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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/m?)].

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 A [W/m?/K].



Two methods to compute climate feedback parameters A

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.



G — direct radiative forcing
T, — surface temperature
R(p) = Q(n) — Flp)
R = R(w, T, ¢, a) — net TOA flux

Q(p) — absorbed shortwave radiation

F(u) — outgoing longwave radiation (OLR)
1 — index (position, time of day, day of year)
w — column distribution of water vapor
T — temperature
¢ — cloud properties
a — surface albedo

A, B — climate states (B is a perturbation of A)

R(p) — time average



The PRP method would investigate the effects of water vapor

5wE:R(wBa TA,CA,G/A,,U/)_R('LUA,TA,CA,G,A,M) (1)

The total perturbation can be written as

5E:5w§+§T§+5cE+5aE:_G (2)

Climate feedback parameters for each variable X can be written as

xR 6X

AX=—5X 5T,

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

such that 675 = —G/A where A = Ay, + Ar+ A+ Aa



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'= a + Bw where o, € Rand 8 < 0. Letting

f— high clouds are present a fraction fof the time
wy — water vapor in cloud-free regions

wo — Water vapor underneath high clouds

then the average incoming flux is

R=—(1-Ha+Buw) (4)



Conceptual model of cross-field correlations

Now consider a change in climate in which f, w;, and ws change by

small amounts. Then
dR=06.R+6,R (5)

where

(5c§: R<f+ (Sf, wl,wg) — R(ﬁ ’1111,11)2) = (Oé+6w1)5f (6)

and

5wﬁ = R(f, wy + dwy, U)Q) = R(f, wy, ’U/Q) = —(1 —j)b’&wl (7)




Conceptual model of cross-field correlations

But if we use the PRP method then

R(wp, ca) = —(1 — fa){a+ B[fpw2p + (1 — fp)wiB]} (8)

and so

6wR = R(f, w1p, wap) — R(f, wia, w2a)
= —B(1 = fa) (w1 — w1a) + fB(w2p — w1B)]
= —B(1 = fHdwr — B(L = ff(ws — wr) (9)

expected result unwanted O(1) term!

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 ¢ by using another
realization of the base climate A’

R(wp, ca) — R(wa, ) (10)

or use a two-sided PRP

% R(wp, ca) — R(wa, ca) + R(wp, cB) —R(wA,cB)} (11)

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



Radiative kernel method




Radiative kernel method

Instead of replacing variables like X4 with Xz as in the PRP method,
instead replace X4 with X4 + 6X.

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 §X — change in the mean climatology
of the feedback variable between the two climate states.

Then
Ax = KX6X (12)

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



Applying radiative kernels to the conceptual model

We will replace wy with ws + dw. The mean water vapor is
w=(1-flw + fur (13)
so the change in water vapor with a change in climate is
W= W —Wa = 6wy + 6 [flwy — wy)] (14)

so that

dwR = R(wp + 0w, ca)—R(wa, ca) = —B(1—f)ow—B(1—=H3 [f(we — wy)]

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



Where is the radiative kernel K*?

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

R(wa + 0w, Ta, ca,aa) — R(wa, Ta, ca,aa)

~ g%(w,q, Ta,ca, CLA)(SEE KYow (16)

To consider the effects of water vapor at all levels

R(wa + 0w, Ta, ca,aa) — R(wa, Ta, ca,aa)

%leg (wa, Ta, ca,an)dw; = ZK“’(SUJL (17)



Results




Zonal-mean, annual-mean temperature kernel K”
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FiG. 1. The zonal-mean, annual-mean temperature kernel K7
under (top) total-sky and (middle) clear-sky conditions in units
of W m~2 K~'/100 hPa. (bottom) The surface component of the
kernel is shown separately for both total sky (solid) and clear sky
(dashed).




Zonal-mean, annual-mean water vapor kernel K* (longwave)

Fic. 2. The zonal-mean, annual-mean water vapor kernel
K* under (top) total-sky and (middle) clear-sky conditions in
units of W m~2 K~'/100 hPa. When multiplied by the vapor re-
sponse (1 unit of vapor is required to maintain constant relative
humidity for a 1-K temperature increase), a pressure average of
K yields the total effect of the column temperature perturbation
| on the TOA longwave flux.




Zonal-mean, annual-mean water vapor kernel K* (shortwave)

TaBLE 1. The global-mean vertically integrated values of the 9

temperature and water vapor kernels for total-sky and clear-sky

conditions. The kernels are integrated from surface to the tropo- ]

pause and the results are expressed in units of W m=2 K™',

Water vapor Water vapor
Temperature [longwave (LW)] [shortwave (SW)]
Total sky -3.25 1.13 027
Clear sky -3.56 1.62 0.16

Fic. 3. As in Fig. 2 but for the net downward shortwave
radiation at the TOA.



