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The Big Picture

Climate sensitivity — the equilibrium warming from a doubling of CO, —is
likely in the range of 2 - 4.5 K (IPCC AR4)

This range has remained essentially unchanged since the Charney
report of 1979

Why?
e Models have a wide range of radiative feedbacks — temperature-dependent
processes that amplify or dampen the radiative forcing at the TOA

M. Zelinka, LLNL Climate SFA Review



Large inter-model spread persists in CMIPS
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CMIP5 range of equilibrium climate sensitivity: 2.1-4.7 K
Biggest contributor to this range: cloud feedbacks
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Focus Areas of this Talk

1. Diagnosing and partitioning cloud feedbacks in climate models
 Introduce new technique to compute the feedback: cloud radiative kernels
* Partition the cloud feedback by individual cloud types & by nature of cloud changes

2. Separating cloud feedbacks from rapid adjustments in CMIP5 models
e Use Gregory framework

3. Evaluate model simulations of clouds — progress from CMIP3 to CMIP5
 Use kernels to quantify radiatively-relevant cloud biases

4. Applications of the kernels to other problems

M. Zelinka, LLNL Climate SFA Review



CMIP3 and CMIP5 Data

= CMIP3: Control and 2xCO2 runs from 11 GCMs coupled to slab oceans
= CMIPS: piControl, abrupt4xCO2, & sstClim4xCO2, runs from 6 AOGCMs

= |SCCP simulator (Klein & Jakob 1999) run inline during integration

 Produce distribution of cloud fraction (as function of CTP and t) that is consistent
with how a satellite-borne passive sensor would “view” the model atmosphere

e Simulated cloud fractions are defined consistently across models
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Methodology: Cloud Radiative Kernels

= Using Fu-Liou radiative transfer model, we compute cloud radiative kernels
—> sensitivity of TOA radiation to cloud fraction changes in each CTP-t bin:
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Global Annual Mean Cloud Kernels
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Methodology: Cloud Radiative Kernels

= Using Fu-Liou radiative transfer model, we compute cloud radiative kernels
—> sensitivity of TOA radiation to cloud fraction changes in each CTP-t bin:
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= (Cloud-induced radiative flux anomalies:

_AR,
AT,

A = 2xCO, minus 1xCO,
equilibrium climates

- o = cloud feedback
FOCUS AREA 1

Cc

AR, = F. +a AT

Plot AR against ATg
- intercept (F;) = adjustment
- slope (o) = feedback
FOCUS AREA 2

A = model minus observed
- AR = radiative impacts of
cloud biases
FOCUS AREA 3
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Focus Areas

1. Diagnosing and partitioning cloud feedbacks in climate models
 Introduce new technique to compute the feedback
* Partition cloud feedback into individual cloud types and the nature of cloud changes
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Global mean cloud feedbacks,
segregated by cloud top altitude
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Net Cloud Feedback
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Focus Areas

1. Diagnosing and partitioning cloud feedbacks in climate models
 Introduce new technique to compute the feedback
e Partition cloud feedback into individual cloud types and the nature of cloud changes
2. Separating cloud feedbacks from rapid adjustments in CMIP5 models
e Use Gregory framework
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Plot AR against ATg
- intercept (F¢) = adjustment
-> slope (o) = feedback
FOCUS AREA 2
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Cloud-Induced Net Radiation Anomalies

(Positive = heating)

AR. =F +oa AT

- intercept (F;) = adjustment
- slope (o) = feedback

-Robust positive cloud adjustments
-Positive cloud feedbacks in 5 out of 6 models
-Some early departures from linearity

These feedback estimates will be included in AR5

Zelinka, Klein, Taylor, Andrews, Webb,
Gregory, & Forster, subm., J. Climate
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Comparing CIOUd RESponses Zelinka, Klein, Taylor, Andrews, Webb,

Gregory, & Forster, subm., J. Climate

Rapid Adjustment

Upon CO, quadrupling, clouds
AC,., A 1 become fewer, higher, & thinner
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Comparing Cloud Responses

