27t 7|20IE2Y SSHY 4B ZEHEI} HA TS 3
RIHY M 7|E 7

Test-bed Construction for Jointly Developing
National Climate Prediction Model and Land
Surface Processes Improvement

2022.12.

APEC7|=ME

x



Jom, dqFrde] JF4 Fge AT IFAFED AL ATNES
=

APCC, 3HA 2 Ai7Del oJs) B0 ool m Stk o] FAle|AE | st
AR AT 4350 WYow AHHo MR H7 AT TEAL AWAAE T
Zota, 1 FAERD O AR 2D By ARG ANFORH 27} S FAER

o>
=2
N
&
ol
o8
K
by
ol
o
32
£

Wel 624 g

2

AR A welel @ oul AAA,
9A b e A e

7t ANFASA 2 FEA L] AA
& @Yol 44 FYol W s,

of Ze el Mg 7|FASRE 435 o

=97 ZH Qe P At ZE FAZHLL S HPe) w2 AFHA 453
VES} Z2AL ZINke] Z[FWEd AR BHER FASRIAL, olE T U FoSnd
T2 A, dESFde] Ml ARE Agsta 2o NS Agstaal stk &dl=
B R 2 AR, FEE, FFEd R WEYS F58ka, ENSO w37}
MEYHE FEEET Zzhe] Byt MEYHS Adud JrrEEe] dS5de Agststel Aus)
H 23o)7tEe] FHE FE53, ols BT wE dFd5e) W, AR A o
g FHAYA MAES & woll & F AEF AASAY. AdF 230)7tErE 2l A A3
o ¥4 HgE aRskeE A AR A £ B oAV 54 JdiRn

S&/NE AACAA AEE Tless ol

= o 8}
2020358 JIEE L e &R &8 A o AW &2 715 45 71 A
=]

ol A=

T = AN T. w7 ZFASEELE As AR Tes WA Rose AT 2AE
Hol= Zom A Sled sy =8 A v WSS 2AFOEHN o] AE JfAs
7 ST Y VI FASEAG FAT BAA FAY AP FAs 715 mAE 4
FE ZHSAT ® LSS FRAFOEA V|FASEA] AX & oAV} Fasa
Aed F-THE 4433 =B d5o] AAEUT



JULES & 8 3/ AHEFY =3 oyA A& g odF4d vlun 2 &243ko, JULES A
Hrgo] NS AAStA} sl Gravity Recovery and Climate Experiment (GRACE
#= Total Water Storage (TWS), Global Land Evaporation Amsterdam Model (GLEAM)S] %3
4 295 EYSEY S, FluxCome @43 A8 E 35t AHEERFo ok 7]
FAEE AFESY =3 YA AR tE A4S HlaE AT HlnE fsiA tHEAH] 7
oS AAsAEH, dEE Fa /9 5/ FAEAAAFY, ofntE {9, 2GR,
9, Hdol-gdFH INte £ T 7159 dAHT dHo] o
HfDolth, =8 37 AAHEFH L 2007dFH 20119 744 F 54 7]

S B45AH. AvtAow I AMREYE L QA HEE
A, AZEAGAA FEAES & AGolA AdUAAZE 95
Btk o83 A48} 7| F o SA 2R 5
Al L e 7|39 % #Eo] & SR F99 F3H 2
3l At g ANAE AES EEF] Xl;}—’F EEE HAS F9 H8&o] §olta,
S7F g ks, A4k g0
R8s oF & Zolth

N
)
=
Ho
18
)
=
!

off
r ]
ko
Lo
o
K

i

°

rlr
\

_—

™
L
£
DA\
ox

2o
ol
(i)
2

032
s

r:{o

iz
H
o

nE>)
o
>
N
=
td
m
rulo
k]
E%
I
fmoprt cft Ao
N
3
ihd
T
go U Mt 2 W

12
ol)

fru
e ok

o,

L ok
b4y o
N

2
0]
)
4c+
—4 O
A
ox
o
oy
I
)
X
An
M
2
r {
A
Y
ofo
o
ofo
o
o
ok
u

TS =) 7 WG%]ZE'@(GloSeaG) Y X]Uwr@ = StdfE=rd9 EXAE uotsta A
w, ZEhy
o} 3 ol

g
rlr
f rloiv
)
olj
2
of
ot
o
N ;‘;
2

fa
lo
ok

L7] fsiM= A
oM AE T
2 aAe=rgo)

Bl X 2 o
£onf 2
i
fr

oW

oxl
_l
2]
off
oL
o
Mool

L
)
@)
wnn
Q)
o
(o))
2
=
2
tlo
i 40 Ho dt
:01'_’4

O

o R
=
N
>
B
&
o
oy
}op
Y
ofo
o to
=
[

l

N
N
3&

ol
ok
=2
rﬁL
>
o~
Lo
okt
2
iy o
il
)
filo

r_}[_‘
.
ol
K
™
o)
2
rO
ol
As)
o
N
=
xo
rr
o
o 2

(o]
2,
o

bt

I

i
:\o
e =
"
e
afl
+
©
i
Y
o
e

= %9 3



Executive Summary

This study is planned to contribute to the advancement of the national climate forecast
system by establishing an infrastructure that can efficiently convert research results
developed in jointly developing system to operation and by suggesting ways to improve the
surface processes in the climate prediction model.

