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* Got involved in climate model development 1
and contributed to CMIP5 and CMIPé6 o .
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Equations of motion for the
atmosphere, energy and P = ,ORT
mass conservation:
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Bjerknes 1904, Richardson 1922, Charney et al. 1950, Rossby 1954



Use fundamental equations of
motion to predict weather

Richardson tried to solve them by
hand, Charney later managed this
with the advent of computers

Carl Gustaf Rossby launched the
worlds first operational forecasts
in 1954

The atmosphere models were
applied to climate problems in the
1960s (Smagorinski, Manabe)

Bjerknes’ and Richardson’s model
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Same principle in modern climate models
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The atmosphere part of a modern climate model g:;:ivceﬂ:ﬁvhe?ge
is not too different from a weather model '

You can say that they simulate the weather

according to an approximation of the laws of
physics

Horizontal exchange
between columns
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Snap shot of clouds

2.5 km resolution 100 km resolution



e (Computational power limits the number of grid
points and therefore grid spacing

 Doubling resolution increases cost 8 times

e Unresolved processes must be parameterised
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Parameterisations:

Radiation
Resolved Flow: Cloud microphysics

~Navier-Stokes Turbulence
equations Land processes
Convection
Gravity waves

It IS not all fundamental!
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The ocean is simulated in more or less the same way
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Model setups

Atmosphere-only:

» Simulates the atmosphere and land processes

» Sea surface temperatures and sea ice are prescribed | Mixed-layer model ]
Coupled model:

» Ocean currents, temperatures, salinity etc. is simulatea

» Connected to the atmosphere through a coupler software
Earth system model (ESM):

e Poorly defined category

* Usually simulates at least a carbon cycle

Complexity

* Can therefore be driven by CO2 emissions rather than concentrations



Model setups

Atmosphere

Momentum
Energy

OASIS3-MCT

Carbon

ECHAM®éG.3

Water
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What is model intercomparison project, aka *MIP?

Essentially a *MIP consists of:
* |deally, a good idea!
* Modellers wanting to participate with their models
* An experimental protocol and a description of the desired output
* A facility to share the output

Today, these elements have become a lot easier and taster to achieve, so you
will see more and more autonomous MIPs arise



What is CMIP/AMIP

he first climate models were created in the 1960’s and with time more and more
interest in them emerged.

Two ofticial MIPs took off in the 1990's:
* The Atmosphere Model Intercomparison Project (AMIP, Gates et al. 1999)
* The Coupled Model Intercomparison Project (CMIP, Meehl et al. 2000)

Came about as a bottom-up process, as modellers saw a need for and a scientitic
value in being able to compare their models with others.

In part they were inspired by successful model inter-comparisons led by Robert

Cess looking at climate sensitivity and feedbacks in models (Cess et al. 1989, 1990,
1991).



What is CMIP/AMIP

Still today, CMIP is an independent activity that is not
controlled by e.g. the United Nations Intergovernmental

Panel on Climate Change (IPCC), unlike what many

oeople think

Please don't call them “the IPCC models”




CMIP cycles

CMIP1: control simulations, flux corrections

CMIP2: gradually increasing COZ2 at 1 percent

per year to probe transient climate response
(TCR)

CMIP3: historical and future scenarios, also
included AMIP for evaluation, mixed-layer
ocean models for climate sensitivity, and first
open access to the public!

CMIP5: adds abrupt 4xCO2 and other

idealised experiments, and also decadal
predictions and carbon cycle models (ESMs)

CMIP6: more of everything, and a more
distributed approach with endorsed sub-MIPs
focused on specific questions

CFMIP, DynVarMIP
GMMIP,
PMIP HighResMIP
Clouds/
circulation
Regional
Palaeo phenomena
RFMIP. DAMIP, CNWPO EXPETiMent OMIP, FAFMIP/
VolMIP ; ' LS3MIP/SIMIP,
Characterizing & Ocean/ ISMIP6
forcing land/ice
AerChemmip  ChEMISIEE Impacts J F
aerosols 'S Al
Carbon ,
Scenarios
cycle
CAMIP ScenarioMIP
Land Decadal
A Geo- prediction
engineering
LUMIP DCPP
GeoMIP



Experiments

Pre-industrial control
Historical simulation
Future scenarios

| dealised forcing experiments

Absolute global mean surface air temperature (C)
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Control simulation

CMIP1 models only conducted a control
simulation:

* along run with constant boundary
conditions such as CO2 and other

greenhouse gases

Ideally, a control simulation will be stable in
time, but this was difficult to achieve

Some CMIP1 models also relied on flux-
corrections, which is a method to stabilise
climate and minimise biases, but this is no
longer used

