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Syukuro Manabe Klaus Hasselmann Giorgio Parisi

Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2021 was awarded "for
groundbreaking contributions to our
understanding of complex systems" with one half
jointly to Syukuro Manabe and Klaus Hasselmann
"for the physical modelling of Earth's climate,
quantifying variability and reliably predicting
global warming" and the other half to Giorgio
Parisi "for the discovery of the interplay of
disorder and fluctuations in physical systems from
atomic to planetary scales."

2021 FE N/ RIEFREIRBIR T SUEF 2K,
ERER (Syukuro Manabe) FIze55Hf Mg
F2/RE (Klaus Hasselmann) ¥EltEERSS, LA
wReoAtfl] “ITWEKRSIRROPIIRIEI, ST
Lo EH T S BREEE " (HAYTIRA.

https://www.nobelprize.org/prizes/physics/2021/summary/
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Syukuro Manabe, 2021i&N/R¥IEFR Richard Wetherald

& 19674, EiEHER (Syukuro Manabe) FIEE®E-FE/RE (Richard Wetherald) &iXaISEbFa
CO,RENMERErSEMZERAA), BT IURXF _aUREESH2EKTRAEHE.
¢ 19754F, DAERABPHIFEERE (1975) MXELRAFE, AFS=HASHRSIEEEIAOEE.
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HEX - BEH

mEHRT “BREME" g4EiTE
(Fourier et al. 1827)

Hr LS - FE e SHR

FIA SRR GE= FEr R ERERE
COIERLAYIERE (Arrhenius, 1896)

THORAYE - TR

AR ECO, a8 513218
(Plass, 1956)
ERHER

EEE - FERE

B R A SR FNICO, IR E M R R 5 e A0 EE
REAYA /N (Manabe and Wetherald, 1967)

KR -ER

RETERNERKRE, EEMKSER
B SR ARRICO, M M AL AYE1 R
(Charney et al. 1979)

FEFIE - R

EORA TR RE AU TR NUNER
( Jones et al. 1986 )

BXE, KXE, FER, KPR F: 2021FaNRIIBFIRMIE: M

1827

1861

1896

1901

1956

1957

1967

1975
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1984

1986

2988 - THR

£ S50 =IEAR R B A
(Tyndall, 1861)

Fe/RHr - EHNE
X - R ERE

RBUET “BEMRE" 82
(Ekholm, 1901)

EIEHT - BAE

TR RENT TN
S L K 5,C0,R
(Keeling, 1960, 1970)
EimAIER
BEE - FERE

SRS RSEEXAEE
(Manabe and Wetherald, 1975)

BT - AR

WRIERBGRLEESH, RMERIR
SIS SIRBURE E RRAIFN

( Hansen et al. 1984 )

M1827E B EH MR P HIR
i, AISEREREBREIEE
NRYIIBEZRZ, EH7T 2R

195FRIHIE

WK ESRR S, PEFRIZ, 2021, 52, doi: 10.1360/SSTe-2021-0338



COIEM, BRENM, fe=FE, MAKIERFNHin

HE LIS - FICRRSHR (1859-1927) : 18965F, FIFD Keeling curve: E&IBEf-AR-EHF, 1957EFFIACO, LI
SIEARBIA B ER A EERE _ AILIXERAEEE

https://gml.noaa.gov/ccgg/trends/
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some valuable insight into the physical factors which
control the response of the atmosphere to the change in
the carbon dioxide content in the atmosphere.

2. Deseription of the model

The general circulation model used for this study
is essentially the same as that described by Manabe
(1969). Therefore, only a brief description of the model
is given here.

The model solves the primitive equations on a Mer-
cator projection using an energy conserving form of
the finite-difference formulation. The vertical coordi
nate is defined by pressure normalized by surface
pressure. To simulate the effects of subgrid mixing,
a nonlinear viscosity is included in the model. The
topography adopted is the same as that described by
Manabe (1969), Free-slip insulated walls are placed
at the equator and at 81.7N, whereas cyclic continuity
is assumed for the two meridional boundaries 120°
of longitude apart. Grid-point spacing is such that
the resolution is approximately 500 krn. Nine vertical
levels are chosen so that the model can simulate the
structure of both the stratosphere and the planetary
boundary layer. The computational domain is divided
into two equal areas up to 66.5N latitude, continent
and “ocean,” respectively. From 66.5N to the polar
boundary at 81.7N, continent is assumed throughout,
A diagram of the computational region is shown in
Fig. 1. It should be stressed here that this model
docs not contain a separate ocean computation. The
“ocean” portion is simply considered to be an area
of wet land or an area possessing an infinite source
of soil moisture for evaporation. The model occan
resembles the actual ocean in the sense that it is
wet, but it lacks the effects of heat transport by
ocean currents.