KMA and NIMS has been produced operational subseasonal-to-seasonal forecasts using a
global climate forecast system named GloSea6. In order to accelerate the transition of
research to operations (R20) for the forecast system development, industry, academia, and
research institute experts as well as KMA and NIMS have been cooperated in jointly
developing projects. This study assists the projects in formalizing, organizing and documenting
by suggesting ways of improving for major matters in the joint development activity. On the
main suggestion, first, the joint development system of 4 steps process(planning for R20,
research development, pre-operational testbed, implementation) and 3 requisites(evaluation,
communication, developmental protocol) is proposed in terms of structure. Second, in a
research environment aspect, five major improvements including the reorganization of
governance, better computational environment, actualized technical exchange, capacity building
for climate modeling experts and strengthening communication within the community are
driven and corresponding ways to resolve are proposed. It is hoped that the suggestion will
make the jointly developing project be systematically operated and activated to become a key
driver for the improvement of KMA’ s subseasonal-to-seasonal forecasts.

The standard evaluation frame is developed as a three-year plan to provide consistent
and comprehensive evaluation of subseasonal-to-seasonal forecast performance and to provide
an objective basis for selecting R20 candiadates. The standard evaluation frame is designed
with a performance part and a diagnostic part. The performance part contains a series of
evaluation information for three aspects of the predictions: deterministic forecast, probabilistic
forecast and ensemble characteristics. These evaluation metrics consist of quantitative indices
that measure the model’ s ability for each prediction type, which will provide systematic
errors, prediction quality, and ensemble characteristics of the climate model. The diagnostic
part includes a series of evaluation information in terms of four aspects that affect
mid-latitude climate predictions on subseasonal-to-seasonal time scales: ENSO, NJO, SIC, and
monsoon. The ENSO metrics package is constructed to assess the predictability of ENSO
variability, teleconnections in climate prediction models, and to suggest model weaknesses and
needed improvements. The configured performance/diagnostic evaluation metrics results are
displayed as a one-page scorecard that shows the improvements of the developed system at
a glance. We hope that the proposed scorecards will be a useful basis for decision-making on
R20 transition.
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APCC serves as a bridge, called “test-bed” , to apply technologies developed in R&D to
the operation. We performed semi-operational experiments under identical environment to
operation. GloSea6 is known to have a cold bias in winter time. The sensitivity tests to snow
albedo are designed to reduce this cold bias following a technique proposed in academy. The
results are compared with observation and operational hindcast. The experiments with
adjusted snow albedo simulate similar pattern to operation in surface temperature bias. When
the lead time is short (ex. 1-month lead), all experiments show similar predictability. But as
the lead time is longer, the difference in predictability becomes clearer. It is found that cold
biases are mitigated by applying 10%-reduced snow albedo. Improvement is significant in 2-
and 3-month lead. On the other hand, direct effect on sea ice is not clear, probably because
of the winter time when solar radiation is not much. The linkage between Arctic and
midlatitude climate are also analyzed. It is known that two distinct influences of Arctic
warming which may lead to cold winters over East Asia or North America, based on
observational analyses and extensive climate model results. The results revealed that the
operational hindcast fails to simulate the overall pattern of Arctic-midlatitude teleconnection
for both the eastern Eurasian and North American regions. Circulation patterns associated
with these teleconnection are not represented in operation. The experiment with 10%-reduced
albedo simulates the overall pattern of Arctic-midlatitude teleconnection for both the eastern
Eurasian and North American regions. We suggest thath these results may help improve
seasonal prediction of winter climate.

It is widely known that soil moisture is one of the predictability sources of subseasonal
climate forecasts. Surface soil moisture controls precipitation and net radiation partitioning by
interactions between atmosphere and land. This study aimed to elicit an improvement scheme
for the JULES land surface model (LSM) by assessing the water and energy budgets simulated
by the Noah, Noah-MP, and JULES LSMs in the seven selected major basins (Mississippi,
Amazon, Yangtze, Mekong, Murray-Darling, Gobi and Tibetan basins) over the world. These
LSM-simulated water and energy budgets were compared against the corresponding reference
datasets: Gravity Recovery and Climate Experiment (GRACE)-observed Total Water Storage
(TWS), Global Land Evaporation Amsterdam Model (GLEAM) soil moistures and
evapotranspiration, and FluxCom latent and sensible heat fluxes. The Noah and Noah-MP
LSMs were simulated on the Land Information System (LIS) and the JULES LSM simulated on
the Rose/Cylc environment similar to the operational seasonal climate forecast system in
Korea. The study period was five years from 2007 to 2011 considering the period of the
collected FluxCom datasets. Overall, the performances of the three LSMs were higher for the
energy components than for the water components, and especially, the performances in the
dry basins (Gobi and Tibetan) were apparently low. Unlike water budgets, the results showed
lower performances of the energy budgets in wet basins including Amazon. We drew out the
improvement scheme for the JULES LSM which is enhancing the predictability in soil
moistures by replacing the groundwater module in the JULES LSM with GrUB. We believe

_iV_



that this implementation contributes to the increase in the operational seasonal climate
forecast system in Korea.