Model Flux correction Run length (yr) Comments
*BMRC none 105 no std dev or ocean data
*CCCMA heat, water 150
*CCSR heat, water 40
*CERFACS none 40
COLA none 50
*CSIRO heat, water, momentum 100
*DOE PCM none 300
ECHAMI1+LSG heat, water, momentum 960 temperature time series data
only
*ECHAM3+LSG heat, water, momentum 1000 no flux-correction fields
ECHAM4+0OPYC3 heat, water (ann. mean) 240
*GFDL heat, water 1000
GISS (Miller) none 89
*GISS (Russell) none 08 no decadal std dev or
barotropic stream function
*TAP/LASG sea surface salinity 50
restored to obs
*LMD/IPSL none 24 no decadal std dev
*MRI heat, water 100 no ocean heat transports
*NCAR (CSM) none 300
*NCAR (Wash. & Meehl) none 100
*NRL sea ice prescribed to obs 36
*UKMO (HadCM?2) heat, water 1085
*UKMO (HadCM3) none 80 in CMIP2 only
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historical greenhouse and
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CMIP2: Transient climate response (TCR)

The simplest kind of scenario is one where
the CO2 concentration increases gradually

Here at 1 percent per year, such that after

/0 years the concentration is doublea

The transient climate response (TCR) is then
usually taken as the mean of years 60-80
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Global temperature change (°C)

Years from start of experiment

|1

ARPEGE/OPA2
BMRCa
CCSR/NIES
CCSR/NIES?2
CGCM1

CSIRO Mk2
CSM 1.0

DOE PCM
ECHAMB3/LSG
ECHAM4/OPYC
GFDL_R15_a

GFDL_R30_c

GISS2
GOALS
HadCM2
HadCM3
IPSL-CM2
MRI1
MRI2
Mean

IPCC (2001)



CMIP3/5/6 equilibrium climate sensitivity (ECS)

TCR: the transient warming to gradual
increase of CO2 to doubled concentration

ECS: the long term global warming response
to a doubling of CO2 over pre-industrial
levels

TCR < ECS

In CMIP3 and earlier, ECS of a model was
estimated with a mixed-layer ocean model

that is about 50 m deep

Such a model can be run to equilibrium in a
few decades
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Manabe and Stouffer 1980



CMIP3/5/6 equilibrium climate sensitivity (ECS)

In CMIP5, and later, instead coupled models : MPEESMELR, shrupt 4500, nckifoun years
. o MPI-ESM-LR, abrupt 2xCO,, individual years
were belﬂg used 10 — MLO, abrupt 4xCO,, years 20-50 @
9. xCO MLO, abrupt 2xCO,, years 20-50 @
, i ) MPI-ESM-LR, AMIP, prescribed SST
hese will take about 4-6000 years to ] MPLESM-LR, sstClim 4xCO,, prescribed SST ()
{/ -ESM- X rescribe
equilibrate due to the deep oceans heat ’ HPPESHIER, AU 0. proserhee >
&« H — o MLO-prescribed SST 4xCO, \/
Ca Oacity § 3{) MLO-prescribed SST 2xCO, <>
§ = | / 25 ~:\\\\
Instead an abrupt increase in COZ2 is applied 5 — - N Po~~=-04,
. . . g 0 T T ] r ‘\r '\) L .\I\Q T T T ]
and extrapolation is used according to the = i
= | 2 4 6 8 10
Gregory method (Gregory et al. 2004) § | AT, K]
2 -5 —

Block and Mauritsen (201 3)



Historical and future scenarios

Historical simulations include as accurate as 2%
vossible changes in: |
* Greenhouse gases 1.5
observed
e Ozone ‘ simulated
1.0 A human &
¢ A@FOSO'S X natural
* Volcanoes 0.5
 Land use changes ‘ - A» ! / L simulated
° 0.0 TR ) AN 2~ l’@"h‘m ‘ natural only
. . -/. e 48 ' Y " ) ! ':SDIFI *I[—l
* Solar forcmg I\ A < i' ( ’I';.--"fin['il;;ﬁ"'litfijl-
hey can be used for a range of things, for 05
example illustrate how unlikely global
warming would be without greenhouse gases | |
1850 1900 1950 2000 2020

IPCC (2021)



Historical and future scenarios

The historical simulations are continued
forward to present and future using scenarios:

o SSP1-2.6, high mitigation 2-degree scenario

o SSP2-4.5, mid-range scenario

e SSP5-8.5, burn all that makes economic
sense, sort of

These make different economic and political
assumptions to come up with emissions ana
concentrations in the future

(a) Global surface temperature change relative to 1850-1900

°C
> 55P5-8.5
- SSP3-7.0
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(b) September Arctic sea ice area
10° km?
10

SSP1-1.9
SSP1-2.6

SSP5-8.5
1950 2000 2015 2050 2100

(c) Global ocean surface pH (a measure of acidity)

8.2
8.1 —

- SSP1-1.9
8.0 SSP1-2.6
7.9 ocean
7.8 acidification
. T SSP3-7.0
7'6 ™ 55p5-8.5

1950 2000 2015 2050 2100

IPCC (2021)



® CMIP5, RCP8.5
® CMIP6, SSP5-8.5
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The AMIP and AMIP+4K experiments, honourable mention

he first climate change/impact experiments
were orchestrated by Robert Cess in the 1980's

