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Pre-Industrial: Globally averaged surface air temperature

15.0 : !

14.5

14.0

135

Temperature (°C)

13.0 |l “‘M iy
125

12.0 1 : |
0.0 0.5 1.0 1.5 2.0

Red: ES3
Green: ES4 (ver. 1)
Blue: ES4 (ver. 2) -

i h“\ i ‘\,‘1‘ JI|,

2.5 3.0 3.5 4.0 4.5 5.0

Time (1000 years)

K 1. XfEET /L MIROCAm % FW = REARE 7y OS85, ES3 COSEERER GR)
EHIHASER L OFOMOREZFE—IC Lz, ZODRRH A=V g U EAN

72 ES4 TOEBRER kEH).

Rl VEEEHHICE LD D,

F 9, MIROC-ES2H T3 A L7=ZETNE %, MIROC-ES2L {2
L THEA LT, ZOR Frina g ZICL > T
LT D L s e Sl TEE R TR o T2, AET
JUTAF 160PE 29228, ZNE RKET /L HEET
T=32:128 £ LTEHI Y YK ToD, 3 SOfREAKRA |k
(20VE) LB L DIc LT, 77, BER T2 &# 2
TV — R 32— ROHIER TS, HAZEBOIHNZ LY |
ES3 Tl 1 FERS & 7= 0 # 70 HFLETEWEL TV b D
73 30 43R TR ATRE & I o T,

3. WHRUE - BHIES AKEET /L MIROC4n @ ES4
TODEH

KEWEER S ST /L MIROC4m X MIROC6 35 L0
MIROC5. 2 ODRITE T2 MIROC3. 2 A ICICBR%E Shi-&ifE
EFLTC, FRETT Y 72 duhd Lz 1000 E£2 482
HEMFES~OSMETIGREE L GER ST 5,
ZAVETES3 THAFE - M S 4T & 72 MIROCAm %, ES4 T
A URSROFERN & & 285,

WL ODDRFLE T CIBR L 21T 1228, AT
1% Pre-Industrial (PI) ZEBRIZFE- T4 5,

X 11 PT EBROFERO—FITH D, EERFHOHERR
IRORERYIZ /R L, ES3 TOERITHRERGR) & 2D ES4 T
DOFEITHER (ver. 1 BLW ver. 2, ) #ELT
W5, ES4 D oDFEIFOENT, BEEOEWZ LY 4|
BRLE L72W K DDA TEIEITNZ, BT AD a3
FATvav, FTAT VT M ETH D, Ver. 1 TIEA
IRIZIBUNT ES3 DFEEREE b OEM ATl U, A
72 & LK DIRBAERRNTND Z EARINTND,
FRZRKEFETZ ORBEDNIHE CTh o 7o, —H <2

DOUAENEE %N L7z Ver. 2 TIX ES3 Ot R & FHEAR L Vi
Rl 7pote, ERHEO—HOEE CHE SN ZEDIR
FECBE S LS8, RERE X OEEEY o i R
RIZB LT, BTER OO % ES3 & ES4 DFEHD
BWVNIITK/NSNWZ EBIA LN E R oTz, WL OO
DRI S TWA D, AfERD D ES4 T MIROC4m
OEMIFED T ESS OFER LFHER N EB X HILD,

4. MIROC BT 4 75 ) OBHE & Bk

K5 T L DRI Sy e G AL O =R 7 D 7=
DIZIEN DO FREN H 5, AHITIEEDOWN
W ONEE LD THETS

4.1. WHHCEREFAFBIEZ A 77 U Flageolet ™D
BiE

AFRE T, WHHCERmAAFNREEZ 1 7 U Flageolet
DORAREEIT> TETDN, ZIUIRKE TN OfEESH D
HHELZE E 52 LiIc k3 EMEELoXEE BN L
T 5, MEFEEE CTIIRHCT MVERIT OIS ETT> T
E 7278, BS4 TOEHITHNT TA L 7 —HT OBE% %
ITLTIT» T& 7o, AREE ESACPU ORRIRIZHE DY
Flageolet ODRBREMZ1To72, ZOREEESACPU T,
FHEEEEICOWCHEA EREZR  FATTE D 2 AR
SNz, —7 ESAGPU TORBERIISHOMETH D,

