
Climate Science in a 
Changing Climate

Abigail Bodner

Department of Earth, 
Atmospheric, and Planetary 

Science

Department of Electrical 
Engineering and Computer 

Science



Climate Science in a 
Changing Climate

Abigail Bodner

Department of Earth, 
Atmospheric, and Planetary 

Science

Department of Electrical 
Engineering and Computer 

Science

A picture containing toy, green, light, table

Description automatically generated

http://www.jamstec.go.jp/sdgs/j/case/016.html










A picture containing toy, green, light, table

Description automatically generated

Global 
Climate 
Change

General Circulation Model

http://www.jamstec.go.jp/sdgs/j/case/016.html


A picture containing toy, green, light, table

Description automatically generated

Global 
Climate 
Change

IPCC

General Circulation Model

http://www.jamstec.go.jp/sdgs/j/case/016.html


Most of the heat is 
in the upper 
ocean!

The upper ocean is an important 
control on climate

(IPCC)



Ocean Mixed Layer

Processes in the upper ocean mixed layer 

• Mixing and turbulence controls 

atmosphere-ocean interactions 

• Accurate representation of fluxes is 

crucial for climate simulations

• Small, fast and complex processes

• Unresolved in General Circulation 

Models
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Ocean Mixed Layer

Processes in the upper ocean mixed layer 
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• Mixing and turbulence controls 

atmosphere-ocean interactions 

• Accurate representation of fluxes is 

crucial for climate simulations

• Small, fast and complex processes

• Unresolved in General Circulation 

Models

Vertical fluxes
Submesoscale flows O(1km)

Boundary layer turbulence O(1m)

http://www.jamstec.go.jp/sdgs/j/case/016.html


Limited observational data

Credit: OceanOps



GFDL-MOM6

North Atlantic

100km resolution

GFDL-MOM6

North Atlantic

10km resolution

ROMS

North Atlantic

1.5km resolution

ROMS

Chesapeake Bay

0.5km resolution

Courtesy of Julius Busecke Courtesy of Jacob Wenegrat

Parameterized turbulence

Sea surface Temperature Vorticity



dailymotion

Challenges in studying 
the upper ocean
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Challenges in studying 
the upper ocean



dailymotion

”truth” from high-res model

Challenges in studying 
the upper ocean

vertical fluxes



dailymotion

What global models predict ”truth” from high-res model

Challenges in studying 
the upper ocean

vertical fluxes

Mixed layer eddy parameterization 
(Fox-Kemper et al 2008, 2011)



Frontal width rescaling 
factor

What determines 
frontal width?

The submesoscale parameterization
MITgcm-llc4320 (horizontal resolution 1/48𝑜 ~2km)

vertical fluxes
Mixed layer eddy parameterization 
(Fox-Kemper et al 2008, 2011)

dailymotion

Parameterization

Turbulent parameters

BL

”truth” from LLC4320

Improved theory

Bodner, & Fox-Kemper (2020).

Bodner, et al. (2023)



Most of the heat is 
in the upper 
ocean!

What is the impact of 
upper ocean turbulence on climate?

(IPCC)



New parameterization estimates stronger 
submesoscale fluxes
Uchida, Bodner et al (under review, GRL)



New parameterization estimates stronger 
submesoscale fluxes
Uchida, Bodner et al (under review, GRL)

GFDL-MOM6

differences in zonal mean MLD are smaller than the 
biases that arise without any MLE representation 



Mixed layer depth
Results from Bodner23 minus 
results from Fox-Kemper 2011

BOD23 
reduces 

restratification

BOD23 
Increases 

restratification 

GFDL-MOM6   CESM-MOM6     BLOM



Ideal Age

Results from Bodner23 minus 

results from Fox-Kemper 2011

BOD23 
reduces
ventilation

BOD23 
increases 
ventilation

GFDL-MOM6   CESM-MOM6     BLOM



Ideal Age AMOC

Results from Bodner23 minus 

results from Fox-Kemper 2011
GFDL-MOM6   CESM-MOM6     BLOM



Ideal Age AMOC

Results from Bodner23 minus 

results from Fox-Kemper 2011
GFDL-MOM6   CESM-MOM6     BLOM

Global ocean models are 
sensitive to the coupling of 

turbulence processes



Data-driven submesoscale parameterization
MITgcm-llc4320 (horizontal resolution 1/48𝑜 ~2km)

Bodner, Balwada, Zanna (in press, JAMES)



Data-driven submesoscale parameterization
MITgcm-llc4320 (horizontal resolution 1/48𝑜 ~2km)Mixed layer depth Boundary layer depth

