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Complexity,  realism  and  cost

• Now  consider  “physical”   /  AO  GCMs  vs  
biogeochemistry   /  ESMs

• Which  is  cheaper?
– AO-­GCM

• Which  evaluates  better?
– AO-­GCM

• Which  should  you  use for  21st century  projection?
– ESM

• Why?
• Because  processes  and  feedbacks  operate  which  are  leading  
order  drivers  of  long-­term  transient  and  equilibrium  changes



So  the  complexity  is  required…

• At  least,  that’s  what  we  believe  and  have  been  arguing  
for  20  years…

• Can  we  demonstrate  it?
– A)  in  principle  – are  there  processes  required  to  answer  the  
questions  we  want?

– B)  in  reality  – are  the  models  good  enough  to  justify  doing  it?

• I’ll  try  to  show  that  the  answer  to  (A)  is  clearly  “YES”
• Challenge  to  ESM  community  to  demonstrate  (B)  is  “YES”  too  -­ that  
detriments  in  terms  of  cost,  complexity  and  performance  are  worth  it
– Important  framing  to  keep  in  mind  to  ensure  we  don’t  lose  track
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Complexity,  realism  and  cost

• Four  key  BGC  areas

• Carbon  cycle  (land  /  ocean)
– Strong,  uncertain,  regionally-­specific  feedbacks/processes
– Determine  future  carbon  budgets  to  hit  climate  targets

• Land-­use  /  biophysical   effects
– Contributes  to  carbon  emissions
– Biophysical  effects.  Direct  link  to  human  activity,  mitigation  policy

• Aerosols
– Global  radiative  forcing  and  uncertainty
– Strong  regional  effects  on  weather

• Atmospheric  chemistry
– CH4,  Ozone  lifetime,  stratospheric  ozone  recovery  and  radiative  forcing
– AQ  and  impacts  on  ecosystems/crops



Background
• Model  development  has  moved  towards  greater  
complexity
• Carbon-­cycle,  chemistry,  more  interactive  
aerosols  now  common  place  in  CMIP5-­class  
models

• Evaluation  not  necessarily  kept  apace

Ocean Atmos

Ice Land

Ecosystems

Chemistry

Aerosol

AOIL  well  
evaluated

ESM
less  well  
evaluated



• Need  to  show  demonstrable  progress  in  ES  
components

• CMIP1-­2-­3-­5  progress  for  climate  models

• What  will  CMIP6  look  like?
• Emergent  behaviour/response/sensitivity   might  not  
converge

• E.g.  climate  sensitivity
• But  basic  properties  must  get  better

©  Crown  copyright      Met  
Office

CMIP6  vision

CMIP3  skill
CMIP5  skill

Temperature        Radiation                  Rainfall              Clouds

Reichler  and  Kim,  2008



Examples:

•Carbon  cycle
• Land
• Evaluating  existing  processes
• Missing  processes

• Ocean
• Global  vs.  regional



Global  soil  and  biomass  carbon  stores

Anav  et  al,  2013



N.  Hemi  model  
spread:  factor  4 tropics  model  

spread:  factor  2

Model  spread  in  biomass

Anav  et  al,  2013

Global  soil  and  biomass  carbon  stores



Model  spread  in  soil  carbon

Anav  et  al,  2013

N.  Hemi  model  
spread:  factor  10

tropics  model  
spread:  factor  5

Global  soil  and  biomass  carbon  stores



Traceability for differences among biomes 

Based on spin-up results from CABLE with 1990 forcings.

http://ecolab.ou.edu
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Xia et al. 2013 GCB Slide  courtesy  Yiqi  Luo

• How  can  models  be  factor  2-­10  out  in  carbon  
stores  when  within  20%  on  gross  fluxes?

•Residence  time  been  forgotten  about



ILAMB:  CMIP5  ESM  assessment
http://redwood.ess.uci.edu/mingquan/www/ILAMB/index.html



ILAMB:  CMIP5  ESM  assessment
http://redwood.ess.uci.edu/mingquan/www/ILAMB/index.html

So  HadGEM2  has  about  best  ET  and  precip  
individually,  but  worst  relationship  between  
them...



