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ABSTRACT

The sensitivity of global climate with respect to forcing is generally described in terms of the
global climate feedback—the global radiative response per degree of global annual mean surface
temperature change. While the global climate feedback is often assumed to be constant, its
value—diagnosed from global climate models—shows substantial time-variation under transient
warming. Here we propose that a reformulation of the global climate feedback in terms of its
contributions from regional climate feedbacks provides a clear physical insight into this behavior.
Using (i) a state-of-the-art global climate model and (ii) a low-order energy balance model, we
show that the global climate feedback is fundamentally linked to the geographic pattern of regional
climate feedbacks and the geographic pattern of surface warming at any given time. Time-variation
of the global climate feedback arises naturally when the pattern of surface warming evolves,
actuating regional feedbacks of different strengths. This result has substantial implications for our
ability to constrain future climate changes from observations of past and present climate states.
The regional climate feedbacks formulation reveals fundamental biases in a widely-used method for
diagnosing climate feedbacks and radiative forcing—the regression of the global top-of-atmosphere
radiation flux on global surface temperature. Further, it suggests a clear mechanism for the
‘efficacies’ of both ocean heat uptake and radiative forcing.

1. Introduction

The response of Earth’s climate to changes in forcing
is often characterized in terms of the equilibrium climate
sensitivity (≡ T 2×), the global equilibrium surface warm-
ing under a doubling of atmospheric CO2. This definition
has facilitated direct comparison of different estimates of
climate change, be they instrumental, proxy, or model de-
rived (e.g., Hegerl et al. 2007; Allen et al. 2007; Edwards
et al. 2007; Knutti and Hegerl 2008, and references therein).
A closely related concept is the equilibrium global climate
feedback λeq, defined as the ratio of the global radiative
forcing from CO2 doubling (≡ R2×) to the resulting equi-
librium response of global mean surface temperature T 2×:

λeq = −R2×

T 2×
. (1)

Equivalently, λeq is the global radiative response per degree
global mean surface temperature change (units of Wm−2/K)

required to reach equilibrium with CO2 doubling. λeq is
thus a measure of the stability of global climate with re-
spect to forcing and a useful diagnostic for long-term cli-
mate change (Wigley and Raper 2001; Knutti et al. 2002;
Baker and Roe 2009).

On centennial and shorter timescales, the global climate
response to forcing is an inherently transient phenomenon
that depends on several factors in addition to λeq. The
uptake of heat by the deep ocean strongly influences tran-
sient warming by acting as a sink of energy at the surface
(e.g., Raper et al. 2002). Moreover, the stability of global
climate with respect to forcing may itself be a variable
quantity. We thus define the effective global climate feed-
back λeff to be the instantaneous global radiative response
per degree global mean surface temperature change, where
λeff may be different from λeq when global climate is out
of equilibrium with some forcing.

Climate change on a global scale is widely described
through a simple linearization of the global top-of-atmosphere
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(TOA) energy balance:

H(t) = λeff (t)T (t) +R(t), (2)

where the global mean energy imbalance H is given by the
net radiation flux at the TOA, equal to the sum of the
radiative forcing R (positive downward) and the global ra-
diative response λeffT (assumed to be proportional to the
global mean surface temperature anomaly T ). H may also
be regarded as the rate of global heat content change, which
on decadal and longer timescales is approximately equal to
the heat flux into the world ocean, the primary heat reser-
voir in the climate system (e.g., Levitus et al. 2001). Each
term in Eq. (2) represents a global-mean quantity (denoted
by an overbar) and is a function of time t.

λeff is generally framed in terms of its corresponding
effective climate sensitivity (Murphy 1995), defined by

T eff (t) = − R2×

λeff (t)
. (3)

T eff may be viewed as the climate sensitivity implied by
λeff . Equivalently, T eff represents the apparent climate
sensitivity as diagnosed by global energy balance (Eq. (2))
at any given time:

T eff (t) =
R2×

R(t)−H(t)
T (t). (4)

If λeff is constant, then T eff = −R2×/λeq = T 2× at all
times, and its value can be consistently determined from
observations at a variety of timescales. Critically, all ob-
servational estimates of T 2× rely to some extent on the
equivalency of T eff and T 2×.

However, multiple studies have, in fact, shown substan-
tial time-variation of λeff in a wide range of global climate
models (GCMs) and forcing scenarios (Murphy 1995; Se-
nior and Mitchell 2000; Watterson 2000; Raper et al. 2002;
Boer and Yu 2003a; Gregory et al. 2004; Kiehl et al. 2006;
Williams et al. 2008; Winton et al. 2010; Li et al. 2012; Bitz
et al. 2012). This implies that T eff may be a substantial
misdiagnosis of equilibrium climate sensitivity, and that
observations of climate change from different periods may
yield distinct estimates of T eff , even if a single T 2× mean-
ingfully exists in nature. Moreover, knowing how λeff will
evolve presents a major challenge to transient climate pre-
diction.

While the time-dependence of λeff has been widely
demonstrated, there is little agreement on the magnitude or
mechanism of its variation. Senior and Mitchell (2000) sug-
gest that time-dependent cloud feedbacks arise from inter-
hemispheric warming differences associated with the slow
response of the Southern Ocean. Williams et al. (2008)
instead argue that the time-dependence of T eff can be
largely accounted for by the use of an ‘effective forcing’

in Eq. (4). Recently, Winton et al. (2010) have proposed
an alternative interpretation of T eff in terms of a time-
dependent ‘efficacy of ocean heat uptake’, analogous to
the distinct efficacies of different radiative forcing agents
wherein each may drive a different global temperature re-
sponse (per unit global radiative forcing) depending on its
geographic forcing structure (e.g., Hansen et al. 1997, 2005;
Yoshimori and Broccoli 2008).

Here we propose that λeff and T eff are fundamen-
tally linked to the geographic pattern of regional climate
feedbacks and the geographic pattern of surface warming
at any given time. Time-variation of λeff emerges natu-
rally as the pattern of warming evolves and regional feed-
backs of different strengths are actuated. This principle
is demonstrated within (i) a state-of-the-art atmosphere–
ocean GCM and (ii) a low-order energy balance climate
model. We show that λeff , usually diagnosed via global
energy balance (Eq. (2)), can equivalently be calculated
from the instantaneous spatial pattern of surface warming
in combination with an estimate of the strength of regional
climate feedbacks. This approach suggests a clear physi-
cal interpretation of λeff and a mechanism for its time-
variation. These findings are discussed in the context of
previous studies, and regional feedbacks are proposed as a
mechanism for the efficacy of ocean heat uptake and ra-
diative forcing. Time-varying λeff , arising from regional
climate feedbacks, has important implications for the quan-
tification of radiative forcing, climate feedbacks, and cli-
mate sensitivity within both models and observations.

2. Time-varying climate sensitivity from global en-
ergy balance

Following previous studies (e.g., Winton et al. 2010)
we explore here the time-variation of λeff within an ideal-
ized instantaneous CO2 doubling scenario, in which climate
forcing is held constant (R = R2×) throughout the analy-
sis. We use the fully-coupled Community Climate System
Model version 4 (CCSM4) (Gent et al. 2011), and mea-
sure the perturbed climate state with respect to the long
1850’s ‘control’ simulation from which the simulation was
branched.

Figure 1a shows the evolution of the global annual mean
surface temperature in CCSM4, along with an estimate
of the temperature change T 2× that would occur if the
model was run to equilibrium; T 2× is simulated with a ‘slab
ocean model’ (SOM) version of CCSM4 that uses annually-
repeating ocean heat flux convergence taken from the fully-
coupled 1850’s control simulation (Bitz et al. 2012). The
blue line in Fig. 1b shows T eff diagnosed from the global
energy balance (Eq. (4)). T eff varies considerably over the
simulation, but it is generally less than T 2×; this behavior
is qualitatively similar to that in a wide range of fully-
coupled GCMs, though quantitive differences exist across
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slow warming over low-latitude oceans, and even slower warming over high-latitude oceans

(Fig. 7a). The resulting �eff , calculated by either global energy balance (Eq. (2)) or, equiv-

alently, by regional feedbacks (Eq. (7)):
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�land
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+ �low
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+ �high

Thigh(t)

T (t)

⇥
, (10)

corresponds to an evolution of T eff (Fig. 7b) that is qualitatively similar to that in CCSM4

(Fig. 1b). This behavior can be understood simply in terms of the weighting of each of the

regional feedbacks in Eq. (10) by the evolving pattern of surface warming shown in Fig. 7c.

The details of T eff are sensitive to the model and parameter choices we have made.

However, time-variation of T eff is an inevitable result given an evolving geographic pattern

of warming in conjunction with a spatial pattern of regional feedbacks (i.e., Eq. (7)). By

resolving three distinct regions, and their associated timescales of response, the simple model

is able to capture the main features of the T eff evolution as simulated by GCMs. A minimum

of three regions is necessary for characterizing the behavior in Fig. 1b. A model with only

one region would simulate constant T eff = T 2�, while a model with two distinct regions

would only be able to simulate a monotonically increasing or decreasing T eff ; a model with

a larger number of regions, or greater complexity (e.g., a representation of time-dependent

heat capacity or changes in heat transport between regions), could capture the finer details

of T eff variation.

Finally, since it is typically too expensive to run fully-coupled models to equilibrium,

a commonly used diagnostic for climate sensitivity, feedbacks, and forcing is a scatter-plot

of the global TOA flux H versus the global surface temperature T , as it evolves during

the model integration (e.g., Gregory et al. 2004). Figure 7d shows this scatter-plot for the
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Fig. 1. Evolution of global temperature and effective climate sensitivity within CCSM4. a, Global annual
mean surface temperature change T , and b, effective climate sensitivity T eff within CCSM4 following an abrupt doubling
of atmospheric CO2 in year zero. T eff diagnosed by global energy balance (Eq. (4)) is shown in blue, and T eff calculated
with regional feedbacks (Eq. (8)) is shown in black. Thick lines show 20-year running means. Equilibrium climate
sensitivity T 2× is estimated from a slab ocean version of the model.

models (Williams et al. 2008; Winton et al. 2010). Due to
ocean circulation changes in the fully-coupled integration,
it is possible that T and T eff may not asymptote to the
SOM-estimated value of T 2× as equilibrium is approached.
Note that the diagnosed T eff is sensitive to the value of
CO2 radiative forcing in Eq. (4). We estimate R2× = 3.03
Wm−2 within CCSM4 based on radiative kernels (see Ap-
pendix A), and use this value throughout the analysis.

Global energy balance allows a diagnosis of T eff (Eq. (4)),
but does not provide insight into why it varies over time.
In the following section, we develop a regional feedback
framework, from which time-dependence of T eff emerges
naturally.

