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ABSTRACT
The Hadley Centre Global Environment Model, version 2–Earth System (HadGEM2-ES) climate model is
forced by a 1% yr21 compound increase in atmospheric CO2 for 140 years, followed by a 1% yr21 CO2 decrease back to the starting level. Analogous atmosphere-only simulations are performed to diagnose the
component of change associated with the effective radiative forcing and rapid adjustments. The residual
change is associated with radiative feedbacks that are shown to be linearly related to changes in global-mean
surface air temperature and are found to be reversible under this experimental design, even for regional cloud
feedback changes. The cloud adjustment is related to changes in cloud amount, with little indication of any
large-scale changes in cloud optical depth. Plant physiological forcing plays a significant role in determining
the cloud adjustment in this model and is the dominant contribution to the low-level cloud changes over land.
Low-level cloud adjustments are associated with changes in surface turbulent fluxes and lower tropospheric
stability, with significant adjustments in boundary layer cloud types and in the depth of the boundary layer
itself. The linearity of simple forcing–response frameworks are examined and found to be generally applicable. Small regional departures from linearity occur during the early part of the ramp-down phase, where the
Southern Ocean and eastern tropical Pacific continue to warm for a few decades, despite the reversal in
radiative forcing and global temperatures. The importance of considering time-varying patterns of warming
and regional phenomena when diagnosing and understanding feedbacks in a coupled atmosphere–ocean
framework is highlighted.

1. Introduction
a. Conceptual framework
The earth’s energy balance provides a convenient
framework for understanding the global response of the
climate system to natural and anthropogenic forcings.
During transient climate change, the global surface air
temperature change DT (K) is determined by forcing,
feedback, and heat uptake processes. These quantities
can be related through a simple linear relationship whereby
the net heat flux into the climate system N (W m22)—
which is overwhelmingly into the ocean—is partitioned
between an external radiative perturbation F (W m22)
and a heat flux lost to space that is determined by climate
feedback processes [2aDT (W m22)],
N 5 F 2 aDT ,

(1)
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where 2a (W m22 K21) is the climate feedback parameter (e.g., Gregory et al. 2004).
Under scenarios of steadily increasing forcing, such as
a 1% compound increase in CO2 per year, models suggest a further simplification so that F is proportional
to DT,
F 5 rDT ,

(2)

where r (W m22 K21) is the ‘‘climate resistance’’
(Gregory and Forster 2008). This views the deep ocean
as a heat sink, which takes heat away from the mixed
layer proportionally to DT, so that N 5 kDT, where
k (W m22 K21) is the ‘‘ocean heat uptake efficiency’’
(Gregory and Mitchell 1997; Raper et al. 2002). Equations (1) and (2) show that climate resistance depends on
both the ocean heat uptake efficiency and climate
feedbacks, r 5 k 1 a.
Linearity of these relationships is clearly only an approximation. Their applicability and limitations have
been explored in fully coupled atmosphere–ocean general circulation models (AOGCMs) (e.g., Gregory et al.
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2004; Forster and Taylor 2006; Williams et al. 2008;
Danabasoglu and Gent 2009; Winton et al. 2010; Held
et al. 2010; Li et al. 2013; Andrews et al. 2012b). Yet
most have focused on the global mean, and little has
been done on the regional processes. In addition, it is
unclear how well these concepts apply to mitigation scenarios that aim to avoid, or even reverse, potentially
dangerous climate change (Bouttes et al. 2013). For example, are feedback processes that influence the global
radiation balance reversible?

