)

Frequency (cpd)

Aqua—planet AEE Gozo] W A e FUAOL BT F QY
o ahsz) Aol Shh, thabe Al B3 i) A5t Aol H8 vl 9l

.
53] diix 9 F2 WeAY sl wle &2¢ XE  (Madden—Julian
Oscillation; MJO) §/¢-> Aqua—planet A3 Fall H71e o glow, ofd wje}
thoret ol Aqua-Planet 47 & F3 477 FAHo] 2.

AATEYS o] &3 MIO B9 A7k A= d 1980 d ) S HH-H of2f <)
ThFg Aol A aquaplanetd @E0] MIO Aol &85 U5 (Tokioka et al.
(1988), Shi et al. (2018), Khairoutdinov and Emanuel (2018), Peatman et al.
(2018), Huang et al. (2024)

E3] Shi et al. (2018)2 Tt}3F mechanism—denial 2 &S =33} MJO2] et
of Tastrha AltE o] & NAES HAEF (<19 4-22>).

c) Fixed_q

-10
e) Fixed_Qyy

-5 0 5 10 15 R =
Zonal Wave Number Zonal Wave Number Zonal Wave Number

<19 4-22> 7124 & 3} Mechanism—denial A & ol A &2 wavenumber—frequency power

spectrum. Shi et al. (2018)° A 714 %

MIOE QI=¢} s S A 7she} oA
FH7F e 3060 F715 7HA Q1= M el
2} A4 15-20km% 5%l (eastward propagation)dli= &7
|5 A 2E1E o} 71A] o] A4S o] &4 o SAREE o
A MIOE S| @ake= vt 23 () oS5 MIO9]
SHA x| = 54, (i) 5% MI0Y] 5% 571 w5 13
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&) ¥4 o) F-(Maritime Continent, MC) ¢l 5 8 o] &4

Aqua—planet A& &3l 0|23 24} AS olalstil ASEES Vi, A=

e FEA7IE A7 F8EH gton, 58] < MC oS53 o] MIO 9|5

of m|x]= gk tist AG-7F a € v} 915 (Kim and Benedict 2023)
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Fastal A FA tF A gE S AN AP S TPt MI0Y o

_—u 1 Bt fAYSS A E bk gls.

ol

Surface Temperature [K]
(a) CTRL

1551

308
B0E 120E T80 1200 S0
(b) WarmPool (¢) WarmPool—-CTRL
ol - = o
1N 15M4.
EQ{ EQ
1554, : _ 155]/
0s{” e ) ws{’ iy _ |
BOE 120E 180 1200 BOW 60E 120E 180 120W GOW
(d) MCaquaMtn (e) MCaquaMtn—CTRL
30N _ : \ 1T ) ¥ h ¢
T { . - wih <l T _ ,
e -
1551, ; 18541 ;
B0E T 180 1200 BOW S0E 120E 180 1200 5OW

(f) MCaquaMtn—WarmPool

10M

s |
EQ o )

105

100E 120E 140E 160E

= | | | —
= = = =] ]

<Y 4-23> MJO dSA H7IE 93F Aqua—planet 2ol AFE5H L £,
Kim and Benedict (2023)o A4 7} 4 &

72



H}

] tg—)q

Al sleEz A
CTRL(Control): tJ 4 SSTE

WarmPool: Eof] Q1% —4EfH

3

-

F A

g-ato] 7] Aelek MIO WEA 7+
MCaquaMtn: 3] ¥ —5%] AAH 53}
S E A} Aqua—Mountain 7-43
MC(al ¥t 5) A& &3 2 3: MCaquaMtnol| A= 315 225 % o] o]
aie} 7))

)=

L=
L

0.25

0.20 4

0.15 4=

Frequency (CPDY)

0.05

0.25

0.20 4

0.15

Frequency (CPD)

0.10

0.05 4

0.00

2 o 3 a4
Zonal wavenumber

&
Westward Eastward

<% 4-24> T}l

oy

=

=

N~ 8(6.5K/km)S A838Fe] MC 3 o] MJO o= 2

A

% -

44 £

s
[
2

T317] Y8 MC(al St &) Aket A5

5
3t

0.25

(b) CTRL (E/W ratio=3.4)

0.20 4
E’ 0.15
=
o
&
@
=]
%’ 0.10 4
0.05
a-oﬂ T T T = T T T
-6 -4 =2 2 4 6
Westward Zonal wavenumber Eastward