3. Time-varying climate sensitivity from regional
climate feedbacks

Whereas the global climate feedback is a linearization
about the global mean temperature anomaly, feedbacks can
be reformulated as a linearization about the local temper-
ature instead (e.g., Boer and Yu 2003a,b; Winton 2006;
Bates 2007, 2010; Crook et al. 2011; Boer 2011; Kay et al.
2012). In this formulation, λ(r) reflects spatial variations
in the relationship between local temperature change T (r, t)
and local TOA radiative response, where r = (θ, φ) = (lat-
itude, longitude). We make the further assumption that
λ(r) is time-invariant; that is, that the local feedbacks are
constant. While we do not expect this assumption to hold
in all regions or over a large temperature range, we will
show it to be a sufficient description of the global energy
budget over the range of climate states considered here.

Climate change at the regional scale is then described

in terms of a local energy balance:

H(r, t) = λ(r)T (r, t) +R(r, t)−∇ · F (r, t), (5)

where H(r, t) is the local energy imbalance, equal to the
rate of local heat content change; R(r, t) is the local ra-
diative forcing; and ∇ · F (r, t) represents the change in
local horizontal energy divergence due to changes in the
combined oceanic and atmospheric heat transport (F ).

The global mean of any quantity Q(r, t) is given by

Q(t) =
1

4π

∫ 2π

0

∫ π/2

−π/2
Q(θ, φ, t) cos θdθdφ, (6)

and we note that ∇ · F = 0. Taking the global mean of
Eq. (5) must recover the global energy balance described
by Eq. (2):

H(t) = λ(r)T (r, t) +R(t)

= λeff (t)T (t) +R(t),
(7)

from which the apparent time-dependence of λeff has been
diagnosed in CCSM4 and other models.

The regional feedbacks formulation provides a clear,
physical interpretation of λeff and the mechanism of its
time-variation. From Eq. (7), the identification

λeff (t) = λ(r)
T (r, t)

T (t)
, (8)

permits a clean partitioning of λeff into two physically
meaningful factors: the geographic pattern of surface tem-
perature change T (r, t)/T (t) and the geographic pattern
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of regional climate feedbacks λ(r). Time-varying climate
sensitivity is thus a fundamental consequence of regional
climate feedbacks: variations in λeff occur when the pat-
tern of climate warming evolves and modifies the relative
weighting of local feedbacks in Eq. (8) (provided that λ(r)
varies spatially).

a. Effective climate sensitivity in CCSM4

Can the regional feedbacks framework explain the evo-
lution of T eff? If the assumption of constant λ(r) is
valid, then the full time-dependence of T eff is contained
in T (r, t)/T (t). This factor can be calculated directly from
the output of the CCSM4 CO2 doubling experiment. For
λ(r) we use the CCSM4 feedbacks calculated using ra-
diative kernels in Bitz et al. (2012) from an equilibrium
SOM simulation, but normalize the feedbacks by the local
temperature change, rather than the global temperature
change.

T eff calculated from regional feedbacks (Eq. (8)) is in
good agreement with that diagnosed from global energy
balance (black and blue lines, respectively, in Fig. 1b).
This result can equivalently be expressed in terms of λeff
(Fig. 2a). By applying Eq. (8) to the individual climate
feedbacks that comprise λ(r), λeff can be partitioned into
its various effective feedback components (see Fig. 8 in Ap-
pendix B). Summing the shortwave (SW) and longwave
(LW) effective feedbacks separately shows that both con-
tribute to the overall time-variation of λeff (Fig. 2a). More-
over, each is in good agreement with its corresponding ef-
fective feedback as diagnosed from global energy balance,
although it appears that a portion of the SW feedback
time-variation is not captured over the first few decades of
the integration. Correspondingly, the calculated effective
feedbacks are largely able to represent the nonlinear evolu-
tion of SW, LW and net global TOA radiation fluxes with
global annual mean surface temperature (Fig. 2b).

The above results are a measure of the success of the
fundamental assumptions and approximations we have made
regarding local feedbacks. Since λ(r) was defined in terms
of local surface temperature change only, we have neglected:
(i) non-local contributions to climate feedbacks (e.g., non-
local influences on cloud or lapse rate changes under tran-
sient warming), and (ii) non-linear contributions to local
feedbacks that may arise due to higher order temperature
dependencies.

We have made the further approximation that feed-
backs calculated from the SOM using linear radiative ker-
nel feedback decomposition may be employed for the esti-
mation of local feedbacks within CCSM4 under transient
warming. As is usual for linear feedback analysis, we have
neglected correlations between feedbacks (e.g., due to the
relationship between sea ice and the overlying lapse rate
or cloud cover) and other radiative elements not included
in the feedback decomposition. Moreover, while the lo-
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w i t h i n b o t h m o d e l s a n d o b s e r v a t i o n s .

5.3 Time-dependent e�ective climate sensitivity

I n a s i m p l e m o d e l f o r e n e r g y b a l a n c e a t t h e g l o b a l s c a l e , t h e n e t t o p - o f - a t m o s p h e r e ( T O A )

e n e r g y i m b a l a n c e a t a n y g i v e n t i m e H i s g i v e n b y t h e s u m o f r a d i a t i v e f o r c i n g R ( p o s i -

t i v e d o w n w a r d ) a n d g l o b a l r a d i a t i v e r e s p o n s e , a s s u m e d t o b e p r o p o r t i o n a l t o g l o b a l m e a n

t e m p e r a t u r e a n o m a l y T :

H = �effT + R, ( 5 . 1 )

w h e r e o v e r b a r s d e n o t e g l o b a l m e a n q u a n t i t i e s . H i s a p p r o x i m a t e l y e q u a l t o t h e h e a t fl u x

i n t o t h e w o r l d o c e a n , t h e p r i m a r y h e a t r e s e r v o i r i n t h e c l i m a t e s y s t e m [8 4 ]. W h i l e t h e

c l i m a t e f e e d b a c k p a r a m e t e r �eff i s w i d e l y a s s u m e d t o b e c o n s t a n t [7 1 ], i t i s e x p l i c i t l y n o t e d

h e r e a s a n ‘ e �e c t i v e ’ q u a n t i t y t h a t m a y b e a f u n c t i o n o f t i m e a n d c l i m a t e s t a t e . T h e e �e c t i v e

c l i m a t e s e n s i t i v i t y [1 0 2 ]

Teff = �R2�
�eff

, ( 5 . 2 )

w h e r e R2� i s t h e r a d i a t i v e f o r c i n g d u e t o a CO 2 d o u b l i n g , i s t h e a p p a r e n t c l i m a t e s e n s i t i v i t y

d i a g n o s e d b y g l o b a l e n e r g y b a l a n c e ( E q . ( 5 . 1 ) ) a t a n y g i v e n t i m e , a s s u m i n g t h a t �eff

m a i n t a i n s i t s m e a s u r e d v a l u e a s e q u i l i b r i u m i s r e a c h e d . Teff i s i n g e n e r a l n o t e q u a l t o t h e

e q u i l i b r i u m c l i m a t e s e n s i t i v i t y T2� b u t i n s t e a d v a r i e s i n t i m e [8 3 , 95 , 1 0 2 , 1 4 4 , 1 5 1 –1 5 7 ]. T h i s

c a n b e s e e n i n t h e n o n l i n e a r r e l a t i o n s h i p b e t w e e n H a n d T , u n d e r c o n s t a n t r a d i a t i v e f o r c i n g

R ( s h o w n i n F i g . 5 . 1 b ) o r i n t h e t i m e s e r i e s o f Teff c a l c u l a t e d f r o m E q . ( 5 . 2 ) ( s h o w n i n

F i g . 5 . 1 c ) . T h e c o n n e c t i o n b e t w e e n H , T a n d Teff i s s h o w n s c h e m a t i c a l l y i n F i g . 5 . 2 .

W e d e fi n e h e r e t h e e q u i l i b r i u m c l i m a t e f e e d b a c k p a r a m e t e r �eq a s t h e r a t i o o f g l o b a l

r a d i a t i v e f o r c i n g a n d e q u i l i b r i u m g l o b a l t e m p e r a t u r e r e s p o n s e u n d e r a d o u b l i n g o f CO 2:

�eq = �R2�
T2�

, ( 5 . 3 )

a n d n o t e t h a t b y d e fi n i t i o n �eff ⇥ �eq a s c l i m a t e e q u i l i b r i u m i s a t t a i n e d ( H ⇥ 0 ) .

S e v e r a l d i�e r e n t m e c h a n i s m s f o r t h e t i m e d e p e n d e n c e o f Teff h a v e b e e n p r o p o s e d . S e -

n i o r a n d M i t c h e l l ( 2 0 0 0 ) [1 5 3 ] s u g g e s t t h a t t i m e - d e p e n d e n t c l o u d f e e d b a c k s a r i s e f r o m i n t e r -

h e m i s p h e r i c w a r m i n g d i�e r e n c e s a s s o c i a t e d w i t h t h e s l o w r e s p o n s e o f t h e S o u t h e r n O c e a n .
Fig. 2. Evolution of effective climate feedbacks and
TOA energy flux within CCSM4. a, Net, SW and LW
effective climate feedbacks, diagnosed from global energy
balance (Eq. (2); blue, red, and green, respectively) and
calculated with regional feedbacks (Eq. (8); black, light
gray, and dark gray, respectively) and b, Global net, SW
and LW TOA radiation flux as a function of global an-
nual mean surface temperature change from the simula-
tion (blue, red and green respectively) and as predicted
from Eq. (2) using the calculated effective feedbacks (black,
light gray, and dark gray, respectively). See Appendix A
for the CO2 radiative forcing employed here. All lines show
20-year running means.

cal feedbacks have been calculated using radiative kernels
constructed at each vertical atmospheric level and for each
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Figure 5.3: Zonal mean of regional warming and feedbacks within CCSM4. a,
Regional temperatures normalized by global mean temperature as in Fig. 5.2a-d, but zonal
mean. b, Net local feedback (grey) as in Fig. 5.4, but zonal mean. Zonal means of individual
local climate feedbacks, as in Fig. 5.8, are also shown. The individual feedbacks everywhere
sum to the net feedback λ.

ature normalized by the change in global temperature (∆T (r)/∆T ) between each of the

above periods. Several distinct timescales and patterns of climate response to forcing can

be identified that are broadly consistent with those found within other GCM simulations of

transient climate warming [55,131,170]. Following the change in climate forcing: (i) Within

several years (Fig. 5.2a), temperatures adjust throughout the atmosphere and over land and

sea ice due to the relatively small heat capacities of these climate components; (ii) Over the

following decades (Fig. 5.2b), warming is characterized by a more globally uniform pattern,

with substantial warming of the tropical oceans. On these decadal timescales, ocean circu-
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Figure 5.2: Maps of spatial patterns of warming and net local feedback within
CCSM4. Regional temperatures normalized by global mean temperature for the periods a,
1-10 years, b, 20-60 years, and c, 200-300 years, following an instantaneous CO2 doubling,
and d, in equilibrium (SOM). e, Net local feedback (TOA response per degree local surface
temperature change) estimated by radiative kernels.

Geographic patterns of warming and feedbacks

We consider here T (r, t)/T (t) and λ(r) within three distinct periods of the CCSM4 simu-

lation following CO2 doubling: the first decade, when Teff is relatively large; years 20–60

when Teff is near its minimum value; and years 200–300 as Teff when increasing slowly to-

ward T2× (Fig. 5.1b). For reference, we also show these terms within the slab ocean version

of the model from which T2× and the regional climate feedbacks have been calculated.