Total-sky TOA flux response >~ K6 T; and > K¥5w;
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" Fi1G. 4. The total-sky TOA flux response due to the (top) tem-

0.5 perature perturbations and (middle) water vapor displayed in

s Fig. 5. (bottom) The portion of the water vapor effect that is due
o3 to departures from constant relative humidity. Positive values in-
vy dicate an increase in net outgoing radiation (i.e., a cooling effect).

b The results are normalized by the change in global-mean surface

0.05

temperature and are expressed in units of W m~2 K~!/100 hPa.




Comparing the PRP and radiative kernel methods

TABLE 2. Comparison feedback calculations using the PRP
method and kernel method for the GFDL AM2 under a +2 K
SST perturbation. All values are in units of Wm > K.

Forward Reverse Average

Feedback Kernel PRP PRP PRP
Temperature —4.06 —-4.42 —3.64 -4.03
Water vapor 2.01 2.12 1.78 1.95
Surface albedo 0.15 0.17 0.13 0.15

Clouds 0.37 0.28 0.39 0.34




Intermodel comparison of zonal-mean, annual-mean K" and K"
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FiG. 5. The annual-mean, zonal-mean temperature K and water vapor K* kernels under total-sky conditions for the (top) GFDL,
(middle) CAWCR, and (bottom) NCAR models in units of W m~2 K~ /100 hPa.



Intermodel comparison of zonal, annual-mean K7 and K"
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FIG. 6. Zonal, annual mean of the vertically integrated temperature K7 (solid) and water
vapor K¢ (dashed) kernels under total-sky conditions for the GFDL (red), the CAWCR
(blue), and the NCAR (green) models in units of W m~2 K1,



Intermodel comparison of global-mean vertically integrated K7

and Kv

TaBLE 3. Global-mean vertical integrals from surface to the tropopause of the temperature and water vapor feedback kernels in units
of Wm 2K ™. For surface albedo, the units are W m 2 per 1% decrease in surface albedo. The corresponding integrals for the clear-sky

kernels are listed in parentheses.

Model Temperature Water vapor (LW) Water vapor (SW) Surface albedo
GFDL —3.25 (—3.56) 1.13 (1.62) 0.27 (0.16) 139 (2.11)
NCAR —3.13(-3.52) 1.19 (1.68) 023 (0.15) 1.35(2.13)
CAWCR (FS/LH) —3.17 (-3.58) 1.25 (1.76) 0.23 (0.17) 1.56 (2.22)

CAWCR (SES) -3.14 135 0.26 1.61




Global-mean feedback parameters

Radiative Fecdback (W/m /K)
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FiG. 7. The global-mean water vapor, lapse rate, water vapor + lapse rate, surface albedo,
and cloud feedbacks computed for 14 coupled ocean—atmosphere models (listed in Table 1 of
Soden and Held 2006) using the GFDL (red), NCAR (green), CAWCR (blue) kernels. The
global-mean change in cloud radiative forcing (CRF) per degree global warming (black dots)
and the adjusted change in CRF based on each of the three kernels are also shown. Only 12
of the 14 models archived the necessary data for computing cloud feedbacks, and only 11 of
the 14 archived the necessary data for computing the change in CRF.



Multimodel ensemble-mean maps of feedbacks
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Fic. 8. Multimodel ensemble-mean maps of the temperature, water vapor, albedo, and cloud feedback computed using climate
response patterns from the IPCC AR4 models and the GFDL radiative kernels.



Multimodel ensemble-mean maps of feedbacks (clear-sky)
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FiG. 9. As in Fig. 11 but for the clear-sky feedbacks.



Multimodel ensemble-mean maps of correction to dCxp
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Fic. 10. Multimodel ensemble-mean maps of the corrections to dCgp for (top left) temperature, (top right) water vapor, (lower left)
surface albedo, and (lower right) their sum computed using climate response patterns from the IPCC AR4 models and the GFDL
radiative kernels.



Multimodel ensemble-mean maps of cloud feedback parameter
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Fic. 11. Multimodel ensemble-mean maps of the cloud feed-
back estimated as (top) the residual of the kernel calculations,
(middle) the change in cloud forcing, and (bottom) the change in
cloud forcing after adjusting for the effects of cloud masking on
noncloud feedbacks and external radiative forcing. Only those
models for which both the cloud feedback and CRF were avail-
able are included in the ensemble mean. Both the cloud feedback
and cloud-masking adjustments to the change in cloud forcing are
estimated using the GFDL kernel.




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 §X — 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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