The scheme for computing radiative heating and
cooling is described by Manabe and Strickler (1964)
and Manabe and Wetherald (1967), and computes
both solar and longwave radiation fluxes.? The dis-
tribution of cloudiness is specified from annual mean
observations and is a function of latitude and height
only. Three atmospheric gases arc taken into account,
i.¢., water vapor, ozone and carbon dioxide. The dis.
lrlbutmn of water vapor is determined by the prog-
nostic equations of the model or, in other words, the
radiative computation is “coupled” with the hydro-
logic cycle. The spatial distribution of ozone is specified
in a manner analogous to clouds. The mixing ratio
of carbon dioxide is taken to be constant everywhere.
The surface temperature over the continent and the
hypothetical ocean is determined from the boundary
condition that no heat is stored at the carth’s surface,
., net fuxes of solar and terrestrial radiation and

+The model of radiative transfer is adjusted slightly such that
it does not contain  systematic bias. For more details, see Ap-
pendix A,

Fi6. 1. Diagran illustrating the distribution of continent and
grain ting
'yclic continuity is assumed at the eastern and western

“ocear
ends of the :!ornnm

the turbulent fluxes of sensible and latent heat locally
sum to zero,

The prognostic system of water vapor involves the
three-dimensional advection of water vapor, evapora-
tion, vertical mixing, nonconvective condensation,
and an idealized moist convective adjustment. Over
continental surfaces, the depth of snow cover and the
amount of soil moisture are based upon detailed
balance computations of snow and soil moisture,
respectively. In particular, the snow depth is increased
by snowfall and depleted by evaporation and snow-
melt. The latter quantity is computed from the re-
quirement of the heat balance when conditions for
the snowmelt are satisfied. [See Manabe (1969) for
further description of the prognostic system of soil
moisture and snow.] Differentiation between rain or
snow is dewrmmcd by the temperature at a height

of 350 m. Tf this is equal
to less than 0°C, precipitation is in the form of snow;
otherwise, it occurs in the form of rain. Over the
oceanic Tegion, the area of sea ice is identified as the
area where the surface temperature over the ocean
is less than —2°C.

For the computation of the heat balance at the
earth’s surface, it is necessary to know the distribu-
tion of surface albedo. It is assumed that the albedo
of the soil surface is a function of latitude and that
its distribution with latitude is the same as that used
by Manabe (1969). The albedos of snow cover and
sca ice are assumed to be much larger than the albedo
of bare sail. Aspointed out in the Introduction, this
difference in albedo accounts for the snow cover
feedback

Both snow cover and sea ice are classified into two
categories, i.e., permanent and temporary snow cover
(sea ice). Different values of albedo are assigned to
cach category. Referring to the study of Budyko
(1956), unstable snow cover and unstable sea ice are
assigned an albedo of 0.45 and 0.35, respectively,
whereas both permanent snow cover and permanent
sea ice ar¢ assigned a common albedo of 0.70. The
discrimination between the permanent and temporary
snow cover (sea ice) is made according to the surface

975: SE—1"GCMAYJEE

Suki Manabe & Joseph Smagorinsky

https://www.princeton.edu/news/2021/10/05/great-fun-manabe-wins-nobel-prize-physics-modeling-climate-change
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(January 29, 1924°- September 21, 2005)

V4
Pioneering meteorologist Joseph Smagorinsky, who developed Joseph Smagorinsky F1958FEHBENIMRR K
influential methods for predicting weather and climate conditions, = EBAEgManabe JO\EHIEIRA

founded the Geophysical Fluid Dynamics Laboratory (GFDL) in 1968.

https://www.princeton.edu/news/2021/10/05
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1979: (C|MNESSIE) BRIEELR

BEFRIMSIREANER, "SRERREXSCORENMESSHEREIIRELMEENE, CORE
MEBSKIKEEFF1.5~4.5°C (LRIFMNIERMZAY "SIRBUERE" ) °

CarbonDioxide

and Climate:
A Second Assessment

Report of the CO,/Climate Review Panel
to the

Climate Research Committee of the

Climate Board/Committee on Atmospheric Sciences
and the

Carbon Dioxide Assessment Committee of the

Jule Charney

Commission on Physical Sciences, Mathematics, and Resources
LIBRARY National Research Council