ILAMB:  CMIP5  ESM  assessment
http://redwood.ess.uci.edu/mingquan/www/ILAMB/index.html
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Key  missing  processes

• Most  CMIP5  models  do  not  include  the  fact  that  carbon  storage  in  vegetation  
requires  sufficient  nutrients  to  enable  plant  growth.

• Limitation  of  nutrients,  mainly  reactive  nitrogen,  would  therefore  reduce  carbon  
storage  on  land  and  leave  more  in  the  atmosphere  as  CO2

• This  is  apparent  in  CMIP5  
models:  consistent  overestimate  
of  carbon  sequestration  for  all  
RCP  scenarios

Zaehle  et  al.,  2015,  J.  Clim.



Permafrost  case  study
• No  CMIP5  models  represent  carbon  loss  from  permafrost  
thawing

• Can't  even  represent  soil  physics  properly  yet!
•But  we’re  starting  to  understand  it…

Courtesy  Charlie  Koven,  Berkeley

Huge  difference  in  
PF  extent  across  
GCMs  for  similar  
surface  climate



Bottom-­up  process-­based  evaluation

• Snow  and  soil  physics  determine  seasonal  

cycle  magnitude  by  depth

• Observations  tell  us  about  specific  

processes  within  a  model

Courtesy  Charlie  Koven,  Berkeley



Newly  available  obs?

Increasing  number  and  
quality  of  biomass  datasets
ESA  mission  planned  

(2021?)
Sensitivity  datasets

Warming,  droughting,  CO2



• Ocean  Carbon
• Global  vs.  regional



Ocean  carbon  – have  models  really  
converged?

• Model  spread  in  future  projections  can  
come  from  differences  between  
models,  differences  between  scenarios,  
or  sensitivity  to  initial  conditions

• The  relative  importance  of  these  
aspects  differs  for  land  and  ocean  
carbon  uptake

Hewitt  et  al.,  
2016,  J.  Clim.

• Land  carbon  uptake  is  dominated  by  
model  uncertainty

• Ocean  carbon  uptake  (globally)  is  
dominated  by  differences  across  
scenarios



Ocean  carbon  – have  models  really  
converged?

• But  clearly  not  true  at  basin  scale
• Southern  ocean  and  N.  Atlantic  still  

dominated  by  model  differences

• Combination  of  present  day  uptake  as  
well  as  changes  into  future

Hewitt  et  al.,  
2016,  J.  Clim.



Ocean  carbon  – have  models  really  
converged?

• Southern  ocean  carbon  related  to  heat  uptake?
• Similarities  and  differences…
• Can  learn  about  one  from  the  other,  so  joint  use  of  
heat  and  carbon  obs
• Surface  exchange  and  at  depth

• Vertical  distribution  of  carbon  /  role  of  biology

• Circulation,  upwelling  of  DIC  /  nutrients



•Land-­use
• Biophysical  effects
• CO2  emissions



Land-­use

• Biophysics
• Often  offsets  carbon  emissions

Davies-­
Barnard  et  al.,  
2014,  ERL



Land-­use

Perugini  et  al.,  
2017,  ERL

• Biophysics
• Often  offsets  carbon  emissions

Just  beginning  to  
develop  observational  
estimates  of  
biophysical  effects



Land-­use
• Can  models  contribute  to  estimates  of  land-­use  emissions?

• Hindered  by  large  spread  (blue  lines)
• Surely  must  be  related  to  standing  biomass

• (which  we  saw  above  was  horrible)

IPCC  AR5  
WG1,  fig  6.10



Land-­use
• Can  models  contribute  to  estimates  of  land-­use  emissions?

