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Learning physics with emulators of climate models

Projected end-of-century warming Why is Land/Ocean Contrast larger than 17
2.2 I I
0 [ Why do model projections differ?
T 9
oC
o)
-
g 1.8
S
_ 1.6
©
D
O
O 1.4
S~
O
S
— 1.2 Why is it decaying with time? -
0 50 100

Time after 4xCO2 (years)

Simple emulators can be helpful in answering these questions

150

—— CAMS-CSM1-0
—— CanESM5
— CESM2
CNRM-ESM2-1
—— EC-Earth3
FGOALS-g3
—— GFDL-ESM4
— GISS-E2-1-G
——IPSL-CM6A-LR
——MIROCG6
——MPI-ESM1-2-LR
—— MRI-ESM2-0
—— UKESM1-0-LL




Simple "emulator" for land/ocean temperature contrast

We balance radiative and dynamical energy fluxes, which are highly parameterized and rely on a few easy-to-
interpret and tunable parameters
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Emulator consists of 3 ODEs
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"Deep Ocean”
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Calibration/validation of emulator parameters with CMIP6

Calibration — MPI-ESM1-2-LR, abrupt-4xCO2 Validation — MPI-ESM1-2-LR, 1pctCO2
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Calibration/validation of emulator parameters with CMIP6

Foax Frax Foax Ao AL Ag 9 € ECSi4x  ¢eq

Ensemble Average 7.26 8.09 -099 087 096 0.17 1.00 1.36 8.31 1.40

ACCESS-CM2 7.07 7.60 -0.89 053 0.89 0.15 0.86 1.38 10.97 1.33
AWI-CM-1-1-MR 7.87 8.99 -1.13 137 1.04 0.19 086 1.32 6.57 1.44
BCC-CSM2-MR 6.09 7.5 -094 115 090 0.17 1.21 1.22 6.21 1.55
CAS-ESM2-0 6.99 8.03 -090 084 123 020 086 133 7.45 1.31
CESM2 7.9 9.05 -1.09 041 1.01 0.17 095 1.63 13.02 1.26
CMCC-CM2-SR5 7.85 8.68 -1.07 1.11 097 0.18 094 137 7.67 1.47
CNRM-CM6-1 7.08 7.71 -091 0.67 0.80 0.13 094 1.06 10.11 1.32
CanESM5 7.49 7.74 -0.96 0.57 0.77 0.14 0.85 1.11 11.75 1.40
EC-Earth3 7.47 6.99 -0.85 088 0.80 0.15 0.84 1.21 8.62 1.46
FGOALS-13-L 9.31 8.17 -1.00 151 1.15 0.21 1.01 1.46 6.52 1.46
GFDL-CM4 8.49 6.92 -0.89 091 0.63 0.12 1.00 1.88 9.95 1.39
GISS-E2-1-G 7.92 8.93 -1.06 157 1.21 0.20 1.20 1.16 5.71 1.38
HadGEM3-GC31-LL  6.66 8.08 -098 047 0.82 0.15 0.84 1.19 11.75 1.41
INM-CM4-8 5.46 6.48 -0.81 1.7 120 0.20 094 120 3.71 1.40
IPSL-CM6A-LR 7.18 7.35 -0.85 064 0.8 0.15 0.62 1.33 10.06 1.42
KACE-1-0-G 7.10 6.87 -0.89 052 081 0.16 149 138 11.23 1.44
MIROC6 7.87 7.10 -0.88 1.71 0.83 0.16 1.11 1.31 5.62 1.60
MPI-ESM1-2-LR 8.83 8.87 -1.14 168 0.87 0.16 1.10 1.30 6.43 1.46
MRI-ESM2-0 5.97 7.38 -091 083 1.13 0.18 1.29 1.10 6.83 1.23
NorESM2-LM 10.00 8.21 -1.06 157 0.99 0.20 1.26 242 7.07 1.55
SAMO-UNICON 7.85 10.75 -1.25 0.89 135 0.21 1.01 1.44 8.29 1.25
UKESM1-0-LL 7.58 7.67 -0.88 057 0.83 0.14 0.83 1.19 11.49 1.38
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Interpreting the ESM land/ocean warming difference
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Model: CMIP 6, Max-Planck Institute Model

Given Information: Global Mean Surface Temperature
Training: historical + SSP5-8.5

Testing: SSP1-2.6
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MIT Earthsampler: score-based diffusion emulator

MIT Earthsampler formulation
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MIT Earthsampler: tail bias (extreme weather)

a) ‘

Validation

Pre-train on
MPI-ESM1-2-LR
large ensemble
(historical + future)

'

2 Fine-tune on
CESM-HR
single member
(1950-2015)

l

3 Evaluate emulator
distribution against
CESM-HR future
ensemble (2080-2100)

b) MPI-ESM1-2-LR
—— Pre-trained emulator
= CESM-HR
—— ERADS (reanalysis)
l -~ W5ES (corrected ERA5S)
- -—- REGEN (gauge)
Fine-tune on " .
ERAS e, IMERG (satellite)
. (1950-2015)
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MIT Earthsampler: tail bias (extreme weather)

1 Pre-train on
a) MPI-ESM1-2-LR
large ensemble
(historical + future)

Validation

'

2 Fine-tune on
CESM-HR
single member
(1950-2015)

l

3 Evaluate emulator
distribution against
CESM-HR future

ensemble (2080-2100)

|

4 Fine-tune on
ERA5
(1950-2015)

Application
<

:5  Projectat
: increasing warming :
. levels (2, 3,4°C)

PDF of wet days over land

b)

—— ERA5 (1979-2025)
Emulator at 2°C
Emulator at 3°C
Emulator at 4°C
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MIT Earthsampler: tail bias correction

— MPI-ESM1-2-LR (3.1%+0.2 %/K)
—— CESM-HR (6.6+0.2 %/K)
-  Fine-tuned emulator (7.7x0.1 %/K)

. ---- Clausius-Clapeyron (7%/K)
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—— ERAS5 (3.3+0.7 %/K)

—— Fine-tuned emulator (-1.3%£0.1 %/K)
Expected hydrological sensitivity (2-3 %/K)
Clausius-Clapeyron (7 %/K)
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MIT Earthsampler: emergent trends

Tail

More extreme rainfall
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Concluding thoughts

Analogies between ESMs and Al emulators
* Algorithmic transparency does not necessarily lead to interpretability of complex systems

* \Validating emerging properties helps establish trust in complex models

Differences between ESMs and Al emulators
* Biases in algorithmically transparent models provide a pathway to learn about physics

 Biases in black box models can only be addressed through additional training

In medio stat virtus (“virtue stands in the middle”)
« Embed Al modules in ESMs to represent specific processes

 Use Al emulators to identify the source of biases in ESMs