National Research Council (1917'198 1)

2101 Constitution Avenue N.W.
Washington D.C. 20418

yeqel Hom

it o A 1948-1956 EAHFIRE SIS, FFEEE AT

Springlield. v‘ Washington, D.C. 1982

2161 )
ot oo L8322 1A

HITEK, EHEFxR. 1T8H.zJohn von Neumann
ME T™MEECESRAET(E, WERFKETURAI T
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Klaus Hasselmann: MW A 3ETNRY:

1.4
12k Observed global mean surface temperature change 1('.219‘1’%(2020)
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estimates fit

Weaver and Zwiers, 2000

Courtesy to F. Zwiers
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Joseph Fourier

BRIPCCHE—TEARF IR S X T 2RISR ESE LS

1827
oM i S o I8 %1 FRIPCCH— TEERHEIRMERES T LRTHMBHRMNERSH
) — Tyl mocitEtE  MEmxinn Ao AR fREL
Proved the greenhouse effect in the = -
| laboratory (Tyndall, 1861) “ NZETEBN A ) & R HEBUEZE R R Y
Svante Arrhenius £ A PR R EE 225 I, 130K o U 5 RN
Calculated th i d by CO, based 1896 5, TR (3 FE B R, » TR B
alculated the warming caused by CO, base ' 0.3~0.6'C FEMYIR (L 2 — M2 ep) - 54 %
on a one-layer model under the constraints & Nils Ekholm 12T 25 L 04— 5%, (LR 5408
of energy balance (Arrhenius, 1896) FAR /219924 #} ¢ 3 l . AR ZE A AR . BT LU )9 T T R 1R
Put forward the concept of the 2(1990, 1992) P (SPM) AL B 4 R A R s i A B 5 TR R AR, 5 AR A
) | “greenhouse effect” (Ekholm, 1901) BFRIMBARE R ORI T AL
Gilbert Plass 1956 %ﬁj%l;ﬁﬂﬁfk%&‘;ﬁﬁlﬁ%lﬂmiﬁiﬁj ?i
Accurately calculated the radiative A %ﬁ%ﬁxm#@_ﬂﬂﬂﬁﬁ*f&ﬁ!mm%&ﬂ‘lﬂ?‘ﬁ
forcing of CO, (Plass, 1956) Charles Keeling 5| ﬁ%ﬁ?ﬁ?ﬁ;‘fﬁﬁﬁﬂﬂﬂl e
1957 2D AT,
Syukuro Manabe | Began to measure tl.1e atmospheric CO YT AR A KA A h A
Richard Wetherald 0 concentrations (Keeling, 1960,1970) SAR(1996) SPMe R S5 A 4 R0 U0 ) 5 A 9 MBI, \NKTES) DL LRAUR RS
iR T AT LSRR R,
Made the first fully sound estimate of the | Syukuro Manabe i 5504 ; = : -
: : : 5 - SO T 28 ) 3 43 80 T i V1 R F
magnitude:of warming caused by a-doubling of Richard Wetherald TAR(2001) SPMe A 4RIV R 5 k4394 NSRRI % “ IR IE L 7H(66%Lh
CO, concentrations (Manabe and Wetherald, 1967) 4 3 2 ¢ I (AT hEtE). »
| The birth of three-dimensional - ETE).
Jule Charney 1979 atmospheric climate model (Manabe SAERARHOR AN P Sk, A LK Y
_— d Wetherald, 1975 v A R it g
Coriplisn e “Ciainey Hepomt®, Stated Mot 5 | AR ) AR4(2007) SPMef1R G5 A 4 B V-4 8 5 B 5 5 45 meﬂﬁﬁm;ﬁ&ré\gﬁ:ﬁwﬁmwo/ul
doubling of atmospheric CO2 concentrations z
. el i James Hansen ] fiE(>66%)i H: A H5dil: TR BT
would lead to a significant global climate (Charney 1984 C( e & SRR AT fB(95% A I AT ik ) 2, TR E)
tal. 1979 S 2 o« 0.6~0.8°C: ifd % “{fA3RIMA: 0.5~13C; AT A b B T ‘
4 ) Provided quantitative analysis of climate AR5(2013) 1951~2010 %I(};o‘“?{g At A H5836: —0.6~0.1°C: EH#R4H 193;1&2?1%ﬁ;%,gﬁ%g%’i@%%
— | feedbacks, being one of the early indications (FTHEEH)  “agih: Z0.1~0.1°C; EAM B P ﬁﬂl)\ ;J‘Exﬂftﬂ‘?i‘ i
HpLsones 1986 that cloud feedbacks have significant influences -0.1~0.1C 3 v
Gave the strong observational evidence to | on climate sensitivity (Hansen et al. 1984) % Al i (>66%) i H: A J9dift:
confirm global warming for the first time 1850~1900%: - . 0.8~13C: iﬁ'x?”‘(%éﬁiﬂ: 1.0~2.0C: e
(Jones et al. 1986) 1979 Klaus Hasselmann AR6(2021) ngﬁi%ﬁ%ﬁ[%#g (Oﬁi%;l;.éé) S A 3R —0.8-0.0C: [ A ﬁmﬁ%&%ﬂﬂﬁ}kxléﬂg
1997 Development of optimal detection method s f'f*l'Jf T Jk"l’-: %'u % = 3Rif: —0.1~0.1C; HAAMEE:
Hasselmann, 1979, 1993, 1997) s -0.2~0.2C
WL apssaamani sepetty {TAR th ARE) a) et RV ) A A (3 ST 06 T DR R I B (SPM M. A 2 A0 BRI (5 0 A28, X1 AR o R s 1
Increasing confidence in the attributable human TR

