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•  This uncertainty stems from 

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

uncertainty 

Friedlingstein et al., 2006 
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coupled simulation. Over land temperature increase
promotes increased heterotrophic respiration per unit
biomass as well as decreased globally averaged net pri-
mary productivity (NPP) (not shown). Regionally, how-
ever, temperature increase is expected to enhancemid- to
high-latitude primary production (Qian et al. 2010), so
the reduction in global NPP is expected to come from
the reduction in the tropics. Over the ocean, CO2 loss is

associated with warmer temperatures, which reduce
CO2 solubility (Goodwin and Lenton 2009).
In Fig. 2, NorESM-ME and CESM1-BGC behave

somewhat differently than the other models. Over land,
they give up the lowest amount of carbon in response
to warming in the radiatively coupled simulation (F1

L in
Fig. 2e) but also take up the least amount of carbon in
the biogeochemically coupled simulation in response

FIG. 1. (a) Atmospheric CO2 concentration (ppm) used in the 1% increasing CO2 simulations. (b) Model mean
values and the range across the nine participating models for simulated temperature change, compared to the
control simulation, (c) atmosphere–land and (d) atmosphere–ocean CO2 fluxes, and (e),(f) their cumulative values,
from the fully, radiatively, and biogeochemically coupled simulations.
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ESM Historical Ocean and Land Carbon Accumulation
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Figure 2. (a) Ocean and (b) land anthropogenic carbon inventories from
CMIP5 models compared to estimates from Khatiwala et al. [2013]. Most
ESMs exhibit a low bias in ocean anthropogenic carbon accumulation from
1870 to 1930 as compared with adjusted estimates from Khatiwala et al.
[2013]. While some models enter the envelope of observational uncer-
tainty later in the twentieth century, this was often a consequence of the
increasing high bias in atmospheric CO2 mole fractions. ESMs had a wide
range of land carbon accumulation responses to increasing atmospheric
CO2 and land use change, ranging from a cumulative source of 170 Pg C to
a cumulative sink of 107 Pg C in 2010. In these figures, solid colored lines
represent historical simulation results and the extending dashed line seg-
ments represent the first 5 years of the RCP 8.5 simulations. The shaded
polygon represents the uncertainties surrounding the adjusted observational
estimates of ocean and land carbon accumulation, and the error bars corre-
spond to the ±20% uncertainty in the Khatiwala et al. [2013] best estimate
of ocean carbon accumulation for 2010.

2012]. Although the multimodel mean dis-
tribution of land sinks closely matched the
observations, individual model estimates
varied widely. BCC-CSM1.1-M, CESM1-BGC,
FGOALS-s2.0, GFDL-ESM2M, HadGEM2-ES,
INM-CM4, and NorESM1-ME tended to
underestimate land sinks, whereas CanESM2
and MRI-ESM1 tended to overestimate them
(Figure 2b).

3.3. Implications of Contemporary
Atmospheric CO2 Biases in CMIP5 Models
High atmospheric CO2 biases produced
radiative forcing during the latter half of
the twentieth century that was too large
in the affected ESMs (Table 3). For the year
2010, the multimodel mean atmospheric
CO2 mole fraction was 7.9 ppm above
observations, corresponding to a radia-
tive forcing that was 0.10 W m−2 higher
than that obtained from the observed
atmospheric CO2 mole fraction. The inte-
grated effect of the radiative forcing bias
from the multimodel mean during the
nineteenth and twentieth centuries led
to CO2-induced temperature change that
was 0.06◦C higher by 2010 than an esti-
mate derived from the observed CO2

trajectory. Across all ESMs, the temperature
change bias for 2010 ranged from −0.20◦C
to 0.24◦C. Because land and ocean carbon
uptake rates are likely to be reduced with
climate warming (negative !L and !O), these
temperature biases have the potential to
further reinforce atmospheric CO2 biases in
the 21st century, leading to persistent and
divergent biases into the future for many

aspects of the climate system, unless compensated for by biases in concentration-carbon feedbacks ("L and
"O) or climate sensitivities (#). Atmospheric CO2 mole fraction projections out to 2100 under the RCP 8.5 sce-
nario for all ESMs are shown in Figure S4. Corresponding anthropogenic carbon inventories for the ocean
and land out to 2100 are shown in Figure S5.

