- Earth Simulator Proposed Research Project -

W EREENITER L OVSKUBERER TR E 5 St fim 525k

WAL \ .
BTHS BT SRR RIEERIAHT
gk

B %1712, Ak IEFNY, Wing-Le Chan™, [UA WA, KA BEX™, KEHN 27
2NER &EY, vV 7ZHE VAT, AT, TER R, MO KRS,
B Fnth*3, Tristan Vadsaria™, #EA 7o KER™, & #AS, /NE &AM EF ##
*3

*1 B RFRKIEEZERT |, *2 MEEEFSCB st tBRBRIEE M RIS ZF) IS £ o X —, *3 HEKFHFER
TFIER}, *4 BT RFRA SULIFER

AL Tl KREIMBERTEBRET /L (AOGCM) MIROC4m Z# W T & & ERERZITV., K 2T AIxd
DE R AL AENIHRGE LT-, AREEITZLLTD 3 DIC oW THIE 21T o 72, (DALEEOKEE T /L IIES-MIROC %
AT, Fef& Mok & O & RO BRI OBKIC 3 2 ATRHLEEE D RO BB L FH T2, TOME, O & ORiTDIE
KEADBELR ORI LV | BRI IAKIK DM NN EL 725 2 EX o T2, QBEIALIZEIT 5 KA CO2
FREE DN EE 9 BRI X DK BEDOISEEZ RN, Z O E A2 B DIRRE L ER° A UL O MU 220 72 FEHL &
Pl U7z, FofEE, HAERIC CO2 IENHM LT V7 TIEEAKRORED BN H S, BIEDIRBELIZHE S it
B LW 5% L2, (3) MIROC4m % W T, JKEIOBERSLMET T, WERERSEEANRETERr—1LOK
SUFES AT LD BEREI 2 I Lz, FORE, IRE0 7 ot 212k, dLREEEESBE DMK & iR EKIEDZE
IEMRESEELTNDZ ERNGgoTo, Tz, AFEFEIL ES3 205 ES4 ~DBATIZFEV MIROC4m @ ES4 ~D
B L Fo—=2 PR {ToT-,

¥—U— N RRUHERIGERET /L MIROC, HXEET Y v 7, KRR A1 7 v

1. FEBKRETF T L B 2 SOEKEID B e
HYEEER N ©, 1 ORI (14~13 TR 1T fow |y =

K Q~1 FAERD (S THAED RS oo e X ‘@v"ﬁ

ST EERLTHY, CAULREROKER NS Q

BNl L BREL TN D, HEROIKIKET VAFILD
ERITES T DRHRME LN TV DR Z DR E TR
SITWeho 7o, ARFFE T, HREZIR OB AOKKRD
HIBHFEC G 2 2508227212, ALEEHOKRET
JVICIES-MIROC % FIV T B SR O T O R E R L=
% 1 DRIOBAMD & DITEE T 5 FERETT 72 (X 1a-
b), T DfER, ALFEOKIR O NEEE AR IR D%
W< 7Y | BEHESRBR L 1.5 (ERREEDZENVE U DR
Ao (Kled), Ziud, BUEBELRPRES VLK
WOBANAUTALEERE Z O B L SIED E < 7R Y L OKIR EREL TS R K
DEEMIDIEE SN DD TS (10, AFgn RO RRERIECL, ZBoRELLLon T
1, GUETTFAMIROCIZ L DEBRRL L BIC2 OO 4 - .
KIS g DIE N2 U Tims[1]THIR L 72, T2 L L blT, ZODRHROKIBIRDIGE DE DR
BIC L BT 7 Ml OB B OISE R B & AT

\.""3 .
ww@g
17&

i :
Ny sré LQ
P @ } p\ L
20 18 16 14 12 10 8 6

Year [ka BP] -05 -03 -0.1 0.1 03 05

X 1 : IcIES-MIROC D EBRFE(ab) & R (ce), BEHE
DREZER Lz ZRIEMODIIZE#ERZB[CTLIC R Tk

= CTL

€ — EMOD
50

5

S 100
8

(d) Ice Volume [m SLE]  (c) Ice Loss Rate [Sv](b) Insolation [W/m2]
o o o
o S n
K
K
@ i
i

