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Coupled Climate-Carbon Cycle models 
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Ballantyne et al., 2012 
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Uncertainty in Coupled Climate-CC Models 
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•  This uncertainty stems from 

i.  Structural uncertainty 
ii.  Parameter uncertainty 
iii.  Initial conditions uncertainty 
iv.  Boundary conditions 

uncertainty 

2006 
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Uncertainty in Coupled Climate-CC Models 
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•  This uncertainty stems from 

i.  Structural uncertainty 
ii.  Parameter uncertainty 
iii.  Initial conditions uncertainty 
iv.  Boundary conditions 

uncertainty 

•  Need to find (new) ways to use 
(new) observations to: 
–  Evaluate 
–  Benchmark 
–  Constrain 
–  Assimilate 

2014 



© 2012 National Ecological Observatory Network, Inc. ALL RIGHTS RESERVED. 
 

Is DA different for NWP and CC models? 

Data Assimilation in NWP Data Assimilation in CLM 
Main objective Forecast improvement Process understanding 

Regional quantification 
Forecasting 

Dynamics Physics –  
essentially well known from first 
principles 

Physical, biological, chemical – 
Only partially known, empirical 
relationships 

Observations High spatial and temporal 
density 

Very different spatial and temporal 
characteristics 

Mathematical 
problem 

Optimization of initial conditions Initial value problem (e.g. pools) 
Boundary conditions (e.g. fluxes) 
Parameter optimization 
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DATA 
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In-situ Flux tower observations 
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Schimel et al., 2015 
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In-situ vegetation observations 
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Schimel et al., 2015 
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•  Collect and openly distribute data on the drivers of 
and responses to ecological change 

•  Continental scope and 30-year time horizon 

•  Standardized methods of data collection, high 
investment in QA/QC, and calibration 
 

National Ecological Observatory Network 
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•  Many relevant observations  
•  Some standard, some less 

common 

–  Eddy covariance fluxes of energy, 
water and carbon 

–  Profiles of soil temperature and 
moisture, and soil respiration 

–  Profiles of soil carbon and nitrogen 
pools 

–  NPP, litterfall and fine root turnover 
from minirhizotrons 

–  Profiles of CO2 and H2O vapor 
isotopes 

–  Soil microbial biomass, diversity & 
functional composition   

–  Lidar and hyperspectral derived 
biomass, leaf area and canopy 
chemistry at <1m resolution over 
100s km2 

Carbon cycle Observations 
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Remote Sensing (Products) 
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MODIS 
LAI MODIS 

SCF 

GRACE 
anomalies 

SMAP 
SWC 

OCO-2 
Fluorescence 

& GEDI 
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NEON in CLM-space 
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Alternative approaches 
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Site level runs 

Functional Responses 
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Upscale the observations 
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Credit: Stefan Metzger 

Flux grids 

Sensible heat flux [W m−2] 

Biophysical 
properties used 

with ERF 
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MODEL 
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The evolution of Earth System Models 
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•  Provide energy, water, and momentum fluxes to 
atmospheric model 
–  Partition turbulent fluxes into latent vs. sensible heat 
–  Determine absorbed solar radiation, surface albedo  

•  Runoff to ocean model 
–  Riverine transport of water (and sediment, carbon, 

and nutrients) 
•  Trace gas and particle exchange to atmospheric model 

–  CO2 fluxes to atmosphere 
–  CH4, N2O 
–  Dust emissions 
–  Biogenic Volatile Organic Compound emissions 

The role of the Community Land Model 
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The Community Land Model 
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Carbon and nitrogen pools 

20 

C an N pools for each tissue (structural pools) 
 Leaf 
 Stem (live and dead) 
 Coarse root (live and dead) 
 Fine root 

Each structural pool has two corresponding 
storage pools 

 Long-term storage (> 1yr) 
 Short-term storage (< 1yr) 

Additional pools 
 Growth respiration storage (C) 
 Maintenance respiration reserve (C) 
 Retranslocated nitrogen 

 
Total number of pools 
Carbon: 6 + 12 + 2 = 20 
Nitrogen: 6 + 12 + 1 = 19 
 Oleson et al. 2010 
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Subgrid tiling structure and Plant functional types 
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1  Bare ground 
2  Needleleaf Evergreen, Temperate 
3  Needleleaf Evergreen, Boreal 
4  Needleleaf Deciduous, Boreal 
5  Broadleaf Evergreen, Tropical 
6  Broadleaf Evergreen, Temperate 
7  Broadleaf Deciduous, Tropical 
8  Broadleaf Deciduous, Temperate 
9  Broadleaf Deciduous, Boreal 
10  Broadleaf Evergreen Shrub, Temperate 
11  Broadleaf Deciduous Shrub, Temperate 
12  Broadleaf Deciduous Shrub, Boreal 
13  C3 Arctic Grasses 
14  C3 non-Arctic Grasses 
15  C4 Grass 
16  Crop 

Specific subgrid units don’t 
necessarily have location 
information 
 
Specific observations have 
location information but don’t 
normally have subgrid unit 
information 
 
 

Grid cell 

Landunit 

Columns 

PFT 
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1.  Soil hydrology and thermodynamics model 
2.  Photosynthesis model 
3.  Carbon and nitrogen cycle model 
4.  Vegetation dynamics model 
5.  Radiation and albedo model 
6.  River Transport model 
7.  Lake model 
8.  Urban model 
9.  Volatile Organic Compound emissions model 
10. Dust emissions model 
11. Crop model 
12. Snow model 
13. Carbon and water isotopes model 
14. Fire model 