Zelinka, Klein, Taylor, Andrews, Webb,
Gregory, & Forster, subm., J. Climate

As the planet warms, cloud fraction
continues to decrease > SW cloud
amount feedback is robustly positive

Cloud top altitude increases rather
uniformly - LW cloud altitude
feedback is robustly positive

Optical depth of cold clouds
increases dramatically 2
SW cloud optical depth feedback is
robustly negative & is the only
negative contributor to net cloud
feedback in ensemble mean
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Focus Areas

1. Diagnosing and partitioning cloud feedbacks in climate models
 Introduce new technique to compute the feedback
e Partition cloud feedback into individual cloud types and the nature of cloud changes
2. Separating cloud feedbacks from rapid adjustments in CMIP5 models
e Use Gregory framework

3. Evaluate model simulations of clouds - progress from CMIP3 to CMIP5
o Use kernels to quantify radiatively-relevant cloud biases
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A = model minus observed
- AR = radiative impacts of
cloud biases
FOCUS AREA 3
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Quantifying the Radiative Impact of Cloud Biases in Models

UK Met Office Model
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Metrics of model performance

Cloud Properties SW-Relevant Cloud Properties
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Individual modeling centers show big
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Focus Areas of this Talk

1. Diagnosing and partitioning cloud feedbacks in climate models
e Introduce new technique to compute the feedback: cloud radiative kernels
e Partition the cloud feedback by individual cloud types & by nature of cloud changes

2. Separating cloud feedbacks from rapid adjustments in CMIP5 models
e Use Gregory framework

3. Evaluate model simulations of clouds — progress from CMIP3 to CMIP5
e Use kernels to quantify radiatively-relevant cloud biases

4. Applications of the kernels to other problems

M. Zelinka, LLNL Climate SFA Review
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Kernel-Facilitated Research
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Summary of Results

= Key Accomplishments

» Performed the most detailed / rigorous diagnosis of how different cloud types contribute to
cloud feedbacks, adjustments, and radiative biases to date

* Produced a useful, efficient, and informative tool: cloud radiative kernels
= Key Findings
 Upon abrupt CO, quadrupling, clouds become fewer, higher, and thinner = each
contributes roughly equally to the net positive adjustment

* Asthe planet warms, the rise in high cloud altitude quantitatively produces the most
positive cloud feedback — but still exhibits significant spread worthwhile of future exploration

e High cloud changes induce wider range of LW and SW cloud feedbacks across models than
do low cloud changes

 The only significant negative cloud feedbacks robustly produced by models are due to the
increases in cloud brightening at high latitudes

* Models show big reduction in compensating errors (“too few but too bright”) between
CMIP3 and CMIP5

= Armed with these tools, we now set out to understand sources of inter-model spread in
cloud feedbacks and to narrow their range using physical constraints

23



Thank youl!

Net Cloud Radiative Kernel
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Feedback Magnitudes: CMIP3 Models
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New Technique: Cloud Radiative Kernels

= A clean and simple method of calculating cloud-induced TOA radiation
anomalies that is highly informative

= (Clean:
e compute radiative anomalies directly from cloud changes (not inferred)
e standard radiation code & definition of “cloud” across models
= Simple:
* no need to correct for non-cloud effects
e can use monthly mean model output
= |nformative:

* can quantify the contributions from...
...changing amounts of individual cloud types (high, middle, low)
...individual processes (Aaltitude, Aoptical depth, Atotal amount)

M. Zelinka, LLNL Climate SFA Review
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Clouds go away

Clouds rise

Cold clouds get
thicker

A Total Cloud Fraction: -0.44 % K-

Zelinka, Klein, & Hartmann (2012b) J. Climate

Next we will quantify
the contributions

to cloud feedback
from changes in cloud
amount, altitude,

& optical depth...
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Global mean cloud feedbacks,
segregated by the nature of the cloud change
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A new method for diagnosing radiative forcing and climate sensitivity
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Tropospheric Adjustment Induces a Cloud Component in CO, Forcing
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LW: AR, =F + o AT,

Black: Cloud-induced LW radiation anomalies (AR()

