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Prof. Robert E. Dickinson

I Early meeting of the Community Climate System Model (CCSM) Land
Model Working Group (LMWG)

I Common Land Model (CLM) brought in as the Community Land Model
(CLM), replacing the Land Surface Model (LSM)

I (((((((hhhhhhhDiscouraging Inspiring talks at every meeting
I Provided feedback on new ideas and poster presentations

I 2009 NCEAS Working Group on Forests and Climate Policy (Jim
Randerson, Rob Jackson, Dennis Baldocchi, . . . )

I President of the American Geophysical Union (2002–2004)
I He and his entourage were visiting posters!

I Frequent advisor and reviewer for U.S. Department of Energy projects
I Attended many climate and Earth system modeling meetings (I still owe

him a cab ride!)
I Occasionally visited ORNL during his tenure at Georgia Tech

I Bob and Rong visited ORNL and UTK three years ago, and took the
time to hear about our DOE project and offer advice



Research Questions

Question 1

How well do Earth System Models (ESMs) simulate the observed
distribution of anthropogenic carbon in atmosphere, ocean, and land
reservoirs?

Question 2

Can contemporary atmospheric CO2 observations be used to constrain
future CO2 projections?

Question 3

To what degree do the effects of climate change due to warming and CO2

fertilization in isolation combine linearly?
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Observed Carbon Accumulation Since 1850
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Observational estimates of anthropogenic carbon emissions (excluding land use change) and
accumulation in atmosphere, ocean, and land reservoirs for 1850–2010. Atmosphere carbon is a
fusion of Law Dome ice core CO2 observations, the Keeling Mauna Loa record, and more recently
the NOAA GMD global surface average, integrated for the purpose of forcing IPCC models. Total
land flux is computed by mass balance as follows:

∆CL =
∑
i

Fi − ∆CA − ∆CO .



15 fully-prognostic ESMs that performed CMIP5 emissions-forced
simulations

Model Modeling Center

BCC-CSM1.1 Beijing Climate Center, China
Meteorological Administration, CHINA

BCC-CSM1.1(m) Beijing Climate Center, China
Meteorological Administration, CHINA

BNU-ESM Beijing Normal University, CHINA
CanESM2 Canadian Centre for Climate Modelling

and Analysis, CANADA
CESM1-BGC Community Earth System Model

Contributors, NSF-DOE-NCAR, USA
FGOALS-s2.0 LASG, Institute of Atmospheric Physics,

CAS, CHINA
GFDL-ESM2g NOAA Geophysical Fluid Dynamics

Laboratory, USA
GFDL-ESM2m NOAA Geophysical Fluid Dynamics

Laboratory, USA
HadGEM2-ES Met Office Hadley Centre, UNITED

KINGDOM
INM-CM4 Institute for Numerical Mathematics,

RUSSIA
IPSL-CM5A-LR Institut Pierre-Simon Laplace, FRANCE

MIROC-ESM Japan Agency for Marine-Earth Science
and Technology, Atmosphere and Ocean
Research Institute (University of Tokyo),
and National Institute for Environmental
Studies, JAPAN

MPI-ESM-LR Max Planck Institute for Meteorology,
GERMANY

MRI-ESM1 Meteorological Research Institute, JAPAN
NorESM1-ME Norwegian Climate Centre, NORWAY

CMIP5 Long-Term Experiments
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(a) Most ESMs exhibited a
high bias in predicted
atmospheric CO2 mole
fraction, which ranged
from 357–405 ppm at the
end of the historical period
(1850–2005).

(b) The multi-model mean
was biased high from 1946
throughout the 20th

century, ending 5.6 ppm
above the observed value
of 378.8 ppm in 2005.

ESM Historical Atmospheric CO2 Mole Fraction
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Model inventory comparison with Khatiwala et al. (2013)

Once normalized by
their atmospheric
carbon inventories,
most ESMs exhibited a
low bias in
anthropogenic ocean
carbon accumulation
through 2010.