b. Effective radiative forcing and adjustments
A recent development has been the realization that
some aspects of cloud changes, when driven by increased
CO2, are better thought of as a rapid atmospheric adjustment to be included in the external perturbation F,
rather than a surface temperature mediated feedback
[see Andrews et al. (2012a) for a review of these developments]. The easiest way to demonstrate these atmospheric adjustments is with an atmospheric general
circulation model (i.e., with fixed SSTs). In such experiments, the atmosphere and land surface are free to respond
to the perturbation, but the large-scale surface temperature
mediated feedbacks are inhibited. Such experiments have
long been used to investigate the atmospheric response to
forcing (e.g., Gates et al. 1981; Mitchell, 1983).
Fixed-SST experiments provide a convenient way of
diagnosing F from the change in top-of-atmosphere radiation balance [DT ; 0 implies N ; F from Eq. (1)]
(Shine et al. 2003; Hansen et al. 2005). We refer to this as
the effective radiative forcing (ERF). There is significant
intermodel spread in ERF, seen in both transient scenarios
(Forster and Taylor 2006; Forster et al. 2013) and idealized
CO2 experiments, whereby cloud adjustments have been
identified as a significant contributing uncertainty to the
ERF and climate sensitivity (Gregory and Webb 2008;
Andrews and Forster 2008; Andrews et al. 2012b; Webb
et al. 2013; Kamae and Watanabe 2012; Vial et al. 2013). It
is therefore important to investigate cloud adjustments
and associated processes in models in more detail.
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2) Little has been done on the physical processes behind
cloud adjustments to CO2 and how they are manifested regionally and in a transient scenario.
3) Clouds are believed to be a source of nonlinearity in
the forcing–feedback relationship (Senior and Mitchell
2000; Williams et al. 2008; Andrews et al. 2012b;
Zelinka et al. 2013).
4) Boucher et al. (2012) identified potential hysteresis
behavior in global low-level cloud amount with
reversibility experiments using the same model used
in this study [the Hadley Centre Global Environment
Model, version 2–Earth System (HadGEM2-ES);
see section 2].
5) There is a sound basis for examining cloud changes in
HadGEM2-ES, as its present-day simulation of clouds
has been shown to be one of the best—compared to a
range of observational metrics—of the models participating in phase 5 of the Coupled Model Intercomparison Project (CMIP5) (Jiang et al. 2012).
We will use the Met Office Hadley Centre climate model
HadGEM2-ES forced by a 1% yr21 compound increase
in CO2, followed by a 1% yr21 decrease (see section 2).
While clearly not a realistic scenario of CO2 removal,
the design provides a framework for understanding processes relevant to a hypothetical mitigation scenario.
Boucher et al. (2012) used the same experiment to provide an overview of the reversibility and ‘‘hysteresis type’’
behavior of various processes, focusing on ‘‘Earth system’’ components. Chadwick et al. (2013) described
asymmetries in the spatial patterns of precipitation
changes over the tropical oceans.
Section 2 describes the model and experiments. Section 3 details the global radiation balance and the applicability of the linear forcing–feedback relationships.
Section 4 focuses on the role of clouds, describing the
transient cloud changes in terms of adjustments and
feedbacks and associated processes. Section 5 shows
where some of the above relationships break down and
how this relates to changing patterns of warming. Section 6 presents a summary and discussion.

c. Aims of this study
In this paper we aim to explore these concepts further.
We will build on previous studies by examining the
simple forcing–response relationships [Eqs. (1) and (2)]
at both a global and regional scale in a transient reversibility scenario. We will additionally focus on the role
of transient cloud changes, and the processes involved in
their adjustments and feedbacks, for a number of reasons.
1) Clouds continue to be a major source of intermodel
spread in climate feedbacks and climate sensitivity in
models (Andrews et al. 2012b; Vial et al. 2013).

2. Experiments and method
a. Climate model description
We use the earth system (ES) configuration of the
Met Office Hadley Centre Global Environmental
Model version 2 (Martin et al. 2011; Collins et al. 2011).
HadGEM2-ES is a state-of-the-art coupled earth system
model that includes atmospheric, land surface, hydrology,
aerosol, ocean, and sea ice processes. The earth system
component includes terrestrial and oceanic ecosystems,
as well as interactive tropospheric chemistry and the
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FIG. 1. Time series of (a) CO2 concentration and effective radiative forcing (ERF) and (b) global-mean surface
air-temperature change (DT ). (c) The relationship between forcing and DT for the period of increasing (black) and
decreasing (red) forcing, the slope giving the climate resistance (r). (d) Change in TOA radiative fluxes. Note that all
data are globally and annually averaged, and radiative fluxes are defined as positive downward.

various couplings between them. The atmospheric component has 38 levels in the vertical and a horizontal resolution of 1.258 latitude 3 1.8758 longitude. A detailed
description of the model can be found in Collins et al.
(2011) and Martin et al. (2011).
In response to CO2 forcing, HadGEM2-ES has as
a transient climate response (TCR), defined as DT averaged over years 61–80 in a 1% yr21 compound increase in CO2 scenario, of 2.5 K (Andrews et al. 2012c)
and an effective climate sensitivity of ;4.6 K (Andrews
et al. 2012b), which is close to the upper bound of
CMIP5 models. It has a relatively large cloud feedback,
with large positive contributions coming from the low
cloud regions off the west coasts of the tropical continents (Webb and Lock 2013). Its 43CO2 ERF (7.0 W m22)
is close to the mean of CMIP5 models (Andrews et al.
2012b; Kamae and Watanabe 2012).

b. Climate model experiments
1) FULLY COUPLED SIMULATIONS
From a stable preindustrial control (CO2 concentration
286 ppmv), the CO2 concentration is increased by 1% yr21

for 140 years, reaching 4 times its preindustrial level
(1144 ppmv). CO2 levels are then reduced by 1% yr21
back to preindustrial levels (see Fig. 1a, blue line). The
global annual mean response DT is shown in Fig. 1b.