contribution to observed global warming.

(Zhou et al. 2021, Science China Earth Sciences) (AXRZE %, 2021, FERE)
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ok wih=

R SURZRFRRIIKERT

WNRLHARRIE 7 SR REIER
SlePIEFIEiCHI B ERSTE 2RI RRIEL
SIRRFRFRFAADARSUERZIRIA T 2 HNET

IR R GE LRI AR 7 SRR CRE
IPCCEIHRE RS, WMAMIER T SIRZLRFHT
EitEERETENNRRE, MERVIBEASEMECHT.
MUHAFR—EHRRASIEMASIEFARN=XFER

(AXZESE, 2021, FEMZ)

AR eUFRZIPAEIRR S E(K (it %!
(RIRRFRA AL R MABHAR) (2004-2008)

(F40EE, 2008)

‘Great fun’: Manabe wins Nobel Prize in
physics for modeling climate change

https://www.princeton.edu/news/2021/10/05/great-fun-
manabe-wins-nobel-prize-physics-modeling-climate-change
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CMIP Continuity

A common suite of experiments for each phase of CMIP provides an opportunity to construct a
multi-model ensemble using model output from various phases of CMIP

g

CMIP8

Eyring et al., CMIP6 Experimental Design and Organization, GMD, 2016 Pt o W s

BAREE, 2014 HEMKSIRRFEINARHRE: CMIPITRISEE20£F B, SSFR, 72(5), 892-907
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T D 4&) CLIMATE CHANGE 2001 E11990ELUR, 58—

The Science of Climate Cl

(WG2) . E=T{rA
(WG3)—&, IPCC §F—
e T{EH (WG1) BEk%h
B | | R e RIS,

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

2007 Nobel Peace Prize: ‘ incc
*for their efforts to build up and €77 7 e , e
disseminate greater knowledge ‘f;"?“‘-/ e - L
about man-made climate %%gsﬁmsamﬁ sasts IETiery i
change, and to lay the ) SR e

foundations for the measures e 2021

that are needed to counteract
such change”

https://www.ipcc.ch/about/history/
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Mid-1970s Mid-1980s FAR(1990) SAR(1995) TAR(2001) AR4-AR5(2007-2013) AR6(2021) 2050s

EfrirSEETIERPNEENEEE (88, FIPCC ARSHEL.13EM FETFIPCC ARGEIESENLUET)

FBRZE KE, IFER, SKFIRE, 2022: 202158 IU/RYIIEF RS WEZEMNEIERERSRF. ERE, 52, doi: 10.1360/SSTe-2021-0338 29
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WCRP’s mission....tH R SREAFT i TRIRIERR

.. is to facilitate analysis and prediction of Earth system variability and
change for use in an increasing range of practical applications of direct
relevance, benefit and value to society.