4.2. T—HEMTHWLEK bit HEDORE(LL
=t (4

ET VORI, B b, BRI OIER AR Sz kv
T —% OFEEPIEIIET D Z & B EM 72 E O —
DTHD, TORBEDERDI=0, T — X[ TEREEITH Z &



NUIXUIES D, HIAIZIE 32 (64) By hOREAE SR
DRIEEZ T A2 ETEEOE Yy MITRIEIN L
WA L TN HEER 2 < 32 By F OB IEEDIAT Z &
TRIKDT — 2 BEBD SEDLTERENEZBND,

MIROC |Z % Z DEERBITEIE S N TR, 1 226 31 By b
D—FRDOE Y MEOFEH TR SN HEF% 32 By NS
OEFNZ R 72 < FEOIAL RIEL IR o TN D, F2iE

AT TELE O HegED B BERNAHE SN AT D ik &
RoTRY, TS LT AITY XLAOFRG & (b
MMThn WD,

AAFLEILZ ORHITIE AR & FEOIABRTFIEZ RS L,
ES4 COFEIRE A i Uiz, X2 L 3 ERTIEES
FIFEE L2 RO FIEOERK TH 5, MEROKHNITIET
WXV ONORIEROE 5 FEHENRE X HILDH D, H LS
WTIETIZR & L OB 306E OO 72V EF A U 2~
7 MVIER AT 40475 Z L TERIATE S,

F LIZRBO 2B 5TRA TRT, 1 By MEEFIDFEDIAR
ERRE | FRCERBEDIRE WIGEITH LS TFEDN
MIROC DOHERDFIEITHENTHE L AR m L
22 Ry Ino T, Fin, IEROBMITIE A LT-55
TH, SSICHEZM ETDZ ENAHETHD Z LS
Link ot

4.3. Zofh

ES3 & ES4 DYV AT ADOKEIENO—21E, 1 HiThfik
NS, B A—=FDENTH D, FIUT U TBRIC
W72 0 BDIFIETSA TV T — X 5T DB B
%, mebER ALY AT ATHESNTWS, FTH
OBREEEICLDIEETHY ., ZOGEEIT=—VITT
— X DOERZT HVIENR, L L Z D FIEITAFH
KEL R LB OVFA TR OBMN R bz, £ZT
ES ¥ — bW IO, NA NA—Z LY T —TF
I B4 CRBRETo7m, T— X DRE SITKIET
B, BRI L B3 M A— X RIS A T2
T 2. 6 (ZDIERIN D> TV, — 7 FI LS FELE L2
FIET L1 FFREECETEHE LIRS ED Z LITRE L
77

—77, BIOBLEDH D Z OFREOfER & [FRFZED 7, b
FROFETH AL, MA—FOEHD 2 X NI —EEEK -
TWBD, N MA—XEBUTHRICE DR ERZ1T
WZIEa— I L D7 — 2 OEMBPMTET, ANAI7FRY
BEZ YV RTVERRH D, £ T, B MIROC AT
T—HONA NA—F OBEHER], BB AT O A5
Fa B - FEE U7z, HAITHEMICH D, MIROC THW
HMEOT — 2T, £ < D Fortran 22 /3A 7
TEASh TS, EXLR LBRAH DO L 29— R
Thbd, KT —FIEIAZEREKN LI~y F L a—R
PFREL TW T, ZORE JITIE—TTH D, - TH
W77 AMZHD, La—RORZEERT AT IR
BAREHSIUT, FrUC Lo T 740 (&0 Iz
La—FR) ONRA FA—F2HRIT25 2 EMFRETH 5,
Fortran 2003 T A X7~ Stream AHJHEREE A5

- Earth Simulator JAMSTEC Proposed Project -

Z & T Fortran OFPHNTIIET D Z LRFRETH D,
ZOWRRE T AT T ) L LTHEEL, BT e T A
EROWEEBREIToTe 2 A, EBLHDNRA b A—HT
b, FATREORFR /2 ER L TIELL i D Z & 03 Head
T&7-, SHITZ A MROC (EALETHEAXKD T
ETH D,

[0 1102703
(4105106107

[ 8 9 ][ 10][ 111

L-1 .... [M-1]

X 2. 5EkDMIROC THRA SN TV DA DIAR T
O, EFRHEM O 8 vy MK 28HE L O
32 By NEHFESNHMNT D5, 1708 32 By Mgk
BlA&F L, (11056 & D8 By MEKD i % B OEICH
W35,

