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Motivation

To understand the Community Earth System Model’s (CESM) sensitivity of climate to 
different parameters
To learn uncertainties in climate sensitivity
To best tune the model 

Tool : Perturbed Parameter Ensemble (PPE) 

The initial goal of the PPE is to understand sensitivity to parameters of the:
A. Mean state climate
B. Aerosol forcing
C. Cloud feedbacks

Create the PPE using Latin Hypercube Sampling



Latin Hypercube Sampling
1. In random sampling new sample points are generated 

without taking into account the previously generated 
sample points. One does not necessarily need to know 
beforehand how many sample points are needed.

2. In Latin Hypercube sampling one must first decide how 
many sample points to use and for each sample point 
remember in which row and column the sample point was 
taken. 

source: wikipedia

Latin Hypercube Sampling allows for reducing 
the number of simulations needed, and still 
cover the entire parameter space



Example of multivariable Latin Hypercube Sampling 

Darker and larger symbols are
closer to the viewer 



Perturbed Parameters in CESM

Across most of the cloud physics
• Turbulence (CLUBB)
• Microphysics (MG3/PUMAS )
• Deep Convection (ZM)
• Aerosol/Activation

43 Parameters
263 parameter sets for simulations

3 year simulations 
CAM6-CESM
Climatological AMIP, Fixed SST



Simulations and outputs

● 263 parameter sets, 3 types of simulations with each set (789 in total)
○ Present day (PD)    

Evaluation of current state of climate

○ Pre industrial (PI)    
Pre-industrial aerosol loading. Can evaluate aerosol forcing by taking differences between PD and 
PI.  Nudged Pre-Industrial (1850) aerosols

○ +4K sea surface temperature (SST4K)  
Same setup as PD, but with sea surface temperature 4K higher. Can evaluate cloud feedbacks by 
taking difference between PD and SST4K

● Outputs: 
○ Mean monthly state (181, 78 3-dimensional, 103 2-dimensional)
○ Some daily averages (22 2-dimensional)

https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2.cam6.ppe.html



PPE spreadControl run (Baseline CAM6 parameters)
Mean over all 263 simulations

Liquid water path

Average cloud top liquid number

Longwave cloud forcing

Net solar flux at top of model



Forcing and Feedback
Longwave cloud radiative forcingShortwave cloud radiative forcing

Aerosol Forcing:   Present day (PD) - Pre-industrial (PI) aerosol
Cloud Feedback:  4K SST - Present day (PD)

Average cloud top liquid number Net solar flux at top of model



Machine Learning of Global Mean outputs

Climatebench: Watson-Parris et al., 2021, GMD
Columbia NN : Elsaesser et al., in prep

CERES



Blue: Simulated output for each individual 
simulation (263 ensembles)

Black: Emulated outputs (5000 samples)
Columbia NN emulator

Global mean output dependence on parameter values 



SLOPE of emulated output dependence on parameters

Outputs

Tu
rb

ul
en

ce

Parameters



Tuning of certain outputs towards CERES global mean values

Use Machine Learning (Colombia NN), 500,000 samples
Find all sample close to CERES values 
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Summary

• PPE is a good way to probe sensitivity of CESM physics
– Have 3 sets with 250 ensembles each. 46 different parameters, 200 output variables. 

• Large spread in results
• Working with 2 different emulator tools to isolate effects of individual parameters and 

co-variance of parameters
• Evaluating how to use PPE to tune the model

• Community project
– Outputs are available
– https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2.cam6.ppe.html
– Scripts to create PPE parameter files and build files are available
– Extensible: any CESM configuration can be run (Single Column, Aquaplanet, coupled). Same or 

different parameters

https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2.cam6.ppe.html
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Example of output/parameter pair with the largest 
error in slope           

Error in emulated slope



Correlation coefficient

Example of output-parameter pair with high 
correlation coefficient. 



Developed tools

• Latin Hypercube code 
– Read in parameters and ranges
– Generate sets of namelist parameter values and save as netCDF file

• CAM run script for ensembles 
– Read in netCDF file of parameter values, and loop over sets of parameters to clone a case and 

create new simulations
– Can be used with many different comp sets

• Emulator code
– Takes CAM ensemble output with different parameter sets and builds an emulator of the model with 

it. 
– Emulator can be sampled randomly to generate lots (millions) of model variants

• Pieces available as 3 scripts. Can be iterated (add parameter sets), or different 
compsets run on the same parameter sets (e.g., forcing or feedback questions).
– Files make it traceable and extensible: new science questions or fill in parts of parameter space in 

more detail. 


