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M2LInES: Multiscale Machine Learning In Coupled Earth System Modeling 

Improving climate model skill at the air-sea interface using data + ML to reduce model 
biases in coupled climate simulations

~ 30 domain scientists, model developers, machine 
learning experts across 9 institutions in the US + France

+ another ~15 affiliates 



Climate projections uncertainty is due to model error

Danabasoglu et al., 2020 Boucher et al., 2020Held et al, 2019

Sea Surface Temperatures Bias
CESM2 IPSL-CM6-LRGFDL CM4
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 M2LInES: Multiscale Machine Learning In Coupled Earth System Modeling 

‣ Development of new ML, data-driven, physics-aware parameterizations of subgrid ocean, 
sea-ice & atmosphere processes

Goal: Improve the skill in surface ocean, ice, atmospheric fields on timescales of hours to centuries 
in global climate models, and provide more reliable climate predictions

‣  Reduction of structural model biases (numerics, missing physics & poor subgrid  
parameterizations) in existing climate models at GFDL, NCAR & IPSL  

Data Assimilation 
products

Subgrid-process 
Parametrization

Correction for 
structural error

HR model + observations

Skillful Climate Models

Evaluation, 

Calibration,Tuning

Physics-aware & 
Interpretable ML Models



M2LInES: Ocean, Atmosphere, Sea-Ice Key Processes

‣ Focus on learning new physics of processes key for coupled climate dynamics



Convection & microphysics parameterization for improved ECS & precipitation

Energy/moisture flux

➡ Substitutes deep convection & microphysics 
schemes using data from SAM

Yuval, O’Gorman (MIT) 

Yuval & O’Gorman (2020), Yuval O’Gorman & Hill (2021) 



Energy/moisture flux

➡ Substitutes deep convection & microphysics 
schemes

Yuval & O’Gorman (2020), Yuval O’Gorman & Hill (2021) 

Low-res

Low-res + NN parameterization

High-res

Parameterization conserves energy and water & leads to stable simulations

▶ In progress: Implementation of ML convection & microphysics into CAM  (led by Paul O’Gorman & Janni Yuval)

➡ Potential to improve the representation of 
precipitation

Precipitation rate [mm  day-1]

Convection & microphysics parameterization for improved ECS & precipitation



APBL & Sea-ice parameterizations to improve radiative feedbacks 

Connolly, 
Gentine 
(Columbia)

Zampieri, 
Holland (NCAR)



Ocean parameterizations to reduce uncertainty in TCRE, OHU, tracer transport 

Sane, Reichl, 
Adcroft 
(Princeton, GFDL)

Gorbunova & 
LeSommer (CNRS-IGE)

Balwada, Abernathey, Perezhogin, 
Gueltekin, Zhang, Adcroft, Zanna 
(Columbia, NYU, Princeton, GFDL)



Developing & Implementing Ocean Backscatter Parameterizations

‣ Novel ML backscatter parameterizations:
Equation-discovery (BZ20)
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Zanna & Bolton 2020

1/4o + BZ20 

Zhang, Adcroft, Perezhogin, Zanna, In Prep 

50-member 
ensemble

1/4o + GZ21 ensemble mean

Stochastic parametrization (GZ21)
Guillaumin & Zanna 2021

1/32o 1/4o

‣ MOM6 implementation in idealized config (testing of numerics, stability, python-fortran, …)



Dual Strategy: HR & DA to reduce structural model error 

Our Strategy  
‣ Simultaneously targeting many processes  
‣ Adapting our metrics & diagnostics for learning 

Pros 
‣ Targeting physics: improved transport 
‣ Agnostic to the coarse-res GCM         
‣ Transferable (for the most part, some 

tuning necessary!)

Challenges  
‣ Compensating errors 
‣ Relies on high-res model (not obs) 
‣ Limited domain, regime, etc

‣ Integrated errors which projects onto the long term bias 
‣ Contains different common & model-specific biases 
‣ Focus on existing or missing parameterizations

‣Machine learning model error (model - observation) from DA increments 



 M2LInES: Learning Model Error from Data Assimilation Increments 

(see Klinker & Sardeshmukh 1992; Rodwell & Palmer 2007; Palmer & Weisheimer 2011)

Although the amplification of the effect of FORCING  on BIASED PROCESS will occur on 
timescales of decades, the intrinsic timescale associated with BIASED PROCESS itself is typically 
on the order of hours. Hence it should in principle be possible to assess whether the anomalously 
small values of PARAMETRIZED PROCESS are realistic or not, by studying the performance of such 
models in short-range weather prediction mode.

biased model

(Palmer & Weisheimer 2011)

‣ Focus on learning structural model error from data assimilation (model - observation) 

Can we machine-learn model error 
arising from Gent-McWilliams, convective 
rate, KPP, sea-ice conductivity, from DA 
increments to improve models ? 

Slide from Will Chapman (NCAR), Will Gregory & Tarun Verma (GFDL)



DA Increments project onto Mean Model Bias?

