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(Henderson-Sellers, 1985)

From the satellite view to developing models
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Models are complicated, but understandable!

Subset of phenomena represented in a cell:
Cloud, thunderstorms, precipitation processes
(C, S, S,, & E variables in top/right grey boxes).

At this point, we use the model to step
forward in time (i.e., prediction).

hin each grid cell, math equations (‘physics’) exist for computing
key variables in the Earth system (atmos. example below)...

) Conservation of momentum

® Temperature (T) 97— (V. v)V - 1vp—gG—20x V+ V- (knVV) -

® Pressure (P) ° Conservatlon of energy
. # L Ay W 4 v 38 —-V-AR '
® Winds (U, V)  PCyht 'pCV(V VT-V-R+V:(krVT)+HC+ S
‘ 4 @ Conservation of mass
® Humdity (Q) |, % =—(V-V)p—p(V-V)
@ Conservation of H>O (vapor, liquid, solid)

=—(V-V)q+ V- (kgVQq) +
@ Equation of state

Sq+E

p=pRyT
t K -
Cumulo nimbus Cirrus
< - o Rio et al. (2019)
/
/ Congestus Dry free troposphere
(\@5
Auv‘darv\l-i‘v\e./

Underneath this, a dynamic ocean, cryosphere (ice), land...




Predictability of weather
and climate
Very dependent on

INITIAL CONDITIONS BOUNDARY CONDITIONS
(e.g., temperature, moisture state) (e.g., greenhouse gases)

Weather forecasts Climate Predictions

and with anthropogenic
influences

Seasonalto
interannual
(ENSO)

Weather and climate predictabili

o

1 day 1 month 1 year 10 years 100 years

H. Simon, T. Zacharia, R. Stevens DOE Modeling, Town Hall Report; Figure courtesy of Kevin Trenberth
https://cseweb.ucsd.edu/classes/wil3/cse245-b/slides/exascale.pdf



Predictability of weather
and climate
Very dependent on

INITIAL CONDITIONS BOUNDARY CONDITIONS
(e.g., temperature, moisture state) (e.g., greenhouse gases)

Weather forecasts Climate Predictions

without anthropogenic
and with anthropogenic
influences

Seasonalto
interannual
(ENSO)

Weather and climate predictabili

1 day 1 month 1 year 10 years 100 years

H. Simon, T. Zacharia, R. Stevens DOE Modeling, Town Hall Report; Figure courtesy of Kevin Trenberth
https://cseweb.ucsd.edu/classes/wil3/cse245-b/slides/exascale.pdf



IN THE ATMOSPMERIC

S veiac Within each grid cell, math equations (‘physics’) exist for computing
A et key variables in the Earth system (atmos. example below)...
) o @ Conservation of momentum
BY I SvuNE 3ok i v ® Temperature (T) 97— (V. v)V - 1vp—gG—20x V+ V- (knVV) -
*"",;‘;‘,“,..‘,‘:’”Jij e ® Pressure (P) @ Conservation of energy
, g : AT _ _ o (V. V\T—-V-B4+V.
o x & ® Winds (U, V)  PCyt 'pCV(V VIT-V-R+V-(kfVT)HC+ S
%< AN o @ Conservation of mass
t @ Conservation of H>O (vapor, liquid, solid)
i o 99 = (V-V)q+ V- (kgVq) +1Sq+ E
a @ Equation of state
‘ (Henderson-Sellers, 1985) p=pRaT
t A
Cumulo nimbus Cirrus
Grey BoxesP In these are 100s of math < Z —— Mo etal. (2019
equations that have unknown numbers attached. '
(we call these ‘physics parameters’)
Exam 0] les Dry free troposphere
Known: gravitational constant (g); R,

Not-known: parameters governing
how quickly cloud
drops become
raindrops.

to o5

Auﬁdarv\l-ﬁv\e./

Underneath this, a dynamic ocean, cryosphere (ice), land...



IN THE ATMOSPHERIC
COLUMN

Veortical oxchango
Wind voctlors

between levels

Humidity
S ——— Clouds
AN - " TYemperature
AN ~
‘; \ '\"\' = N Height
Ay -
LLEL A\ \\: <
e
AT THE SURFACE 5
Ground temperature, ‘*: \ 2 ‘ Horizontal exchange
water and energy | ) e S between columns
fluxos 3 : )

(Henderson-Sellers, 1985)

From Qingyuan Yang
(LEAP,
Columbia University)

Where do we go from here? Run experiments with
all ‘physics parameters’ randomly varied at the
same time, and store the model predicted outputs.

® Temperature (T)
® Pressure (P)
® Winds (U, V)

ensemble = 10

For each
experiment,
compute
the climate
error!

...and much more, including clouds,

® Humidity (Q) thunderstorm properties, radiation, etc.
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...many experiments,

not just the 4 as
shown here!
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IN THE ATMOSPHERIC
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(Henderson-Sellers, 1985)

Where do we go from here? Run experiments with
all ‘physics parameters’ randomly varied at the
same time, and store the model predicted outputs.

® Temperature (T)

® Pressure (P)
® Winds (U,V) -..and much more, including clouds,

® Humidity (Q) thunderstorm properties, radiation, etc.
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Use Al to fill the gaps where physics parameter combinations were not

tested; now, Al serves as a model emulator, or an mexpenswe
efficient, reliable ‘surrogate model’ e

Climate
Error

Larger |

Where do we go from here? Run experiments with

all ‘physics parameters’ randomly varied at the

same time, and store the model predicted outputs.

® Temperature (T)
® Pressure (P)
® Winds (U, V)

...and much more, including cloud

\P

Q

This implementation of Al allows
for a huge search through all
physics parameter combinations
in an Earth System Model
(i.e., toward ‘spanning physics’).

Claudia’s talk will focus on the
other/general uses of emulators

Now that we can span physics —
where do we go next?

4

® Humidity (Q) thunderstorm properties, radiation, etc.



Ensemble members with small ‘climate errors’ are

stored & placed in a ‘calibrated physics ensemble’ (CPE)
(calibration = model output looks like satellite data).
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Ensemble members with small ‘climate errors’ are
stored & placed in a ‘calibrated physics ensemble’ (CPE)
(calibration = model output looks like satellite data).
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Using Al framework to create progressively improved climate model ensembles,
integrating more observations than previously possible, and testing the value of currently non-
existent but future ones (e.g., planetary boundary layer [PBL] observations).

Fridlind et al. 2025, in revision for the Bulletin of the AMS; https://arxiv.org/abs/2509.00211
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https://arxiv.org/abs/2509.00211

Summary & Looking Ahead

Models of the Earth System are complicated: But understandable given their physics
foundation. Running them takes time ($$$), but emulators (serving as ‘surrogate models’) can
learn their behavior, thus removing the need to run ESMs in some experiments.

Emulators for Spanning Earth System Model Physics Parameters: Finding all ‘good’ physics
parameter combinations in a single ESM will be important for establishing a reliable range of
projections (or, projection uncertainty) spanning multiple societally impactful metrics. Efforts are
rapidly expanding in the U.S.

Emulators for Spanning Earth System Model Physics Structures: Parameters are part of a
fixed equation or structure. Can we also span physics structures (i.e., can Al span the physical
space covered by different equations representing Earth System processes?). This would be
even better for refining projections.

Al being swapped for some physics equations, and Al replacing entire ESM physics suite?
Part of Claudia’s talk on uses of emulators in climate modeling more broadly.
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