Main components of CLM 

22 
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DATA ASSIMILATION RESEARCH 
TESTBED 
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•  DART is a community facility 
for ensemble DA 

•  Uses a variety of flavors of 
filters 
–  Ensemble Adjustment 

Kalman Filter 
•  Many enhancements to basic 

filtering algorithms 
–  Adaptive inflation 
–  Localization 

•  Uses new multi-instance 
capability within CESM 

Data Assimilation Research Testbed (DART) 
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•  A multi-instance version of CESM has been developed that more 
easily facilitates ensemble-based DA 

•  For example, multiple land models can be driven by multiple 
data-atmospheres in a single executable.  

•  This capability is available in the current CESM release.  

Multi-instance CESM code 
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•  80 member, 6 hourly 
reanalysis available, 1998 - 
2010 

•  Assimilation uses 80 
members of 2o  FV CAM 
forced by a single ocean 

•  O (1 million) atmospheric obs 
are assimilated every day 

•  Each CLM ensemble                             
member is forced with a 
different atmospheric 
reanalysis member 

•  Generates spread in the land 
model 

Multi-instances of data atmospheres 

500 hPa GPH 
Feb 17 2003 
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•  Our goal has been to “Do no harm” to CLM 

•  DART’s namelist allows you to choose what CLM variables get 
updated by the assimilation 

 
 
•  At predetermined assimilation time step: 

1.  CLM stops and writes restart and history files 
2.  DART state vector extracted 
3.  Increments calculated by filter 
4.  Restart file updated with adjusted DART state vector 
5.  CLM restarts 

CLM-DART coupling 

&clm_vars_nml 
   clm_state_variables = 'frac_sno',    'KIND_SNOWCOVER_FRAC', 
                         'DZSNO',       'KIND_SNOW_THICKNESS', 
                         'H2OSNO',      'KIND_SNOW_WATER’, 
                         'T_SOISNO',    'KIND_SOIL_TEMPERATURE', 
                         ‘leafc’,       ‘KIND_LEAF_CARBON’ / 
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•  Leaf area index 
•  Above ground biomass 
•  Canopy nitrogen 
•  Snow cover fraction 
•  Microwave brightness temperature 
•  Cosmic ray neutron intensities 
•  Total water storage anomalies (GRACE) 
•  Soil moisture and temperature 
•  Latent heat flux 
•  Sensible heat flux 
•  Carbon fluxes (NEP, GPP, ER, SR) 

Observations we can use with CLM-DART 
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PERFECT MODEL EXAMPLES 

30 
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•  CLM spun up at NM Piñon-  
   Juniper Ameriflux site 
•  80 member model ensemble 
   run forward for “decades” 
•  One ensemble member treated as truth 
•  Truth “observed” periodically with 

prescribed observation uncertainties 
•  These synthetic observations are then 

assimilated 

Observing System Simulation Experiment 
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Ensemble of climate forcing 
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Ensemble of climate forcing 
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Ensemble of land surface states 
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Biomass ensemble with “truth” 
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Observations around the “truth” 
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Assimilation of those synthetic observations 
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Effects of annual NPP on Biomass 

38 



© 2012 National Ecological Observatory Network, Inc. ALL RIGHTS RESERVED. 
 

Assimilating both Biomass and annual NPP 
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Correlations with Biomass 
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Correlations with annual NPP 
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Updating unobserved states 
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Impact of assimilation on NEE 
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Effects on forecast 
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Mean LAI from 80 ensemble members 
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LAI spread from 80 ensemble members 
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Reduction in LAI ensemble spread 

47 



© 2012 National Ecological Observatory Network, Inc. ALL RIGHTS RESERVED. 
 

SOME REAL DATA 
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Ameriflux and MODIS LAI observations 
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Ameriflux and MODIS LAI observations 
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Ameriflux and MODIS LAI observations 
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Ameriflux and MODIS LAI observations 
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Flux observations only MODIS LAI observations only 
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53 

Flux & MODIS LAI observations only 
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UNANSWERED QUESTIONS 
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•  How to create initial ensemble spread – how large should it be? 
•  How to maintain ensemble spread – is climate forcing variability 

the best approach? 
•  What do we do about carbon/water balance – its lost at the 

moment and balance checks are removed? 
•  What are the most informative observations to use?  
•  What are the best temporal aggregation strategies for EC flux 

tower data? 
•  Can we develop appropriate observation operators to link them 

with CLM state? 
•  How can we best use an ensemble DA approach for parameter 

estimation – we can augment DART state vector with CLM 
parameters, but which ones? 

Many big questions remain 
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•  Optimizing NEON data delivery for use with land models 
Constant interaction with the modeling community 

 
•  NEON will provide systematic observations sampling a 

wide climate space to constrain models in a variety of 
ways  

Community model development and improvement 

•  Community tools for data assimilation provides a means of 
directly utilizing this new information 

Community development of DA techniques with land 
models leading to improvements in forecasts 

 

Future Directions 
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The National Ecological Observatory Network is a project sponsored by the National 
Science Foundation and managed under cooperative agreement by NEON Inc. 
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