Figures 5.2a–d show the evolving pattern of surface warming (∆T/∆T ) between the

above periods. Several distinct timescales and patterns of climate response to forcing can

Figure 5.2: Maps of spatial patterns of warming within CCSM4. Regional tem-
peratures normalized by global mean temperature for the periods a, 1-10 years, b, 20-60
years, and c, 200-300 years, following an instantaneous CO2 doubling, and d, in equilibrium
(SOM).

and globally, as geographic patterns of surface temperature evolve.

Geographic patterns of warming and feedbacks

In the above section we verified that the effective climate sensitivity could be calculated

accurately through Eq. (5.7). We next examine the mechanisms of Teff variation within

CCSM4 by considering the two terms in that equation, T (r, t)/T (t) and λ(r), separately

and in combination within three distinct periods following CO2 doubling: the first decade,

when Teff is relatively large; years 20–60 when Teff is near its minimum value; and years

200–300 as Teff when increasing slowly toward T2× (Fig. 5.1b). For reference, we also show

these terms within the slab ocean version of the model from which T2× and the regional

climate feedbacks have been calculated.

Figure 5.2 shows the evolving pattern of surface warming (the change in local temper-

Fig. 3. Spatial patterns of warming within CCSM4. Regional surface temperature change normalized by global
mean surface temperature change between the periods a, ‘control’ to years 1-10, b, years 1-10 to 20-60, c, years 20-60 to
200-300, and d, years 200-300 to equilibrium (as estimated by the SOM).

month (e.g., Soden and Held 2006; Shell et al. 2008), Eq. (8)
approximates local feedbacks as functions of local annual
mean surface temperature change, and thus it neglects a
potential source of time-dependence arising from any vari-
ations in the vertical structure of warming or seasonality
that do not scale linearly with annual mean surface temper-
ature over the integration. Finally, cloud feedbacks have
been estimated using the ‘adjusted cloud radiative forcing’
method (Soden et al. 2008; Shell et al. 2008), which does
not distinguish the mechanisms of cloud changes, and thus
may be biased by forcing-induced cloud changes that occur
prior to the surface temperature response (Appendix A).

Further work is necessary to quantify the full conse-
quences of the above approximations and assess the range
of climate states over which they hold. However, the results
of Figs. 1b and 2 suggest that T eff (and corresponding
λeff ) may be largely explained in terms of the geographic
pattern of surface temperature at any given time through
the ‘actuation’ of local, time-invariant climate feedbacks:
although local feedbacks are continuously operating, the
contribution of any region to the global effective feedback
depends directly on the magnitude of regional temperature
change (Eq. (8)). Thus, the link between global warm-
ing and radiative response (the fundamental control on the
stability of global climate) inherently depends on the ge-
ographic structure of warming. When regional feedbacks
are defined in the conventional way (i.e., normalized with
respect to T ), they will inevitably vary in magnitude as
the geographic pattern of surface warming evolves, even
without any change in the local physics linking TOA ra-

diation and surface temperature. Imposing a global view
of climate sensitivity and feedbacks makes the climate re-
sponse to forcing appear more complicated than it truly is.
In many respects then, the local feedbacks formulation is
to be preferred.

Geographic patterns of warming and feedbacks

So far, we have found that T eff depends on (i) the spa-
tial pattern of warming and (ii) the spatial pattern of local
feedbacks, and verified that Eq. (8) largely accounts for
the evolution of T eff . We next analyze the two factors in
Eq. (8), and focus on several distinctive time intervals that
can be identified from Fig. 1b. The evolution of the pat-
tern of global warming, T (r, t)/T (t), during these intervals
is shown in Fig. 3. Following CO2 doubling:

i. Within several years (years 1–10, Fig. 3a), tempera-
tures adjust over land and sea ice due to the relatively
small heat capacities of these climate components.

ii. Over the following decades (years 1–10 to years 20–
60, Fig. 3b), warming is characterized by a more glob-
ally uniform pattern, with substantial warming of the
tropical oceans and a reduced land–ocean warming
contrast. On these decadal timescales, ocean circu-
lation changes play an important role in setting re-
gional temperature trends: reduced meridional ocean
heat transport contributes to local surface cooling
in the North Atlantic Ocean; reduced convection in
some regions of the Southern Ocean leads to local sur-
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Figure 5.2: Maps of spatial patterns of warming and net local feedback within
CCSM4. Regional temperatures normalized by global mean temperature for the periods a,
1-10 years, b, 20-60 years, and c, 200-300 years, following an instantaneous CO2 doubling,
and d, in equilibrium (SOM). e, Net local feedback (TOA response per degree local surface
temperature change) estimated by radiative kernels.

Geographic patterns of warming and feedbacks

We consider here T (r, t)/T (t) and λ(r) within three distinct periods of the CCSM4 simu-

lation following CO2 doubling: the first decade, when Teff is relatively large; years 20–60

when Teff is near its minimum value; and years 200–300 as Teff when increasing slowly to-

ward T2× (Fig. 5.1b). For reference, we also show these terms within the slab ocean version

of the model from which T2× and the regional climate feedbacks have been calculated.

Figures 5.2a–d show the evolving pattern of surface warming (∆T/∆T ) between the

above periods. Several distinct timescales and patterns of climate response to forcing can

Figure 5.2: Maps of spatial patterns of warming within CCSM4. Regional tem-
peratures normalized by global mean temperature for the periods a, 1-10 years, b, 20-60
years, and c, 200-300 years, following an instantaneous CO2 doubling, and d, in equilibrium
(SOM).

and globally, as geographic patterns of surface temperature evolve.

Geographic patterns of warming and feedbacks

In the above section we verified that the effective climate sensitivity could be calculated

accurately through Eq. (5.7). We next examine the mechanisms of Teff variation within

CCSM4 by considering the two terms in that equation, T (r, t)/T (t) and λ(r), separately

and in combination within three distinct periods following CO2 doubling: the first decade,

when Teff is relatively large; years 20–60 when Teff is near its minimum value; and years

200–300 as Teff when increasing slowly toward T2× (Fig. 5.1b). For reference, we also show

these terms within the slab ocean version of the model from which T2× and the regional

climate feedbacks have been calculated.

Figure 5.2 shows the evolving pattern of surface warming (the change in local temper-
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Fig. 4. Zonal-mean warming and local feedbacks
within CCSM4. a, Regional surface temperature change
normalized by global mean surface temperature change,
b, Local net feedback (grey) and individual feedbacks, as
in Fig. 5; the individual feedbacks everywhere sum to the
net feedback λ(r), and c, Effective feedback from CCSM4
minus effective feedback from the SOM; the area-weighted
global mean of each curve is equal to λeff − λeq.

face cooling due to reduced upward isopycnal mixing
of heat into the ocean mixed layer (Gregory 2000;
Kirkman and Bitz 2011); and increased ocean heat
transport into the Arctic Ocean enhances sea ice loss
and local surface warming (Holland et al. 2006).

iii. Over the following centuries (years 20–60 to years
200–300, Fig. 3c), a pattern of polar-amplified warm-
ing emerges in both hemispheres as global climate
slowly attains equilibrium with the imposed forcing
(Manabe et al. 1991; Holland and Bitz 2003; Stouffer
2004).

iv. For completeness, we also show the temperature change
from years 200–300 to the equilibrium defined by the
SOM (Fig. 3d). The differences are characterized by

further high-latitude warming, notably in the South-
ern Ocean and in the North Atlantic Ocean, both
regions that had lagged the global rises to that point.

These basic patterns can also be seen in the zonal means
(Fig. 4a) and are broadly consistent with those found within
other GCM simulations of transient climate warming (e.g.,
Manabe et al. 1991; Stouffer 2004; Held et al. 2010).

Next we present the spatial pattern of the net regional
feedback, λ(r), together with its partitioning into individ-
ual feedbacks in Fig. 5. Many of the important features can
also be seen in the zonal means of the feedbacks, which are
given in Fig. 4b. The net feedback is generally strongly
negative (stabilizing) in the low- to mid-latitudes (particu-
larly over the oceans), owing to locally large and negative
Planck and lapse rate feedbacks (Figs. 5b,e). The net feed-
back becomes less negative (less stabilizing) toward high-
latitudes, due mainly to less-negative Planck and lapse rate
feedbacks, though this is partially offset by a less-positive
water vapor feedback at high-latitudes (Fig. 5c). In the
Arctic and Southern Oceans, λ(r) becomes locally posi-
tive owing to local maxima in surface albedo and lapse
rate feedbacks (Figs. 5e,f). The net feedback is generally
less negative over land, compared to the oceans, due to
(i) reduced Planck and lapse rate feedbacks over land at
any given latitude and (ii) positive snow albedo feedbacks,
particularly in the northern hemisphere (Figs. 5b,e,f). Fi-
nally, cloud feedbacks are characterized by substantial spa-
tial variability (Figs. 5g,h), but contribute relatively little
to the equator-to-pole net feedback structure (Fig. 4b).

The temporal and spatial patterns presented in Figs. 3–
5 can be combined via Eq. (8) to yield a clear understand-
ing of the time-variation of T eff :

i. Immediately following CO2 doubling, warming over
land and sea ice, in the presence of more-positive-
than-average regional climate feedbacks, drives an
initially high value of T eff .

ii. Over the following decades the tropical oceans warm,
actuating large and negative (stabilizing) tropical feed-
backs and reducing T eff .

iii. Over succeeding centuries the slow emergence of polar-
amplified warming, in the presence of less-negative
(or even locally positive) high-latitude feedbacks, drives
T eff toward T 2×.

iv. Eventually, T eff would asymptote to a value that
depends on the geographic pattern of surface warm-
ing at equilibrium. Ocean circulation changes in the
coupled model that influence the equilibrium warm-
ing pattern may thus drive a value of T 2× that is
distinct from that estimated by the SOM.

Many of the important features in the foregoing arguments
can be seen in the zonal means of T (r, t)/T (t) and λ(r)
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Figure 5.2: Maps of spatial patterns of warming and net local feedback within
CCSM4. Regional temperatures normalized by global mean temperature for the periods a,
1-10 years, b, 20-60 years, and c, 200-300 years, following an instantaneous CO2 doubling,
and d, in equilibrium (SOM). e, Net local feedback (TOA response per degree local surface
temperature change) estimated by radiative kernels.

Geographic patterns of warming and feedbacks

We consider here T (r, t)/T (t) and �(r) within three distinct periods of the CCSM4 simu-

lation following CO2 doubling: the first decade, when Teff is relatively large; years 20–60

when Teff is near its minimum value; and years 200–300 as Teff when increasing slowly to-

ward T2� (Fig. 5.1b). For reference, we also show these terms within the slab ocean version

of the model from which T2� and the regional climate feedbacks have been calculated.