2) ATMOSPHERE-ONLY SIMULATIONS
To diagnose the ERF (section 3a) and related adjustments we repeat the control and CO2 ramp-up/ down
experiments with just the atmospheric component of
the model (i.e., we replace the ocean and sea ice models
with climatological SST and sea ice distributions representative of the fully coupled preindustrial control
simulation).
We perform three additional atmosphere-only simulations. In all cases the CO2 levels are instantaneously
increased to 4 times their preindustrial levels (equivalent to a time slice at year 140 in the transient experiments) and run for 30 years. The three experiments are
coupled with different aspects of the climate system:
(i) 43CO2: a step 4 3 CO2 increase, equivalent to a
time slice at year 140 in the transient CO2 ramp-up/
down fixed-SST experiment;
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FIG. 2. Comparison of the global annual-mean time series of (a) effective radiative forcing (ERF) and its (b) clear-sky and (c) cloud
radiative effect (CRE) components. Each term has been diagnosed via two methods using fixed-SST experiments: (i) from the change in
TOA flux in a 1% yr21 compound CO2 increase/decrease experiment with fixed climatological 1860 SSTs (shown as the thin lines exhibiting interannual variability) and (ii) as a time slice step 43CO2 at the point of CO2 quadrupling (year 140), linearly scaled with time
(thick lines with no interannual variability).

(ii) 43CO2RAD: as in 43CO2 but only the radiation
scheme sees the 4 3 CO2; plants continue to see
1 3 CO2;
(iii) 43CO2PHYS: as in 43CO2 but only the plant
scheme sees the 4 3 CO2; the radiation scheme
continues to see 1 3 CO2.
These three experiments have two purposes: (i) different couplings with plants/radiation allow us to diagnose
the component of ERF and adjustments that are radiatively driven, versus those which come about owing
to CO2 plant physiological effects [similar experimental
designs have been used previously by DoutriauxBoucher et al. (2009), Boucher et al. (2009), Andrews
et al. (2011), and others; see also section 4], and (ii) 30-yr
experiments provide a clean signal of the response,
which is needed for regional analysis where variability
can be large.

3. Global climate change
a. Effective radiative forcing
The effective radiative forcing, calculated as the
change in net top-of-atmosphere (TOA) radiative flux in
the fixed-SST simulations, increases/decreases linearly
with time (Fig. 1a). This is expected for the instantaneous
radiative forcing, due to its logarithmic dependence on
the change in CO2 (e.g., Myhre et al. 1998), but here we
show that it also holds for the ERF. The 43CO2 ERF
calculations can then be used to calibrate the logarithmic
formula to determine the ERF for any CO2 level. The
CO2 forcing is given by F 5 b ln(C/C0), where C (C0) are
the perturbed (control) CO2 levels and b is a constant to
be determined (Myhre et al. 1998). Using the ERF determined from the 43CO2 fixed-SST step experiment

(F43 5 7.0 W m22) and C43/C0 5 4 gives b 5 5.05 for this
model.
We compare the transient ERF with F43—determined
from the abrupt 43CO2 time slice—linearly scaled with
time [e.g., F(t) 5 F43t/140 for the ramp up] in Fig. 2a. The
agreement is excellent, even for the longwave and
shortwave clear-sky and cloud radiative effect (CRE),
defined as the difference between all-sky and clear-sky,
contributions (Figs. 2b,c). In the rest of the analysis we
use the linearly scaled 43CO2 fixed-SST experiments to
represent the ERF and adjustments as they have a better
signal-to-noise ratio, especially at the regional scale.

