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Overview	  ques<ons	  

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

•  How	  can	  contemporary	  observa<ons	  be	  used	  to	  
reduce	  uncertain<es	  associated	  with	  future	  
scenarios?	  

•  What	  processes	  control	  exis<ng	  model	  predic<ons	  
of	  soil	  carbon	  change	  during	  the	  21st	  century?	  



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 
CanESM2 

Beijing Normal University, CHINA 
Canadian Centre for Climate Modelling 
and Analysis, CANADA 
Community Earth System Model 
Contributors, NSF-DOE-NCAR, USA 
LASG, Institute of Atmospheric Physics, 
CAS, CHINA 
NOAA Geophysical Fluid Dynamics 
Laboratory, USA 
NOAA Geophysical Fluid Dynamics 
Laboratory, USA 
Met Office Hadley Centre, UNITED 
KINGDOM 
Institute for Numerical Mathematics, 
RUSSIA 

CESM1-BGC 

FGOALS-s2.0 

GFDL-ESM2g 

GFDL-ESM2m 

HadGEM2-ES 

INM-CM4 

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 
Max Planck Institute for Meteorology, 
GERMANY 
Meteorological Research Institute, JAPAN 
Norwegian Climate Centre, NORWAY 

MPI-ESM-LR 

MRI-ESM1 
NorESM1-ME 

CMIP5 Long-Term Experiments 

Emissions for Historical + RCP 8.5 Simulations 
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(a) 	  	  Most	  ESMs	  exhibit	  a	  
high	  bias	  in	  predicted	  
atmospheric	  CO2	  	  mole	  
frac<on,	  which	  ranges	  
from	  357–405	  ppm	  at	  the	  
end	  of	  the	  historical	  
period	  (1850–2005).	  

(b) 	  	  The	  mul<-‐model	  	  
mean	  is	  biased	  high	  from	  
1946	  throughout	  the	  20th	  	  
century,	  ending	  5.6	  ppm	  
above	  the	  observed	  value	  
of	  378.8	  ppm	  in	  2005.	  
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(a) 	  	  	  Ocean	  inventory	  
es<mates	  have	  a	  fairly	  
persistent	  ordering	  
during	  the	  second	  half	  
of	  the	  20th	  	  century.	  

(b) 	  	  	  ESMs	  have	  a	  wide	  
range	  of	  land	  carbon	  
accumula<on	  responses	  
to	  increasing	  CO2	  	  and	  
land	  use	  change,	  ranging	  
from	  a	  net	  source	  of	  84	  
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? 

•  Most ESMs exhibit a high bias in predicted atmospheric CO2 mole 
fraction, ranging from 357–405 ppm in 2005 

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

•  Once normalized by atmospheric carbon accumulation, most 
ESMs exhibit a low bias in ocean accumulation in 2010 

•   ESMs predict a wide range of land carbon accumulation in 
response to increasing CO2 , land use change and other forcing 
agents, ranging from  − 84  to 107 Pg C in 2010 
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Question 2 
Can we use 
contemporary 
atmospheric CO2 
observations to 
constrain future 
CO2  projections? 

ESM RCP 8.5 Atmospheric CO2 Mole Fraction 
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Cox	  et	  al.	  2013	  
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Best	  es&mate	  tuned	  using	  Mauna	  Loa	  CO2	  data:	  
	  At	  2060:	  	  600	  ±14	  ppm,	  21	  ppm	  below	  the	  mul&-‐model	  mean	  
	  At	  2100:	  	  947	  ±	  35	  ppm,	  32	  ppm	  below	  the	  mul&-‐model	  mean	  
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Future	  constraints	  conclusions	  
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Conclusions	  for	  the	  representa<on	  of	  
carbon	  cycle	  processes	  in	  CMIP5	  ESMs	  
•  Carbon-‐concentra<on	  feedbacks	  more	  important	  than	  
climate-‐carbon	  feedbacks	  in	  contribu<ng	  to	  ESM	  
variability	  in	  atm.	  CO2	  predic<ons	  to	  2100	  

•  Emerging	  constraints	  can	  constrain	  the	  temperature	  
sensi<vity	  of	  carbon	  losses	  from	  the	  terrestrial	  
biosphere	  and	  the	  combined	  representa<on	  of	  ocean	  
and	  land	  C	  cycle	  processes	  

•  Highly	  linear	  rela<onship	  between	  GPP	  increases,	  NPP	  
increases,	  soil	  temperature	  changes,	  and	  soil	  carbon	  
responses	  in	  the	  model	  



Future	  short-‐term	  direc<ons	  	  
(for	  CMIP6)	  

•  Reduce	  biases	  in	  the	  representa<on	  of	  20th	  century	  
atmospheric	  CO2	  <me	  series	  through	  improved	  
representa<on	  of	  stocks	  and	  surface	  fluxes	  

•  Improve	  the	  representa<on	  of:	  
–  Vegeta<on	  dynamics	  
–  Permafrost	  carbon	  
–  Anoxia	  controls	  on	  soil	  carbon	  and	  NPP	  
–  Disturbance	  processes	  
–  Damping	  of	  NPP	  increases	  for	  soil	  carbon	  storage:	  