Figures 5.2a–d show the evolving pattern of surface warming (�T/�T ) between the

above periods. Several distinct timescales and patterns of climate response to forcing can

Figure 5.2: Maps of spatial patterns of warming within CCSM4. Regional tem-
peratures normalized by global mean temperature for the periods a, 1-10 years, b, 20-60
years, and c, 200-300 years, following an instantaneous CO2 doubling, and d, in equilibrium
(SOM).

and globally, as geographic patterns of surface temperature evolve.

Geographic patterns of warming and feedbacks

In the above section we verified that the e�ective climate sensitivity could be calculated

accurately through Eq. (5.7). We next examine the mechanisms of Teff variation within

CCSM4 by considering the two terms in that equation, T (r, t)/T (t) and �(r), separately

and in combination within three distinct periods following CO2 doubling: the first decade,

when Teff is relatively large; years 20–60 when Teff is near its minimum value; and years

200–300 as Teff when increasing slowly toward T2� (Fig. 5.1b). For reference, we also show

these terms within the slab ocean version of the model from which T2� and the regional

climate feedbacks have been calculated.

Figure 5.2 shows the evolving pattern of surface warming (the change in local temper-

Cloud SW! Cloud LW!
g! h!

Fig. 5. Spatial patterns of net and individual local feedbacks within CCSM4. Local feedbacks (local TOA
response per degree local surface temperature change), separated into a, Net (sum of all individual feedbacks), b, Planck,
c, LW water vapor, d, SW water vapor, e, lapse rate, f, surface albedo, g, SW cloud, and h, LW cloud feedbacks.

(Figs. 4a,b). A quantity of interest is the difference be-
tween the effective local feedbacks (which vary with pat-
terns of transient warming, T (r, t)) and the equilibrium
local feedbacks (which are determined by the pattern of
equilibrium warming (≡ T (r)2×)):

λdiff(r, t) = λ(r)T (r, t)/T (t)− λ(r)T (r)2×/T 2×. (9)

From Eq. (8), the global mean of λdiff(r, t) at any given
time is equal to λeff (t)−λeq. The zonal mean of λdiff(r, t)
for the distinct time periods considered here is shown in
Fig. 4c. Delayed surface warming within the Southern
Ocean results in substantially less positive effective local
feedbacks compared to equilibrium. Similarly, rapid sur-
face warming in the tropics combined with strongly neg-
ative local feedbacks results in more negative tropical ef-
fective feedbacks. Finally, enhanced warming in the Arctic

(due to changes in ocean circulation not accounted for in
the SOM, which are strongly amplified by sea ice changes;
see Fig. 3d) leads to more positive Arctic effective feed-
backs under transient warming.

In summary, T eff is less than T 2× under transient
warming due to relatively rapid warming towards equilib-
rium in low-latitude regions, in the presence of large nega-
tive local feedbacks, and to relatively slow warming in mid-
to-high latitudes (particularly in the southern hemisphere),
in the presence of less-negative local feedbacks. The results
thus suggest that to understand T eff , one needs only to
understand the timescales of regional temperature change
and the local feedbacks. In the next section we explore
a minimalist model representing these factors, and which
provides insight into the behavior of a commonly-used met-
ric for estimating λeq.
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Table 1. Three-region energy balance climate model parameters and regional equilibrium temperature
response. We characterize each region by an ocean layer of effective depth h, density ρ, and specific heat Cp, and thus
we set c = ρCph in Eq. (10). We assume the same radiative forcing R = 3 Wm−2K−1 in each region.

Model parameter Units Symbol values: Land Low High

Effective ocean depth m h 5 150 1500

Local feedback Wm−2K−1 λ −0.86 −2.00 −0.67

Equilibrium warming ◦C −R/λ 3.5 1.5 4.5

b. Effective climate sensitivity in a low-order energy balance
climate model

As a parsimonious demonstration of time-varying T eff
from regional climate feedbacks, consider a simple model
wherein Earth is represented by three regions of equal area,
each described by a local energy balance (Eq. (5)). We as-
sociate these regions with land, low-latitude oceans (‘low’),
and high-latitude oceans (‘high’), and choose properties of
each to broadly mimic the distinct geographic patterns of
surface warming and feedbacks identified previously. That
is, we set −λhigh < −λland < −λlow as in Fig. 5a. For
simplicity, we assume a constant heat capacity for each
region, with values cland << clow < chigh chosen to sim-
ulate the fast response of land and slow response of the
high-latitudes as in Fig. 3. These basic ingredients are suf-
ficient to qualitatively reproduce the time-dependence of
T eff within GCMs.

Table 1 summarizes the model parameters and their
numerical values, though these exact values are less impor-
tant than the principle of their interaction. We addition-
ally prescribe the same value of radiative forcing in each
region, and neglect changes in heat transport between re-
gions. The three-region model, which is similar in form
to those used previously (e.g., Bates 2007, 2010), is then
described simply by:

cland
dTland

dt
= Hland = λlandTland +R,

clow
dTlow

dt
= Hlow = λlowTlow +R,

chigh
dThigh

dt
= Hhigh = λhighThigh +R.

(10)

The response to an instantaneous CO2 doubling is charac-
terized by fast warming over land, slow warming over low-
latitude oceans, and very slow warming over high-latitude
oceans (Fig. 6a). The resulting λeff , calculated by either
global energy balance (Eq. (2)) or, equivalently, by regional
feedbacks (Eq. (8)):

λeff (t) = 1/3

(
λland

Tland(t)

T (t)
+ λlow

Tlow(t)

T (t)
+ λhigh

Thigh(t)

T (t)

)
,

(11)

corresponds to an evolution of T eff (Fig. 6b) that is quali-
tatively similar to that in CCSM4 (Fig. 1b). This behavior
can be understood simply in terms of the weighting of each
of the regional feedbacks in Eq. (11) by the evolving pat-
tern of surface warming shown in Fig. 6c.

The details of T eff are sensitive to the model and pa-
rameter choices we have made. However, time-variation of
T eff is an inevitable result given an evolving geographic
pattern of warming in conjunction with a spatial pattern
of regional feedbacks (i.e., Eq. (8)). By resolving three dis-
tinct regions, and their associated timescales of response,
the simple model is able to capture the main features of
the T eff evolution as simulated by GCMs. A minimum of
three regions is necessary for characterizing the behavior in
Fig. 1b; a model with only one region would simulate con-
stant T eff = T 2×, while a model with two distinct regions
would only be able to simulate a monotonically increas-
ing or decreasing T eff . A model with a larger number
of regions, or greater complexity (e.g., a representation of
time-dependent heat capacities or changes in heat trans-
port between regions), could capture the finer details of
T eff variation.

Finally, since it is typically too expensive to run fully-
coupled models to equilibrium, a commonly-used diagnos-
tic for climate sensitivity, feedbacks, and forcing is a scatter-
plot of the global TOA flux H versus the global surface
temperature T , as it evolves during the model integra-
tion (e.g., Gregory et al. 2004). Figure 6d shows this
scatter-plot for the minimalist model. If λeff was constant,
then the relationship between H and T (under constant
R = R2×) would be linear (Eq. (2)), and the trajectory
of points would follow the thick dashed line, with slope
λeq = −R2×/T 2×. However, since λeff is not constant
(Eq. (11)), we expect this assumption not to hold, and
indeed Fig. 6d shows substantial departure from linear be-
havior. The intersection of the thin dashed line, through
the points [0, R2×] and [T (t), H(t)], with the T -axis maps
out T eff as it evolves over the simulation (Fig. 6b). The
slope of this line is thus λeff = −R2×/T eff .

How, then, should the slope of the H–T regression be
interpreted, and why does it evolve over the course of the
integration? From Eq. (7) the instantaneous slope is given
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

�ANH/�TNH and �ASH/�TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

Separating the dependence of temperature on forcing (�TNH/�F and �TSH/�F ) from

the dependence of ice area on temperature (�ANH/�TNH and �ASH/�TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and e⇥ectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates �ANH and �ASH directly to �F with a specified memory timescale). For the
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

�ANH/�TNH and �ASH/�TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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within both models and observations.

5.3 Time-dependent e�ective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = �effT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter �eff is widely assumed to be constant [71], it is explicitly noted

here as an ‘e�ective’ quantity that may be a function of time and climate state. The e�ective

climate sensitivity [102]

Teff = �R2�
�eff

, (5.2)

where R2� is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that �eff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2� but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter �eq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

�eq = �R2�
T2�

, (5.3)

and note that by definition �eff ⇥ �eq as climate equilibrium is attained (H ⇥ 0).

Several di�erent mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming di�erences associated with the slow response of the Southern Ocean.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

�ANH/�TNH and �ASH/�TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

Separating the dependence of temperature on forcing (�TNH/�F and �TSH/�F ) from

the dependence of ice area on temperature (�ANH/�TNH and �ASH/�TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and e⇥ectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates �ANH and �ASH directly to �F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

�ANH/�TNH and �ASH/�TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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within both models and observations.

5.3 Time-dependent e�ective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = �effT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter �eff is widely assumed to be constant [71], it is explicitly noted

here as an ‘e�ective’ quantity that may be a function of time and climate state. The e�ective

climate sensitivity [102]

Teff = �R2�
�eff

, (5.2)

where R2� is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that �eff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2� but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter �eq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

�eq = �R2�
T2�

, (5.3)

and note that by definition �eff ⇥ �eq as climate equilibrium is attained (H ⇥ 0).

Several di�erent mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming di�erences associated with the slow response of the Southern Ocean.
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Separating the dependence of temperature on forcing (�TNH/�F and �TSH/�F ) from

the dependence of ice area on temperature (�ANH/�TNH and �ASH/�TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and e⇥ectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates �ANH and �ASH directly to �F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope �eff ) from point [0,R2�] through this dot to [T eff ,0]. T 2�
can be estimated by extrapolating a regression line (with slope �eq/⇥) to the T -axis.
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blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
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tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and e⇥ectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates �ANH and �ASH directly to �F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope �eff ) from point [0,R2�] through this dot to [T eff ,0]. T 2�
can be estimated by extrapolating a regression line (with slope �eq/⇥) to the T -axis.
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within both models and observations.

5.3 Time-dependent e�ective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = �effT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter �eff is widely assumed to be constant [71], it is explicitly noted

here as an ‘e�ective’ quantity that may be a function of time and climate state. The e�ective

climate sensitivity [102]

Teff = �R2�
�eff

, (5.2)

where R2� is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that �eff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2� but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter �eq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

�eq = �R2�
T2�

, (5.3)

and note that by definition �eff ⇥ �eq as climate equilibrium is attained (H ⇥ 0).

Several di�erent mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming di�erences associated with the slow response of the Southern Ocean.
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blue dots show individual years, and dark blue dots show the 10-year running mean. The
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope �eff ) from point [0,R2�] through this dot to [T eff ,0]. T 2�
can be estimated by extrapolating a regression line (with slope �eq/⇥) to the T -axis.
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within both models and observations.

5.3 Time-dependent e�ective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = �effT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter �eff is widely assumed to be constant [71], it is explicitly noted

here as an ‘e�ective’ quantity that may be a function of time and climate state. The e�ective

climate sensitivity [102]

Teff = �R2�
�eff

, (5.2)

where R2� is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that �eff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2� but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter �eq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

�eq = �R2�
T2�

, (5.3)

and note that by definition �eff ⇥ �eq as climate equilibrium is attained (H ⇥ 0).

