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Introduction

• Quantifying carbon cycle feedbacks with Earth’s climate system is important for predicting future atmospheric CO2
levels and informing carbon management and energy policies.

• We applied a feedback analysis framework to three sets of long-term climate change simulations to quantify drivers
of terrestrial and ocean responses of carbon uptake.

• We found that the strength of the climate–carbon cycle feedback gain (g) was dependent upon the type of sim-
ulation used to derive the temperature sensitivity parameters (γ).

Methods

Simulations were performed with the NSF-DOE
Community Earth System Model version 1.0
(CESM1(BGC)) for three different radiative and bio-
sphere coupling configurations without land use
change. The standard protocol from the Fifth Phase of
the Coupled Modeling Intercomparison Project (CMIP5)
was followed for the period 1850–2300:

• Historical for 1850–2005,

• Representative Concentration Pathway 8.5 (RCP8.5)
for 2006–2100, and

• Extended Concentration Pathway 8.5 (ECP8.5) for
2101–2300.

All three simulations were forced with the same pre-
scribed CO2 mole fraction trajectory as shown in Fig-
ure 1(a).

Table 1: Three 451-y CESM1(BGC) simulations, em-
ploying different coupling configurations, were analyzed.

Radiative Coupling Biosphere Coupling
Simulation Other GHG Nitrogen Land use
Identifier CO2 & aerosols CO2 deposition change

RAD X X – – –
BGC – – X X –
FC X X X X –

Schwinger et al. (2014) derived formulas for calculating
feedback parameters from a pair of model experiments.
The concentration–carbon feedback parameters can be
determined from the FC and RAD simulations as fol-
lows,

βFC−RAD =
∆CFC∆TRAD − ∆CRAD∆T FC

∆CO2 ∆TRAD
, (1)

and the FC and BGC simulations can be used to derive
the climate–carbon feedback parameters as follows,

γFC−BGC =
∆CBGC − ∆CFC

∆TBGC − ∆T FC
. (2)

The overall climate–carbon feedback gain (g) can be re-
lated to feedback sensitivity parameters as follows,

g =
−α (γO + γL)

(m + βO + βL)
, (3)

where α is the sensitivity of the global mean near-
surface air temperature to cumulative changes in at-
mospheric CO2 in units of K ppm−1, m is a constant
(2.12 Pg C ppm−1).
We developed a metric to gauge the nonlinearity of
drivers and model responses as follows,

MNL = 1 − (∆RAD + ∆BGC)

∆FC
. (4)
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Figure 1: (a) The prescribed atmospheric CO2 mole
fraction was stabilized at 1962 ppm after 2225. (b) Near-
surface air temperature increased in all three simula-
tions by the end of the 23rd century. (c) Net ocean up-
take decreased in the RAD simulation, but increased in
the BGC and FC simulations. (d) Net land uptake was
more variable than net ocean update, and it increased
in the BGC and FC simulations and decreased in the
RAD simulation.

Climate–Carbon Cycle Feedback Analysis
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( a ) Cumulative net ocean carbon storage (1850–2300)

net land carbon storage  (1850−2300)
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( b ) Cumulative net land carbon storage (1850–2300)

Figure 2: (a) Net ocean carbon storage, integrated from 1850 to 2300, for the BGC simulation was 1414 Pg C, for the
FC simulation was 1082 Pg C, and for the RAD simulation was −113 Pg C. (b) Net land carbon storage, integrated from
1850 to 2300, for the BGC simulation was 687 Pg C, for the FC simulation was 309 Pg C, and for the RAD simulation was
−430 Pg C.
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Climate Sensitivities and Feedback Gains (1850−2300)
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(c) Ocean climate–carbon sensitivity
(γO)

(d) γO in the RAD simulation

net land carbon storage climate sensitivity  (1850−2300)
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(f) γL in the RAD simulation

Figure 3: (a) The climate sensitivity (α) for the FC simulation was about 0.0056 K ppm−1 at the end of the 23rd century.
(b) The climate–carbon cycle feedback gain (g) clustered around two different values, depending on the method and
experiments used to calculate it. (c), (d) The climate–carbon sensitivity, γRADO , was −12.69 Pg C K−1 at the end of the
23rd century. (e), (f) The land climate–carbon sensitivity, γL, was −48.25 Pg C K−1 at the end of the 23rd century.

Table 2: Temperature & C changes and compatible
emissions.

Time (year)
Variable 2100 2200 2300

[CO2]A (ppm) 936 1829 1962

Time Period (years)
Variable 1850–2100 1850–2200 1850–2300

∆TRAD
2m (K) 4.76 7.46 8.90

∆TBGC
2m (K) 0.50 0.87 0.99

∆T FC
2m (K) 4.92 8.11 9.41

∆CRAD
O (Pg C) −19 −62 −113

∆CBGC
O (Pg C) 519 1050 1414

∆CFC
O (Pg C) 475 866 1082

∆CRAD
L (Pg C) −100 −275 −430

∆CBGC
L (Pg C) 276 529 687

∆CFC
L (Pg C) 213 336 309

EBGC
C (Pg C) 2180 4862 5663

EFC
C (Pg C) 2072 4486 4955

Table 3: Climate–carbon cycle feedback parameters
and gains.