To improve the surface processes in the climate prediction model, the characteristics of
the current river routing model were investigated and pointed out the weakness. It was found
that GloSea6 uses a relatively simple river routing model, and the simulated river storage is
overestimated compared to the observation. Excessive freshwater delivered to the ocean
affects the ocean mixed layer, which in turn contributes to positive SST biases. To simulate
accurate river flow and air-land-sea interaction, it is most desirable to coupled a
sophisticated and realistic river routing model. As a simple method, it can be proposed to
reduce the amount of freshwater flowing into the ocean by increasing the resolution in same
river routing model.
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Planck Institute= FE 335t ALE3st9 T FluxComA s+ Fluxnet A5 2 FHEH AAAEY
71$2A4 5 T3 A HAlYd 7IHeE AL solth B AFoA ARES dd HE e
A5+ Fluxnet 71dbe]l 257, 71325, 2A 5 24x 55 Random forest (RF), Artificial
Neural Network (ANN), Multivariate Adaptive Regression Splines (MARS)2] 371 ™ 2lejd 7] S
2 AR Aoty o]¢t HHZ Hoh AAF W82 Table 3o 8oFste] AASHAT =3H
Jung et al. (20199 FluxCom#}E9} Tt B} A3 7|e= o]

Table 3. Specifications of the FluxCom datasets.

Specifications FluxCom
Spatial resolution 0.5°
Temporal resolution daily
Time period 2001-2013
Machine learning method 3: RF, ANN, MARS
Climate input CRUNCEPvS, WFDEI, GWSP3, CERES-GPCP
Number of flux observations
. ~200,000
for training
, PFT, Max of MSC(WAI,), Mean of MSC(BAND 6), Max of
Spatial features
MSC(fAPAR*Rg)
Spatial, seasonal features Rpot, MSCINDWI), MSC(LSTxign), MSC(EVI*Rg)

Spatial, seasonal, interannual
features

Enhanced Vegetation Index (EVD), fraction of Absorbed Photosynthetically Active Radiation (fAPAR),
night time Land Surface Temperature (LSTygn), Normalized Difference Vegetation Index (NDVD,
Normalized Difference Water Index (NDWID), Plant Functional Type (PFT), incoming global Radiation
(Rg), top of atmosphere otential Radiation (Rpot), Index of Water Availability (IWA), Relative humidity
(Rh), upper Water Availability Index WAI (WAILy), Mean Seasonal Cycle (MSC). Random forest (RF),
Artificial Neural Network (ANN), Multivariate Adaptive Regression Splines (MARS)

Rg, Rain, Rh, Rg*IWA*MSC(NDVI)
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(Atmosphere) (Ocean & Sea Ice)

Atmosphere Ocean & Sea Ice
Model UM NEMO-CICE
Horizontal resolution N216 (0.83° x 0.56°) ORCA tri-polar grid at 0.25°
Vertical resolution 85 levels (~85km) 75 levels

Figure 3. Model configuration of KMA-GloSea6.
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_EXP_| Ens. Size |__Initial date | _HCST Period

OPER 3 (1,9, 17, 25)May  1995-2004(10yr) 120 cases

Figure 4. Experimental design for investigation of river routing effects.
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Table 4. Metrics for the diagnostic of ensemble characteristics and probabilistic forecast skill.

Metric

Ensemble Type

Ensemble Reliability

Ensemble

Error-Spread Relationship

Characteristics

Ensemble Uncertainty Estimation

Diagnostics

Ranked Probability Score

Accuracy

Probabilistic
Forecast Skill

ROC(Relative operating characteristics) Area

Usefulness

Extreme Forecast Index

Value

ERAS

Observation
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Figure 5. Selected major basins.
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Noah¢} Noah-MP AW %82 Land Information System (LIS, Kumar et al.,, 2006)) 7]1Foi] A
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forcingZts 2ol = 1% iyt AT 4 ot wEkA forcingAR=25E 7|1sts A&
Z0]7] 93, Met forcing2 Global Data Assimiation System (GDAS)Z 37} XH =& =% &
A3 A7RE AHEIIH oY, Noahet Noah-MP AHEHoA= 97§ W<=(Near surface air
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Table 5. Configurations for the selected LSMs in this study.