The two overarching objectives of WCRP are:

_—

e S,

to determlne the predlctablllty of climateS{XBY vl R 4 - ¥ --’ s =

- al -

-

: - b . 7 ; =7 .
; - ~ - . —~—
>0 ~ -

to determine the effect of human act|V|t|es on chmateA EBJJEI'JE- Ilr_l
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WCRP Grand Science Challenges Y REIEZHR: rdEFit 2 ERMEESESGDs

SUSTAINABLE £~ #™,
DEVELOPMENT \J %’ ALS
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MG R

HERINTHE . 1 ROBAR &Eikﬁﬁ%ﬁ
MEESE S EREATE mstgast
1 1 ¥ F58 {BEEERER
EYEE B2 B SUSTAINABLE
£ DEVELOPMENT

GOALS

Weather & Climate Extremes

Clouds, Circulation & Climate Sensitivity Climate & Carbon

BXRZE, ek, =ik, 2018: SHE R HHAISIRZRI ZRIAIEE. B8R, 63, 1 (2018); doi: 10.1360/N972018-00818 26
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engineering

WCRP Grand Challenges:
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Clouds, circulation and climate
sensitivity,

Changes in cryosphere,

Climate extremes,

Regional climate information,

Regional sea-level rise, and

Water availability, plus an additional
theme on “Biogeochemical forcings and

feedbacks”

(Courtesy to Veronika Eyring)
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CMIP6HESS TFRITRIL I IEIT I (MIPs)

Proposals from CMIP6-Endorsed MIPs & Model

Groups’ Commitments to Participate in each MIP AerChemMIP
|__[Long Name of MIP (Short NameofMIP) | o
1] Aerosols and Chemistry Model Intercomparison Project (AerChemMIP) CFMIP
7] Coupled Climate Carbon Cycle Model Intercomparison Project (C4MIP) DAMIP
E Cloud Feedback Model Intercomparison Project (CFMIP) bcpp
m Detection and Attribution Model Intercomparison Project (DAMIP) FAFMIP
E Decadal Climate Prediction Project (DCPP) GeoMIP

10
Il

15
Il

20

25

ﬁ Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP) GMMIP
Geoengineering Model Intercomparison Project (GeOMIP/ HighResMIP

m Global Monsoons Model Intercomparison Project (GMMIP)

ISMIP6

E High Resolution Model Intercomparison Project (HighResMIP) LS3MIP
[T ice Sheet Model Intercomparison Project for CMIP6 (ISMIP§)

W Participating LUMIP

"(F]| Land Surface, Snow and Soil Moisture MIP (LS3MIP)

Not Particioati
mLand-Use Model Intercomparison Project (LUMIP) srotferticpating OMIP

: : W Don't Know Yet PMIP
m Ocean Model Intercomparison Project (OMIP)
m Palaeoclimate Modelling Intercomparison Project (PMIP) RFMIP
[EH Radiative Forcing Model Intercomparison Project (RFMIP) ScenarioMIP
m Scenario Model Intercomparison Project (ScenarioMIP) SolarMIP
Solar Model Intercomparison Project {SolarMIP) VolMIP
|2 Volcanic Forcings Model Intercomparison Project (VOIMIP) _ _ _ _ _ _ _. CORDEX
m Coordinated Regional Climate Downscaling Experiment (CORDEX) DynVar
m Dynamics and Variability of the Stratosphere-Troposphere System (DynVar) SIMIP

"1 Sea-Ice Model Intercomparison Project (SIMIP)

VIAAB
m Vulnerability, Impacts, and Adaptation Advisory Board for CMIP6 (VIA AB)

SEFEME LT

GMMIP: Global Monsoons
Modeling Inter-comparison
Project

Proposed by
CLIVAR/GEWEX Monsoons
Panel & CLIVAR/C20C+

Co-chairs:
Tianjun Zhou,
Andy Turner,
James Kinter Il

Secretariat:
LASG/IAP

CMIP_&’

The World Climate Research Programme’s
Coupled Model Intercomparison Project
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1. What are the relative contributions of internal

processes and external forcings that have driven the
20t century historical evolution of global monsoons?

2. To what extent and how does the ocean-atmosphere

interaction affect the interannual variability and
predictability of monsoons?

3. How well can developing high-resolution models and

improving model dynamics and physics help to
reliably simulate monsoon precipitation and its
variability and change?

4. What are the effects of Eurasian orography, in

particular the Himalaya/Tibetan Plateau, on the
regional/global monsoons?

Zhou, T., Turner, A. G., Kinter, J. L., et al. 2016: GMMIP (v1.0) contribution to CMIP6: Global Monsoons
Model Inter-comparison Project, Geosci. Model Dev., 9, 3589-3604, doi:10.5194/gmd-9-3589-2016, 2016.
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delta in south Asia are at risk of flooding as a result of climate warming.

Climate simulations: recognize
the ‘hot model problem

Zeke Hausfather, Kate Marvel, Gavin A.

