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Radiative Forcing (W/m2) 

Hansen&et&al.&PNAS&1998&&



Radiative forcing 

IPCC&AR4&2007&



Climate Feedbacks 

Warming%

Increase%EvaporaCon%from%ocean%
Increase%water%vapor%in%atm%
Enhance%greenhouse%effect%

Decrease%snow%cover;%
Decrease%reflecCvity%
of%surface%
Increase%absorpCon%
of%solar%energy%

Increase%cloud%cover;%
Decrease%absorpCon%
of%solar%energy%



For a given radiative forcing RF 
At the surface, IF no feedback RF→ΔT0

forcing

   ΔTeqm = ΔT0
forcing + ΔTk

fdbk

k
∑

ΔTeqm = fT ⋅ ΔT0
forcing         fT  is the feedback factor (unitless)

ΔTeqm = RF
fRF

        fRF  is the feedback parameter (Wm-2K -1)

ΔTeqm = cs ⋅RF         cs is the climate sensitivity (K / (Wm-2 ))

For 2xCO2      RF ~ 3Wm−2

ΔT0 = 1.2K
ΔTeqm ~ 3.2K      Eqm climate sensitivity

Vostok:%%Climate%sensiCvity%=%0.75K/(WmA2)%



Another way:  GAIN 

gk =
ΔTk

fdbk

ΔTeqm
ΔTeqm = ΔT0

forcing + gk
k
∑ ΔTeq

= 1
1− gk

k
∑ ΔT0

forcing

g&is&the&gain&&

Beware:&&GAIN&and&FEEDBACK&are&someGmes&interchanged(e.g.&papers&by&Gerard&Roe)&



Eqm Climate 
Sensitivity 

(2xCO2) 

IPCC&AR4&



Transient Response 

•  Fast feedbacks (10 yr) 
– Water vapor, clouds, aerosols, winds ! ocean 

temperature (diffusion) 
•  Longer term feedbacks (102 yr) 
– Glaciers, ocean circulation ! ocean 

temperature 
– Vegetation distribution ! water vapor, albedo 
– Carbon cycle:  vegetation, ocean biology, 

uptake 
•  Still longer term feedbacks (>103 yr) 
– Ocean sediments 
– Volcanic CO2 



Climate Feedback 

dT = ∂T
∂RF ctrl

dRF

+ ∂T
∂WaterVapor ctrl

dWaterVapor

+ ∂T
∂CldCover

dCldCover

+ ∂T
∂CldHt

dCldHt

+ ∂T
∂Albedo

dAlbedo

+...

Climate Forcing 

Climate 
Feedbacks 



Calculating Climate Feedback:  AR4 

dT = ∂T
∂RF ctrl

dRF

+ ∂T
∂WaterVapor ctrl

dWaterVapor

+ ∂T
∂CldCover

dCldCover

+ ∂T
∂CldHt

dCldHt

+ ∂T
∂Albedo

dAlbedo

+...

GFDL:&
•  Example:&q=WaterVapor&

•  Control&run;&2xCO2&run:&&get&dq,&
dCldCover&etc.&

•  PerturbaGon&control&run:&&
replace&ONLY&q&with&q+dq&!&
dT_q&

AR4:&&&

•  Define&kernel:&&dT_q/dq&from&

GFDL&

•  Get&dq&from&each&model&group&
•  Feedback&parameter&&

&&&&&&=&dT_q/dq(GFDL)&x&dq_Modelk&

•  &&



Climate 
Feedback

2xCO2 

A&lot&of&global&
climate&models&

Water%
vapor% All%WV+cld%dT/dz%Albedo%clouds%

IPCC&AR4&



Carbon-Climate Feedback: 
Will the warming accelerate the warming? 

Atmosphere%
CO2%=%280%ppmv%(560%PgC)%+%…%

Ocean%Circ.%
+%BGC%

Biophysics%
+%BGC%

37400%Pg%C% 2000%Pg%C%%

90±$ 60±$

Turnover%
Time%of%C%
102A103%yr%

Turnover%
Cme%of%C%
101%%yr%

������������

Technical%Goal:%%include%interacCve%carbon%dynamics%in%the%climate%model.%%Specify%Emission%
(t),%not%atm%CO2%(t)%



How would CO2 and climate co-vary?  

Atm CO2 would increase 
because: 

•  Warming may enhance 
decomposition 

•  Increased ocean 
stratification ! more 
carbon in mixed layer ! 
reduced air-to-sea flux 

•  …. 