Noah Noah-MP JULES
Environment Land Information System (LIS) Rose/Cylc
Met forcing GDAS
# of forcing variables 9 8
Period 2007-2011

Resolution 1° x1° 0.56° x0.83°

Timestep 15 min 30 min
Spinup period 88 years 30 years

Near surface air temperature, Near surface specific humidity, Incident shortwave radiation, Incident
longwave radiation, Eastward wind, Northward wind, Surface pressure, Rainfall rate, Convective rainfall
rate

JULES AR 2% 47) E=(Figure 6)o thafl EUrE 2 EUgLs 528 23th Noah
¢} Noah-MP= E=o] 242+ 0.1, 0.3, 0.6, 1.0m=Z & 2me] EFZo|71#] melsly, JULESS]
7490+ EFFo] 247+ 0.1, 0.25, 0.65, 2.0m=Z ZF= 3me EdZol|7tx] mo3it} 7] A HEH
BT 293 EYTEs HEE BsA| gl Eq. [313% Zeo], T 2R F IMS(Est
24, 1.0m ZoD7hA o] EYTEF S 29T EYTETFORE P Ao =3 23
o] ARHJEA oJHE Eq. [4]9F #Zo] PC (percent in change)zt o2 HE FAH3 =, 42
3] Zatd, PCgtel 0o 2 wi7bA] 2~APYS Fdafof sht, dubz o=+ PCyrol +£1% oW E
Eojow ¥ E ZALoE HF3ith o] o A7

ToAE PC 3tel YA#S +1%=
hvi|

I~
ol 2WY e FASFAIL, 1 ANE Fa FoPE AU SHS BAHA.
R7Z="1 (3]

o] 714, d: Depths at the i™ soil layer

sm;: Soil moisture at the i™ soil layer



RZ: Soil moisture at the root-zone

M, — M,
PC(%) = ——"2 %100

o 7] A, PC: Percent in change (%)
M;: Monthly mean of soil moisture from the previous year

M,: Monthly mean of soil moisture from the current year

SM2 -
RZ [

SM3 -

SM4 -

Figure 6. Schematic of soil layers in the selected
Land Surface Models. SM1 stands for the first soil
layer, SM2 for the second soil layer, SM3 for the
third soil layer, and SM4 for the fourth soil layer,
and RZ for the root-zone.
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Table 6. Requisite details of R20 developmental protocol making.

Classification Requisite details

model composition, model version, spatial resolution, ensemble size, lead
Experiment time, standard operation suite, system spec, forecast and hindcast period,

the number of case, development language
input or output format, file naming structure,

Data . .
directory and file structure
metric, variable, target lead time, target area, climatological standard
Evaluati normal, verification period, reference data(OBS or reanalysis), development
valuation
language for evaluation tool, baseline for decision making on the
transition to operation
, readability, expandability, ease for the management,
coding plan . .
modularity, use of interface
simplification, consistency, naming rule, writing
Code coding rule comments, unit module development, optimization,

parallelism

quality management, self-verification, peer-review
code management o
verification
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Figure 22. Standarized evaluation framework including two categories and their components.
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Intercomparison Project), GMMIP(Global Monsoon Model Intercomparison Project)¥} 722 =4 A+
3 vy ZTZAEEo] Wolx|HA r|Trde AIFA HrE ¢ HL 2o QAo =of

A3l Ao+ (Meehl et al., 2014; Eyring et al., 2019). ¥tz o2 7|Sndol AHsHr7l= HYH

A W (Taylor et al,, 200D)S AH&St A 7|FE RYste Ad 59 Hrlstdo. o
2o ~Ze W oA EAS Qokste BEA WHo AR A o] gk 2Y
= AAFGezHA mEo TdH A<l ”b”}% AN = FAZE Aok B Wi £
5B 7be Sl Xu et al. 2017)2 T3t Aqpstd 272t 228 S5 ¥E 4= OF
of g% "= ZdoN md %S -15]7]-“6}-7_— o533 7 (Multivariable Integrated
Evaluation, MVIE) W& /N&stdch o] % Zhang et al. (202D 7 o HE F=E &
ot H71E & Jd=EF MVE S /iAdsta, 7329 A4 A oY SHe AiF
TAEE 24T F e AAsd A thids 58714 A SMultivariable Integrated Skill
Score)E A A+ T

R e A 7

o o o

O E S4B 7HMVIE) ol A thH =537 & A +(MISS)+= Figure 239} 2 &A= A4tdT
Zdo A Askd N /\%E}/“—‘]Ei =2 Z247bo] #=¢] RMS(Root Mean Squre)® A 13}&}ar
FEHE d=2 OFgstd A EEEEE skt thiFigure 23 #S). OEFEFRI = O
sk 71 BAZRMSL, VSC, RMSCD)& Al4EgE &, o] & T35t o8 d=g A E#H oIS =



mdo] HA AsS AFAA AF-MSSHE Al&stA Aot

M-variables Grades of Performance metrics
Va1 [d)] |
Scalar ZE/‘/S E Var-2 %dﬂ %N% 1. Statistics for individual variables (SD: Standard deviation, CORR: Correlation coefficient
an 1
Individual i

I wilaj~a)(0,-0)

X wilaj—aPLi, wilo;-6)?

vector fields |

1
1
1
:
Var-3 [d3][N] E RMSD: Root Mean Square difference, ME: Mean Error)
i
1
1
1

z -
P Var M [dM][N] Sb =B, wily ~D CORR

- N P =\12 _ N = =12
Normalize RMSD_\IZFEWJ (& =) - (- 3)] ME =30 w (3 - )
with rms of
Group into peleirrce 2. Statistics for multivariable integrated field (RMSL: Root mean square length, VSC: vector
similarity coefficient, RMSVD: Root mean square vector difference, VME: Vector mean error)
Cha Chm Chy o @y - -
sy Dioy Wilagj—aiog—o;
dzy G d>3 an RMSL _inﬂlzl - W)(agj aml)z VSC _{ 1 Lj=1 }(ZL; i cvj i) -
Az A3z Q433 .. d4gy \;Z?ing'il wj{ai =) VzilE?:l v j(0ij=57)

e e RMSVD= \/Zszf L wil(ay = @) = (05 —5)] VME = Tt Wi (@ — 0)?