b. Climate resistance
For both ramp up and ramp down a constant r is
a good approximation (Fig. 1c), although the relationship between F and DT is different between the
ramp-up (r 5 1.22 W m22 K21) and ramp-down (r 5
1.55 W m22 K21) periods. As F is symmetrical (Fig. 1a),
this must be because DT decreases less in the ramp-down
period than it increased in the ramp up (Fig. 1b). This
could arise from either more stabilizing feedbacks (i.e.,
a is larger) in the ramp down and/or because k is larger.
In section 3c we will show that a is consistent between
ramp up and ramp down; hence differences in r must
arise from differences in k.
The importance of the heat flux into the deep ocean
can be seen by considering the evolution of DT (Fig. 1b)
in relation to the TOA radiative fluxes (Fig. 1d).
Throughout most of the simulation the system is taking
up heat, that is, N . 0 (Fig. 1d, black line); yet (counterintuitively), DT is declining soon after CO2 begins to
be removed. Hence the surface is cooling despite a positive energy imbalance at the TOA. It must be the case
that the surface and ocean mixed layer is losing more
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FIG. 3. Change in global annual-mean TOA radiative fluxes, DNi (from the fully coupled AOGCM simulation),
minus the associated component of the effective radiative forcing, Fi (from the fixed-SST experiment), as a function
of global annual-mean surface air temperature change, DT. Subscript i denotes the radiation component: net, LW
clear-sky, SW clear-sky, and net (LW 1 SW) CRE. Points are global annual means for the periods of increasing
(black) and decreasing (red) forcing. Radiative fluxes are defined as positive downward. The slope of the lines
measures the climate feedback parameter.

heat to the deep ocean than it is gaining from the atmosphere. We do not pursue this further, but it could be
explored with two-layer models that represent fluxes
between the mixed layer and deep ocean (e.g., Gregory
2000; Held et al. 2010; Bouttes et al. 2013) or step-response
models (Good et al. 2011; Bouttes et al. 2013).
As described by Gregory and Forster (2008), the small
but nonzero F intercept (Fig. 1c) is likely due to the
‘‘cold start’’ effect (Hasselmann et al. 1993; Keen and
Murphy 1997), which gives rise to a nonzero intercept of
N against DT, meaning a constant k is not exact. We see
that an analogous effect occurs during the first few years
of the ramp-down period (Fig. 1c), where the points
deviate from the straight line. It will be shown (section 5)
that during this period most of globe cools immediately
after the CO2 forcing is reversed, but the Southern
Ocean continues to warm for a number of years.

c. Climate feedback and ‘‘hysteresis’’
The transient changes in TOA radiative fluxes (Fig. 1d)
are the result of forcing and feedback processes. The fixedSST experiments allow us to diagnose the component of

these changes that are associated with forcing and adjustment processes. The feedback component can then
be determined by resolving Eq. (1) into its radiative
component terms (e.g., Gregory and Webb 2008): Ni 5
Fi 2 aiDT, where subscript i denotes the longwave (LW)
clear-sky, shortwave (SW) clear-sky, or net (LW 1 SW)
CRE. Figure 3 shows the relationship between Ni 2 Fi
and DT, the slope giving the feedback parameter 2ai.
The ramp down (red points) largely returns along the
same path as the ramp up in all components; that is, the
feedback processes that determine the global radiation
balance are largely reversible under this scenario.
Andrews et al. (2012b) determined F43 and the 2ai
components for various CMIP5 models forced by an
instantaneous 4 3 CO2. Their F43 (determined from
a linear regression method) is slightly different from that
determined through fixed-SST experiments (see Andrews
et al. 2012b). If we use their F43, we then determine
feedback components on both the ramp up and down
almost identical to those determined from the abrupt
43CO2 simulation for HadGEM2-ES. Kuhlbrodt and
Gregory (2012) similarly showed that this is applicable
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scales? Does the consistency between the global mean
feedbacks in the ramp-up and ramp-down scenarios also
apply to the feedbacks at the regional scale?
Note that the changes in global-mean cloud radiative
effect are small compared to clear-sky fluxes (Figs. 1–3).
However, the global results mask large regional cloud
changes that compensate in the global mean (see below).

a. Global, land, and ocean cloud adjustments
and feedbacks

FIG. 4. Change in global annual-mean TOA LW clear-sky radiation from the fully coupled AOGCM as a function of global-mean
surface air temperature change, DT (i.e., as in Fig. 3, but without
removing the associated component of the effective radiative
forcing from the fixed-SST experiment). Points are global annual
means for the periods of increasing (black) and decreasing (red)
forcing. Radiative fluxes are defined as positive downward.

widely across CMIP5 models, although Long and Collins
(2013) point to small nonlinearities. Consistent forcing
and feedback behavior of the climate system under large
step and realistic transient forcing experiments underpins
the simple model of Good et al. (2011, 2013), who showed
that transient 1% CO2 experiments can be derived from
a linear convolution of scaled down 43CO2 results.
Recent studies (e.g., Wu et al. 2010; Boucher et al.
2012) have used reversibility scenarios to identify potential hysteresis behavior. Such an example is demonstrated in Fig. 4 for the LW clear-sky radiative flux,
which does not return down the same path as it went up
(i.e., there appear to be two possible radiative states for
the same global-mean temperature state). However,
such simple analysis can be misleading because it ignores the role of forcing and adjustments (Boucher et al.
2012). When the forcing is correctly considered (Fig. 3),
the hysteresis-type behavior is removed. An analogous
effect has been described in the context of global-mean
precipitation (Cao et al. 2011).