John W. Niel

& Mark Zelinka

Thesixthand latest IPCC
assessment weights climate
models according to how
well they reproduce other
evidence.Now therestofthe
community should do the
same.

26 | Nature | Vol 605 | 5May 2022

omputer models that project future
climates are widely used for adapta-
tlon, mitigation and resllience plan-

care. Users beware: a subset of the newest
generatlon of models are ‘too hotand pro-
Ject climate warming in response to carbon

ning. han50such
assessed and compared In the latest
round of the Coupled Model Intercompari-
son Project, phase 6 (CMIP6), run by the World
Climate Research Programme'. Itis crucial that
researchers know the best way to use those
Information for

cllmale sclence and policy.

We are climate modellers and analysts who
develop, distribute and use these projections.
We know sclentists must treat themwithgreat

© 2022 Springer Nature Limited. Al rights reserved

dioxId that might be larger than
that supported by other evidence®”. Some
suggest that doubling atmospheric CO,con-
centrations from pre-industrial levels will
result in warming above 5 °C, for example.
This was not the case In previous generations
of simpler models.

Earth Is acomplicated system of Intercon-
nected oceans, land, Ice and atmosphere,
and no computer model could ever simulate
everyaspectof it exactly. Models vary In thelr

Hausfather et al. 2022 Nature
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Chen, Zhou* et al. (2022) Observationally constrained projection of Afro-Asian monsoon precipitation. Nature Communications, DOI: 10.1038/s41467-022-30106-z
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o Reduction in annual water availability [%]
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Ceher dry subtropical regions like
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Pan-WCRP modelling Meeting: Met Office, Exeter, Oct 9th-13t, 2017

Pan-WCRP modelling Meefing: Met Office, Exeter, Oct 9%-13%, 2017

1. Modelling the Regional Climate - Regional and high-resclution global models
Session Organizers: Bill Gutowski & Julio Bacmeister

2. Earth System Modelling in WCRP - Needs from the physical system and opportunities for collaboration
Session Organizers: Pierre Friedlingstein & Gerhard Krinner (co-chair CIiC)

3. Modelling infrastructure, data standards and protocols

Session Organizers: V. Balaji and Karl Taylor

4. New observations and the use of models for designing/developing observing systems
Session Organizers: Carla Cardinali (ECMWF) & Duane Waliser

5. Diagnostics, Metrics and Evaluation

Session Organizers: Peter Gleckler & Marion Mittermaier

6. Towards seamless weather and climate predictions

Session Organizers: Frederic Vitard & Keith Williams

7. Linking Models to User Communities

Session Organizers: Andrew Robertson & Daniela Jacob

8. Multi-model synthesis and associated uncertainties
Session Organizers: Paco Doblas-Reyes & Greg Flato
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A world of 1.5 °C warming A world of 2.0 °C warming
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(Annual mean temperature)

Zhou T. 2021 New physical science behind climate change: What does IPCC ARG tell us? The Innovation 2(4), 100173
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THE

ROYAL
SOCIETY

CLIMATE CHANGE : SCIENCE AND SOLUTIONS |

Next generation climate models:
a step change for net zero and climate adaptation

In brief

Climate models are fundamental to understanding climate
change and anticipating its risks. They provide the basis for
predicting impacts, guiding adaptation decisions and setling
mitigation targets. Society now needs more detailed and
precise information to enable robust decision-making in the
face of rapidly amplifying climate change and for achieving
its goal of net zero by 2050

Existing technological potential and scientific capability
can be haressed through a new level of international
cooperation and investment in next-generation super
computing and Earth system science. This step-change
transformation could deliver the robust science required
lo support greater ambition in mitigation and adaptation
in the coming decades

INSIGHTS

An international next-generation climate modelling
centre, based on an exascale computing and data
facility, can bring about the step-change that is
now possible in modelling capacity to support the
technology roadmap to net zero and investment in
climate adaptation.

A dedicated facility, of unprecedented scale, with a
role similar to that of CERN in particle physics, would
overcome the scientific and technical barriers of
delivering timely, detailed, consistent and actionable
climate predictions for the coming century, building on
the construction of Earth system models that has been
one of the great scientific achievements of the last 50
years.

+ Recent studies have shown that a new generation of
high-resolution models can revolutionise the quality of
information available for mitigation and adaptation, from
global climate and regional climate impacts, to risks
of unprecedented extreme weather and dangerous
climate change.