M
b-3..) 3. A index summariaing overall performance. (MISS: Multariale ntegrated sl score)
_ MISS =(F+1-MIEI?)/(F+1)  MIEl =RMSD,? + 2(1 — VSC) = o2, +(BMSL —1)2+2(1 —VSQ)

Figure 23. General idea and performance metrics of the MVIE. The left-hand colum illustrates
the general ideal of MVIE. The statistics are sorted into three grades: statistics for individual
variables, statistics for the multiple field, and a summary index (Zhang et al., 2021)
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0.083 0.268 1.041 | 0.992 | 0.998 | 0.978 [ 1.061 0.996 | 0.997

0.083 1.039 | 0.989 | 0.993 | 0.978 (1058 0.996 | 0.996 .
0.060 | 0291 0.193 1.039 | 0.994 | 0.991 | 0.979 | 1052 0.997 | 0.998 ﬁ
0.101 1.036 | 0.984 | 0.983 | 0.975 | 1.047 0.996 | 0.995

0.199 0.974 | 1.087| 0.951 1.001 | 0915 0.976 | 0.

0215 1.028 | 1.097 | 0.932 0.991 [ 0.916 0.974 | 0.

0.140 0216 0.959 | 1.080 | 0.950 0.983 |0.913 0979 | 0.

0225 1.028 | 1.085 0.953 0974 | 0.

Figure 24. Metrics table of GloSea6 in simulating climatological mean (1997-2016) Precipiation
(PREC), 2m air temperature (T2M), 500hPa geopotential height (Z500), 850hPa winds (UV850),
and 200hPa winds (UV200) in the northern hemisphere in summer (JJA). ME (VME) is the
error of the mean scalar or vector (multivariable) fields. cRMSD (cRMSVD) is the overall
difference in scalar or vector (multivariable) anomaly fields between model and observation.
CORR (cVSC) and SD (cRMSL) are the pattern similarity and amplitude of the anomaly fields
for the individual variable (multivariable field). cMiss is the multivaiable integrated skill
score of the anomaly fields, which is calculated with SD (rms) values and cVSC. The colors
represent the values of statistics metrics. The lighter colors indicate better model
performance.
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Figure 25. Metrics scorecard for the climatology over globe(GL) and East Asia(EA) during
1997-2016. Each square is divided into four triangles, representing model performance in
different seasons, spring (MAM), summer (JJA), autumn (SON), and winter (DJF) as shown in
the bottom-left legend. The colored bars for different statistical metrics are shown below the
table. The green (red) colors indicate better (worse) model performance.
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Figure. 26. Seasonal mean and standard deviation biases for T2M for 1 month lead during
1997-2016.
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Figure. 27. Same as Figure 26, except for Precipiation.



Mean Bias : Z500 , M1 STD (ratio) : Z500 , M1
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Figure. 28. Same as Figure 26, except for 500hPa geopotential height.