Buoyancy gradient Surface heat flux

Surface wind stressCoriolis parameter

Stratification

Vorticity

Strain

Divergence

Strain

Vertical fluxes

Given a set of relevant 
variables: predict vertical 
fluxes directly computed 
from data 

Bodner, Balwada, Zanna (in press, JAMES)



Data-driven submesoscale parameterization
MITgcm-llc4320 (horizontal resolution 1/48𝑜 ~2km)

Mixed layer depth

Boundary layer depth

Buoyancy gradient

Surface heat flux

Coriolis parameter

Stratification

Vorticity

Strain

Divergence

Output 

Submesoscale vertical 

buoyancy fluxes

Inputs 

Variables resolved by 

General Circulation Models

Surface wind stress

Fully Convolutional Neural 

Network Given a set of relevant 
variables: predict vertical 
fluxes directly computed 
from data 

Bodner, Balwada, Zanna (in press, JAMES)



Prediction on unseen data
• The CNN captures the overall structure, including 

negative fluxes

”truth” from LLC4320 CNN prediction



Prediction on unseen data
• The CNN captures the overall structure, including 

negative fluxes

• the CNN predictions outperforms the physics-

based parameterization, particularly during 

months of strong submesoscale fluxes.
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But why so good?

Remove 
input feature

Sensitivity 
(gradients) 
relative to 

input feature



But why so good?

Remove 
input feature

Sensitivity 
(gradients) 
relative to 

input feature

Mesoscale Sub-
mesoscale Turbulence

Multiscale interactions determine 
submesoscale flux!



Shirui Peng Simone Silvestri

Pushing the limit of 
multiscale modeling

Peng, Bodner & Silvestri (In prep.)
Oceananigans.jl

Sarah Snider

https://clima.github.io/OceananigansDocumentation/stable/#Oceananigans.jl


Pushing the limit of 
multiscale modeling

Shirui Peng Simone SilvestriSarah Snider



SKETKE Peng, Bodner & Silvestri (In prep.)Peng, Bodner & Silvestri (In prep.)

𝜖 = −𝒖′𝑤′
𝜕𝒖𝑠

𝜕𝑧
− 𝒖′𝑤′

𝜕𝒖𝑔

𝜕𝑧
− 𝒖′𝑤′

𝜕𝒖𝑎

𝜕𝑧
+ −𝑤′𝑏′

Dissipation 

Langmuir shear 
production(LSP)

Vertical buoyancy 
production(VBP)

Ageostrophic 
shear production 
(AGSP)

Geostrophic shear 
production (GSP)

Turbulence across 
scales affects 
kinetic energy



Helmholtz SF on Hydrostatic Subdomains

Sarah Snider



largely isotropic
 within

inertial range

cutoff
≈

radius of
 deformation

6km

6km

Helmholtz SF on Hydrostatic Subdomains

Sarah Snider



Bianca ChampenoisYidongfang Si

Harnessing 
real-world data

Anshul Agarwal



Bianca ChampenoisYidongfang Si

Harnessing 
real-world data

Anshul Agarwal



SWOT

Wang et al (2025)

Bianca ChampenoisYidongfang Si

Harnessing 
real-world data

Anshul Agarwal



• Turbulence in the upper ocean plays a key role in 
the ocean heat and energy budgets 

• Global ocean models are sensitive to the coupling 
of turbulent processes in the upper ocean

• Ongoing analysis of idealized simulations and 
observations to further understanding of 
multiscale nature

Summary
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Global 
Climate 
Change
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Sea Level

Global
driven by thermal expansion and ice melt

Regional
driven by local flow dynamics

Likelihood of flooding events

SROCC



Terms that are 
associated with 
turbulence

Linking global and local 
sea level budgets in 
climate models

Accounting for effects on 
heat and energy

Sea Level

Bodner, Piecuch, Steinberg (in prep)



Developing new tools for multiscale 
ocean physics

Dheeshjith et al. (2025)

M²LInES

Cody Cruz



Global 
Climate 
Change

IPCC



Global 
Climate 
Change

IPCC

Surface temperature warming - IPCC Atlas



The existing climate science research 
community severely underrepresents 
the global population that will be 
impacted by climate change.

Surface temperature warming - IPCC Atlas









53



• The impacts of climate change must simultaneously account for 

both global and local phenomena

• Novel computational and theoretical approaches make 

progress towards required multiscale view

• New opportunities for research and outreach are enabled by 

engaging with local communities 
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