Several di�erent mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming di�erences associated with the slow response of the Southern Ocean.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

�ANH/�TNH and �ASH/�TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

Separating the dependence of temperature on forcing (�TNH/�F and �TSH/�F ) from

the dependence of ice area on temperature (�ANH/�TNH and �ASH/�TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and e⇥ectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates �ANH and �ASH directly to �F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope �eff ) from point [0,R2�] through this dot to [T eff ,0]. T 2�
can be estimated by extrapolating a regression line (with slope �eq/⇥) to the T -axis.
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minimalist model. If �eff was constant, then the relationship between H and T (under

constant R = R2�) would be linear (Eq. (2)), and the trajectory of points would follow the

dashed line, with slope �eq = �R2�/T 2�. However, since �eff is not constant (Eq. (10)), we

expect this assumption not to hold, and indeed Fig. 6d shows substantial departure from

linear behavior. The intersection of the line through the points [0, R2�] and [T (t), H(t)]

with the T -axis (thin dashed line) maps out T eff as it evolves over the simulation (Fig. 6b).

The slope of this line is thus �eff = �R2�/T eff .

How, then, should the slope of the H–T regression be interpreted, and why does it evolve

over the course of the integration? From Eq. (6) the instantaneous slope is given by:

dH

dT
=

d

dT
�(r)T (r, t),

= �(r)
dT (r, t)

dT (t)
,

(11)

and is thus a measure of the strength of regional feedbacks weighted by the rate of local

temperature change with global temperature change. For the three-region model, the slope

dH

dT
= 1/3(�land

dTland

dT
+ �low

dTlow

dT
+ �high

dThigh

dT
), (12)

is weighted toward the land feedback in the initial years, toward the low-latitude ocean

feedback in subsequent decades, and finally toward the high-latitude ocean feedback in sub-

sequent centuries (Fig. 6a). Beyond a few centuries, only the high-latitude ocean region is

still warming substantially, giving dH/dT ⇥ �high. In this regime, the H–T regression line

(solid line in Fig. 6d) may be extrapolated (with slope �high) to the point [T = T 2�, H = 0]

to estimate T 2� even before the global equilibrium has been reached.

Figure 7 presents the scatter-plot results from the CCSM4 integration, which shows

similar behavior to the minimalist model. Late in the simulation, the points appear to evolve

16

Fig. 6. Temperature and effective climate sensitivity in a three-region energy balance climate model. a,
Global mean (blue), land (red), low-latitude ocean (black) and high-latitude ocean (green) surface temperature change
following an abrupt doubling of CO2 in year zero, b, effective climate sensitivity, c, regional temperature change nor-
malized by global mean temperature change, and d, global TOA energy flux plotted against global mean temperature
change. The red dot indicates a particular year with global energy flux equal to H and global-mean temperature equal to
T . T eff at this time can be schematically represented as the extrapolation of the thin dashed line (with slope λeff ) from
point [0,R2×] through this dot to the T -axis. Late in the simulation, T 2× can be estimated by extrapolating a regression
line (solid line with slope λhigh) to the T -axis. The thick dashed line (with slope λeq) connecting points [0,R2×] and
[T 2×,0] is the expected trajectory of points under the assumption that Teff is constant.

by:
dH

dT
=

d

dT
λ(r)T (r, t) = λ(r)

dT (r, t)

dT (t)
, (12)

and is thus a measure of the strength of regional feedbacks
weighted by the rate of local temperature change with
global temperature change. For the three-region model,
the slope

dH

dT
= 1/3(λland

dTland

dT
+ λlow

dTlow

dT
+ λhigh

dThigh

dT
), (13)

is weighted toward the land feedback in the initial years, to-
ward the low-latitude ocean feedback in subsequent decades,
and finally toward the high-latitude ocean feedback in sub-
sequent centuries (Fig. 6a). Beyond a few centuries, only
the high-latitude ocean region is still warming substan-
tially, giving dH/dT ≈ λhigh. In this regime, the H–T
regression line (solid line in Fig. 6d) may be extrapolated
(with slope λhigh) to the point [T 2×, 0] to estimate T 2×
even before the global equilibrium has been reached.

The blue line in Fig. 2b shows the equivalent scatter-
plot results from the CCSM4 integration. Reproduced in
greater detail in Fig. 7, the scatter-plot shows similar be-
havior to the minimalist model. Late in the simulation,
the points appear to evolve along a linear trajectory (solid
black regression line), suggesting a regime in which the sur-
face temperature evolves with a fixed spatial pattern (i.e.,
dT (r, t)/dT (t), and thus dH/dT , is constant). Under the
assumption that this linear trajectory continues to equi-
librium, the regression line may be extrapolated to the T -
axis to give an estimate of the fully-coupled model’s climate
sensitivity that is similar to the SOM-estimated value T 2×,
consistent with Danabasoglu and Gent (2008). While this
method is commonly used to estimate T 2× within fully-
coupled GCMs, it is important to emphasize that the slope
of the regression is not a measure of λeq or λeff . More-
over, the intercept of the regression line with the H-axis is
not a measure of R2×. In the following section we discuss
the implications of this result for the calculation of climate
feedbacks and forcing from regression methods.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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within both models and observations.

5.3 Time-dependent effective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = λeffT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter λeff is widely assumed to be constant [71], it is explicitly noted

here as an ‘effective’ quantity that may be a function of time and climate state. The effective

climate sensitivity [102]

Teff = −R2×
λeff

, (5.2)

where R2× is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that λeff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2× but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter λeq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

λeq = −R2×
T2×

, (5.3)

and note that by definition λeff → λeq as climate equilibrium is attained (H → 0).

Several different mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming differences associated with the slow response of the Southern Ocean.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

Separating the dependence of temperature on forcing (∆TNH/∆F and ∆TSH/∆F ) from

the dependence of ice area on temperature (∆ANH/∆TNH and ∆ASH/∆TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and effectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates ∆ANH and ∆ASH directly to ∆F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.
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within both models and observations.

5.3 Time-dependent effective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = λeffT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter λeff is widely assumed to be constant [71], it is explicitly noted

here as an ‘effective’ quantity that may be a function of time and climate state. The effective

climate sensitivity [102]

Teff = −R2×
λeff

, (5.2)

where R2× is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that λeff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2× but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter λeq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

λeq = −R2×
T2×

, (5.3)

and note that by definition λeff → λeq as climate equilibrium is attained (H → 0).

Several different mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming differences associated with the slow response of the Southern Ocean.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

Separating the dependence of temperature on forcing (∆TNH/∆F and ∆TSH/∆F ) from

the dependence of ice area on temperature (∆ANH/∆TNH and ∆ASH/∆TSH) permits a consis-

tent comparison of sea ice sensitivity across climate models and forcing scenarios [Winton,

2011], accounts for contrasting hemispheric climate trends (Figure 1), and effectively iso-

lates the sea ice response to hemispheric climate change for the purposes of evaluating

sea ice reversibility (see Figure S1 in the auxiliary material for an alternative approach

that relates ∆ANH and ∆ASH directly to ∆F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope λeff ) from point [0,R2×] through this dot to [T eff ,0]. T 2×
can be estimated by extrapolating a regression line (with slope λeq/ε) to the T -axis.
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where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

D R A F T April 30, 2012, 1:47am D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 9

ratio =

� 70

0
SW (t)dt

� 70

0
(SW (t) − OLR(t))dt

(26)

H = −λT + R +
λ1 + λ2

8λ1λ2

(λ2 − λ1)(H2 − H1) (27)

T (◦C) (28)

H (Wm−2) (29)

T2× (30)

Teff (31)

(Tl/T )/(T eq
l /T

eq
) (32)

(Tt/T )/(T eq
t /T

eq
) (33)

(Tp/T )/(T eq
p /T

eq
) (34)

where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

D R A F T April 30, 2012, 1:47am D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 9

ratio =

� 70

0
SW (t)dt

� 70

0
(SW (t) − OLR(t))dt

(26)

H = −λT + R +
λ1 + λ2

8λ1λ2

(λ2 − λ1)(H2 − H1) (27)

T (◦C) (28)

H (Wm−2) (29)

T2× (30)

Teff (31)

(Tl/T )/(T eq
l /T

eq
) (32)

(Tt/T )/(T eq
t /T

eq
) (33)

(Tp/T )/(T eq
p /T

eq
) (34)

H vs T (35)

D R A F T May 1, 2012, 9:01pm D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 9

ratio =

� 70

0
SW (t)dt

� 70

0
(SW (t) − OLR(t))dt

(26)

H = −λT + R +
λ1 + λ2

8λ1λ2

(λ2 − λ1)(H2 − H1) (27)

T (◦C) (28)

H (Wm−2) (29)

T2× (30)

Teff (31)

Reff (32)

R2× (33)

(Tl/T )/(T eq
l /T

eq
) (34)

(Tt/T )/(T eq
t /T

eq
) (35)

D R A F T May 6, 2012, 9:44pm D R A F T

X - 10 ARMOUR ET AL.: SEA ICE REVERSIBILITY

(Tp/T )/(T eq
p /T

eq
) (36)

(T/T )/(T eq/T
eq

) (37)

T/T

T eq/T
eq (38)

H vs T (39)

λg (Wm−2/K) (40)

ε (41)

λeq (42)

λeq

ε
(43)

where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

D R A F T May 8, 2012, 3:42pm D R A F T

X - 10 ARMOUR ET AL.: SEA ICE REVERSIBILITY

(Tp/T )/(T eq
p /T

eq
) (36)

(T/T )/(T eq/T
eq

) (37)

T/T

T eq/T
eq (38)

H vs T (39)

λg (Wm−2/K) (40)

ε (41)

λeq (42)

λeq/ε (43)

where ANH and ASH are monthly- or annual-mean hemispheric ice areas. We define

∆ANH/∆TNH and ∆ASH/∆TSH as the sea ice sensitivity in each hemisphere, which is similar

to the treatment in Winton [2011] except that we consider both hemispheres and use

hemispheric-mean rather than global-mean temperature.

D R A F T May 8, 2012, 3:43pm D R A F T

74

within both models and observations.

5.3 Time-dependent effective climate sensitivity

In a simple model for energy balance at the global scale, the net top-of-atmosphere (TOA)

energy imbalance at any given time H is given by the sum of radiative forcing R (posi-

tive downward) and global radiative response, assumed to be proportional to global mean

temperature anomaly T :

H = λeffT + R, (5.1)

where overbars denote global mean quantities. H is approximately equal to the heat flux

into the world ocean, the primary heat reservoir in the climate system [84]. While the

climate feedback parameter λeff is widely assumed to be constant [71], it is explicitly noted

here as an ‘effective’ quantity that may be a function of time and climate state. The effective

climate sensitivity [102]

Teff = −R2×
λeff

, (5.2)

where R2× is the radiative forcing due to a CO2 doubling, is the apparent climate sensitivity

diagnosed by global energy balance (Eq. (5.1)) at any given time, assuming that λeff

maintains its measured value as equilibrium is reached. Teff is in general not equal to the

equilibrium climate sensitivity T2× but instead varies in time [83,95,102,144,151–157]. This

can be seen in the nonlinear relationship between H and T , under constant radiative forcing

R (shown in Fig. 5.1b) or in the time series of Teff calculated from Eq. (5.2) (shown in

Fig. 5.1c). The connection between H, T and Teff is shown schematically in Fig. 5.2.