Mean Bias : U850 , M1 STD (ratio) : U850 , M1
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Figure. 29. Same as Figure 26, except for 850hPa zonal wind.
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Figure 30. Histogram of the mean bias for T2M for 1 month lead during 1997-2016. Blue
(Red) histograms represent the distribution of mean bias for GloSea5 (GloSea6).
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Figure 31. Same as Figure 30, except for Precipiation.
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Figure 32. Same as Figure 30, except for Z500.
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Figure 33. Metrics scorecard for the anomaly fields over globe(GL) and
East Asia(EA) during 1997-2016. Each square is divided into four
triangles, representing model performance in different seasons, spring
(MAM), summer (JJA), autumn (SON), and winter (DJF) as shown in the
bottom-left legend. The colored bars for different statistical metrics are
shown below the table. The green (red) colors indicate better (worse)
model performance.
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Figure 34. Time series of Anomaly pattern Correlation
Coefficient (ACC) of T2M over Globe and East Asia from
GloSea5 (black line) and GloSea6 (red line) with 1 month lead
time. The bars denote relative ACC difference of GloSea6
over Globe. The green (red) colors indicate better (worse)
model performance.
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Figure 35. (Left) Seasonal averaged relative ACC difference range between upper
and lower 25% of GloSea6 with target based GloSea5 for the different lead of PREC,
T2M, and Z500 over Globe. Black dot and the colored line indicates the average
value and the median value of each case. (Right) The ratio of years in which the
relative ACC over Globe improves.
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Figure 36. (Left) Seasonal averaged relative TCC (Temporal correlation coefficient)
difference range between upper and lower 25% of GloSea6 with target based
GloSeab for 1 month lead of PREC, T2M, and Z500 over Globe. Black dot and the
colored line indicates the average value and the median value of each case. (Right)
The ratio of areas in which the TCC improves over Globe.
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Figure 41. Spatial pattern of climatological precipitation in the equatorial Pacific, showing
mainly the double intertropical convergence zone (ITCZ) bias. The upper left and right maps
show respectively the reference and the model. And the lower left and right maps show the
model bias from GloSea6 and the difference between GloSeab and GloSea6.
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Figure 42. (Left) Meridional mean structure of precipitation in the eastern Pacific
(150-90W averaged), measuring mainly the double intertropical convergence zone
(ITCA) bias. (Right) Zonal mean structure of precipiation in the equatorial Pacific
(5S-5N averaged), measuring mainly the equatorial wet bias. The black, blue and
red lines denote respectively the reference, GloSeab and GloSea6. The metric
derived is the meridional and equatorial RMSE between the model and reference.
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Figure 43. Spatial pattern of the amplitude of the mean seasonal cycle of precipitation in the
equatorial Pacific. The upper left and right maps show respectively the reference and the
model. And the lower left and right maps show the model bias from GloSea6 and the
difference between GloSeab and GloSea6.
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Figure 44. (Left) Meridional mean structure of the amplitude of the mean seasonal cycle of
precipitation in the eastern Pacific (150-90W averaged). (Right) Zonal mean structure of the
amplitude of the mean seasonal cycle of precipitation in the equatorial Pacific (55-5N
averaged).
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Figure 45. (upper) Meridional structure of the mean
seasonal cycle of precipitation in the eastern Pacific
(150-90W averaged) (lower) zonal structure of the mean
seasonal cycle of precipitation in the equatorial Pacific
(5S-5N averaged). The left and right maps show the
reference and the models from GloSea5 and GloSea6.
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Figure 46. Spatial pattern of climatological sea surface temeprature (SST) in the equatorial
Pacific, showing mainly the cold tongue bias. The upper left and right maps show
respectively the reference and the model. And the lower left and right maps show the model
bias from GloSea6 and the difference between GloSea5 and GloSeas6.
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Figure 47. Zonal mean structure of the sea surface
temperature (SST) in the equatorial Pacific (55-5N
averaged), showing mainly the cold tongue bias. The black,
blue and red lines denote respectively the reference,
GloSeab and GloSea5. The metric derived is the meridional
RMSE between the model and reference.
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Figure 48. Spatial pattern of the amplitude of the mean seasonal cycle of sea surface
temeprature (SST) in the equatorial Pacific. The upper left and right maps show respectively
the reference and the model. And the lower left and right maps show the model bias from
GloSea6 and the difference between GloSeab and GloSea6.
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Figure 49. (Left) Zonal structure of the amplitude of the
mean seasonal cycle of sea surface temperature (SST) in the
equatorial Pacific (150-90W averaged). The black, blue and
red lines denote respectively the reference, GloSeab and
GloSea5. The metric derived is the meridional RMSE between
the model and reference.
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Figure 50. Sea surface temperature anomalies associated with ENSO in the equatorial
Pacific.
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Figure 51. Composite maps of sea surface temperature anomalies during La Nina and
El Nino in the equatorial Pacific.
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Figure 52. (Left) Zonal structure of sea surface temperature anomalies in the
equatorial Pacific(55-5N), showing the zonal location of SSTA associated with ENSO.
(Right) Zonal structure of sea surface temperature anomalies during La Nina and El
Nino in the equatorial Pacific. The black, blue and red line denote the referecne and
model from GloSeab and GloSea6, respectively.
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Figure 53. Spatial pattern of the standard deviation of sea surface temperature anomalies in
the equatorial Pacific, showing usually a too strong maximum variability in the central

equatorial Pacific.
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Figure 54. (Left) Zonal structure of the standard deviation of the sea surface temperature
anomalies in the equatorial Pacific (5S-5N averaged), showing usually the too strong
maximum variability in the central equatorial Pacific. The black, blue and red lines denote
the reference and models from GloSeab and GloSea6. (Right) Standard deviation of sea
surface temperature anomalies in the central equatorial Pacific (Nino3.4 averaged), showing
the amplitude of SSTA. The gray, blue and red bars denote the reference and the models
from GloSeab and GloSea6. The metric derived is the absolute value of the relative
difference: abs((model-reference)/reference)*100.
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Figure 55. Spatial structure of the standard deviation of sea surface temperature
anomalies in the equatorial Pacific, showing usually a too strong(weak) variability in
the central equatorial Pacific during winter(spring).
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Figure 56. (Left) Zonal structure of the standard deviation of the sea surface
temperature anomalies in the equatorial Pacific(55-5N) during winter and spring. (Right)
Zonal mean annual structure of the standard deviation of the sea surface temperature
anomalies in the central equatorial Pacific (Nino3.4 averaged). The black, blue and red
line denote the referecne and model from GloSeab and GloSea6, respectively.
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Figure 57. (Left) Ratio of winter over spring’ s standard deviation of sea surface
temperature anomalies in the central equatorial Pacific (Nino3.4 averaged), showing the
seasonal timing of SSTA. The gray, blue and red bars denote the reference and the models
from GloSea5 and GloSea6. The metric derived is the absolute value of the relative
difference: abs((model-reference)/reference)*100. (Right) Spatio-mean annual structure of
the standard deviation of sea surface temperature anomalies in the equatorial Pacific(55-5N
averaged).
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Figure 58. Spatial structure of (left) surface temperature anomalies (TSA) and (right) the
precipiation anomalies (PRA) over East Asia during boreal winter (DJF), showing the location
of TSA and PRA associated with ENSO. The main metric derived is the spatial RMSE