150

2. MIROC4m THH Iz AHLOATRERGE
AWFGECIE, KRWHEREAET /L MIROC4m % VT
HAIZ IS D KA CO2 RO 5 R kiz L 2
K EDIEZT, T ORRZB OB LERCA
TACO M 2R 723 & Lhilgs U 7=, BUR D ISR O1R R
(GIZHE D PRI, BT V7 ook &35 L Tl
B2 Z LRI TS —FT, Al OHIES
HI 72 RS0 & R Tl HIRBE 22 CH - 7o Al
WIZBT 2T U7 MO LRI SN TV S, K
BT, 20 AMEIZI T B KMEERIGE DO HEBIZ D)

B CholofodET TN 2L LE LK
2ab), E£7z, ZOHEBOBKEDIEL, Fy MREHAD
A X 251555 & 2 OIRBALICHE S A DEVIZER
L5 2 LA DA L™ 20), = OREEE. “IRIE
(Rl © Hski) 72 KA BR DI B N SRR TR & < KRAF
T 5LV | WEOHERHMRORFELES) & RERDIRBE L
FHIZ DT D ETHERREZEZ 26D TH D,
AMFFTRSIE, 2021 4F 11 HIZ Geophysical Research Letters
B I, BTV 5[2),

-1-1



Annual Report of the Earth Simulator April 2021 - March 2022

60W 0

FRyME

90S
180

o)

120W

BL

908

S
180 120w 60W 0 60E 120 180

T %

T T T I T I
-30 -20 =10 -5 -2 2 5 10

H2: @I, o) BEL, OFMAOHBESEL»OFXy b
FEDHERY BRWFEBRTELNIZAR CO2 BEE 2 12
L7z DA R B DB LER%), R b iz, HETHR
L BRSNS, FERAIICES THh - FpiHo% ] & s
L72B0D, FHI KRR CO2 IBEENE < IR 2 A AR DAFE
BELER L TWS, MBI, Bkt 1568
BRI REE CHo BT R@E@ O TRY, 2o 1 &
Y

3. MIROC4mZ I 5 RKUEHE DL TERRIES)
LI L E 100 HEMOKORHRICETHER r—1
DB RGN ) 54 LTV 2 & AN BB 08k
MEHRIIVTNB[34,5], ABFIUL, KRRUHEEATT v
MIROC4m % FAVNT, JKEADBERSM T, HEREE o
LA B TAE R 7 — VD KRKHEES AT L0 B iR
Fr I b— L, EREEROMTNS, IR0~
o A2, ACKPEEEERRERE DUk & iR KIROZEL
DRESFBELTNDZENDD-T2(H3), S5, #
ERAVASEHGE EoOiT B SR A BT DAL EOLS

HEOEA % T D Kk 0OERN S, BEOLE
12, AREEROZBEESS RO L D . KRUFEY AT
LOIFFOFMNEL 725 Z LR Lz, ZORRIT,

0.001 0.005 0.01 005 0.1 05

Global mean SAT [ C]

-~ =)

l

305 155 EQ 1SN 30N 45N 60N

§gg8. 8EE8

b

v

8588

e

S 155 EQ 1SN 30N 45N 60N 7SN

-
-6 0 6 12 18 24 ~2-15-1-05-0.10.1 05 1 15 2

Convective Adjustment(ND) AMOC (Sv) Temperature anomaly (°C)

X 3 : MIROC4m THHE SN TLER I — LV OKFHRBD
—EDSat R, ENGIEIC 3 B -9 B Obkig L EHRT
TREREERE . RVEHET-FrsiosRREsk, KVEHEREE/KIRD 1
P60z, [BloK 2 X v Hky,

BAEA T — NV OREEIN RS 5 1 EH & L THIEK
OWREERNEELEE 2R L TBY, KEV AT A
BT HFHRNOEEN L0 EFOREEEH 2525 E
THHEETHD Z L 2md D, ZRIBANIZERERIT, 2022
3 HIZ544I7EE Geophysical Research Letters {252 H X4,
gl s T a[el,

4. MIROC4m D ES4 ~DBAE L F 2 —=2 7

AAERET, ES3 TRUEDIRE &Rkt A L7 RK
WEERS BB )L MIROC4m % ES4 [CBHT H1E¥EATT -
7o MIROC4m (X EERO KGR 2 7Y X7 1 7 Hiz
KICESWTHETIZIET LT, ETILOREIL
Fortran15 J71TC, B A RITREKOHTEL 128x64x20,
WHEDSFHL 256x192x44 TH D,

