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Approaches to reduce CLM uncertainty
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CLM-SP (Satellite Phenology)
• Prescribed Leaf 

Area/Vegetation

CLM-DART 
• ‘Any’ observed land 

surface property
• Uncertainty estimates

Energy balance Hydrology Carbon and nitrogen
cycles

Soil moisture, Carbon, Temp

Snow

Soil moisture, Carbon, Temp

Snow
Leaf Area

Leaf Area

Soil
Moisture

SnowBiomass

CLM-BGC (Biogeochemistry)
• No external constraints
• Prognostic
• Initial & boundary conditions, 

parameter/structural error



Expanding Earth System Observations

Ground Based Ecological 
Observation Networks:

NEON, Ameriflux

Remote Sensing 
Satellites

2018
20182019

2020
HISUI

Metzger et al., (2019)

Stavros et al., (2017)
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Land-Atmosphere 
CO2, water 
exchange

Biological 
Measurements



CLM-DART Methodology

• Bayesian Approach

*State Variable

Posterior ~ Prior · Observation Likelihood  

‘Analysis’
‘Update’

CLM
generated
forecast

Earth System 
Observations

e.g. satellite, 
surface data

Observation Space

Model Space

Forecast (tk) 
(prior)1

2

5 Forecast (tk+1)

4 Apply update to 
model state (posterior)

Obtain obs. estimates

CLM

3 Update (posterior)
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Raeder et al., 
(2012, 2021)

See CESM poster

CAM-DART 
Reanalysis
Ensemble 



Improving simulated leaf area and biomass
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Western US Arctic-Boreal Globe

• Assimilating LAI and biomass observations reduces CLM5 simulated 
values 

• How does this impact component carbon fluxes and net carbon 
exchange?

AGB 
(kgC m-2)

LAI 
(m2 m-2)

LAI 
(m2 m-2)

AGB 
(gC m-2)

(CLM5_DART) – CLM5 (CLM5_DART) – CLM5 

**LAI obs assimilated only

LAI 
(m2 m-2)

CLM5 – (CLM5_DART) 

30 % reduction 30 & 70 % reduction 26 % reduction

Yrs: 1998-2010   (Raczka et al., 2021)
Yrs: 2011-2019,  (X. Huo et al., in prep)

Yrs: 2006-2010

(Fox et al., in revision)



Impact of leaf/biomass on carbon/water cycle
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Western US

CLM5
CLM5_DART
FLUXCOM

• Assimilating leaf/biomass brings simulated carbon 
and water cycling metrics in closer agreement with  
benchmarks

GPP

ER

Arctic-Boreal CLM5

ILAMB 
Benchmarking 
Software: 
Bias and RMSE
(Collier et al., 2018)

(Raczka et al., 2021) (X. Huo et al., in prep)

CLM5_DART



Impact of leaf/biomass on carbon/water cycle
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(Collier et al., 2018)

ILAMB: 
Bias and RMSE

• Simulating NEE, soil carbon 
and SWE (snow) is more 
challenging.

Additional Data Streams:
• Soil Moisture, Snow (SWE)  
• Soil Carbon data (ER)
• EC flux tower (GPP, ER, NEE)
• Solar-Induced-Fluorescence (GPP)

CLM5
CLM5_DART
FLUXCOM

CLM5_DART

NEP

Western US Arctic-Boreal CLM5
CLM5_DART

sink

source



Impact of Soil Moisture observations
Correlation w/ ERA5 Near Surface Soil Moisture

CLM CLM_DART

D. Hagan et al, 
(in prep)

CLM

CLM_
DART

• CLM_DART fills in gaps from ECV-
CCI retrievals and improves surface 
correlation with ERA5 benchmark 
product
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• Earth System 
Prediction 
Working Group
(S2S Prediction)

Site Level Sub-Surface 
Soil Moisture Correlation (1-100 cm)

• CLM_DART also improves 
subsurface soil moisture correlation 
with in-situ site observations

CLM:              CLM4.5 free run (no observations)
CLM_DART: CLM4.5 + ECV-CCI observations

• Impact upon 
land-atmosphere 
carbon cycling?

GPP

Soil Resp.

Soil Moisture
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Snow observations
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(CLM4_DART) – CLM4 

Zhang et al.,
(2014)

Zhao and Yang 
(2018)

CLM4 – (CLM4_DART) 

RMSE

Snow Water 
Equivalent (SWE)

Observations

CLM5-DART, 
Repartitioning 

Algorithm

betterworse

Ground

Snow Layeri + ∆
“ ”                   i= 2
“ ”                   i= 3
“ ”                   i= n

• Implications for albedo, surface energy 
balance, soil moisture, carbon cycle 

MODIS SCF
GRACE TWS

MODIS 
Snow 
Cover

Fraction

SCF
(winter)

SWE
(winter)

Observation:

Observation:

Snow Depth (m) 



DART Tutorials
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https://dart.ucar.edu/tutorials/



CLM5-DART Tutorial
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Downloading, setup, 
run, diagnostic steps:

Instructions, script examples, and definitions:



For more information:

https://dart.ucar.edu
https://docs.dart.ucar.edu

dart@ucar.edu
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