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Climate sensitivity/feedbacks 101



Some definitions

Climate sensitivity is the surface temperature change in response to
a unit change in radiative forcing [K/(W/m2)].

A feedback mechanism is a process that changes the sensitivity of
the climate.

Positive feedbacks increase the magnitude of the response and
negative feedbacks reduce it.

Climate feedback strength can be quantified by a climate feedback
parameter λ [W/m2/K].



Two methods to compute climate feedback parameters λ

Wetherald & Manabe (1988):

• Substitute one variable at a time from the perturbed climate
state into the control climate and compute the change in
radiative flux.

• Also called the partial radiative perturbation (PRP) method.
• Computationally expensive and implementation details lead to
spurious differences.

Cess et al. (1990, 1996):

• Use prescribed sea surface temperature (SST) perturbations to
induce a change in the TOA radiative fluxes.

• Only isolates cloud feedback. Doesn’t even do it accurately.



Some notation

G → direct radiative forcing
Ts → surface temperature

R(µ) = Q(µ)− F(µ)
R = R(w,T, c, a) → net TOA flux

Q(µ) → absorbed shortwave radiation
F(µ) → outgoing longwave radiation (OLR)

µ → index (position, time of day, day of year)
w → column distribution of water vapor
T → temperature
c → cloud properties
a → surface albedo

A,B → climate states (B is a perturbation of A)
R(µ) → time average



Some notation

The PRP method would investigate the effects of water vapor

δwR = R(wB,TA, cA, aA, µ)− R(wA,TA, cA, aA, µ) (1)

The total perturbation can be written as

δR = δwR + δTR + δcR + δaR = −G (2)

Climate feedback parameters for each variable X can be written as

λX = −δXR
δX

δX
δTs

, X = {w,T, c, a} (3)

such that δTs = −G/λ where λ = λw + λT + λc + λa.



Conceptual model of cross-field
correlations



Conceptual model of cross-field correlations

Let us use a thought experiment to show the problem with the PRP
method, that it assumes all fields are temporally uncorrelated.

We can construct a simple model where water vapor and clouds are
correlated.

Assume that when high clouds are present F = 0. When high clouds
are absent F = α+ βw where α, β ∈ R and β < 0. Letting

f → high clouds are present a fraction f of the time
w1 → water vapor in cloud-free regions
w2 → water vapor underneath high clouds

then the average incoming flux is

R = −(1 − f)(α+ βw1) (4)



Conceptual model of cross-field correlations

Now consider a change in climate in which f, w1, and w2 change by
small amounts. Then

δR = δcR + δwR (5)

where

δcR = R(f + δf,w1,w2)− R(f,w1,w2) = (α+ βw1)δf (6)

and

δwR = R(f,w1 + δw1,w2)− R(f,w1,w2) = −(1 − f)βδw1 (7)



Conceptual model of cross-field correlations

But if we use the PRP method then

R(wB, cA) = −(1 − fA){α+ β [fBw2B + (1 − fB)w1B]} (8)

and so

δwR = R(f,w1B,w2B)− R(f,w1A,w2A)

= −β(1 − fA) [(w1B − w1A) + fB(w2B − w1B)]

= −β(1 − f)δw1︸ ︷︷ ︸
expected result

−β(1 − f)f(w2 − w1)︸ ︷︷ ︸
unwanted O(1) term!

(9)

if we assume A = B when multiplying by a perturbation quantity.



Conceptual model of cross-field correlations

Two ways to correct this problem!

Computing the effects of decorrelating w and c by using another
realization of the base climate A′

R(wB, cA)− R(wA, c′A) (10)

or use a two-sided PRP
1
2

[
R(wB, cA)− R(wA, cA) + R(wB, cB)− R(wA, cB)

]
(11)

both of which replace the unwanted O(1) term with an O(ϵ) term.



Radiative kernel method



Radiative kernel method

Instead of replacing variables like XA with XB as in the PRP method,
instead replace XA with XA + δX.

We will show that this separates the feedback into two factors!

Radiative kernel KX → depends on the radiative algorithm and
base climate.
Climate response pattern δX → change in the mean climatology
of the feedback variable between the two climate states.

Then
λX = KXδX (12)

so that intermodel differences are only due to different climate
responses δX.



Applying radiative kernels to the conceptual model

We will replace wA with wA + δw. The mean water vapor is

w = (1 − f)w1 + fw2 (13)

so the change in water vapor with a change in climate is

δw = wB − wA = δw1 + δ [f(w2 − w1)] (14)

so that

δwR = R(wA + δw, cA)−R(wA, cA) = −β(1−f)δw1−β(1−f)δ [f(w2 − w1)]

(15)
so the error is still O(ϵ) but you get the other benefits of radiative
kernels!



Where is the radiative kernel KX?

Since δw is small we can compute the response to water vapor
perturbations using a first-order Taylor expansion

R(wA + δw,TA, cA, aA)− R(wA,TA, cA, aA)

≈ ∂R
∂w (wA,TA, cA, aA)δw ≡ Kwδw (16)

To consider the effects of water vapor at all levels

R(wA + δw,TA, cA, aA)− R(wA,TA, cA, aA)

≈
∑

i

∂R
∂wi

(wA,TA, cA, aA)δwi ≡
∑

i
Kw

i δwi (17)



Results



Zonal-mean, annual-mean temperature kernel KT



Zonal-mean, annual-mean water vapor kernel Kw (longwave)



Zonal-mean, annual-mean water vapor kernel Kw (shortwave)



Total-sky TOA flux response
∑

KT
i δTi and

∑
Kw

i δwi



Comparing the PRP and radiative kernel methods



Intermodel comparison of zonal-mean, annual-meanKT andKw



Intermodel comparison of zonal, annual-mean KT and Kw



Intermodel comparison of global-mean vertically integrated KT

and Kw



Global-mean feedback parameters



Multimodel ensemble-mean maps of feedbacks



Multimodel ensemble-mean maps of feedbacks (clear-sky)



Multimodel ensemble-mean maps of correction to dCRF



Multimodel ensemble-meanmaps of cloud feedback parameter



Conclusion



Conclusion

Radiative kernels describe the differential response of the TOA
radiative fluxes to incremental changes in the feedback variables.

They allow us to decompose a climate feedback into two factors:

Radiative kernel KX → intrinsic to the radiative physics.
Climate response pattern δX → arises from a particular pattern
of climate response.



Conclusion

Main benefits

• Separation of radiative and climate response components of the
feedback allows for better understanding of feedback physics.

• Avoids the extra computation and biases of the PRP method.
• Kernel can be reused for comparing feedbacks across models or
between different climate change scenarios.

Key limitations

• Kernels for cloud feedbacks cannot be computed directly.
• The feedback processes are assumed to be linear. Cloud
feedbacks can be pretty nonlinear.



Would you recommend radiative kernels to a
friend?
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