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Introduction |

Rapidly increasing atmospheric carbon dioxide (CO5) concen-
trations are altering Earth’s climate. The anthropogenic pertur-
bation of the global carbon cycle is expected to induce feed-
backs on global climate and future CO» concentrations; how-
ever, these feedbacks are poorly constrained. In order to re-
duce the range of uncertainty in climate predictions, model rep-
resentation of feedbacks must be improved through compar-
isons with contemporary observations. The International Land
Model Benchmarking (ILAMB) Project is developing model eval-
uation benchmarks based on best-available observational data
sets that are accepted by the larger international research com-
munity. In this work-in-progress, we apply observational esti-
mates of atmospheric CO», and ocean carbon fluxes to analyze
the evolution of carbon cycle biases in emissions-forced model
results from the Fifth Coupled Model Intercomparison Project
(CMIP5).

‘ Earth System Model Data Availability on ESG |

ESM ESM ESM ESM ESM ESM ESM 1%

Model Control Historical RCP8.5 FixClim1 FixClim2 Fdbk1 Fdbk2 CO,
(CSM, ESM) Country 5.1 5.2 5.3 5.4-1 54-2 5.5-1 55-2 6.1
ACCESS1.0  Australia b 4 b 4 b 4 b 4 ) 4 b 4 ) 4 1
BCC-CSM1.1 China 1 1 1 1 1 1 1 1

CanESM2 Canada 1 3 3 1 1 1 1 1

CESM1 uU.S. b 4 b 4 X b 4 b 4 b 4 b 4 b 4

SCNRM-CM5 France b 4 b 4 b 4 b 4 b 4 b 4 b 4 1
SCSIRO-Mk3.6 Australia b 4 b 4 X b 4 b 4 b 4 X 1
SFGOALS-G2 China b 4 b 4 X b 4 b 4 b 4 X 1
SGFDL-CM3 U.S. b 4 b 4 ) 4 b 4 ) 4 b 4 ) 4 1
GFDL-ESM2G u.S. 1 1 b 4 b 4 ) 4 b 4 b 4 1
GFDL-ESM2M U.S. 1 1 1 1 b 4 1 X 1
HadGEM2-ES U.K. 1 1 1 b 4 1 1 1 1
INM-CM4 Russia 1 1 1 b 4 b 4 b 4 b 4 1
IPSL-CM5A-LR France 1 1 1 1 1 1 1 1
SIPSL-CM5A-MR France b 4 b 4 X b 4 b 4 X b 4 1
MIROC-ESM Japan 1 1 1 b 4 1 b 4 b 4 1
SMIROC5 Japan X X X X X X X 1
MPI-ESM-LR Germany X X X 1 X 1 X 1
MPI-ESM-P  Germany X X X X X X X 1
SMRI-CGCM3  Japan X X X X X X X 1
NorESM1-M Norway X X X X X X X 1
As of 25 February 2012
Earth System ESM Historical ESM RCP 8.5
Model Country 002 FGC02 NBP COQ FGCOQ NBP
- BCC-CSM1.1  China 1 1 X 1 1 X
-> CanESM2 Canada 3 3f 3 3 3f 3
CESM1 us. — - - — - =
GFDL-ESM2G U.S. ) 4 ) 4 1 ) 4 ) 4 ) 4
GFDL-ESM2M U.S. ) 4 ) 4 1 ) 4 ) 4 1
HadGEM2-ES UK. X 1 X X 1 4
-  INM-CM4 Russia 11 1 1 1 1 1
IPSL-CM5A-LR France X 1 1 b 4 1 1
- MIROC-ESM  Japan 1 1 1 1 1 1

MPI-ESM-LR Germany
"Possible units problem

As of 25 February 2012

‘ Carbon in CMIP5 Emissions-Forced Simulations |
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Figure 1: Atmospheric CO» mole fraction from CMIP5 models
for the emissions-forced historical.
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Figure 2: Atmospheric CO» mole fraction from CMIP5 mod-
els for the emissions-forced historical and RCP 8.5 simulations
combined.
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Figure 3: Future vs. contemporary atmospheric CO» mole frac-
tion from CMIP5 models for the emissions-forced RCP 8.5 sim-
ulation.
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R? of Multi-model Bias Structure Relative to Model CO, Estimates for 2008
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Figure 4: The R? of multi-model bias structure relative to the
model CO» estimates for 2008. Five year average atmospheric
CO» projections are compared to the 2006-2010 average. For
N =8, an R? ~ 0.5 is significant to the p < 0.05 level.

‘ Ocean Carbon Uptake |
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Figure 5: Ocean carbon uptake from CMIP5 models for the
emissions-forced historical simulation (left) and the emissions-
forced RCP 8.5 simulation (right).
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Figure 6: Ocean carbon uptake (left) and cumulative ocean car-
bon uptake (right) from CMIP5 models for the emissions-forced
historical and RCP 8.5 simulation.
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Figure 7: Land carbon uptake from CMIP5 models for the
emissions-forced historical simulation (left) and the emissions-
forced RCP 8.5 simulation (right).
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Figure 8: Land carbon uptake (left) and cumulative land car-
bon uptake (right) from CMIP5 models for the emissions-forced
historical and RCP 8.5 simulation.