We define here the equilibrium climate feedback parameter λeq as the ratio of global

radiative forcing and equilibrium global temperature response under a doubling of CO2:

λeq = −R2×
T2×

, (5.3)

and note that by definition λeff → λeq as climate equilibrium is attained (H → 0).

Several different mechanisms for the time dependence of Teff have been proposed. Se-

nior and Mitchell (2000) [153] suggest that time-dependent cloud feedbacks arise from inter-

hemispheric warming differences associated with the slow response of the Southern Ocean.
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lates the sea ice response to hemispheric climate change for the purposes of evaluating
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that relates ∆ANH and ∆ASH directly to ∆F with a specified memory timescale). For the

remainder of this analysis we examine the evidence for hysteresis in hemispheric ice area
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope λeff ) from point [0,R2×] through this dot to [T eff ,0]. T 2×
can be estimated by extrapolating a regression line (with slope λeq/ε) to the T -axis.
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Fig. 7. CCSM4 TOA energy flux plotted against global mean temperature. Light
blue dots show individual years, and dark blue dots show the 10-year running mean. The
red dot indicates a particular decade with global energy imbalance equal to H and global
mean temperature equal to T . T eff at this time can be schematically represented as the
extrapolation of a line (with slope λeff ) from point [0,R2×] through this dot to [T eff ,0]. T 2×
can be estimated by extrapolating a regression line (with slope λeq/ε) to the T -axis.
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Fig. 7. CCSM4 TOA energy flux plotted against
global annual mean temperature change. Light blue
dots show individual years, and the dark blue line shows the
20-year running mean. The red dot indicates a particular
decade with global energy flux equal to H and global-mean
temperature equal to T . T eff at this time can be schemat-
ically represented as the extrapolation of the thin dashed
line (with slope λeff ) from point [0,R2×] through this dot
to the T -axis. Late in the simulation, T 2× can be esti-
mated by extrapolating a regression line (solid line with
slope λeq/ε) to the T -axis. The regression is performed
over the final two centuries of the simulation.

4. Connection to previous studies

As reviewed in the introduction, the time-dependence of
T eff has been noted previously, and various different mech-
anisms for its behavior have been proposed. Our physical
interpretation via Eq. (8) can be compared to these previ-
ous studies.

Senior and Mitchell (2000) highlight time-dependent
cloud feedbacks, arising from interhemispheric warming dif-
ferences associated with the slow response of the Southern
Ocean, as a chief cause of time-dependence in λeff . The
slow emergence of high-latitude warming (Fig. 3), particu-
larly in the southern hemisphere, certainly plays a central
role in the delayed actuation of high-latitude feedbacks
within CCSM4. However, each individual feedback con-
tributes to λeff through λ(r) in Eq. (8), and it is those
feedbacks with the greatest meridional structure that con-
tribute most to the time-variation of λeff as the polar-
amplified warming pattern emerges. Less negative Planck
and lapse rate feedbacks in high-latitudes, compared to the
subpolar regions, are the chief contributors to the merid-
ional structure in λ(r), while the surface albedo feedback
contributes locally in the Arctic and Southern Oceans and
the water vapor feedback opposes the net feedback merid-
ional structure (Fig. 4b). As a result, each of these effective

feedbacks vary substantially over the integration while, in
contrast, cloud feedbacks appear to play a smaller role in
the time-variation of λeff (Fig. 8) due to their relatively
weak meridional structure (Fig. 4b).

The above finding is at odds with those of Senior and
Mitchell (2000) and with others (e.g., Andrews et al. 2012b)
who find a nonlinear relationship between global cloud ra-
diative forcing (CRF) and global surface temperature in
a range of GCMs. As noted previously, while Eq. (8) ac-
counts for much of the time-variation of λeff as diagnosed
via global energy balance, there is a portion of the varia-
tion, particularly in the SW over the first few decades, that
is not captured (Fig. 2a). It is thus plausible that we have
neglected a source of time-variation in the effective SW
cloud feedback that has been identified in these previous
studies, possibly due to non-linear or non-local feedback
dependencies, or due to biases in our estimated pattern of
local SW cloud feedbacks. Future efforts to reconcile these
results should also consider that different methods of esti-
mating cloud feedbacks may also play a role (e.g., using an
adjusted CRF here as opposed to a non-adjusted CRF as
in Andrews et al. (2012b)).

Williams et al. (2008) argue that the time-dependence
of T eff can be accounted for by an ‘effective forcing’ that
includes those climate responses that are fast compared to
the period of slow climate stabilization (Fig. 7); these in-
clude stratospheric and tropospheric adjustments, as well
as warming over land, sea ice, and regions of the ocean.
The basic reasoning is that a misdiagnosis of R can lead
to an apparent time-dependence in λeff in Eq. (2) where
none would otherwise exist. Performing H–T regression in
a range of GCMs, Williams et al. (2008) note a generally
strong linearity as equilibrium is approached (as seen for
CCSM4 in Fig. 7), and propose that the slope of this regres-
sion gives an estimate of λeq, provided that we interpret the
intercept of this line with the H-axis as the effective forc-
ing and the intercept with the T -axis as T 2× (solid line in
Fig. 7). In this interpretation, then, the time-dependence
of λeff appears to be largely eliminated over the stabiliza-
tion period (Williams et al. 2008). This method has been
widely applied to estimate feedbacks and forcing within
both models and observations (Forster and Taylor 2006;
Forster and Gregory 2006; Gregory and Webb 2008; An-
drews and Forster 2008; Williams et al. 2008; Murphy et al.
2009; Boer 2011; Crook et al. 2011; Andrews et al. 2012a;
Webb et al. 2012; Andrews et al. 2012b).

Here, we employ an interpretation of ‘forcing’ as those
TOA flux changes that occur independent of and prior to
any surface temperature response to CO2, and of ‘feed-
backs’ as those TOA flux changes that scale with surface
temperature. The relevant forcing then includes strato-
spheric adjustments as well as any semi-direct, tropospheric
adjustments occurring on timescales of days to weeks (Gre-
gory and Webb 2008; Andrews and Forster 2008; Williams
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et al. 2008; Colman and McAvaney 2008; Andrews et al.
2012a; Webb et al. 2012); importantly, the forcing excludes
surface temperature changes. In this view, it is generally
not possible to find a value of R2× that eliminates the
time-variation of λeff within GCMs, since the slope of the
H–T regression varies over decades to centuries following
an abrupt CO2 change (e.g., Fig. 7 and see Andrews et al.
(2012a)). However, in the regional feedbacks formulation,
the time-variation of λeff can be understood simply in
terms of a constant R2× (for fixed CO2), constant λ(r)
and an evolving surface warming pattern over decadal and
longer timescales.

Equation (12) suggests that the slope of the H–T re-
gression is not a measure of λeq, but is instead a measure
of the strength of feedbacks in those regions where surface
temperatures are changing most rapidly at the time the re-
gression is performed—the high-latitude oceans (Figs. 3c,d),
where feedbacks are less negative than average (Fig. 5a), as
equilibrium is approached. Thus, regression methods (see
Fig. 7) can be expected to provide biased estimates of λeq
(less negative than it should be) and R2× (too low); the de-
gree of bias is dependent on both the geographic structure
of λ(r), which varies widely across models (e.g., Zelinka
and Hartmann 2011), and on the timescale over which the
regression is performed.

We note that since our value of R2× is an estimate of
the traditional, stratosphere-adjusted CO2 forcing (see Ap-
pendix A), it is possible that we have misdiagnosed λeff
to some extent. However, our value of R2× is similar to re-
ported estimates of the troposphere-adjusted forcing within
CCSM3 (see Webb et al. (2012), and references therein),
perhaps suggesting a relatively small role for non-feedback
cloud adjustments and little difference between these two
forcing measures within this model. Overall, our findings
highlight the importance of fixed surface temperature ex-
periments (e.g., Shine et al. 2003; Hansen et al. 2005) for
calculation of the troposphere-adjusted CO2 forcing since
they avoid the biases associated with regression methods.

Recently, Winton et al. (2010) have proposed an alter-
native interpretation of T eff in terms of a time-dependent
‘efficacy of ocean heat uptake’ that arises due to its ge-
ographic structure, analogous to the distinct efficacies of
different radiative forcing agents (Hansen et al. 1997, 2005;
Yoshimori and Broccoli 2008). In this view, global ocean
heat uptake, H, can be thought of as an effective forcing
on the surface components of the climate system, equal
to εH (where ε allows for nonunitary efficacy), such that
global surface temperature evolves according to a mixture
of radiative forcing and heat exchange with the deep ocean.
The relationship between our approach and that of Win-
ton et al. (2010) can be seen by amending the global energy
balance:

ε(t)H(t) = λeqT (t) +R(t). (14)

From this perspective, the global climate feedback is as-

sumed to have a constant value λeq, and the time-varying
relationship between H and T is driven solely by nonuni-
tary ε(t). The H–T regression in Fig. 7 then has a slope
equal to λeq/ε.

From our perspective, the time-varying relationship be-
tween H and T is driven instead by the convolution of re-
gional feedbacks and evolving spatial patterns of surface
warming. Since this behavior is subsumed within ε, ε itself
it may be understood through the regional feedbacks for-
mulation. Combining Eqs. (5) and (14) gives an expression
for efficacy in terms of regional properties:

ε(t) =
H(r, t)/λ(r)

H(t)/λeq︸ ︷︷ ︸
(i)

+
∇ · F (r, t)/λ(r)

H(t)/λeq︸ ︷︷ ︸
(ii)

− R(r, t)/λ(r)−R(t)/λeq

H(t)/λeq︸ ︷︷ ︸
(iii)

.

(15)

Term (i) can be interpreted as the contribution to ε aris-
ing from a geographic pattern of ocean heat uptake acting
on a geographic pattern of regional feedbacks—ocean heat
uptake occurring preferentially in regions of less-negative
local feedbacks, such as the Southern Ocean, drives ε to-
ward values greater than one. Thus, slow variations in the
geographic pattern of heat uptake may drive changes in ε
over decades to centuries (Fig. 7; Winton et al. (2010); Bitz
et al. (2012)). Note that in the limit of spatially uniform
λ(r) (equal to λeq in all regions), term (i) approaches unity.

Term (ii) in Eq. (15) can be interpreted as the contri-
bution to ε arising from changes in the dynamical trans-
port of energy between regions of different local feedback
strengths, and can thus be described as an ‘efficacy of heat
transport’1. The convergence of energy preferentially out
of regions of more-negative feedbacks and into regions of
less-negative feedbacks drives ε toward a higher value. In
the limit of spatially uniform λ(r), term (ii) approaches
zero.