AU WIIE BS3 L0 bR ED > 7273, firace &
o TEHBNERERE L, oA FHRITRE T s
T LOEREITSTRER, BAEIIZ ES3 R E Ll LT
30%FREE D72 W CHE AT O Z EFRRIC 2o T,

156.0

14.5 - q

14.0

135

13.0

12.5

1 2_0 1 L 1 L L
0 10 20 30 40 50 60 70 80 90

Year [a]

X 4 : REHEFEEHES MIROC4m @ 100 ERfES TR L2
HOPRIRDRERS (MRS TOREER) , B:ES3
TOMHERER, F: ES4 COHEME (IHRE). BHR
a R VEEsave A7 a U TORERER, iR av
Jv BF -minit-stack=zero A 7 ¥ a3 v, E T K
VE_INIT_ HEAP=ZERO #7% 3 . COHERER, ES4 0
TR & FRARROFEEIL ESS B OFE R 2 FZICHE L TV &
W, BTH I VEREERMCE D Z LN TE HHFBROR
EEEA L,

100

-1-2



F7m, YHOBZETIE, EF N THEINALLHRE
PIKURAS ES3 12T 1 ERREEL 2D Z & bh iz
(K4 F), Ziud, RETVCTHELS & MBI IR
P L REWETH D, TDD, 21 T8 X
WFATREA 7> a U ISERIC B 2 DBeiik Lz, %
DFER, RO IZ BT 5 ST 4 Emc R ET
% Z LT, ES3 LIAEOERER AT TE 52 L3 0h
o7z (W47, O, AFEHRE TSR L D05
AR L ORI b B2 2 & 3 FREIC /e

77,

AR, SCHRH AR GRIEE T VS A ArE
7 77 A(JPMXD0717935715), BHIFE(JP17H06104) | BHJF
F(P17TH06323)DBIRL &% ) 7=,

SCHR

[1] Obase, T., Abe-Ouchi,A. and Saito,F: Abrupt climate changes
in the last two deglaciations simulated with different Northern ice
sheet discharge and insolation, Scientific Reports, 11, 22359,
doi:10.1038/s41598-021-01651-2, 2021.

[2] Higuchi, T., Abe-Ouchi,A. and Chan,W.-L.: Differences
between present-day and cretaceous hydrological cycle
responses to rising CO2 concentration. Geophysical Research
Letters, 48(22), €2021GL094341, doi:10.1029/2021GL094341,
2021.

[3] Dansgaard, W., Johnsen, S. J., Clausen, H. B., Dahl-Jensen,
D., Gundestrup, N. S., Hammer, C. U., Hvidberg, C. S,
Steffensen, J. P., Sveinbjomsdottir, A. E., Jouzel, J., and Bond,
G.: Evidence for general instability of past climate from a 250-
kyr ice-core record. Nature, 364(6434). doi:10.1038/364218a0,
1993.

[4] Menviel, L.C., Skinner, L.C., Tarasov, L. and Tzedakis, P.C:
An ice—climate oscillatory framework for Dansgaard—Oeschger
cycles. Nature Reviews Earth & Environment, 1, 677693,
doi:10.1038/543017-020-00106-y, 2020.

[5] Barker, S. and Knorr, G.: Millennial scale feedbacks
determine the shape and rapidity of glacial termination. Nature
Communications 12, 2273. doi:10.1038/s41467-021-22388-6,
2021.

[6] Kuniyoshi,Y., Abe-Ouchi,A., Sherriff-Tadano,S., Chan,W.
and Saito,F.: Effect of climatic precession on Dansgaard-
Oeschgerlike oscillations. Geophysical Research Letters, 49,
€2021GL095695. doi:10.1029/2021GL095695, 2022.