(d) MCaquaMtn (E/W ratio=1.3)

0.25

0.20

=]

o

n
X

Frequency (CPD)
hod
a
=]

0.05 4

0.00

2 0 2 4
Zunal wavenumber

-6 -4 &
Westward Eastward

He Z7d w2 Aqua—Planet A & oA Ve MIO o] A5,

Kim and Benedict (2023)0l 4] 7}4] <&

73



phase

phase

phase

phase

phase

Ad A3 Aq

o1st 4= glor, g H2 = A upE 54 WlE
5hH 7)1 R o] MJ0S] RO A5E theksl ]

gk oheFet =97 i vl 9l

b BcCc-CcsM1-1

ua—planeto| = #=3} FAFSE wavenumber—frequency A=

8018 5= 9] S

Al o 2 37}

AT -

% 9o o) 9

C BCC-CSMi-1-m

1 & 1
2 21 a~ W ik
3 o 31 o 2 |
4 w44 @44
5 £ 51 2 5- »
8 'y B4 E-
7 71 T4
8 g 8
0 60E 120E 180 120W60W 0 60E 120E 180 120W60W 0 60E 120E 180 120W60W
I_d BNU-ESM e CanESM2 | i‘cucc CESM
2 ' 24 ! 24
3 31 a4
4 # 4 “i B 4 '
s ' -1 A | 59
; T : U T Il ¥ ; ' Hi ;- = .
0 60E 120E 180 120W60W 0 BOE 120E 260 IEUWBOW 0 BOE 120E 180 12{]“60\1’
| & cmMcc-cu 1h CMCC-CMS 1 i CNRM-CM5
2 ' 2 2
3 . 8 o8
4 " g4 w4
5 £5 25
81 Hig P
7 7 '?'
8 8 :
0 B0E 120E 180 120W60W 0 B0E 120E 180 120W60W ®0 6OE 120E 180 120W60W
; jFGmLs-gz Kk FGoALS-s2 i | GFDL-ESM2G
2 yood " 2 k J
3 ' 3 i
g % ¥ E
2 i 4 B =
6 ; 8 P
71 4 7 :
8 e 8 - —_— 8+—— — l.
0 60E 120E 1B0 120W60W 0 60E 120E 180 120W60W 0 60E 120E 180 120W60W
, I GFDL-ESM2M , I IPSL-CM5A-LR | 0 IPSL-CM5A—MR
g ' |
2 21 ; 2 ;
3 ‘ & 34 '. i 3 E i
4 w 4 4 l w 4_
5 | %51 ~ : ‘E."" ” : i
8 61 - 61 :
7 71 . : 71 E
84— YR S— 8 — 8 —
0 60E 120E 180 120W60W 0 60E 12DE !BD 120W60W 0 BGE 120E 180 120We0W
Unit : [mm day™']
-28 -24 -2 -18 -12 -08 -04 04 08 12 18 2 24 28

<19 4-25> MJO Simulation Diagnostics®] lag—correlation diagnostice (a) &=} (b—o)

CMIP5

74

8o 835 A}l Ahn et al. (2017)04 742



- Waliser et al. (2009)0]]4 7] 2 & o] MJO B TS A A Ao =2 Hrlslr] 93k
7] ®H - CLIVAR MJO Simulation Diagnostics — = 7H&3a}e] A2Fst Kim et al.
(20094 Aoz 1 7|HES 8/l EE AR A8 MJO Simulation
Diagnosticst= lag—correlation 4 (<Z1¥ 4-25>), wavenumber—frequency
power spectrum %21, combined EOF#-4 59 EA414 7|WH& A &3to] Z3xtn
oA B=2o] MJO}F AEE EAL 71 AEY WEA o] ZAa=R] o=
AL HE2 g MJO Simulation Diagnostics2] # % W -2 Fortran?} GrADSZ 7]
Hho] HQIal NCAROIA] NCLE #Z2 248 & F & I=E MEsgs

(https://www.ncl.ucar.edu/Applications/mjoclivar.shtml).

. MJO Metrics: Precipitation East-West Power Ratio: CMIP 5 & 6 Historical (NDJFMA)
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2 Aol M09 it 54 9] & wkgstel MIOE 47]9] B o= 1
= A7 HEE AT (Wang et al. 2019), Back et al. (2024)& ZFE0] 3#5
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