between the model map and the observation map.
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Figure 59. Same as Figure 58, except for boreal summer (JJA).
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Schematic of the key ENSO feedbacks
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Figure 62. Schematic diagram exploring the key ENSO
feedbacks; SST-Taux feedback, Taux-SSH feedback,
SSH-SST feedback, and SST-NHF feedback (Planton et al.,
2021).
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Figure 63. Concept of test-bed for improvement of climate model.
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Figure 64. Difference of 2-m temperature between observation and OPER (left), EXP1
(center), and EXP2 (right) during February-April.
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EXP2 (bottom) for monthly mean

2-m temperature.
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mean 2-m temperature over East Asia.
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Figure 68. Anomaly correlation coefficient for 2-m temperature of OPER (blue), EXP1 (red),
and EXP2 (orange) over globe (top) and East Asia (bottom).
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Figure 69. Scatter plot for skill of monthly mean 2-m temperature.
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Figure 71. RMSE difference between OPER and EXP1 (top), and EXP2 (bottom) for monthly
mean 500-hPa height.
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Figure 75. RMSE difference between OPER and EXP1 (top), and EXP2 (bottom) for
monthly mean sea ice concentration.
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Figure 76. Monthly mean sea ice content over Arctic (60-90N) during February-April from
1993 to 2016.
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Figure 77. Linear trend of monthly surface air temperature for observation,
OPER, EXP1, and EXP2.
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Figure 78. Timeseries of monthly mean ART1 and ART2 during February to
April from 1993 to 2016.
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Figure 79. Correlation coefficients of surface air temperature anomalies with respect to
de-trended monthly ART1 during February-April from 1993 to 2016. Dotted area denotes
significant values at the 95% confidence levels based on a Student’ s t-test. Black box

represents East Asia.
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Figure 80. Linear regression of sea-level pressure with respect to de-trended monthly ARTI1
during February-April from 1993 to 2016.
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Figure 81. Linear regression of 300-hPa height with respect to de-trended monthly ART1
during February-April from 1993 to 2016.
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Figure 82. Correlation coefficients of surface air temperature anomalies with respect to
de-trended monthly ARTZ2 during February-April from 1993 to 2016. Dotted area denotes
significant values at the 95% confidence levels based on a Student’ s t-test. Black box
represents north America.
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Figure 83. Linear regression of sea-level pressure with respect to de-trended monthly
ARTZ2 during February-April from 1993 to 2016.

- - - -
= = = =
m " " " "
" " o "
" " “ "
o = L o
& | Bl El
5 a [ =
o - o -
= » = »
u “ ™ "
o - " 4 "
E " " " "
B - 5 5
s o o o
= 5 = =
o - - -
= » = »
- " ™ "
o . " 4 "
< " " " "
B o 5 o
s o s o
= B B =

Figure 84. Linear regression of 300-hPa height with respect to de-trended monthly
ART?2 during February-April from 1993 to 2016.
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Figure 85. Vertical difference of monthly mean temperature between observation and
OPER, EXP1, and EXP2.
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Figure 86. Vertical difference of monthly mean specific humidity between observation
and OPER, EXPI1, and EXP2.
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Figure 87. Difference of 2-m temperature between observation and OPER (left), EXP1
(center), and RSME difference (right) during June-August.
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Asia.
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Figure 91. Scatter plot for skill of monthly mean 2-m temperature over
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Figure 92. Difference of precipitation between observation and OPER (left), EXP1 (center),
and RMSE difference (right) over East Asia during June-August.
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Figure 93. Temporal correlation coefficient for monthly mean precipitation over East Asia.
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Figure 94. Anomaly correlation coefficient for precipitation of OPER (blue), and
EXP1 (red) over globe (top) and East Asia (bottom).
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Figure 100. Comparisons of TWSA for the selected basins.
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Figure 101. Comparisons of TWSC for the selected basins.
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Figure 106. Monthly mean soil moisture
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(bottom) in the Yangtze basin.
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Figure 107. RMSE and correlation coefficients for Qle: Latent
heat flux (top) and Qh: Sensible heat flux (bottom).
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Figure 110. Schematic diagram of GloSea6 model component.