Here an atmosphere-only setup was used ana
sea surftace temperatures, sea ice, etc. Is

prescribea

Then, to probe the effects of global warming,
and also climate tfeedbacks, the ocean surface
is simply warmed up unitormly, typically +4K

The advantage is that these runs don’t need to
be very long, and so can also be run at very
high resolutions

Net TOA Imbalance [W/m?]
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MPI-ESM-LR, abrupt 2xCO,, individual years
MLO, abrupt 4xCO,, years 20-50
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MPI-ESM-LR, AMIP, prescribed SST
MPI-ESM-LR, sstClim 4xCO,, prescribed SST
MPI-ESM-LR, AMIP 4xCO.,, prescribed SST
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Ensembles, large ensembles and the grand ensemble

GEM Solna (SE) 59.5N, 18E

Init: Mon, 10 Mar 2025, 00/

Weather can be predicted up to a point in
the future, depending on what you are
interested in

Caused by inherent chaos, a small error in
initial state grows exponentially
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n weather forecasts ensemble weather

forecasting systems exploit this to explore
forecast uncertainty

Ensemble forecasts consists of many runs

with the same model, but starting from | | | | | | | |
12. Mar 14. Mar 16. Mar 18. Mar 20. Mar 22. Mar 24. Mar 26. Mar
slightly different initial conditions Local time (UTC+1)

P02 P03 P04 — POS5 PO6 PO7 PO8
P10 — P11 —P12 — P13 P14 P15 P16
P18 P19 P20 CONTROL = AVG - OPER

wetterzentrale.de




Ensembles, large ensembles and the grand ensemble

* |t has become increasingly popular to produce
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ensembles with climate models
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e NCAR first created their LENS1 ensemble with
micro perturbations in 1920 (Kay et al. 2015)

observations

Global Mean Surface
Temperature Anomaly (K)
N
o
|

1.0 —: members 2-30 ",4’,;"3;’,;'/""‘ :_
 MPI| conducted a 100 member ensemble, but | 0ot bt ap |
0.0 ] il ,__"':\ J ! A ‘,ﬂf"‘-‘*,”“.iw‘ft\’,',j"’ _
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instead initialised each from a different year in the : i
-1.0 - | | | | | -
control run (Maher et al. 2019) e 01950 000 2050 9100
Table 1
Initialization Branching Times From the Preindustrial Control Run
Ensemble member Branch time Ensemble member Branch time
1 1898 51 3164
2 1946 52 3188
3 1994 53 3212
4 2042 54 3236
5 2090 55 3260
6 2138 56 3284
7 2186 57 3308
8 2234 58 3332
9 2282 59 3356

=
-

2330 60 3380




Ensembles, large ensembles and the grand ensemble

With 100 member ensemble we can
say that observations are mostly

within the models variability:

= (Observations = (bservations Ensemble mean
= A simulation - A simulation 1.0 - Internal variability
1.0 1.25 - Large Ensemble
| | | | | | 0.8 .
®) O i ®)
|°_| 08 . ' 0 L‘ 100 Io_l
> P > 0.6 -
© | © 0.75 - A c
€ 06- e /' =
2 2 NN 2 04
= S 0.50 1 ' s 0
()] 04 ] ()] ) I Q
o | ‘ fl o
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= -\ = \ ' =
()} 0.0 / Q ()}
2 o \ ‘ | — —0.25 = _0.2
\ M
—-0.2 —-0.50 _04
1850 1875 1900 1925 1950 1975 2000 1850 1875 1900 1925 1950 1975 2000 1850 1875 1900 1925 1950 1975 2000
Year Year Year

A single realisation, lucky strike? We can also cleanly separate the

forced response (ensemble mean)
from the internal variability



Ensembles, large ensembles and the grand ensemble

Previously: how close is the model to observations?
And when is it close enough?

Now: is the model ensemble behaviour consistent
with observations, which is just one realisation?

< 1.257 — Observed, Cowtan and Way (2014)
; —— MPI-ESM1.1-LR, 100-members
< 1.00 - 20 -
% —— MPI-ESM1.2-LR, 10-members A
B 0.75- 0
= S 15 -
§ 0.50 - HCE
2 _ 3
g 0.25 g 10 -
S 0.00 M =
&
2 —0.25 - >
5
= _0.50
1 1 1 1 | 1 0 | 1 1 1
1850 1875 1900 1925 1950 1975 2000 0.0 0.2 0.4 0.6 0.8 1.0

Temperature in 1976-2005 relative to 1850-1899 [K]

Mauritsen and Roeckner (2020)



Ensembles, large ensembles and the grand ensemble

Previously: how close is the model to observations?

And when is it close enough?

Now: is the model ensemble behaviour consistent

with observations, which is just one realisation?

OHT linear
trend (TW yr ")
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Keil et al. (2020)



The Multiverse (a bit philosophical)

Perhaps think of models as a kind of alternative
universe with slightly different physical laws than

our universe

Fach of these alternative worlds can be realised as
many times as we like through experimentation

But the real world is what we are trying to
understand, and we only get to see a single
experiment with that
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