Held et al. 2019

Mean Temperature Increments from SPEAR (GFDL)

Verma, Liu, Adcroft (GFDL) 

Nudge Increment DA Increment Free Bias

Chapman, Berner (NCAR)



Learning state-dependent parameterizations from DA 

‣ Next step: machine learned state dependent 
corrections for coarse-resolution models

Free-running model bias DA increments Forecast tendencies

Top & bottom 
melt

Thermo-dynamic 
ice growth

Dynamic 
export

Change in 
mass of 

snow & ice

‣ M2LInES Strategy: learning in // from HR & DA; 
interpretability to identify common biases & 
iteratively target remaining/ model-specific biases  

Gregory, Bushuk (GFDL) 



A few CESM-relevant plans for next year @ M2LInES

‣Global MOM6 OMIP runs with 
ML parameterizations:  
‣ ePBL + ML 
‣ mesoscale closures (CNN & 

equation-discovery)

‣ Aquaplanet CAM with ML 
convection & microphysics 

‣  Further developing ML DA 
increments for state-
dependent 
parameterizations for sea-ice, 
ocean, atmosphere models  

‣ ML parameterizations from HR + DA: some of the new problems are the same as the old 
ones: calibration, tuning, evaluation, stability … but a lot of exciting work to be done 

‣ Refining other ML closures + 
implementation in CAM, 
NEMO, MOM6: APBL, sea-ice. 
submeso, mesoscales,  
nonlinear equation of state, 
MLE, … 

Geophysical Research Letters

exception of radiative heating. Above 13.9 km the subgrid fluxes and microphysical tendency are set to zero 
and the radiative heating tendencies calculated at coarse resolution from SAM are used.

The inputs for NN1 are the resolved vertical profiles of qT and temperature (T; the temperature is diagnosed 
from the coarse-grained prognostic variables ) at the lowest 30 full levels, as well as the distance to the equator 
(|y|, which is a proxy for insolation and surface albedo as both are only a function of |y| in our simulations), 
giving 30 × 2 + 1 = 61 inputs. We verified that using top of atmosphere insolation as input instead of the 
distance to equator does not change the results presented in this study (Figure S1). We found that using all 
48 levels of T and qT as inputs in NN1 leads to an instability, possibly related to instabilities found in previ-
ous studies when qp is not used a prognostic variable (Brenowitz & Bretherton, 2019; Brenowitz et al., 2020, 
YOG20). However, while Brenowitz and Bretherton (2019) and Brenowitz et al. (2020) removed some inputs 
above the mid-troposphere to achieve stability, we find it is sufficient to not use inputs in the stratosphere.

The second NN, referred to as NN2, predicts subgrid surface turbulent fluxes of HL and qT (  and 
, respectively) and the coarse-grained vertical turbulent diffusivity ( ) that is used for HL and 

qT. We only predict  in the lower troposphere (the 15 model levels below 5.7 km) because it decreases in 
magnitude with height (YOG20), and the diffusivity calculated at coarse resolution from SAM is used above 
5.7 km. Hence the outputs of NN2 are

 (3)

giving 15 + 1 + 1 = 17 outputs. The inputs of NN2 are chosen to be the lower tropospheric vertical pro-
files of T, qT, u, v, surface wind speed (windsurf) and SST, so that XNN2 = (T, qT, u, v, windsurf, SST), giving 
4 × 15 + 1 + 1 = 62 features, where v in the southern hemisphere is multiplied by −1 when used as an input 
(see further discussion in YOG20).

The tendencies due to subgrid vertical advection, sedimentation and surface turbulence are calculated on-
line (i.e., when running SAM with the parameterization) from the predicted subgrid fluxes. For physical 
consistency, the subgrid energy flux due to ice sedimentation is also calculated online as

 (4)

where Ls is the latent heat of sublimation. Similarly, the tendency of energy due to cloud microphysics is 
calculated online as

YUVAL ET AL.

10.1029/2020GL091363

5 of 11

Figure 1. Illustration of the parameterization structure. There are two different NNs included in the parameterization, 
each having its own inputs and outputs (full description in Section 3.1). Arrows indicate subgrid fluxes due to vertical 
advection and sedimentation, ellipses indicate tendencies associated with sources/sinks due to cloud microphysics, 
radiation and phase changes of precipitating water, and the wavy pattern indicates the coarse-grained diffusivity ( ) 
which is predicted only at the lower 15 levels of the model. Blue (red) color indicates a variable, tendency or flux 
associated with moisture (energy). NN, neural network.
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‣ Focus on component models before moving to the coupled system 



https://m2lines.github.io

The future - finite times  

Climate Process Team: “Ocean Transport & Eddy Energy” to implement, 
assess, improve, & unify recent work on energetically-consistent ocean 
eddy momentum & tracer parametrizations in ocean-only and coupled 
climate models to improve model fidelity. 

https://ocean-eddy-cpt.github.io/ 
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https://github.com/m2lines

Jupyter Book: Learning Machine Learning with Lorenz-96

https://github.com/m2lines/pyqg_parameterization_benchmarks

✅ Developed a testbed with 
quantitative metrics for ML 
parametrization benchmarks
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