« Through partnership and collaboration with such a
new global facility, national climate modelling and
services around the world will be propelled to a new
level of capability, to the benefit of the citizens of their
countries, and indeed, the world

To ensure uptake and use of the latest predictions, the
facility can also contain a dedicated operational data
service that will embrace the latest digital technologies
In data analytics and informatics, such as Artificial
Intelligence (Al), machine learning and advanced
visualisation.

+ Ongoing evolution can be driven by an ‘Incubator’ to
stimulate new ideas for next generation modelling, an
‘Open Data Lab’ to foster public-private partnership
on cutting-edge digital solutions based on the Data
Cloud and Application Programming Interfaces (APIs),
alongside an academy to train developers and users of
climate model information.

THE

ROYAL
SOCIETY

CLIMATE CHANGE : SCIENCE AND SOLUTIONS |

Contributors to climate change:
science and solutions briefing series

Briefing 1 | Next generation climate models:
building strong foundations for climate action

Contributors

Dame Julia Slingo DBE FRS, University of Bristol, UK (lead)

Dr Peter Bauer, European Centre for Medium-Range Weather Forecasts, UK
Professor Sandrine Bony, CNRS Laboratoire de Météorologie Dynamique, France
Dr Gregory Flato, Environment Canada, Canada

Professor Gahi Hegerl FRS, University of Edinburgh, UK

Professor Jens Hesselbjerg Christensen, University of Copenhagen, Denmark
Professor James Hurrell, Colorado State University, USA

Professor Christian Jakob, Monash University, Australia

Dr Viadimir Kattsov, Voeikov Main Geophysical Observatory, Russia

Professor Masahide Kimoto, National Institute for Environmental Studies, Japan
Professor Jochem Marotzke, Max Planck Institute for Meteorology, Germany
Dr Raghavan Krishnan, Indian Institute of Tropical Meteorology, India

Professor Ted Shepherd FRS, University of Reading, UK

Professor Graeme Stephens FRS, California Institute of Technology, USA
Professor Bjorn Stevens, Max Planck Institute for Meteorology, Germany
Professor Thomas Stocker, University of Bern, Switzerland

Professor Rowan Sutton, University of Reading, UK

Professor Tianjun Zhou, Chinese Academy of Sciences, China

Peer reviewers

Professor Jason Smerdon, Columbia University, USA

Professor Inez Fung ForMemRS, University of California Berkeley, USA

HEXRFSJulia Slingo #i%FEk, RESHARUSIRRUIERSIE, HEE—FHHIRERM, ECOP26 KSR
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EXiMtZF 0 CERN: EfrSIEISESIERNSETEN?

The European Organization for Nuclear Research, known as CERN, is a Eu
ropean research organization that operates the largest particle physics la
boratory in the world. Established in 1954, the organization is based in a
northwest suburb of Geneva on the Franco—Swiss border and has 23 me
mber states. Israel is the only non-European country granted full membe
rship. CERN is an official United Nations Observer.
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For the greatest benefit to humankind

How has computational science been recognized throughout Nobel histary?

n 5 October 2021, the Royal Swedish

Academy of Sciences announced
that the 2021 Nobel Prize in

Physics will be awarded to three scientists

for their “groundbreaking contributions

to our understanding of complex physical

systems”. One half of the prize will go to

Syukuro Manabe and Klaus Hasselmann

for the development of physical models that

enabled the simulation of global climate

and the prediction of global warming; the

other half will be awarded to Giorgio Parisi

for the mathematical modeling of complex

disordered systems.

complex quantum field theory equations,
which contributed to better explaining

the quantum structure of electroweak
interactions in physics. Around the same
time, Manabe and colleagues, with the help
of Fortran code and digital computers,
were able to simulate our climate system.
Saul Perlmutter, one of the researchers who
shared the 2011 Nobel Prize in Physics,
pioneered the use of supercomputers to
analyze and validate observational imaging
data in cosmology, which contributed to
the discovery that the expansion of the
Universe is acmleraling

The computational science ¢
has certainly been thrilled with this
news as it reiterates the essential role of
computational science in helping to address
the most critical challenges in our society,
such as climate change. The mathematical
and physical models developed by the
three aforementioned researchers formed
the foundation to investigate complex
systems. The climate model, first proposed
by Manabe in the 1960s by considering the
interaction of radiation and vertical mass
transportation, successfully predicted the
correlation between the carbon dioxide
content in the atmosphere and the Earth’s
surface temperature. Hasselmann’s stochastic
climate model distinguished reliable climate
patterns from chaotic weather, and further
differentiated the influence of human
activities from that of natural effects on the
climate. From a much broader perspective
of complex systems, Parisi introduc
the idea of ‘replica trick’ as a new way to
mathematically interpret and predict the
statistical behavior of disordered systems.
This technique is widely used nowadays
in various disciplines, including physics,
materials science, neuroscience, and
machine learning.