Finally, term (iii) in Eq. (15) can be interpreted as
the contribution to ε arising from a geographic pattern
of radiative forcing acting on a geographic pattern of re-
gional feedbacks, and thus represents the traditional con-
cept of ‘efficacy of climate forcing’ (Hansen et al. 1997,
2005; Yoshimori and Broccoli 2008). ε is driven toward a
higher value when stronger forcing occurs preferentially in
regions of less-negative feedbacks, consistent with the ar-
guments of Boer and Yu (2003b). In the limit of spatially
uniform λ(r), term (iii) approaches zero.

Therefore, ε is fundamentally dependent on λ(r). More-
over, ε can be interpreted as a pure ‘ocean heat uptake ef-

1We note that the ocean heat transport component of Term (ii)
may be naturally combined with the ocean heat uptake efficacy, as
in Winton et al. (2010).
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ficacy’ only when terms (ii) and (iii) are negligible; in gen-
eral, dynamical heat transport changes and a spatial pat-
tern of radiative forcing are also contributors to ε through
their preferential actuation of feedbacks within particular
regions. However, a near constant ε is an effective charac-
terization of the behavior of λeff over the period of slow
adjustment toward equilibrium with a fixed radiative forc-
ing (solid line in Fig. 7). This period is characterized by a
slow decrease in high-latitude ocean heat uptake (Winton
et al. 2010; Bitz et al. 2012), resulting in the emergence of a
spatially-fixed pattern of polar amplified warming (Fig. 3c)
and thus a constant H–T slope through Eq. (12).

5. Summary and conclusions

All observation-based estimates and many model-based
estimates of climate sensitivity rely on using the global-
mean energy budget and global-mean temperature to cal-
culate an effective climate sensitivity, T eff . Our central
finding is that the time-variation of T eff appears to be
fundamentally controlled by the geographic pattern of (ap-
proximately time-invariant) regional climate feedbacks and
the time-evolving pattern of surface warming. In turn, the
spatial structure of surface warming depends on a vari-
ety of factors (Eq. (5))—the patterns of radiative forcing,
ocean heat uptake, heat transport, and the regional feed-
backs themselves; the regional feedbacks depend on the
local physics linking the surface temperature change and
TOA radiative response. Radiative forcing and ocean heat
uptake drive values of T eff that depend on their spatial
structures (through the actuation of regional feedbacks).
This gives rise to the apparent efficacies of radiative forcing
and ocean heat uptake reported in previous studies (e.g.,
Hansen et al. 1997; Boer and Yu 2003b; Hansen et al. 2005;
Yoshimori and Broccoli 2008; Winton et al. 2010).

The most important assumptions are that regional feed-
backs can be approximated as local, linear and constant in
time. While we do not expect these assumptions to hold in
all regions or over large surface temperature changes, they
appear to be sufficient for the calculation of T eff within
a fully-coupled general circulation model (CCSM4) forced
by an abrupt CO2 doubling. However, the time-evolution
of T eff is not fully accounted for by Eq. (8), particularly
over the first few decades of the integration. This can be
primarily attributed to the global effective SW feedback
(Fig. 2a), suggesting that a source of time-variation in ei-
ther the SW cloud or surface albedo feedbacks has been
neglected—plausibly due to a breakdown of our local, lin-
ear, time-invariant feedback assumptions, or due to errors
in the kernel-calculated feedback pattern.

T eff is found to be lower than the equilibrium cli-
mate sensitivity, T 2×, under transient warming: on decadal
timescales, warming of the low-latitude oceans actuates
strongly negative (stabilizing) regional feedbacks, leading

to a low value of T eff ; on centennial and longer timescales,
a pattern of polar amplified warming emerges, actuating
less-negative and even positive (destabilizing) high-latitude
feedbacks, driving T eff toward higher values until global
climate equilibrium is attained. These basic patterns of
change are seen in many GCMs, suggesting that the gen-
eral results are robust.

The basic principles are also highly robust: regionally
varying feedbacks are an inevitable result of Earth’s dis-
tinct climatic zones, and an evolving pattern of warming is
inevitable given the different response times of land, ocean,
and sea ice. Of particular relevance for the near-future
climate evolution are the geographic variations in ocean
dynamics, and resulting ocean heat uptake, that regulate
regional changes on timescales ranging from decades to cen-
turies. These principles were demonstrated in a minimalist
model, which could also be used to highlight the behavior
of the global-mean energy–temperature relationship at dif-
ferent stages of the evolving climate response.

In contrast to our local definition, most studies define
climate feedbacks with respect to the global mean surface
temperature. An implication of our result is that such feed-
backs must in general be interpreted as ‘effective’ quantities
that reflect the particular pattern of surface warming over
which they are estimated. This result has several impor-
tant consequences for the estimation and interpretation of
climate feedbacks and climate sensitivity. Within models,
estimates of climate feedbacks based on transient warming
scenarios (e.g., Soden and Held 2006; Zelinka and Hart-
mann 2011) can be expected to produce different spatial
effective feedback patterns, and a different global effective
feedback, than those estimates based on equilibrium sce-
narios (e.g., Shell et al. (2008); Bitz et al. (2012), and see
Fig. 4c). Defining local feedbacks with respect to local sur-
face temperature change avoids this time-dependence, and
is arguably a more natural and consistent measure of the
local radiative response to warming.

In observational studies, the time-variation of T eff im-
pedes our ability to place constraints on the long-term evo-
lution of global climate. Our results, and most others we
are aware of (e.g., Winton et al. 2010), show T eff < T 2×,
which raises the possibility that observed estimates of T eff
from the modern climate state might also represent an
underestimate of the true equilibrium climate sensitivity.
However, the degree to which T eff can vary depends criti-
cally on the geographic structure of λ(r), and it is possible
that T eff will show little future evolution if the merid-
ional feedback structure is substantially more flat than that
found within CCSM4 (Fig. 5). A substantial challenge for
transient global climate prediction is knowing how T eff
will evolve over time, which requires an accurate represen-
tation of regional circulations and feedbacks within climate
models.

The potential for different types of climate change to be
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governed by distinct λeff and T eff greatly complicates the
comparison of climate change from different periods. For
instance, the climate response to abrupt forcing changes,
such as volcanic eruptions, mainly provides a measure of
the effective global feedback associated with the rapid ad-
justments over land and sea ice, and thus it provides little
information about how the global feedback may evolve over
long timescales. It might seem appealing, then, to deter-
mine the climate response to very slow forcing changes,
such as the orbital and greenhouse gas changes between
the Last Glacial Maximum and present day, as a near-
equilibrium measure of global feedback (λeff ≈ λeq). How-
ever, as these periods are driven by distinct patterns of
forcing and ocean heat uptake, those equilibrium feedbacks
may have operated on a temperature pattern that dif-
fered considerably from those associated with present and
near-future climate changes (e.g., Crucifix 2006). Bayesian
approaches that combine multiple observations of climate
change from different periods to derive narrower bounds on
climate sensitivity (e.g., Annan and Hargreaves 2006) are
predicated on the assumption that each estimate is provid-
ing information about the same global climate feedback,
and thus they are called into question by the finding that
λeff depends fundamentally on the spatial warming pat-
tern in each period.

The regression of global TOA energy flux on global sur-
face temperature is a widely-used method to simultane-
ously estimate the equilibrium climate feedback and radia-
tive forcing in models and observations. We argue that the
regression slope should instead be interpreted as a measure
of the local feedbacks weighted by the rate of local surface
temperature change (Eq. (12)), and thus that global re-
gression methods can be expected to provide an estimate
of the global climate feedback that is biased towards those
regions that are changing most rapidly at the time the re-
gression is performed2. Correspondingly, the H-axis inter-
cept calculated by regression methods likely represents a
misdiagnosis of the radiative forcing (Figs. 6d and 7).

Finally, our focus has been on an idealized instanta-
neous CO2 doubling scenario, which cleanly separates the
various timescales of climate response and facilitates identi-
fication of the mechanisms of λeff variation within CCSM4.
In more realistic forcing scenarios, where climate forcing is
ramped more slowly and a range of radiative forcing agents
are included, a different λeff is expected. The good agree-
ment between λeff calculated by regional feedbacks and
diagnosed by global energy balance suggests that the re-
gional climate feedbacks framework is a powerful tool for
calculating and understanding the time-variation of λeff
under a range of forcing scenarios and models. Moreover,

2Regression of local TOA flux on local temperature (e.g., Crook
et al. 2011) may still provide an accurate estimate of the local feed-
back, provided that the regression is performed over a small enough
region such that λ(r) is approximately uniform.

a redefinition of climate feedbacks in terms of local temper-
ature change eliminates the influence of the spatial pattern
of warming, and may thus permit greater insight into the
causes of the spread in future climate projections across
climate models.
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APPENDIX A

Calculation of CO2 radiative forcing

We calculate the global radiative forcing from CO2 dou-
bling, R2×, from λeq calculated with radiative kernels and
T 2× simulated by the SOM (Bitz et al. 2012). Applying
Eq. (1), we estimated R2× = −λeqT 2× = 3.03 Wm−2. Cal-
culating the SW and LW components of the forcing sepa-

rately gives R
SW

2× = −0.02 Wm−2 and R
LW

2× = 3.05 Wm−2,
respectively. These forcing values are subject to errors in
the kernel-calculated global feedback, which have been es-
timated to be less than 10% for CO2 doubling (Shell et al.
2008; Jonko et al. 2012).

Cloud feedbacks have been calculated using the ‘ad-
justed cloud radiative forcing’ method (Soden et al. 2008;
Shell et al. 2008), without accounting for forcing-induced
cloud changes that occur independent of the surface tem-
perature response. Thus, R2× should be interpreted here as
an estimate of the traditional, stratosphere-adjusted CO2

radiative forcing.

APPENDIX B

Time-variation of effective climate feedbacks

The time-evolution of the individual global effective
feedbacks and associated global TOA radiation flux are
shown in Fig. 8. Global effective feedbacks are calculated
by applying Eq. (8) to each of the individual components
of the net local feedback λ(r) (Fig. 5); the global TAO
radiation flux is calculated by multiplying each effective
feedback by the global mean surface temperature change
in each year. If each effective feedback were constant in
time, each TOA radiation flux would evolve linearly with
global mean surface temperature (black lines in Fig. 8).
The net effective feedback, the sum of SW feedbacks, and
the sum of LW feedbacks are shown in Fig. 2a.
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Fig. 8. Evolution of individual global effective climate feedbacks and associated TOA energy flux. Global
effective climate feedbacks calculated with regional feedbacks (Eq. (8)), and associated global TOA energy flux as a
function of global annual mean surface temperature change, for a, Net (λeff ; sum of all individual effective feedbacks), b,
Planck, c, LW water vapor, d, SW water vapor, e, lapse rate, f, surface albedo, g, SW cloud, and h, LW cloud feedbacks.
Light blue dots show individual years, and dark blue lines show the 20-year running mean. Black lines show the expected
evolution if each feedback were constant (equal to its SOM estimated value) over the simulation.