-1-3

- Earth Simulator Proposed Research Project -



Annual Report of the Earth Simulator April 2021 - March 2022

Numerical Climate Experiments for Past and Future Environmental Change

Project Representative
Ayako Abe-Ouchi , Atmosphere and Ocean Research Institute, The University of Tokyo

Authors

Ayako Abe-Ouchi*'2, Masakazu Yoshimori'!, Wing-Le Chan!, Akitomo Yamamoto'?, Ryouta
O’ishi"!, Rumi Ohgaito™, Takashi Obase™', Sam Sheriff-Tadano™!, Fuyuki Saito™2, Minoru
Chikira™!, Taro Higuchi™®, Kazuya Hirota™, Tristan Vadsaria"!, Ryotaro Todoroki™> and Yuta
Kuniyoshi™®, Takanori Kodama™, Ren Shimura™

*1 Atmosphere and Ocean Research Institute, The University of Tokyo, *2 Research Center for Environmental
Modeling and Application, Research Institute for Global Change, Japan Agency for Marine-Earth Science and
Technology, *3 Department of Earth and Planetary Science, The University of Tokyo, *4 Graduate School of Arts and
Sciences, The University of Tokyo

The MIROC4m AOGCM is used for several paleoclimate experiments and sensitivity experiments. (1) We conducted
deglaciation experiment using an ice sheet model IcIES-MIROC to investigate the effect of different orbital elements on the
ice sheet retreat rate. A larger orbital eccentricity causes fast retreat of ice sheet in the latter half of deglaciation period. (2) We
conducted simulations of the Cretaceous climates with different CO2 levels using MIROC4m to investigate the hydrological
cycle changes as CO2 is increased. The response of water cycle to elevated CO2 in the Cretaceous shows opposite to that in
the present-day, as indicated in proxy data. (3) A self-sustained oscillations of millennial-scale periodicity in the atmosphere-
ocean system, which are consistent with paleoclimate reconstructions. This oscillatory process is significantly affected by
changes in sea ice and subsurface ocean temperatures in the high latitudes of the North Atlantic. In this physical year, we also
ported and tuned MIROC4m on newly introduced ES4.

Keywords : AOGCM MIROC, paleoclimate modeling, glacial-interglacial cycle

1. Comparison of two deglaciations using Northern previous deglaciation period (Figure 1a-b). The results show

Hemisphere ice sheet model that the Northern Hemisphere ice sheet disintegrated at a faster
Geological records indicate that sea level rose faster during rate, especially during the late deglacial period, and that it
the previous deglaciation (140,000 to 130,000 years ago) than differs from the standard experiment by a factor of about 1.5
during the last deglaciation (20,000 to 10,000 years ago), (Fig. 1c-d). This is due to a larger orbital eccentricity causes
suggesting a faster disintegration of Northern Hemisphere ice higher Northern Hemisphere summer insolation and
sheets. In this study, in order to investigate the effect of different temperatures during the latter half of the deglaciation period,
orbital elements on the ice sheet retreat rate, we conducted an which accelerates the surface melting of the ice sheet (Fig. 1e).
experiment using IcIES-MIROC, in which the orbital The results of this study were published in a paper discussing
eccentricity in the orbital elements was changed to that of one the climatic differences between the two deglacial periods,
together with the experimental results from the deglaciation
f 004 & C\::é; ~ E.nf:(:%}‘ . experiments with climate model MIROC [1].
;0528 ;} /o N ;Z“Z ’\Q 2. Response of hydrological cycle in the Cretaceous
E ® /\ Q e MIROC4m experiment.
é 440 i & ‘«,—‘ This study conducted simulations of the Cretaceous climates
% :: t‘i "”‘{@ 5 A“\Q' with different COz levels using an atmosphere-ocean general
% - A & circulation model MIROC4m, to investigate the hydrological
200 = - cycle changes as CO; is increased, and compared the warming
g * — & p 2? - experiment in the present-day condition and Cretaceous proxy
g ” / »\d‘\ j ”§§ data. Global warming prediction have suggested that, in East
% ::: o o Asia, the mean precipitation increases with global warming,
20 18 16 8

W 8 s leading to more humid conditions. In contrast, Cretaceous proxy
Figure 1: IcIES-MIROC experimental setup (a-b) and results (c- data show an aridification in the low latitudes of East Asia during
e). The experiment with modified orbital eccentricity [EMOD]
has a faster ice sheet recession rate than the standard experiment
[CTL] [c], and the ice sheet at the same time becomes smaller later climate was warmest. In this study, we succeeded in reproducing
in the experiment. Figure 4 in reference [1].