The same pattern
holds for the Sabine
et al. (2004) inventory
derived using the ∆C*
separation technique.
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(a) Ocean inventory
estimates had a fairly
persistent ordering during
the second half of the 20th

century.

(b) ESMs exhibited a wide
range of land carbon
accumulation responses to
increasing CO2 and land
use change, ranging from a
net source of 170 Pg C to a
sink of 107 Pg C in 2010.

ESM Historical Ocean and Land Carbon Accumulation
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Question 1

How well do Earth System Models (ESMs) simulate the observed
distribution of anthropogenic carbon in atmosphere, ocean, and land
reservoirs?

I Most ESMs exhibited a high bias in predicted atmospheric CO2 mole
fraction, ranging from 357–405 ppm in 2005.

I The multi-model mean atmospheric CO2 mole fraction was biased high
from 1946 onward, ending 5.6 ppm above observations in 2005.

I Once normalized by atmospheric carbon accumulation, most ESMs
exhibited a low bias in ocean accumulation in 2010.

I ESMs predicted a wide range of land carbon accumulation in response
to increasing CO2 and land use change, ranging from −170–107 Pg C
in 2010.



Question 2

Can contemporary
atmospheric CO2

observations be used to
constrain future CO2

projections?
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Reducing Uncertainties Using Observations

To reduce feedback uncertainties using contemporary observations,

1. there must be a relationship between contemporary variability and
future trends on longer time scales within the model, and

2. it must be possible to constrain contemporary variability in the model
using observations.

Example #1

Hall and Qu (2006) evaluated the
strength of the springtime snow albedo
feedback (SAF; ∆αs/∆Ts) from 17
models used for the IPCC AR4 and
compared them with the observed
springtime SAF from ISCCP and ERA-40
reanalysis.
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Reducing Uncertainties Using Observations

To reduce feedback uncertainties using contemporary observations,

1. there must be a relationship between contemporary variability and
future trends on longer time scales within the model, and

2. it must be possible to constrain contemporary variability in the model
using observations.

Example #2

Cox et al. (2013) used the observed
relationship between the CO2 growth rate
and tropical temperature as a constraint
to reduce uncertainty in the land carbon
storage sensitivity to climate change (γL)
in the tropics using C4MIP models.



I developed a new
emergent constraint from
carbon inventories.

A relationship exists
between contemporary and
future atmospheric CO2

levels over decadal time
scales because carbon
model biases persist over
decadal time scales.

Observed contemporary
atmospheric CO2 mole fraction
is represented by the vertical
line at 384.6 ± 0.5 ppm.

Future  vs. Contemporary Atmospheric CO2 Mole Fraction
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Removing pre-industrial
CO2 mole fraction biases
from models, we found the
relationship held,
confirming the robustness
of our result.

Observed contemporary
anthropogenic atmospheric
carbon inventory is represented
by the vertical line at
213.4 ± 6.5 Pg C, which
incorporates 1850 CO2 mole
fraction uncertainties.

Adding uncertainties from fossil
fuel emissions increased the
uncertainty to ±12.7 Pg C.

Future  vs. Contemporary Atmospheric Accumulation
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R2 of Multi−model  Bias Structure
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The coefficients of determination (R2) for the multi-model bias structure relative to the
set of CMIP5 model atmospheric CO2 mole fractions (black), and oceanic (blue) and land
(green) anthropogenic carbon inventories in 2010. Atmospheric CO2 mole fractions are
statistically significant for 1910–2100. Bias persistence was highest for the ocean,
followed by land, and then by the atmosphere.



Contemporary CO2 Tuned Model (CCTM)
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I used this regression to create a
contemporary CO2 tuned model (CCTM)
estimate of the atmospheric CO2 trajectory
for the 21st century.

I Peak probability densities of CO2 mole
fraction predictions were lower for the
CCTM than the multi-model means.