4. Cloud adjustment and feedback
In this section we consider these issues in relation to
the cloud changes in HadGEM2-ES. We will describe
and examine in detail the adjustments and feedbacks
and the dominant physical processes in operation. We
also use clouds as a test for potentially important questions regarding the regional nature of these relationships. For example, how are adjustments characterized
in terms of specific physical processes? Is the division
between the adjustments and feedbacks valid at regional

We first consider the global-mean cloud changes defined by the International Satellite Cloud Climatology
Project (ISCCP) simulator cloud type diagnostics (Klein
and Jakob 1999; Webb et al. 2001). The ISCCP cloud
types allow the split between changes in cloud amount
and cloud optical depth to be examined in a straightforward manner and, because they are radiatively
defined, the cloud type can be related to changes in topof-atmosphere fluxes if desired (e.g., Zelinka et al. 2013).
To illustrate the relative contribution of cloud adjustments to cloud feedbacks we consider the changes
over the last 15 years of the 1% ramp-up experiment.
The total change in any quantity is considered to be the
sum of the adjustment and the feedback; hence, we define the feedback term as the total change relative to the
control less the (appropriately scaled) adjustment derived from the 43CO2 fixed-SST experiment. The remaining feedback term is therefore more physically
related to large-scale changes in surface temperature
than simply considering the total cloud change because
it is not contaminated by adjustments.
Table 1 shows the global-mean total, adjustment, and
feedback terms for the ISCCP-defined high-, middle-,
and low-level cloud amounts, together with the split
between ocean and land grid points. The adjustment is
negligible at the global-mean scale for both high- and
low-level cloud but it contributes roughly one-third of
the total change for middle-level cloud (Table 1). Separating into land and ocean shows that there is a significant cancellation between increases and decreases in
different regions for high- and low-level cloud adjustments. For oceanic high-level cloud the magnitude of
the adjustment is approximately 25% that of the feedback but the effects are of opposite sign. Over land,
adjustment and feedback contribute almost equally to
the total increase in high cloud. For low-level cloud
there is a high degree of cancellation between adjustment (positive) and feedback (negative) over ocean,
whereas over land adjustment dominates and the feedback is close to zero.
The ISCCP cloud diagnostics allow us to divide the
cloud changes into seven optical depth bins for each of
the defined cloud-top pressure levels. For high, middle,
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TABLE 1. Global-mean cloud amount changes with respect to the control simulation at the end (years 125–140) of the 1% ramp-up
simulation. The total changes (TOT) are broken down into the contributions from the adjustment (ADJ) and the feedback (F/B). Adjustments are determined from the fixed-SST experiment. The feedback contribution is estimated as the residual between the total change
in the fully coupled simulation and the adjustment. Units are fractional coverage measured in percent.
Global

High
Middle
Low

Ocean

Land

TOT

ADJ

F/B

TOT

ADJ

F/B

TOT

ADJ

F/B

1.75
22.20
20.76

0.03
20.72
0.02

1.72
21.48
20.78

1.64
21.76
20.42

20.46
20.66
0.71

2.10
21.10
21.13

1.97
23.08
21.46

1.02
20.84
21.38

0.94
22.24
20.08

and low cloud, over both land and ocean, the sign of
adjustment is the same for almost all optical depth bins.
This indicates that the adjustment is primarily associated
with increases or decreases of cloud amount, rather than
large-scale shifts of the optical depth distribution itself.
The largest adjustments occur for low-level cloud, and
the detailed changes in the optical depth bins are shown
in Table 2. Over ocean the adjustments are dominated
by increases in medium thickness (stratocumulus) cloud
whereas over land there are reductions in all optical
depth bins. The low cloud feedback indicates a shift to
optically thicker cloud over both land and ocean. Note
that the high cloud feedback (not shown) also shows an
increase in optical depth, but only for the optically
thinnest (cirrus) cloud.
A feature of previous Hadley Centre climate models
was the relatively large contribution of plant physiological forcing to the fast cloud adjustments (e.g., DoutriauxBoucher et al. 2009; Dong et al. 2009). This results from
the closing of plant stomata at higher CO2 concentrations
and a consequent reduction in evapotranspiration—
that is, a reduction in the flux of moisture from land
to the atmosphere (Sellers et al. 1996). Here we use
the additional fixed-SST experiments (43CO2RAD and
43CO2PHYS, described in section 2) to isolate this effect in HadGEM2-ES. Table 3 shows the breakdown of
the global-mean cloud adjustments over land between
the radiative and plant physiological effects. The CO2
radiative effect dominates the middle- and high-level

cloud adjustments, but the plant physiological effect
makes a nonnegligible contribution. For low-level cloud
the physiological effect is by far the dominant effect, and
this is discussed in more detail below.