[ 0 1[L+0][2L+0] [3L+0]

[ 1 ][L+1][2L+1] [3L+1]

[ 2 1[L+2][2L+2] [3L+2]

L-1 [L-1][2L-1]

3. AHRRE CHHUZ SIS ST, BEGEOIAAFIEOR
AIX, EFREM D8 vy MNEKESIZEHRKL D32 v
v NESESNHEAT DB, K 2 & DEFEVNTLFEEDOITD
EDAN S DT TH D | HERRIRE ST D,

= 1. EEURITEDE T X B FATEEE OE OB,
HHIZTZFNEN b3S E Dy Mt n BB
pack, seg, str, trn NI ERDBFIETOD HEEOLE
AT S TG ORI OFHIER (M) Th 5, RiED=
DM MIROC TEEH SNZHERDTIE, trn PEEEIZ LD
FEHEL 7> TWD, F77 pack 23 MIROC TEEICEEHA S
TW Al S =TFE, seq, str NElZR7 MVEE
FUZE D ZDOFETHD, AT b Il 72D
728, b 23F UHE DI L ATHETH 5,

b n pack seq str trn

1 100 0.332 1.752 2.276 1.259
1 1000 0.348 13.156 2.462 1.264
1 10000 0.680 127.340 3.500 2.650
1 100000 | 3.900 1271.500 9.400 8.000
8 100 0.187 10.310 1.283 0.614
8 1000 0.187 101.781 1.293 0.621
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24 | 100000 | 182.700 | 12071.000 | 15.200 | 10.000
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We have ported and optimized Earth system models “MIROC-ES2L/H”, which have been developed and operated on ES3, to

ES4, and were able to reduce the time required for a one-year simulation by about half.

A climate model MIROC-4m is introduced on ES4 to run a long-term simulation. The results show that a comparable results

can be performed with technical adjustment of program codes and scripts.

Several technical issues in climate models are examined and performed on ES4. Integer data-array packing, in particular is

significantly improved in terms of computation times.
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1. Porting Earth system models “MIROC-ES2H/L” to ES4

Various modifications were made to an Earth system model
"MIROC-ES2H", which has been developed and operated in
ES3, so that it can be executed in the vector engine node of
ES4. This model is based on the coupled atmosphere-ocean
climate model MIROCS, being coupled with the terrestrial
biogeochemical model VISIT, the ocean biogeochemical model
OECO2, and the atmospheric chemistry/transport model
CHASER. The following is a summary of the required works
for the porting of this model to ES4.

First, since the model use a data with binary format that
follows the native endian of the machine, we developed a tool
to convert the endian in the data. In addition, various bugs
(compiling and run-time errors) became evident with the new
compiler, thus these problems were fixed. One of the major
problems caused by the compiler change was a change in the
alignment of structured variables shared between C and Fortran
programs. In addition, compiling options were tuned to reduce
the time of compiling for some source code files.

In the optimization process, the compiler directives were
automatically replaced by a NEC tool, and then the optimized
code modifications (physics, dynamics, etc.) were ported from
MIROC to MIROC-ES2H. Then, after obtaining ftrace
information, we determined the optimal node balance, using 120
process elements in total on VE nodes. As a result of these efforts,
the one-year simulation of the model on ES4 is reduced to
approximately 3 hours and 40 minutes. Scripts to run the model
with multiple years were also prepared with collaboration with
MIROC developers. These modifications for MIROC-ES2H
were also applied to MIROC-ES2L, which is based on the

coupled atmosphere-ocean climate model MIROCS.2 with
terrestrial and ocean biogeochemical models. This model uses a

total of 160 PEs, and eventually runs about 30 minutes on ES4.

2. Testing of the MIROC4m AOGCM on ES4

With the introduction of Earth Simulator 4 (ES4), recompilation
and testing of the source codes for the MIROC4m atmosphere-
ocean global coupled model have been necessary.
Recompilation involved testing different configurations in the
shell script file for batch requests and different settings in the
Fortran compilation. ~Several climate scenarios have been used
for comparison with previous results previously produced on
Earth Simulator 3 (ES3), but the Pre-Industrial was used as a
control run.  Figure 1 shows a comparison of the Pre-Industrial
experiment from ES3 and two contrasting examples from ES4.
One example (green) shows an abrupt departure from ES3 results,
leading to a global warming of at least 1.5°C, with over-warming
most pronounced in the Arctic Ocean. A second example (blue)
is much more consistent with ES3 results (red). Although a
natural variability in the ocean temperatures is seen in parts of the
Southern Ocean, regional and global differences in surface air
temperature are very small when these two experimental results

are averaged over several thousand years.