I The ranges of uncertainty were
smaller by almost a factor of 6 at
2060 and almost a factor of 5 at 2100.

Probability Density of Atmospheric CO2 Mole Fraction

CO2 Mole Fraction (ppm)

D
en

si
ty

520 540 560 580 600 620 640 660 680 700

0.
00

0.
02

0.
04

0.
06

0
2

4

F
re

qu
en

cy

Multi−model PD
Multi−model Mean
CCTM PD
CCTM Prediction

a) 2060

CO2 Mole Fraction (ppm)

D
en

si
ty

750 800 850 900 950 1000 1050 1100 1150

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

0
2

4
6

F
re

qu
en

cy

b) 2100

Best estimate using Mauna Loa CO2

At 2060: 600 ± 14 ppm, 21 ppm
below the multi-model mean

At 2100: 947 ± 35 ppm, 32 ppm
below the multi-model mean



Projections for  Individual CMIP5 Models
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b)  CO2 − induced Radiative Forcing
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I calculated the CO2 radiative forcing and used an impulse response function (tuned to
the mean transient climate response of CMIP5 models) to equitably compute the
resulting CO2-induced temperature change (∆TCO2 ) for models and the CCTM. The CO2

biases for individual models contributed to ∆TCO2 biases of −0.7◦C to +0.6◦C by 2100,
relative to the CCTM estimate.



Future  vs. Contemporary Ocean  Accumulation
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Future  vs. Contemporary Land  Accumulation
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Contemporary (2010) Ocean Accumulation (Pg C)
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I also developed a multi-model constraint on the evolution of ocean and land
anthropogenic inventories. Since observational uncertainties are higher for ocean
and land, uncertainties in future estimates cannot be reduced as much as for
atmospheric CO2.



Question 2

Can we use contemporary CO2 observations to constrain future CO2

projections?

I Yes.

I I developed a new emergent constraint from anthropogenic carbon
inventories in atmosphere, ocean, and land reservoirs.

I Land and ocean processes contributing to contemporary carbon cycle
biases persist over decadal timescales.

I I used the relationship between contemporary and future atmospheric
CO2 levels to create a contemporary CO2 tuned model (CCTM)
estimate for the 21st century.

I At 2060: 600± 14 ppm, 21 ppm below the multi-model mean.
I At 2100: 947± 35 ppm, 32 ppm below the multi-model mean.

I Uncertainties in future climate predictions may be reduced by
improving models to match the long-term time series of CO2 from
Mauna Loa and other monitoring stations.



Implications of CO2 Biases in ESMs
I Most of the model-to-model variability of CO2 in the 21st century was

traced to biases that existed at the end of the observational record.
I Future fossil fuel emissions targets designed to stabilize CO2 levels

would be too low if estimated from the multi-model mean of ESMs.
I Models could be improved through extensive comparison with

sustained observations and community model benchmarking.

Hoffman, Forrest M., James T. Randerson, Vivek K.
Arora, Qing Bao, Patricia Cadule, Duoying Ji, Chris
D. Jones, Michio Kawamiya, Samar Khatiwala, Keith
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and Tongwen Wu (2014), Causes and Implications
of Persistent Atmospheric Carbon Dioxide Biases in
Earth System Models, J. Geophys. Res. Biogeosci.,
119(2):141162, doi:10.1002/2013JG002381.
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Question 3

To what degree do the effects of climate change due to warming and CO2

fertilization in isolation combine linearly?

Radiative Forcing for RCPs and ECPs

Meinshausen et al. (2011) extended RCP forcings out to 2500.

RCP 8.5 Fossil CO2 Emissions
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g =
−α (γO + γL)

(m + βO + βL)
From Friedlingstein et al. (2006).