Time Period (years)
Parameter 1850–2100 1850–2200 1850–2300

α (K ppm−1) 0.0075 0.0052 0.0056

βBGC
O (Pg C ppm−1) 0.80 0.68 0.84

βFC−RAD
O (Pg C ppm−1) 0.76 0.60 0.71

βBGC
L (Pg C ppm−1) 0.42 0.34 0.41

βFC−RAD
L (Pg C ppm−1) 0.48 0.39 0.44

γRADO (Pg C K−1) −4.06 −8.26 −12.69

γFC−BGC
O (Pg C K−1) −10.06 −25.47 −39.37

γRADL (Pg C K−1) −21.09 −36.54 −48.25

γFC−BGC
L (Pg C K−1) −14.05 −26.69 −44.77

g(βBGC, γRAD) 0.056 0.075 0.101

g(βFC−RAD, γRAD) 0.056 0.075 0.104

g(βBGC, γFC−BGC) 0.054 0.087 0.139

g(βFC−RAD, γFC−BGC) 0.053 0.087 0.144

g(EBGC
C , EFC

C ) 0.051 0.084 0.143

Driving Mechanisms of Nonlinear Land Responses

5 y mean  gross primary production  (1850−2300)
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( a ) Gross primary production (GPP)

5 y mean  ecosystem respiration  (1850−2300)
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( b ) Ecosystem respiration

5 y mean  net primary production  (1850−2300)
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( c ) Net primary production (NPP)
5 y mean  total precipitation  (1850−2300)
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( d ) Precipitation over land
5 y mean  evapotranspiration  (1850−2300)
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( e ) Evapotranspiration (ET)

Drivers of Hydrological and Ecological Changes (1850−2300)
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( f ) Drivers of changes exhibited by the RAD, BGC, and FC simulations

5 y mean  precipitation minus evapotranspiration  (1850−2300)
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( g ) Land precipitation minus ET

5 y mean  total liquid runoff  (1850−2300)
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( h ) Liquid runoff

5 y mean  soil moisture to 1 m  (1850−2300)
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( i ) Soil moisture to 1 m depth

Figure 4: (a) The gross primary production (GPP) of the FC simulation exhibited larger than expected gains under the
combined conditions of increasing temperature and elevated CO2. (b) The trajectories of ecosystem respiration (ER)
for all three simulations correspond well with and were slightly lower than GPP. (c) The net primary production (NPP)
for the FC simulation cross that of the BGC simulation just before 2200 due primarily to hydrological imbalances in re-
gions where strong drying was expected to occur. (d) Precipitation over land increased as a result of strong temperature
increases in the RAD and FC simulations, with no appreciable change seen in the BGC simulation. After 2100, the
FC simulation exhibited higher than expected precipitation, likely driven by increases in recycling attributable to gains
in canopy evaporation. (e) Correspondingly, the FC simulation exhibited larger than expect evapotranspiration (ET). (f)
Shown are the most significant drivers of hydrological and ecological changes exhibited by the RAD, BGC, and FC sim-
ulations. (g) Despite the lack of increasing precipitation in the BGC simulation, net P−ET was slightly above that of the
RAD simulation. (h) Trajectories of total liquid runoff corresponded well with trajectories of P−ET. (i) The FC and BGC
simulations exhibited similar trajectories of soil moisture to 1 m depth.

Discussion and Conclusions

• We found that climate–carbon sensitivities (γ) derived from radiatively (RAD) coupled simulations produced a net
ocean carbon storage climate sensitivity that was weaker and a net land carbon storage climate sensitivity that was
stronger than those diagnosed from the fully coupled (FC) and biogeochemically coupled (BGC) simulations.

– For the ocean, this nonlinearity was associated with warming-induced weakening of ocean circulation and mix-
ing in the radiatively coupled (RAD) simulation that limited exchange of dissolved inorganic carbon between surface
and deeper water masses.

– For the land, this nonlinearity was associated with strong gains in gross primary production in the fully coupled
(FC) simulation, driven by enhancements in the hydrological cycle and increased nutrient availability.

• We developed and applied a nonlinearity metric to diagnose the degree to which radiatively (RAD) and biogeochem-
ically (BGC) coupled results produce the fully coupled (FC) result in model responses and driver variables.

• The climate–carbon cycle feedback gain (g) at 2300 was 42% higher when estimated from climate–carbon sensitiv-
ities derived from the difference between the fully coupled and biogeochemically-only coupled simulations than when
derived from the radiatively-only coupled simulation.

• Our results suggest that comparable estimates of the climate–carbon cycle feedback gain (g) should be calcu-
lated from temperature sensitivity parameters (γ) derived from the combination of fully (FC) and biogeochemically
(BGC) coupled simulations.

• Underestimating the climate–carbon cycle feedback gain (g) would result in allowable emissions estimates too
low to meet climate change targets.
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