3.4. Persistence of Biases Into the Future
To explore the persistence of atmospheric CO2 biases beyond the present, we examined the relationship
between 5 year mean contemporary and future atmospheric CO2 mole fractions from ESMs. Figure 4a
reveals a strong linear relationship between the predicted sizes of contemporary and future atmospheric
CO2 biases in 2060 with a coefficient of determination R2 = 0.70. This correlation declined to R2 = 0.54 in
2100 (Figure 4b) probably as a consequence of varying climate–carbon cycle feedbacks taking effect in dif-
ferent models. Because model biases in atmospheric CO2 mole fraction are persistent, biases at year 1850
affect biases at year 2010. To investigate the impact of different model baselines, we also examined the rela-
tionship between the 5 year mean contemporary and future anthropogenic atmospheric carbon inventory
in 2060 (Figure S6a) and 2100 (Figure S6b), taking into account uncertainties from measurements of nine-
teenth century CO2 and fossil emissions. This alternative metric slightly changed the ordering of models and
strengthened the coefficient of determination, further confirming the robustness of the bias persistence
relationship. To explore the value of a tuned model with no CO2 bias at the end of the historical period,
we compared the CCTM estimate described in section 2 with the set of CMIP5 model predictions and the

HOFFMAN ET AL. ©2013. The Authors. 10

Hoffman et al, 2013 
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Todd-Brown et al, 2013 

1724 K. E. O. Todd-Brown et al.: Soil carbon drivers and benchmarks in Earth system models

Fig. 2. Global soil carbon (top), net primary production (middle), and soil carbon turnover times (bottom) for observations and ESMs.
Turnover times were calculated as HWSD carbon divided by MODIS NPP for the observations, and simulated global soil carbon divided by
simulated global NPP for the ESMs. The gray hashed area on the top panel represents the 95% confidence interval for global soil carbon
in the HWSD based on a qualitative uncertainty analysis (see text). The hashed area on the middle panel represents ±2 standard deviations
around the mean global NPP estimate from Ito (2011) based on empirical models. The hashed area on the bottom panel indicates the range
of turnover times for global soil carbon found in the literature (Amundson, 2001; Raich and Schlesinger, 1992). For soil carbon and NPP,
each global estimate is separated into individual biome components according to the legend shown in the top panel.

observed in the NCSCD. HadGEM2, BCC-CSM1.1, INM-
CM4, MPI-ESM, and CanESM2 also simulated soil carbon
totals below the preliminary CI95 for the NCSCD. In con-
trast, GFDL-ESM2G and MIROC-ESM overestimated high
latitude soil carbon stocks by 45–60%. Only IPSL-CM5 and
GISS-E2 soil carbon fell within the CI95 for the NCSCD.
Variation in global soil carbon stocks simulated by ESMs

could be driven by variation in modeled NPP, and we found
that global terrestrial NPP varied by a factor of 2.6 across the
models (Fig. 2). CCSM4, BCC-CSM1.1, CanESM2, INM-

CM4, GISS-E2, and MIROC-ESM all predicted global NPP
values within 2 standard deviations of the Ito (2011) estimate
of 54 PgC yr�1, ranging from 46 to 73 PgC yr�1, whereas
the remaining 5 models fell outside this range. NPP from
MODIS was similar to Ito (2011) at 52 PgC yr�1. At high
northern latitudes, NPP estimates from the ESMs were more
variable (1.7 to 10.1 PgC yr�1), compared to a MODIS esti-
mate of 4.7 PgC yr�1 (Fig. S6 in Supplement).
Turnover times for global soil carbon from the ESMs var-

ied by a factor of 3.6, between 10.8 and 39.3 yr, using global

Biogeosciences, 10, 1717–1736, 2013 www.biogeosciences.net/10/1717/2013/



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

Data are key 

6 

 
•  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 

Jones et al., 2013 
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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 

–  NPP, litterfall and fine root 
turnover from minirhizotrons 

–  NOy and Ozone deposition 
–  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 

Biogeochemistry Observations 
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NEON in CLM-space 
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Direct comparison 
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Functional responses 
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Correct simulation of soil carbon dynamics in Earth System Models 
is required to accurately predict both short and long-term land 
carbon-cycle climate and concentration feedbacks. As new model 
structures and parameterizations of increasing complexity are 
introduced there is an ever present need for data to inform these 
developments, either indirectly through testing and benchmarking 
activities, or directly through model-data fusion techniques.  
A very rich source of data will come from the National Ecological 
Observatory Network (NEON), a continental-scale facility under 
construction that will collect freely available ecological data from 60 
sites representative of a full range of ecosystems and climate zones 
across the USA over 30 years.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NEON domains and site locations across the USA 