Gray: LW cloud radiative effect (CRE) anomalies
(CRE = clear- minus all-sky upwelling TOA flux)

Red crosses: climatological SSTs but with 4xCO, imposed

Positive = heating

These feedback estimates will be included in AR5

Zelinka, Klein, Taylor, Andrews, Webb,
Gregory, & Forster, subm., J. Climate
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Cloud-Induced SW Flux Anomalies
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Rapid Cloud Adjustments

Thin Medium Thick

High

Global Mean = 0.08 % Global Mean = 0.03 %

Global Mean =-0.03 %

Middle

Global Mean =-0.20 %

Low

Global Mean = 0.08 % Global Mean = -0.01 % Global Mean = -0.08 %
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Middle

Global Mean =-0.15 % K

T .-Mediated Cloud Anomalies

Medium

Global Mean =-0.08 % K

M. Zelinka, LLNL Climate SFA Review

Global Mean = 0.06 % K™

37




CAM5

©o
So

CCSM3.0

0.05

-0.05

1% [y To) r Noo ~o
.o .o .o .o
]o ] ]o ]
Gl HE GiEE e
T
< 0 N
(&Y}
= s o o
L < o M) =
[ (G o |18
a —
o o = (8]
©
32 &8 S =5
nwo. n_vo. n_uo. n_vo.
G B G AT
—
(2]
o o
) ™ -
2 3 & 2
o S g =
(0] © Q L
b1 T (@) o
o
OO0 0O00O0 00000000 00000000 00000000 0000000 O
0 < © 0 O O N W+~ < © 0 O O N 0~ < © 0 O O N WO~ < © 0 O O N 0O < © 0 O O
- M < 0 O© o O - M <t 10 © 0 O - M < 10 © 0 O - M < 10 © 0 O - M T 10 © O O
(edy) 410 (edu) 410 (edy) 410 (edu) 410 (edu) 410

380

380 0.3

38

9.4 23 60

3.6

1.3

9.4 23 60

3.6

1.3



SR T n,_:,__m q
gE EE g cE
== == z= ==
_e 0N © R nQ
N | Yo N Y
b AT N ol
)
Y] Lo N
L
= = 8 o
< - - =
3) (O] — LL
o = (&)
©
==
o N G en o o o
Pl Il ol R
=)= EE = Ie'e
== == == £
oW Neo < o
N Al N ok
o)
(/2]
o o
) (3] -
o s 8 o
= n L= =
7] S =
O © o LL
O T (@) (8]
o
=
OCO0OO0O0OO0000 0OCO0O0O0OO0O0OO0O0 0O0OO0OO0OO0OO0OO0O0 0O0OO0OO0O0O0 O O
0 0 ~ < © 0 O O O O~ < © 0 O O D O ~ < © 0 O O I 0O~ < © 0 O O
- N T 0 © o O - M < O © 0 O - N T O © O O - N < IO © o O
(edy) 41D (edu) 412 (edy) 412 (edu) 41D

380

380 0.3

39

9.4 23 60

3.6

1.3

9.4 23 60

3.6

1.3



CAMS5

CCSM3.0

Y oS a

eE eE £E
2= 2= == ==
oN aQe o N ol
o< nm a Y nm
Ald Al AL N

4 L

[ [p]

= Q o

i . =

S o I

>4 = (&)

I L

40

9.4 23 60 380

3.6

1.3

Mot ri_t Mt
gE eE cE
- N om0 N
N oo 0 © <0 alw
s WAL N WAL
—_
)
o
™
= 3 o
7)) i~ w
o ) T
T o O
o«
=

380 0.3

9.4 23 60

3.6

1.3

O O O O O O O O o O O o O O O O O O O O O O O o O O O O O

0 0 - © 0 O O 0 O - I © 0 O O 0 0 < © 0 O O 0 0 — < © ©

- M < 0 O© 0 O - M T 10 © 0 O - M T 0 © 0 O - MO < 0 ©
~— ~— ~—

(edu) 1D (edy) 41D (edy) 41D (edu) 1D