b. Closer examination of the cloud adjustments
1) REGIONAL CLOUD ADJUSTMENTS
Figure 5 shows the geographical distributions of the
ISCCP low-, middle-, and high-level cloud adjustments
in the three main optical depth categories (thin, medium
thickness, and thick cloud). High-level cloud adjustments are largest in the tropics and are generally positive over land and negative over ocean. The high cloud
changes are of roughly comparable magnitude in all three
optical depth categories, but there is some evidence for
a thickening of high cloud over the warm pool and a thinning over Northern Hemisphere midlatitude land areas.
The middle-level cloud adjustment is negative almost
everywhere for all three optical depth categories. This
explains the dominance of the middle-level cloud adjustment in the global means (Table 1). Low-level cloud
adjustments are dominated by medium thickness cloud
(referred to as ‘‘stratocumulus’’ by ISCCP), with large
reductions over land and large increases over the
oceans, the latter being particularly apparent in the wellknown areas of marine stratocumulus cloud (e.g., Klein
and Hartmann 1993). Similar results are also seen in the
CMIP5 multimodel mean analysis of Zelinka et al. (2013).

TABLE 2. Breakdown of the adjustment and feedback contributions at the end (years 125–140) of the 1% ramp-up simulation to the total
changes in global-mean low-level cloud as a function of the seven ISCCP visible optical depth (t) categories. Results are shown separately
for land and ocean. Units are fractional coverage measured in percent.
t , 0.3

0.3 , t , 1.3

1.3 , t , 3.6

3.6 , t , 9.4

9.4 , t , 23

23 , t , 60

t . 60

Total
Adjustment
Feedback

20.23
20.04
20.20

20.33
20.11
20.22

20.38
20.23
20.15

Land
20.23
20.39
0.16

20.14
20.37
0.23

20.10
20.19
0.09

20.04
20.06
0.02

Total
Adjustment
Feedback

20.25
20.02
20.23

20.46
0.01
20.47

20.42
0.17
20.58

Ocean
0.12
0.45
20.32

0.44
0.07
0.36

0.14
0.03
0.11

0.01
0.00
0.01
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TABLE 3. Cloud adjustments averaged over land for high-, middle-,
and low-level cloud at the end (years 125–140) of the 1% ramp-up
simulation and their separation into radiative (RAD) and plant
physiological effects (PHYS). The adjustments are estimated from
the 43CO2, 43CO2RAD, and 43CO2PHYS fixed-SST experiments.
FULL indicates both radiative and physiological effects are present.
The final column indicates that these two effects add approximately
linearly at the global land scale (i.e., FULL-RAD ’ PHYS). Units are
fractional coverage measured in percent.

High level
Mid level
Low level

FULL

RAD

PHYS

FULL-RAD

1.02
20.84
21.38

0.78
20.57
20.09

0.23
20.23
21.18

0.24
20.27
21.29

Figure 6 shows the total (i.e., the sum over all optical
depth bins) low- and high-level cloud adjustments, together with the contributions from the radiative and
plant physiological effects. The high cloud changes
are largest over the tropics and subtropics and are
dominated by the radiative effect. The physiological

VOLUME 27

effect is important over certain land areas (e.g., South
America).
The low-level cloud adjustment shows a clear distinction between the dominance of the radiative effect
(increased cloud) over the ocean and the physiological
effect (reduced cloud) over land. There is some evidence
for the ‘‘spreading’’ of the physiological effect over
ocean areas, for example, off the west coast of South
America, which results from the lower-tropospheric
warming over land being advected over adjacent oceanic
areas (Mitchell 1983; Dong et al. 2009; Kamae and
Watanabe 2013). This is predominantly a radiative effect: the global-mean land surface temperature increase
is 1.30 K whereas it is 0.87 and 0.36 K in the RAD and
PHYS experiments, respectively. However, in this
model the land warming owing to the physiological effect alone is large enough for the impact over ocean to
be apparent even in the climatological annual mean.
In many regions there is an anticorrelation between
the changes in these ISCCP satellite-equivalent high-level

FIG. 5. CO2-driven cloud adjustments in the nine basic ISCCP cloud categories at the end (years 125–140) of the 1% ramp-up simulation
for (a)–(c) high-, (d)–(f) middle-, and (g)–(i) low-level clouds. The adjustments are estimated from the fixed-SST experiment. Units are
fractional coverage measured in percent.