Background 

Informing soil carbon dynamics in Earth System Models with observations from the 
National Ecological Observatory Network 

NEON in CLM-space 

Andrew M. Fox1, Edward Ayres1, Marcy E. Litvak2 & Tim J. Hoar3       

1 National Ecological Observatory Network; 2 University of New Mexico; 3 National Center for Atmospheric Research 

NEON soil observations 

NEON sites are instrumented to observed biogeochemical and 
biophysical interactions between the atmosphere and land surface, 
and belowground. Data at each site include soil temperature, 
moisture and CO2 concentration profiles, fine root images, a full 
suite of micrometeorology measurements, and plot-based NPP and 
litterfall estimates. In addition, at each site detailed soil properties 
are described down 2 meter profiles. Critically, these observations 
are well calibrated and highly standardized across sites allowing 
comparisons, whilst plot and site selection has been designed to 
optimize representativeness and spatial scaling opportunities.  

Each NEON site includes 5 soil plots with sensor arrays 

Comparing modeled functional responses 
against data at a NMEG Ameriflux site 

Long-term, continuous observations of soil respiration 
are still uncommon, but a large data set similar to that 
being collected at NEON sites is available from the 
Piñon Juniper NM Elevation Gradient site, part of the 
Ameriflux network. Here we have been using 
functional responses for some time to understand 
ecosystem processes (Litvak et al., 2012).  
Using monthly values smooths both observations and 
model output, and usually is beneficial for detecting 
and understanding functional responses. But in this 
case the known short-term response between 
moisture and soil respiration is lost. Also, note that 
observed soil respiration is sometimes greater than 
total ecosystem respiration. This highlights the 
importance of uncertainty in observations     

Data Assimilation 

To illustrate the potential utility of these data in constraining models, we show the range of Community Land Model (CLM4.5-BGC) output at 
NEON site locations. In model-space it is possible to see a number of different functional responses that characterize the model in space and 
time that clearly vary both between and within NEON site locations and could be easily tested with data that are standardized and calibrated 
between multiple locations. A concentration on functional responses is beneficial as direct comparison of model output and observations is 
confounded by mismatches in spatial scale and climate drivers, and can potentially provide additional insight to understanding model behavior.  

     CLM carbon stocks and fluxes variation between NEON sites 

Modeled within site variation in soil respiration as a function of 
soil temperature and moisture across 20 NEON core sites   

We have successfully coupled CLM with the Data Assimilation 
Research Testbed (DART), an advanced community facility for 
ensemble data assimilation developed and maintained at the 
National Center for Atmospheric Research. 
For example, in a perfect model experiment we treat one ensemble 
member as “truth” and sample with  noise at 60 NEON site locations 
to observe Leaf Area Index (LAI) every 8 days, Leaf Nitrogen every 
12 days, and Net Ecosystem Productivity and Evapotranspiration 
every 0.5 hours. We then investigate the impacts of assimilating 
these c. 520,000 observations over a three- month period.   

Mean LAI from 80 ensemble 
members, 1 July 2005 

From a single spun-up model 
state in 2000, 80 ensemble 
members are driven forward for 
2.5 years with 80 different data 
atmospheres from a Community 
Atmosphere Model reanalysis.   

LAI spread in 80 member 
ensemble, 1 July 2005  

The uncertainty in LAI reflects 
the actually uncertainty in the 
climate reanalysis used to drive 
the model over five years.  

Change in ensemble spread, 
31 July 2005 

Carbon pools from all grid cells 
are in the DART state vector, 
and just as unobserved model 
variables are updated through 
the model error covariance at a 
point, this updating occurs 
across space also. 

A comparison between the new vertically resolved soil carbon and 
nitrogen capability in CLM4.5-BGC and observations taken from 2 

meter profiles collected at 9 NEON sites under-construction 

Mean and spread of free run and assimilation run at Piñon 
Juniper NMEG Ameriflux site  

At single site locations we are testing our ability to assimilate real 
Ameriflux data and MODIS LAI data. Other investigators are 
implementing snow cover and soil moisture observations. 
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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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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 

16 



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

 

•  CLM-DART development 
–  Investigating improved methodology for using flux tower 

observations in this framework 
–  Adding plant functional types to observation meta-data  
–  Adding additional, site specific observation types 

•  Upscaling NEON observations – PDF of fluxes and 
assessing representativeness error 

•  Optimizing NEON data delivery for model 
evaluation – please let me know if you have ideas 

Current Directions 
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