REFERENCES

Allen, M. R., N. Andranova, B. B. Booth, S. Dessai,
D. Frame, and et al., 2007: Observational constraints on
climate sensitivity. Avoiding Dangerous Climate Change,
H. J. Schellnhuber and et al., Eds., Cambridge Univ.
Press, 281–289.

Andrews, T. and P. M. Forster, 2008: Co2 forcing induces

semi-direct effects with consequences for climate feed-
back interpretations. Geophysical Research Letters, 35,
L04802.

Andrews, T., J. M. Gregory, P. M. Forster, and M. J.
Webb, 2012a: Cloud adjustment and its role in co2 ra-
diative forcing and climate sensitivity: A review. Surveys
in Geophysics, doi:10.1007/s10712-011-9152-0.

Andrews, T., J. M. Gregory, M. J. Webb, and K. E. Tay-
lor, 2012b: Forcing, feedbacks and climate sensitivity in

14



cmip5 coupled atmosphere–ocean climate models. Geo-
physical Research Letters, 39, L09712.

Annan, J. D. and J. C. Hargreaves, 2006: Using multi-
ple observationally-based constraints to estimate climate
sensitivity. Geophysical Research Letters, 33, L06704.

Baker, M. B. and G. H. Roe, 2009: The shape of things to
come: Why is climate change so predictable? Journal of
Climate, 22, 4574–4589.

Bates, J. R., 2007: Some considerations of the concept of
climate feedback. Quarterly Journal of the Royal Mete-
orological Society, 133, 545–560.

Bates, J. R., 2010: Climate stability and sensitivity in some
simple conceptual models. Climate Dynamics, 38, 455–
473.

Bitz, C. M., K. M. Shell, P. R. Gent, D. A. Bailey, G. Dan-
abasoglu, and et al., 2012: Climate sensitivity in the
community climate system model, version 4. Journal of
Climate, 25, 3053–3070.

Boer, G. and B. Yu, 2003a: Climate sensitivity and climate
state. Climate Dynamics, 21, 167–176.

Boer, G. and B. Yu, 2003b: Climate sensitivity and re-
sponse. Climate Dynamics, 20, 415–429.

Boer, G. J., 2011: The ratio of land to ocean temperature
change under global warming. Climate Dynamics, 37,
2253–2270.

Colman, R. A. and B. J. McAvaney, 2008: On tropospheric
adjustment to forcing and climate feedbacks. Climate
Dynamics, 36, 16491658.

Crook, J. A., P. M. Forster, and N. Stuber, 2011: Spatial
patterns of modeled climate feedback and contributions
to temperature response and polar amplification. Jour-
nal of Climate, 24, 3575–3592.

Crucifix, M., 2006: Does the last glacial maximum con-
strain climate sensitivity? Geophysical Research Letters,
33, L18701.

Danabasoglu, G. and P. R. Gent, 2008: Equilibrium cli-
mate sensitivity: Is it accurate to use a slab ocean
model? Journal of Climate, 22, 2494–2499.

Edwards, T. L., M. Crucifix, and S. P. Harrison, 2007:
Using the past to constrain the future: how the palaeo-
record can improve estimates of global warming. Progress
in Physical Geography, 481–500.

Forster, P. M. D. and J. M. Gregory, 2006: Diagnosing
the climate sensitivity and its components from earth
radiation budget data. Journal of Climate, 19, 39–52.

Forster, P. M. D. and K. E. Taylor, 2006: Climate forcings
and climate sensitivities diagnosed from coupled climate
model integrations. Journal of Climate, 19, 6181–6194.

Gent, P. R., G. Danabasoglu, L. J. Donner, M. M. Holland,
E. C. Hunke, and et al., 2011: The community climate
system model, version 4. Journal of Climate, 24, 4973–
4991.

Gregory, J. M., 2000: Vertical heat transports in the ocean
and their effect on time-dependent climate change. Cli-
mate Dynamics, 16, 501–515.

Gregory, J. M., W. J. Ingram, M. A. Palmer, G. S. Jones,
P. A. Stott, and et al., 2004: A new method for diagnos-
ing radiative forcing and climate sensitivity. Geophysical
Research Letters, 31, L03205.

Gregory, J. M. and M. J. Webb, 2008: Tropospheric adjust-
ment induces a cloud component in co2 forcing. Journal
of Climate, 21, 58–71.

Hansen, J., M. Sato, R. Rudy, L. Nazarenko, A. Lacis,
and et al., 2005: Efficacy of climate forcings. Journal of
Geophysical Research, 110, D18104.

Hansen, J., M. Sato, and R. Ruedy, 1997: Radiative forcing
and climate response. Journal of Geophysical Research,
102, 6831–6864.

Hegerl, G. C., F. W. Zwiers, P. Braconnot, N. Gillett,
Y. Luo, and et al., 2007: Understanding and attribut-
ing climate change. Climate Change 2007: The Physi-
cal Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, S. Solomon, D. Qin, M. Man-
ning, Z. Chen, M. Marquis, and et al., Eds., Cambridge
University Press, Cambridge, United Kingdom and New
York, NY, USA.

Held, I. M., M. Winton, K. Takahashi, T. Delworth,
F. Zeng, and G. Vallis, 2010: Probing the fast and slow
components of global warming by returning abruptly to
preindustrial forcing. Journal of Climate, 23, 2418–2427.

Holland, M. M. and C. M. Bitz, 2003: Polar amplification
of climate change in the coupled model intercomparison
project. Climate Dynamics, 21, 221–232.

Holland, M. M., C. M. Bitz, and B. Tremblay, 2006: Future
abrupt reductions in the summer arctic sea ice. Geophys-
ical Research Letters, 33, L23503.

Jonko, A. K., K. M. Shell, B. M. Sanderson, and G. Dan-
abasoglu, 2012: Climate feedbacks in ccsm3 under
changing co2 forcing. part i: Adapting the linear radia-
tive kernel technique to feedback calculations for a broad
range of forcings. Journal of Climate, 25, 5260–5272.

15



Kay, J. E., M. M. Holland, C. M. Bitz, E. Blanchard-
Wrigglesworth, A. Gettelman, A. Conley, and D. Bai-
ley, 2012: The influence of local feedbacks and north-
ward heat transport on the equilibrium arctic climate
response to increased greenhouse gas forcing in cou-
pled climate models. Journal of Climate, doi:10.1175/
JCLI-D-11-00622.1.

Kiehl, J. T., C. A. Shields, J. J. Hack, and W. D. Collins,
2006: The climate sensitivity of the community climate
system model version 3 (ccsm3). Journal of Climate, 19,
2584–2596.

Kirkman, C. and C. M. Bitz, 2011: The effect of the sea
ice freshwater flux on southern ocean temperatures in
ccsm3: Deep ocean warming and delayed surface warm-
ing. Journal of Climate, 24, 2224–2237.

Knutti, R. and G. C. Hegerl, 2008: The equilibrium sen-
sitivity of the earth’s temperature to radiation changes.
Nature Geoscience, 1, 735–743.

Knutti, R., T. F. Stocker, F. Joos, and G.-K. Plattner,
2002: Constraints on radiative forcing and future climate
change from observations and climate model ensembles.
Nature, 416, 719–723.

Levitus, S., J. I. Antonov, J. Wang, T. L. Delworth, K. W.
Dixon, and A. J. Broccoli, 2001: Anthropogenic warming
of earth’s climate system. Science, 292, 267–270.

Li, C., J.-S. von Storch, and J. Marotzke, 2012: Deep-ocean
heat uptake and equilibrium climate response. Climate
Dynamics, doi:10.1007/s00382-012-1350-z.

Manabe, S., R. J. Stouffer, M. J. Spelman, and K. Bryan,
1991: Transient response of a coupled atmosphere–ocean
model to gradual changes of atmospheric co2. part i: An-
nual mean response. Journal of Climate, 4, 785–818.

Murphy, D. M., S. Solomon, R. W. Portmann, K. H.
Rosenlof, and F. P. M., 2009: An observationally based
energy balance for the earth since 1950. Journal of Geo-
physical Research, 114, D17107.

Murphy, J. M., 1995: Transient response of the hadley cen-
tre coupled ocean–atmosphere model to increasing car-
bon dioxide. part 1: Control climate and flux adjust-
ment. Journal of Climate, 8, 36–56.

Raper, S. C. B., J. M. Gregory, and R. J. Stouffer, 2002:
The role of climate sensitivity and ocean heat uptake on
aogcm transient temperature response. Journal of Cli-
mate, 15, 124–130.

Senior, C. A. and J. F. B. Mitchell, 2000: Time-dependence
of climate sensitivity. Geophysical Research Letters, 27,
2685–2688.

Shell, K. M., J. T. Kiehl, and C. A. Shields, 2008: Using
the radiative kernel technique to calculate climate feed-
backs in ncar’s community atmospheric model. Journal
of Climate, 21, 2269–2282.

Shine, K. P., J. Cook, E. J. Highwood, and M. M. Joshi,
2003: An alternative to radiative forcing for estimating
the relative importance of climate change mechanisms.
Geophysical Research Letters, 30, 2047.

Soden, B. J. and I. M. Held, 2006: An assessment of climate
feedbacks in coupled ocean-atmosphere models. Journal
of Climate, 19, 3354–3360.

Soden, B. J., I. M. Held, R. Colman, I. M. Shell, J. T.
Kiehl, and C. A. Shields, 2008: Quantifying climate feed-
backs using radiative kernels. Journal of Climate, 21,
3504–3520.

Stouffer, R. J., 2004: Time scales of climate response. Jour-
nal of Climate, 17, 209–217.

Watterson, I. G., 2000: Interpretation of simulated global
warming using a simple model. Journal of Climate, 13,
202–215.

Webb, M. J., F. H. Lambert, and J. M. Gregory, 2012:
Origins of differences in climate sensitivity, forcing and
feedback in climate models. Climate Dynamics, doi:10.
1007/s00382-012-1336-x.

Wigley, T. M. L. and S. C. B. Raper, 2001: Interpretation
of high projections for global-mean warming. Science,
293, 451–454.

Williams, K. D., W. J. Ingram, and J. M. Gregory, 2008:
Time variation of effective climate sensitivity in gcms.
Journal of Climate, 21, 5076–5090.

Winton, M., 2006: Amplified arctic climate change: What
does surface albedo feedback have to do with it? Geo-
physical Research Letters, 33, L03701.

Winton, M., K. Takahashi, and I. M. Held, 2010: Impor-
tance of ocean heat uptake efficacy to transient climate
change. Journal of Climate, 23, 2333–2344.

Yoshimori, M. and A. J. Broccoli, 2008: Equilibrium re-
sponse of an atmosphere–mixed layer ocean model to
different radiative forcing agents: Global and zonal mean
response. Journal of Climate, 21, 4399–4423.

Zelinka, M. D. and D. L. Hartmann, 2011: Climate feed-
backs and their implications for poleward energy flux
changes in a warming climate. Journal of Climate, 25,
608–624.

16