Unauthenticated | Downloaded 01/09/23 02:43 AM UTC

15 FEBRUARY 2014

ANDREWS AND RINGER

1807

FIG. 6. Total (a)–(c) high- and (d)–(f) low-level cloud adjustments at the end (years 125–140) of the 1% ramp-up simulation and their
separation into radiative (RAD) and plant physiological effects (PHYS). The adjustments are estimated from the 43CO2, 43CO2RAD,
and 43CO2PHYS fixed-SST experiments described in the text. FULL indicates both radiative and physiological effects are present. Units
are fractional coverage measured in percent.

and low-level cloud amounts. We have examined the
model cloud amounts (both large-scale and convective)
and have confirmed that this anticorrelation is not an
artifact of any covering or uncovering effect, for example,
less high cloud revealing more low cloud or vice versa, but
is indeed representative of the model’s true behavior.

2) ASSOCIATED PROCESSES
Figure 7 shows the CO2 adjustments from the fixedSST experiment of a selection of parameters related to
the cloud changes. The land surface warming (Fig. 7a) is
largest at middle latitudes and over South America
(where there is a strong local influence of the plant
physiological effect). Comparison of the net CRE adjustment (Fig. 7b) with Fig. 6 shows the dominant impact
of low-level cloud changes on the net top-of-atmosphere
radiation balance (the SW effect is much larger than the
LW effect) and the strong top-of-atmosphere cancellation between the SW and LW impacts of high-level
cloud. Although the plant physiological effect on the
ERF is relatively small (Andrews et al. 2012c)—it is
13%, 1 W m22 out of 7.5 W m22, over land globally in
our model—it is the dominant contribution to the CRE
adjustment over land, particularly over the Northern
Hemisphere midlatitudes (Table 4).
The adjustment in lower tropospheric stability (LTS)—
defined as the difference between the potential temperature at 700 hPa and the surface—(Fig. 7c) confirms a
strong association between changes in low-level cloud

and LTS over both land and ocean. Note that Wyant
et al. (2012) and others (e.g., Watanabe et al. 2012) have
used LTS as a compositing variable for examining low
cloud changes in these types of experiment, but generally only over the tropical oceans. Similarly, Webb et al.
(2013) found a strong correlation between changes in
net CRE cloud adjustments and changes in lower tropospheric stability across the generation of models from
phase 3 of the Coupled Model Intercomparison Project
(CMIP3). LTS is related to the strength of the temperature inversion capping the boundary layer: increased
LTS corresponds to a stronger inversion and increased
low-level cloud (Klein and Hartmann 1993). Over the
ocean the SSTs are fixed so that the increased warming
aloft resulting from the increased CO2 leads to a more
stable boundary layer and increased cloud (see also
Wyant et al. 2012; Watanabe et al. 2012). In contrast, the
land surface temperature is able to warm, the LTS decreases, and there is a reduction in low-level cloud amount.
Both surface latent heat (LH) and sensible heat (SH)
fluxes (Figs. 7d,e) are reduced over the oceans, consistent with much earlier (e.g., Mitchell 1983) and more
recent (Wyant et al. 2012) studies. Over land we see the
importance of the plant physiological effect on both LH
and SH in this model (Figs. 7f,g): stomatal closure leads
to decreased evapotranspiration and consequent reductions (increases) in latent (sensible) heat fluxes (e.g.,
Boucher et al. 2009). The similarity between Figs. 7d,e
and 7f,g shows that this is the dominant influence over
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FIG. 7. CO2-driven adjustments in various parameters related to the cloud changes at the end (years 125–140) of the 1% ramp-up
simulation. The adjustments are estimated from the fixed-SST experiment. (bottom) The physiological component of the surface latent
and sensible heating to adjustments from the 43CO2PHYS fixed-SST experiment (negative indicates a reduction in flux from the surface
to the atmosphere for the latent and sensible heat terms).

land; only certain parts of Africa see a substantially
larger response in LH and SH fluxes due to the CO2
radiative effect.