Atm CO2 would decrease 
because: 

•  Higher CO2 may enhance 
photosynthesis 

•  Enhanced marine 

productivity and export  

Suppose%there%is%higher%CO2%and%warming…%

In model, three flavors of CO2:   
• CO2_tracer(x,y,z,t) 
• CO2_bgc=CO2_tracer(x,y,lowest layer,t) 
• CO2_rad=CO2_tracer(x,y,column,t) 

Models%expts:%
BGC%coupling,%%
RadiaCve%coupling&



Coupled Carbon 
Cycle Climate 

Model 
Intercomparsion 

Project 

Huge%difference%in%
Atm%CO2%>200%ppm%
by%2100!%
~100ppm%w/o%
rainforest%collapse%

Friedlingstein&et&al&2006&



Carbon Climate Feedback 

 

ΔT Rad+BGC =α im i ΔCO2
Rad+BGC

ΔCL
BGC = βL im i ΔCO2

BGC

ΔCO
BGC = βO im i ΔCO2

BGC

ΔCL
Rad+BGC = βL im i ΔCO2

Rad+BGC + γ L •ΔT
Rad+BGC

ΔCO
Rad+BGC = βO im i ΔCO2

Rad+BGC + γ O •ΔT
Rad+BGC

m = PgC / ppm
α = K / ppm
β = PgC / ppm
γ = PgC /K Friedlingstein&et&al.&J&Climate&2006&
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 ΔT
Rad+BGC =α im i ΔCO2

Rad+BGC  ΔCL ,O
BGC = βL ,O im i ΔCO2

BGC

 ΔCL ,O
Rad+BGC = βL ,O i ΔCO2

Rad+BGC + γ L ,O •ΔT
Rad+BGC

Carbon%Climate%Feedback:%
•  Land%>%ocean%
•  Uncertainty:%land%>%ocean%



Critical Parameters for Land Sink 

BGC run (no carbon climate fdbk): 

β _ fert = NPP600 − NPP300

NPP300

τ _dead = Msoil (300)
Resp300

= Msoil (300)
NPP300

∂Mveg

∂t
= NPP −

Mveg

τ veg

∂Msoil

∂t
=
Mveg

τ veg
− (1− γ )Msoil

τ soil
− γ
Msoil

τ soil
HetResp


90%

80%

70%

PgC/yr%

NPP%

RESP%

2100%1820%



Control Climate:  Land Uptake (300-500 
ppmv) as a function of  land parameters   

%NPP increase (300 to 500 ppmv)&
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“obs”%

•  A&lot&of&variety&in&&
Land&carbon&modules&

•  CO2&ferGlizaGon&most&
likely&too&strong&(no&

nutrient&limitaGon&in&
these&models)&&



No Climate Feedback:   
Land Sink(600ppm) – LandSink(300ppm) 

Years:%Time%for%CO2%
to%increase%from%300%
to%600ppm%is%
determined%by%the%
rate%of%ocean%uptake%

betaFert,&taudead&not&too&
predictors&of&&land&sink&&



Fdbk.landsink - correlates with uncoupled 
landsink.  Very good news. Whew!   



With Climate Feedback:  600-300ppm 

ΔC

Models&with&greater&
climate&sensiGvity&

appear&to&have&stronger&
carboneclimate&fdbk&for&

land&



Should not have a line.  But note that models 
with high climate sensitivity happen to be 

models with high betafert 



C4MIP vs CMIP5 

C4MIP&
•  Specify&Emission&
•  Calculate&dCO2/dt&
•  Analyze&cumulaGve&changes&from&1800&to&2100&
•  Alpha,&beta,&gamma&for&cumulaGve&fluxes&

C5MIP&
•  Specify&dCO2/dt&=&&1%/yr&
•  Diagnose&implied&Emission&
•  Analyze&yearetoeyear&changes&
•  ALPHA,&BETA,&GAMMA&for&annual&fluxes&&



C5MIP 
dCO2/dt=1%/yr 

•  No&collapse&of&
rainforest&

•  LandSink&~&Ocean&
Sink&

•  Coupling!&small&diff&

in&DT&(CO2&specified)&
&

In&140&years&
•  Coupling&!&Very&

large&difference&in&

CumLandSink&
&&



 CMIP5 



Transient Carbon Climate Feedback 

 

ΔT Rad+BGC (t) =α im i ΔCO2
specified (t)

ΔCL
BGC (t) = BL im i ΔCO2

specified (t)
ΔCO

BGC (t) = BO im i ΔCO2
specified (t)

ΔCL
Rad+BGC (t) = BL im i ΔCO2

specified (t)+GL •ΔT
Rad+BGC (t)

ΔCO
Rad+BGC (t) = BO im i ΔCO2

specified (t)+GO •ΔT
Rad+BGC (t)

m = PgC / ppm
α = K / ppm
B = PgC / ppm
G = PgC /K

Arora&et&al.&J&Climate&2013&



BETA:  PgC/(yr.ppm) 

SaturaGon&of&
feedback&with&

increasing&CO2&



GAMMA:  PgC/(yr.K) 



C5MIP 

•  BETA&_L&&&&&&&~0.05&&&&&&&&&PgC/(yr.ppm)&
•  BETA&_O&&&&&&~0.02&&&&&&&&&PgC/(yr.ppm)&
•  GAMMA_L&~&e2&&&&&&&&&&&&&PgC/(yr.K)&

•  GAMMA_O&~&e0.01&&&&&&PgG/(yr.K)&

•  DCO2&~&300&ppm&
•  DT&~&2K&

CarboneConcentraGon&feedback&~&&
&4.5&X&CarboneClimate&feedback&



CMIP5:  Carbon Budget (Rad+BGC) 

CumulaCve%Emission%required%
for%4xCO2%%

ParCConing%of%CumulaCve%
Emission%for%4xCO2%%

Very%large%difference%in%implied%emission:%
3267A2533=734%PgC%