Radiative Coupling Biogeochemical Coupling
Simulation Other GHG Nitrogen Land Experiment
Identifier CO2 & aerosols CO2 deposition use Name

RAD X X – – – bcrd

BGC – – X X – bdrcs.pftcon

FC X X X X – bdrd.pftcon

X Transient anthropogenic forcing
– Constant pre-industrial (1850) forcing



Climate–Carbon Cycle Drivers (1850–2300)
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(a) Prescribed atmospheric CO2 mole fraction was stabilized at 1962 ppm around 2250.
(b) 2 m air temperature increased by 9.4◦C in FC, 8.9◦C in RAD, and 1.0◦C in BGC
simulations. (c) Mean air temperature over land increased by 11.6◦C in the FC
simulation and approached 25◦C at high latitudes.



Net Ocean and Land Carbon Uptake (1850–2300)
net ocean carbon storage  (1850−2300)
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net land carbon storage  (1850−2300)
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Net ocean carbon storage has a
nonlinear response that Schwinger
et al. (2014) attributed to surface
stratification under climate change
that restricted C penetration into
intermediate and deep waters.

Net land carbon storage also has a
nonlinear response, of opposite sign,
that has not been explored in ESMs,
although Zickfeld et al. (2011)
explored similar nonlinear responses
in an EMIC. It is driven by larger
than expected productivity increases
due to positive hydrological and
nitrogen mineralization feedbacks.



Ocean and Land Climate–Carbon Sensitivities

The difference between the net
ocean carbon storage climate
sensitivities, γRAD

O and γFC−BGC
O ,

was nearly −27 Pg C K−1 and
continued to diverge at the end
of the 23rd century.

The difference between the net
land carbon storage climate
sensitivities, γRAD

L and γFC−BGC
L ,

peaked at about 10 Pg C K−1

around 2175 and ended at about
4 Pg C K−1 at 2300.

net ocean carbon storage climate sensitivity  (1850−2300)
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Climate Sensitivities and Climate–Carbon Cycle Gains
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The climate sensitivity, α, for
the FC simulation was about
0.0056 K ppm−1 at the end of
the 23rd century.

The climate–carbon cycle
gain* (g) clustered around
two different values,
depending on the method and
experiments used to calculate
it, and at 2300 was 42%
higher when estimated from
sensitivity parameters derived
from (FC−BGC) than from
RAD.
*This gain included effects of aerosols
and other greenhouse gases.



Drivers of Nonlinear Terrestrial Uptake Responses
5 y mean  gross primary production  (1850−2300)
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5 y mean  nitrogen mineralization  (1850−2300)
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5 y mean  total precipitation  (1850−2300)
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5 y mean  evapotranspiration  (1850−2300)
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Enhanced gross primary production (GPP) and higher rates of N mineralization, driven by
excess precipitation increases and reduced evapotranspiration, led to the nonlinear C
uptake response on land under simultaneous climate change and elevated CO2 levels.



Nonlinear GPP Responses Across Model Experiments
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Drivers of Hydrological and Ecological Changes (1850−2300)
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Summary and Conclusions

Question 3

To what degree do the effects of climate change due to warming and CO2

fertilization in isolation combine linearly?

I RAD simulations yielded a net ocean carbon storage climate sensitivity
(γO) that was weaker and a net land carbon storage sensitivity (γL)
that was stronger than those diagnosed from FC and BGC
simulations.

I For the ocean, the nonlinearity was associated with warming-induced
weakening of ocean circulation and mixing, which limited exchange of
dissolved inorganic carbon between surface and deeper water masses.

I For the land, the nonlinearity was associated with strong gains in gross
primary production in the FC simulation, driven by enhancements in the
hydrological cycle and increased nutrient availability.

I The feedback gain∗ (g) at 2300 was 42% higher when estimated from
sensitivity parameters derived from (FC−BGC) than from RAD.

I We recommend deriving γFC−BGC
O and γFC−BGC

L in future studies.

∗This gain included effects of aerosols and other greenhouse gases.
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