(WD) GloSeabe] 32 EA 24

GloSeabl 7| B9 H%5S 4vlns] 5] BuT ABd (IN) 34U B 45 2 W&
o] 224% YehiIT (Figure 111). GloSeab SAEB ol A Z40] kol 047} FEe A7
Gehtel @uts el AE 4ol 29 23t dehta gk ol GloSeasl A= FA3H
dehd ATA oxtolr, Aemss o mAEY FPe 5oz M¥E & ok =@
GloSeab= 1% ti7lolA AMA o 9 &3 U718 AL s 2L & = Atk ol
$ Ao o8 MR 98] AEe] FEFo] ofHA mHEA BHHAT

- 111 -



OPER - OBS

OPER - OBS

[ I T L

Al | | [ [ >

=
1

40E 60E 8OE 100E 120E 140E 160E 180

40E 60E 8OE 100E 120E 140E 160E 180

Figure 111. Distribution of difference in the surface precipitation (left) and 850hPa specific

humidity (right) between the GloSea6 and observation.

il

weol® A

= GloSea6 =

Figure 112

Aol
oANA

W Zr7E oAl =

=N
=

W

o)

3

T—
T

] GloSeab

Bl

M

i

Ak

o

o
ojp

%

)

A2 of <

K

1+

Q)

3r

T An ot sEA

A E7] s

e

B39t} GloSeaboll A =&

9]

K

ol

A% FEY

3

<)

2

GloSea6Z5-E] A4t=E A

w

—_
o

=
=

1575 Yeb L GloSea6e] 7]

ske] 7
Sk

5

}6]'

100@ <]

T
T

kel Wl

;L

ks

A %

J|

AzsA GEn QAL & 4 Atk

RS

=
|

9< o, GloSea6e 2}

—_—

o

0

+
c2

ol
oH

.

- 112 -



B
..ﬂactﬂuﬂo_u
W fo ™R M o 50 7o
ﬂﬂMﬂQMOMMQﬂmﬂaL
o a_o.Em,#ﬁez_uiﬁTlﬁl%ﬂu%
neess g Mw_zﬁwaw% BT
SRS c BB T
e g O LB & _uﬂmxmﬁil
2 u,#}kﬂ]or X 2 K
- T o o5 T K
w = Kl H%MOHTM -
8 2o o_u__:tauxz oa.mlﬂ
A o Eﬁﬂﬂg%mﬂﬂﬂoxﬂ
o mm wr,_q_mmMuEiaoﬂnWaﬂu%ct "
= Hm dh,_tu@%.zﬁUronﬂEwﬁ
I o
a S5 ﬂﬂwi_giﬂami&ﬂ%
w A ﬁe‘mﬂq\m‘_f.x oc,*_lr,_ﬂ/lo_u
S8 © ln_Hoo ﬂ_o%E._nx_uuPoa
e ) GUHHOI of " % B o
@) a;o,_ 2B )
s A ﬁ;e._% &mﬂﬁﬁm HELO
= 3 @4m@gW%Eaﬂmv
. %G%%@ﬁﬁ%%g7
e ¢ W R W oplE T
¢ ﬂv_Al‘_._w_uX. 1 ._.EXQE]
g = gmﬂz%s_magi_ﬂgﬂm
4,ﬁ }H._mmmﬁ_.ﬁuzlﬂkﬂLmLﬁamrL
o mﬂb/.ﬁw_sﬂoﬂ%é}i i
m A~ 2 ET T o o (E
[ ﬂoo_._]w_t.ﬁn_.#c.*,mﬂ‘:ruaga
%HLL ﬁ_uZ_Elﬁ.._]ﬂRwE__‘EE__-
g 5= Hglﬂgla%ﬂloqﬁw
- Hwﬂﬁwﬂﬂﬁwmﬁ%
2 £ 25 5w waﬁ%%ﬂ1@¢
2 " a%ﬂw - %_ﬁ#ﬂﬂ
y g 5= ﬁ_wﬂ@oﬁmowzagﬂﬂ%
=3 = ) A dllmi 0 =0
mm_ ) G N E)AO_E
w g § & s f.mmﬂo.mm%o_em_mﬂo_u
= me _.ﬂ__wooqm_w Vguo_u7]mM
- S 2 9 ﬁqﬂwwMUrﬂuﬂ_écllo
w S8 T = DGR R 4 o on l
8 m..&.d Mﬂ.o_u;ofw JI]M
" E.Dm [y Hﬁgﬂon_e._ﬂvoﬂl
w 8 ° Rﬂ.ﬁ%ue_u#o_ﬂqz%
=5 ~ H o e_s_LLLmo X X
w g = B ~ E_Ew _ann%x
o @ g u_lmﬂ;l,_tﬂychlﬂE_s
= Em.m Mﬂlrﬁ:._,Fo
w mmom M o
w ! =0
| T &) L =
= L
= [=]
= = ™
= = ad
=1 @
(==

- 113 -

el A=
o=



OPER son - Ii-;PEH
i

- L]
40N - q:'!_' ,L i -r; II-
4

80N

60N

40N

30N
20N

— f T : 20N -|lr o : e
40E 60E 80E 100E 120E 140E 160E 180 110E 120E 130E 140E 150E
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