3. Development of infrastructure library for climate models
Data-compression is an important technique for high-resolution

and/or long-term integration simulations. Typically, a data

-6-5



Annual Report of the Earth Simulator April 2021 - March 2022

array is reduced to a sequence of fixed n-bits integer array, which
involves packing of small integers to intrinsic integer arrays.

In this project, four different methods to store and pack/unpack
the sequence are examined to compare the efficiency in
The storage method of the three is
sequential, where a sequence is packed in order.

This storage is adopted in MIROC. The three differ how to
pack the input sequences. On the other hand, we introduced a

computing speeds.

new storage method, where a sequence is transposed. By using
this method, vectorization is expected to be improved.

Table 1 summarizes the results of computing speeds by the four
storage/packing methods.  Pack, seq, str correspond to
sequential storage, while trn to transposed storage. For larger
bits and larger elements, the transposed storage is significantly

faster than the other three methods

4. The impact of the QBO on the region of the tropical
tropopause in QBOi models: present-day simulations

We analyzed the climatological state and variability of the
tropical tropopause layer (TTL) in thirteen climate models which
participated QBOi project, including MIROC models. All these
models internally generate realistic QBOs, therefore it is possible
to study the QBO influence on the TTL.

Temperature biases of both signs near the tropical tropopause
are identified in the QBOi multimodel ensemble, leading to water
vapour biases in the lower stratosphere.

Westerly (W) and easterly (E) QBO phases are associated, by
thermal wind balance, with warm and cold anomalies in the
equatorial lower stratosphere, respectively, and induced
circulations produce compensating anomalies in the subtropics.
The model QBOs models are generally weaker in the lower
stratosphere, and their maximum amplitude is shifted upwards,
and latitudinally narrower compared to observations. Consistent
with small QBO amplitudes and weaker residual circulations, the
QBO induced temperature anomalies at the equator are realistic
but smaller in the models than in the reanalysis, and they do not
extend as far toward the subtropical lower stratosphere in most
models. The strength of the W-E thermal anomalies is correlated
with the magnitude of the zonal wind and residual circulation
differences, both underestimated by most models.

Further analyses have been dedicated to the modelled QBO
impact on the tropopause pressure and tropical precipitation.
Tropopause pressure changes in QBOi models are generally
smaller than those obtained for the reanalysis, and precipitation
anomalies are weaker. To summarize, the model biases that affect
the simulation of the QBO appear to alter its influence on other
climate phenomena. Most models simulate a temperature
response in the lower equatorial and subtropical stratosphere
weaker than that observed, and similarly modulations of the
tropopause pressure and tropical precipitation are generally
underestimated or not realistic. It is difficult to ascribe these
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Figure 1. Example of MIROC-4m long-term simulations®
operated by ES3 and ES4.

shortcomings to a single aspect of the model formulations, such
as the horizontal and vertical resolution, their cumulus or non-
orographic gravity wave parameterizations. Further model

experiments and analyses would be needed to solve these

problems.

Table 1. Summary of computing speeds by four different integer

packing methods.

The column b, n correspond to bit sizes and

array sizes to be tested, respectively. The column pack, seq, str

correspond to sequential storage with three different packing

algorithm, and tm to transposed packing algorithm.
Comparison among the results with different bit sizes are
meaningless

b n pack seq str trn

1 100 0.332 1.752 2.276 1.259
1 1000 0.348 13.156 2.462 1.264
1 10000 0.680 127.340 3.500 2.650
1 100000 3.900 1271.500 9.400 8.000
8 100 0.187 10.310 1.283 0.614
8 1000 0.187 101.781 1.293 0.621
8 10000 4.920 1016.750 2.260 1.060
8 100000 51.700 10188.500 | 10.700 | 8.000
24 100 0.187 12.173 1.877 0.686
24 1000 1.202 120.557 1.901 0.714
24 10000 17.910 1207.700 3.310 1.430
24 100000 182.700 12071.000 | 15.200 | 10.000