• Hindered  by  large  spread  (blue  lines)
• Surely  must  be  related  to  standing  biomass

• (which  we  saw  above  was  horrible)

TRENDY  Amazon  forest  
land-­use  emissions  
depend  on  initial  
simulated  biomass



•Aerosols
• Global  forcing
• Regional  impacts



Aerosols

• Global  radiative  forcing
• Remains  one  of  
biggest  
uncertainties

• Reason  we  can’t  
determine  
climate  
sensitivity  from  
20th-­century  T  
record



Aerosols

• Global  radiative  forcing
• Remains  one  of  
biggest  
uncertainties

• Reason  we  can’t  
determine  
climate  
sensitivity  from  
20th-­century  T  
record

• Aerosol-­cloud  interaction  
processes  at  microphysics  scale

• Role  of  natural  aerosols  /  pristine  
environments

Carslaw  et  al.,  
2013,  Nature



Malavelle  et  al.,  
2017,  Nature

Aerosols

• Using  volcanic  eruption  as  test  
case  of  (tropospheric)  aerosol  
emission

• Can  measure  response  of  clouds  
from  remote  sensing  and  
evaluate  ESM  response

• Two  Indirect  effects  –
• clouds  brighter  – due  to  smaller  water  

droplets.  This  is  observed  clearly  in  
the  observations

• clouds  longer  lived  – due  to  slower  
rain-­out  of  smaller  drops.  This  is  NOT  
observed



Testable  aerosol-­cloud  evaluation  metric

Malavelle  et  al.,  
2017,  Nature



•Chemistry  /  composition
• Global  forcing
• AQ  and  impacts



Tropospheric  O3 Forcing:  
Climatology  &  Budget

335±15	
  Tg
(Obs.)

22.4	
  days
Tropospheric  O3 lifetime  
not  well  constrained…

Model  studies
ACCENT:

344±39  Tg
HTAP: 328±41  
Tg
ACCMIP:

Key	
  variables:	
  emissions,	
  humidity	
  &	
  
dry	
  deposition

Some	
  fraction	
  of	
  scatter	
  explained



PD  Global  CH4 Lifetime

CH4 chemical  lifetime:
ACCENT:   9.6  yr      (τCH4  ~8.5  yr)
HTAP: 10.2  yr  (τCH4 ~8.8  yr)
ACCMIP:     9.7  yr      (τCH4 ~8.6  yr)
Obs: 11.2  yr    (τCH4 ~9.1  yr)

11.2±1.3  yr  (Obs)

LMajor	
  implications	
  for	
  O3 and	
  

CH4 trends,	
  CH4 interannual	
  

variability,	
  	
  radiative	
  forcing	
  

estimates,	
  etc.



Past  and  Future  Changes  
in  CH4 lifetime

Voulgarakis  et  al.,  2013

ACCMIP:  Atmospheric  Chemistry  and  
Climate  Model  intercomparison  

• Factor  of  two  differences  in  CH4 lifetime
• Differences  in  sign  of  modelled  changes



Impact  of  Climate  Change  
on  Composition  &  AQ



Summary  – BGC  systematic  errors  and/or  
evaluation  priorities

• Land  carbon

• carbon  stocks  and  residence  time

• sensitivity  to  drivers,  variability

• response  to  CO2

• physical  state  (of  soil)

• role  of  nutrient  limitations

• Ocean  carbon

• basin  scale  uptake

• joint  analysis  of  heat  and  carbon



Summary  – BGC  systematic  errors  and/or  
evaluation  priorities

• Land-­use:

• biophysical  forcing.  Latent  heat/albedo  trade-­off

• importance  of  simulated  biomass

• Aerosols:

• pre-­industrial  pristine  state

• aerosol-­cloud  interactions

• Chemistry:

• burden  and  lifetime  (changes)  of  ozone  and  CH4

• processes  and  feedbacks  that  determine  AQ



We  need  an  agreed  top-­level  set  of  
metrics  for  biogeochemistry

at  the  moment  we  don’t  even  
know  if  we’ve  made  progress  or  not

Will  allow  better  cost-­benefit  discussion  
around  justification  of  added  
complexity

Conclusions



How  to  prioritise?  Global  feedback  metrics

IPCC  AR5,  WG1,  
fig  6.20