the mid-Cretaceous when CO: levels were highest and the
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Figure 2: Rate of change in average annual precipitation (%)
when doubling the atmospheric CO2 concentration obtained in
(a) Modern, (b) Cretaceous, and (c) Tibet Flat experiment in
which only the Tibetan Plateau was removed from modern
geographical conditions. Additionally, Figure b shows the changes
in the water cycle in the warm mid-Cretaceous, especially when
the atmospheric CO, concentration is high, when compared to the
relatively cold early and late stages, as shown by geological
evidence. The red (blue) circles indicate places where the
environment was drier in the mid-Cretaceous than in the early
and late Cretaceous. Modified from Figure 1 in reference [2].
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the water cycle response in the Cretaceous, and clarified the
difference in the water cycle response between the present day
and Cretaceous arises because the response of precipitation in the
East Asia due to warming was the opposite (Figure 2a, 2b).
Moreover, it was elucidated that this opposite response is
attributed in the difference in the response due to the climate field
and its response depending on the presence or absence of the
Tibetan Plateau (Figure 2c). This result provides an important
suggestion in linking past climate change with future global
warming prediction that the regional water cycle response to
global warming is highly dependent on geographic conditions.

- Earth Simulator Proposed Research Project -

This research result was accepted and published in Geophysical
Research Letters in November 2021 [2].

3. A millennial-scale oscillations of atmosphere-ocean
system simulated in MIROC4m

Paleoclimate reconstructions indicate the existence of
millennial-scale climate fluctuations with global-scale impacts
during the glacial periods over past 1 million years [3,4,5]. Using
an atmosphere-ocean general circulation model MIROC4m, we
simulated self-sustained oscillations of millennial-scale
periodicity in the atmosphere-ocean system, which are consistent
with paleoclimate reconstructions. We showed that the
oscillatory process is significantly affected by changes in sea ice
and subsurface ocean temperatures in the high latitudes of the
North Atlantic (Figure 3). Furthermore, we compared the two
cases of extreme climatic precession, where the earth passes
through the perihelion on its orbit at the winter solstice or at the
summer solstice. In the latter case, the effect of stronger boreal
seasonality results in a shorter period of oscillations in the
atmosphere-ocean system. This result suggests that the Earth's
orbital forcings is one of the important factors affecting
millennial-scale climate fluctuations, and that intra-seasonal
variability in the climate system is important in considering long-
term climate variability. This research result was accepted and

published in Geophysical Research Letters in March 2022 [6].
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Figure3: Changes in Atlantic Ocean for four stages within one
cycle. (Left) Annual mean frequency of convective adjustment
(ND: non-dimensional) at 900 m (color shading) and 15% sea ice
concentration in March (blue) and September (magenta).
(Center) Atlantic meridional overturning circulation stream
function. (Right) Atlantic zonal mean potential temperature
anomaly with respect to the averages in the cycle. Modified from
Figure 2 in reference [6]

4. Porting and tuning of the coupled atmosphere-
ocean model MIROC4m on ES4

This year, we have ported the coupled atmosphere-ocean
model MIROC4m to ES4. MIROC4m was extensively used in
ES3 for past and future climate simulations. MIROC4m is a
global atmosphere-ocean circulation model based on primitive
equations. The model size is 150,000 lines of Fortran, and the
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problem size is 128x64x20 for the atmosphere and 256x192x44
for the oceans. Although the computation speed was slower than
that of ES3 at the beginning, we measured the computation
performance using ftrace and changed the compiler directive
lines and other program changes. We finally achieved a
computation time of 30% less than that of ES3. In addition, the
global mean temperature calculated by the model was about 1
degree higher than that of ES3 in the original setting (Fig. 4 blue).
This difference is large enough for the accuracy required for the
climate studies, therefore, we investigated the compiler and
runtime options. We found the model can reproduce the
equivalent results to those of ES3 by appropriately setting the
options related to the initialization of local variables (Fig. 4, red).

15.0 T
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0 10 20 30 40 50 60 70 80 20 100
Year [a]

Figure 4: Time series of global mean air temperature obtained
from the 100-year integration of the coupled atmosphere-ocean
MIROC4m (steady-state experiment under pre-industrial
conditions). Black: results from ES3. Blue: results with ES4
(default settings). Orange dashed lines: results computed with the
compile-time-save option. Red: compiled with -minit-stack=zero
option and with VE_INIT_HEAP=ZERO run-time option. The
red line is the most efficient use of computational resources.
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