•  Enhanced	  vegeta<on	  mortality	  
•  Soil	  carbon	  priming	  and	  stabiliza<on	  
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Early	  onset	  of	  
photosynthesis	  

More	  rapid	  use	  of	  
winter	  precipita<on	  

Reduced	  mid-‐
summer	  soil	  moisture	  

Increases	  in	  early	  
season	  LE	  	   Increases	  in	  sensible	  

heat	  

Decreases	  in	  latent	  
heat	  

Increases	  in	  surface	  
air	  temperatures	  

Decreases	  in	  
precipita<on	  

recycling	  and	  clouds	  

How	  much	  of	  mid-‐summer	  
climate	  variability	  can	  be	  

explained	  by	  spring	  onset	  of	  
photosynthesis?	  



Atmospheric	  CO2	  is	  drawn	  down	  too	  early	  in	  spring	  in	  most	  
CMIP5	  Earth	  system	  models	  

	  •  GEOS-‐Chem	  with	  CMIP5	  net	  biosphere	  produc<on	  (NBP)	  and	  prescribed	  ocean	  
and	  fossil	  fuel	  fluxes,	  sampled	  at	  NOAA	  GMD	  sta<ons	  and	  compared	  with	  
observa<ons	  (1995-‐2005)	  

1995-‐2005	  



Diagnos<cs	  of	  the	  phase	  of	  the	  annual	  cycle	  	  
of	  atm.	  CO2	  	  

Keppel-‐Aleks	  et	  al.	  	  (J.	  of	  Climate,	  2013)	  

NOAA	  GMD	  Observa<ons	  
	  
CESM	  



What	  are	  the	  causes	  of	  the	  early	  season	  uptake	  bias?	  	  
Eddy	  covariance	  observa<ons	  from	  FLUXNET	  provide	  constraints	  



GPP	  appears	  to	  be	  the	  primary	  culprit	  for	  the	  early	  NEE	  
uptake	  and	  CO2	  drawdown	  

	  
•  Fluxnet	  sites	  in	  North	  America	  between	  35N	  and	  45N	  

Model	  grid	  cells	  
extracted	  and	  
sampled	  at	  all	  
measurement	  
sites	  during	  the	  
<mes	  obs.	  were	  
available	  



Early	  onset	  of	  photosynthesis	  may	  have	  consequences	  for	  the	  
seasonal	  dynamics	  of	  surface	  energy	  exchange	  

	  
•  Fluxnet	  sites	  in	  North	  America	  between	  35N	  and	  45N	  



	  
	  

•  Fluxnet	  sites	  in	  North	  America	  between	  45N	  and	  60N	  

Strength	  of	  the	  early	  season	  uptake	  bias	  varies	  by	  region	  



Modify	  CLM4.5	  to	  simulate	  delayed	  recovery	  from	  
cold-‐hardening	  and	  false-‐spring	  avoidance	  

Clm	  tag:	  clm4_0_60	  
Vcmax	  modified	  during	  January	  to	  June	  by	  applying	  the	  above	  	  scalar	  using	  10	  day	  mean	  2m	  
air	  temperature	  
	  	  	  	  	  	  



CLM45 Simulations vs. FluxNet 
40-‐60N	  



30-‐40N	  

40-‐60N	  60-‐90N	  



Next	  Steps	  and	  Conclusions	  
•  Evaluate	  CLM4.5	  GPP	  onset	  experiments	  in	  CAM5	  with	  a	  slab	  ocean	  to	  look	  at	  mid-‐

summer	  climate	  responses	  
•  -‐	  examine	  canopy	  evapora<ve	  frac<on	  
•  -‐	  soil	  temperatures	  and	  controls	  on	  spring	  ET	  
	  
•  Early	  season	  onset	  bias	  will	  have	  important	  consequences	  for	  the	  representa<on	  of	  

mid-‐summer	  drought	  stress	  in	  evergreen	  conifer	  ecosystems	  (Monson	  et	  al.	  2005)	  
and	  for	  fire	  behavior	  (Westerling	  et	  al.	  2006)	  in	  ESMs	  

•  The	  <ming	  of	  photosynthesis	  ini<a<on	  in	  spring	  may	  influence	  regional	  climate	  in	  
mid-‐summer,	  with	  early	  onset	  of	  GPP	  causing	  higher	  air	  temperatures	  and	  reduced	  
precipita<on	  recycling	  

•  Cold	  hardening	  and	  temperature	  acclima<on	  algorithms	  need	  to	  be	  integrated	  with	  
exis<ng	  photosynthesis	  and	  stomatal	  conductance	  models	  

–  Unpackaging	  membrane	  and	  protein	  systems	  increases	  vulnerability	  to	  late	  spring	  frost	  events	  
–  Need	  to	  combine	  with	  improvements	  in	  phenology	  	  (Richardson	  et	  al.,	  2012)	  

•  Next	  steps:	  we	  need	  to	  improve	  our	  understanding	  of	  how	  the	  exis<ng	  
photosynthesis	  <ming	  biases	  influence	  the	  representa<on	  of	  climate-‐induced	  
drought	  stress	  during	  the	  21st	  century	  