This isn't the first time that the
contributions of the computational
science community have been recognized
throughout Nobel history. As a matter of
fact, the community has been responsible
for many advances in computer code and
platforms’ that have indirectly supported
many of the awarded scientific discoveries.
To name a few, in the 1960s, Martinus
Veltman, who shared the 1999 Nobel
Pnze in Physics wuh Gerardus t Hmft

d th

But col ional science contributions
have not anly implicitly helped accelerate
scientific discoveries: they have also been
explicitly honored with Nobel prizes in
the past. Some of these contributions are
represented by important mathematical
and physical models that not only help
us to more accurately understand the
laws of nature, but that also allow for
the computation of different scientific
phenomena that were otherwise hard or
impossible to simulate. The climate models
developed by Manabe and Hasselmann,
for instance, it this category. Another
example is the Marcus theory, proposed
by Rudolph A. Marcus, who received
the 1992 Nobel Prize in Chemistry. In
the mid-1950s, Marcus developed a
mathematical model to explain the rate
of electron transfer reactions between
two chemical species, such as inorganic
molecules and biomolecules (for instance,
proteins). With many extensions and
refinements for specific problems, the
main contribution of the Marcus theory
was to mathematically model the electron
jumping process together with molecular
structural change. This theory enabled the
accurate computation of redox reactions in
important scientific problems — including
photosynthesis, enzyme reactions, and
corrosion — and was successfully linked
with experimental observations. Another
notable example is the 1982 Nobel Prize in
Physics, which was awarded to Kenneth G.
Wilson for his work on phase transitions.
Wilson proposed a model based on the
renormalization group theory to describe
the physics of multi-scale fluctuations,
which made numerically computing crucial

e ibly prog)
lmguage to manipulate algebralc
operations that made it possible to solve

during phase transition practical
at the time. Wilson's finding about the key
role of the dimensionality of the order
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parameter to describe phase transition still
inspires new research today that leverages
new computing algorithms and the
increasing availability of data®.

In addition to mathematical models,
computational methods have also been
explicitly recognized in the past. A clear
example of such recognition is the 1998
Nobel Prize in Chemistry, which was
shared between Walter Kohn and John
Pople. Kohn laid the foundation for
the density functional theory in 1954
and demonstrated that the ground state
properties of a many-electron system
can be described by the ground state
electron density in space; in practice, this
approximation made quantum chemistry
calculations more computationally feasible.
Pople is well-known for his pioneering
work in developing the first version of
Gaussian, and later for his contributions
to Q-Chem, which are two of the most
widely used computational chemistry tools
to date. More recently, in 2013, the Nobel
Prize in Chemistry again underscored the
importance of computational methods,
this time related to the development of the
hybrid QM/MM (quantum mechanics/
molecular mechanics) approach for
modeling chemical reactions. The ingenious
idea treats key elements that are responsible
for these reactions with quantum chemistry
theory (which allows for more accurate
results), while the remainder is described
with classical mechanics (which makes
the approach more computationally
efficient). Among its many important
applications to different fields, the QM/MM
approach stimulated fruitful research in
computational structural biology.

It is worth mentioning that our list
of computational science contributions
related to Nobel prizes is far from being
exhaustive. In addition, for the sake of this
Editorial, we focused on the physics and
chemistry prizes only. Nevertheless, the
contributions highlighted here demonstrate
that mathematical and computational
methods have become exceptionally
relevant in science: in many cases, they
have become an essential tool to the
most exciting and important scientific
discoveries of our society.

‘What's next? Certainly, this will not be
the last time that computational science
is recognized by a Nobel prize. Looking
ahead, as new computing algorithms and
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Syukuro Manabe & Klaus Hasselmann, 2021
Nobel Prize in Physics

Martinus Veltman, 1999 Nobel Prize in Physics
Saul Perimutter, 2011 Nobel Prize in Physics
Rudolph A. Marcus, 1992 Nobel Prize in chemistry
Kenneth G. Wilson, 1982 Nobel Prize in Physics
Walter Kohn, 1998 Nobel Prize in Chemistry

54



NG
N

HISHURZLF

=
=

SUER