‘ Comparisons with Contemporary Observations |

Table 1: Projected anthropogenic CO», budget for the
emissions-forced historical simulation for 1850—1994.

Fossil Atmosphere Ocean —F-A-O Land
Model Realization (Pg C) (Pg C) (Pg C) (PgC) (PgC)

Sabine et al. (2004)F 244 4 20 —1654+4 —1184+19 39+ 28

Waugh et al. (2006) —(94—121)
Khatiwala et al. (2009)* —114 4 22

BCC-CSM1.1  rli1p1 240 —163 —92 15 (15)

r1i1p1 240 —159 —70 —11  —23

r2i1p1 240 —157 —69 —14  —28

CanESM2 4111 240 167 70 3 16

240 —162+5—-695+05 —85+3—-22+6

CESM1 r1i1p1 240 —194 —99 53 60

HadGEM2-ES*  r1i1p1 240 —209 —119 88 (89)

INM-CM4 r1i1p1 240 —157 —41 —42 =54

MIROC-ESM  ri1i1pf1 240 —188 —103 51 48

fSabine et al. (2004) estimates are for 1800—1994.
tKhatiwala et al. (2009) estimates are for 1765—-1994.
*HadGEMZ2-ES simulation begins in 1860.
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Figure 9: Carbon accumulation through 1994 for the atmo-
sphere, ocean, and land (computed as the difference) from
CMIP5 models for the emissions-forced historical simulation. In
the lower-right panel, the ocean uptake has been divided by the
atmospheric uptake in order to remove the atmospheric CO5
bias.

Table 2: Projected anthropogenic CO», budget for the
emissions-forced historical simulation for 1980—1999.

Fossil Atmosphere Ocean —-F-A-O Land
Model Realization (Pg C) (PgC) (Pg C) (PgC) (PgC)

Sabine et al. (2004) 117 +5 —65+1 —37+8 —15+9 —39+18
BCC-CSM1.1  rli1pt 117 —69 —37 —11 (—10)
r1i1p1i 117 —76 —33 —7 —10

r2ilp1i 117 —74 —35 —8 -9

CanESM2 441 117 80 36 1 5
117 —T77+3-345+£1.5 —454+35-75%25

CESM1 r1i1p1 117 —82 —41 6 6
HadGEM2-ES  r1i1p1 117 —74 —43 0 (0)
INM-CM4 r1i1p1i 117 —70 —17 —30 —12
MIROC-ESM  r1i1pf1 117 —74 —40 —3 —4

Table 3: Estimated ocean inventory and uptake rate of anthro-
pogenic CO» in 2008 for the emissions-forced historical (1850—
2005) and emissions-forced RCP 8.5 (2006—2008) simulations.

Ocean Inventory Ocean Uptake

Model Realization (Pg C) (PgCy)
Khatiwala et al. (2009) 140 4+ 25 2.3+ 0.6
BCC-CSM1.1 rl1ilp1 122.0 2.32
r1i1p1 98.4 2.40
r2ilp1i 96.2 2.45
CanESM2 3i1p1 99.2 2.95
Ensemble Mean 97.9 2.37
CESM1 r1i1p1 131.1 2.70
HadGEM2-ES* r1i1p1 152.1 2.45
INM-CM4 r1i1p1 55.0 1.15
MIROC-ESM r1i1p1 133.5 2.62

*HadGEM2-ES simulation begins in 1860.

Table 4: Estimated atmosphere, ocean, and land uptake rates
of anthropogenic CO» for the emissions-forced historical (1850—
2005) and emissions-forced RCP 8.5 (2006—2008) simulations.
For models, land values in parentheses are computed as dif-
ferences; other land accumulation values come from model re-
sults. The units for all carbon accumulation values are Pg C y'.

1980s 1990s 2000-2006
Model Atmos Ocean Land Atmos Ocean Land Atmos Ocean Land
Khatiwala et al. (2009) 1.8 0.3 2.0 1.1 2.3 1.1
(1.3-2.3) (—0.3-0.8) (1.4-2.6) (0.5—1.8) (1.7-2.9) (0.4-1.8)

IPCC AR4 1.8 0.3 2.2 1.0 2.2 1.3
(1.0-2.6) (—0.6—1.2) (1.8-2.6) (0.4—1.6) (1.8-2.6) (0.7-1.9)

BCC-CSM1.1 rli1p1 3.41 1.79 (0.26)  3.49 1.96 (0.77) 4.70 227 (0.22)

Ailpt 395  1.60  —0.06 3.62 171  1.07 548 221  0.00
r2i1pt 393 175  —0.10 350 172 1.04 563 204  0.10
CanESM2 ai4h1 308 161 0.61 490 198 —011 492 213  0.38
Mean  3.65  1.65 015 401 180 067 534 213 016
CESM1  riilpt 398 190  —046 420 219 —0.13 424 234 029
HadGEM2-ES rlitpt  3.85 199 (—0.39) 3.54 231 (0.37) 447 231 (0.40)
INM-CM4  rlitp1 347  0.78 0.38 358 090 081 477 104 —0.12
MIROC-ESM riiipt 338  1.73 0.14 404 225 030 321 205 180
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