3) BOUNDARY LAYER CHANGES
The changes in low-level cloud and associated energy
fluxes point to rapid responses to the CO2 increase in the
atmospheric boundary layer. This can be examined
further by looking at the changes in specific boundary
layer ‘‘types’’ defined by the boundary layer mixing
scheme (Lock et al. 2000). There are seven boundary
layer types, with the classification at any grid point and
at any time step depending on diagnoses made by the
mixing scheme. The diagnosed type is then set to unity
and the other six to zero: the fractional occurrence of
each of the different types is then calculated by averaging over the relevant time interval (daily, monthly,
seasonal mean, etc.). Following Martin et al. (2000) we

here combine types 1 and 2 (stable), and types 4 and 5
(decoupled), with no significant loss of information in
this context.
The 43CO2 adjustments to these boundary layer
types are shown in Fig. 8. Over the ocean the increase in
tropical and subtropical stratocumulus is related to an
increase in decoupled and, closer to the coasts, wellmixed boundary layers at the expense of the cumulus
type. At higher latitudes in both hemispheres, but most
prominently over the Southern Ocean, the increase in
low-level cloud is associated with an increase in stable
boundary layers, with the occurrence of all other types
reducing. Changes in shear-driven boundary layers are
predominantly confined to the Arctic and closely match
the increase in low-level cloud seen in the RAD experiment. Over land the dominant feature is the increase in
the well-mixed boundary layer type, corresponding to
the decrease in both low-level cloud and latent heat flux,
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TABLE 4. Change in net TOA radiative fluxes (W m22) and
CRE (W m22) associated with CO2 effective radiative forcing
(FULL, RAD, and PHYS) and associated adjustments at the end
(years 125–140) of the 1% ramp-up simulation over global, tropical
(308N–308S) and Northern Hemisphere midlatitude (308–608N)
land areas.
Global land

FULL
RAD
PHYS

Tropical land

NH midlatitude land

NET

CRE

NET

CRE

NET

CRE

7.54
6.56
1.00

1.42
20.47
1.77

8.97
7.85
1.14

1.42
20.84
2.15

6.91
5.60
1.19

2.33
20.02
2.08

and the increase in sensible heat flux. All other boundary layer types tend to decrease over land. The increase
in well-mixed boundary layers over land results mostly
from the plant physiological effect and occurs at the
expense of the cumulus type (not shown).
Accompanying the changes to the low-level cloud and
boundary layer mixing regimes are changes in the depth
of the planetary boundary layer (PBL) itself (Table 5).
Our results agree with both Wyant et al. (2012) and
Watanabe et al. (2012) in suggesting a shallower PBL
over the tropical oceans as part of the CO2 adjustment
process. Using the model’s own boundary layer height
diagnostic gives a reduction of ;30 m over the tropical
ocean. If we use the same method as Wyant et al. (2012)—
who estimate the boundary layer height from a relative
humidity threshold—we obtain a reduction of 62 m, in
closer agreement with their estimate of 80 m over the
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most stable regions. Clearly there is some sensitivity to
the method used in determining the boundary layer
height and changes to it, and the models themselves may
simulate different magnitudes of this change.
Consistent with the changes to the boundary layer
mixing regimes and surface heat fluxes, there is an increase in PBL depth over tropical land areas that is
dominated by the physiological effect, whereas at midlatitudes the radiative and physiological effects are of
comparable magnitude (Table 5). The geographical
distributions of the PBL depth changes (not shown)
closely match those in low-level cloud, boundary layer
types, and surface heat fluxes.
It is important to interpret these annual mean changes
carefully, particularly the increases and decreases between the different boundary layer types, owing to both
seasonal and diurnal variations. Land areas during summer, for example, tend to be mainly characterized by
a stable boundary layer at night and a well-mixed regime
during the day.
Finally, it is also important to keep in mind the largescale dynamical context and the changes in circulation
patterns associated with the CO2 increase (Mitchell
1983). The responses of the moisture and surface fluxes
as well as the temperature increase over land relative to
fixed SSTs leads to reductions in surface pressure over
almost all land areas in the annual mean (not shown).
Closer examination suggests that these reductions and
the corresponding increases in surface pressure over
midlatitude oceans are very similar to those described in

FIG. 8. The CO2-driven adjustment of the boundary layer types defined by the boundary layer mixing scheme at the end (years 125–140)
of the 1% ramp-up simulation. For clarity, the seven types used by the scheme have been reduced to five by combining the two stable types
(1 and 2) and the two decoupled types (4 and 5). Units are fractional coverage measured in percent.
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TABLE 5. Change in mean boundary layer height (m) from the
43CO2, 43CO2RAD, and 43CO2PHYS fixed-SST experiments
(i.e., as adjustments to 4 3 CO2) over tropical (308N–308S) ocean/
land and Northern Hemisphere midlatitude (308–608N) land areas.

43CO2
43CO2RAD
43CO2PHYS

Tropical ocean

Tropical land

NH midlatitude
land

227.6
227.2
23.6

21.6
29.2
27.0

32.9
12.2
17.3

Mitchell (1983). This suggests that the large-scale dynamical response is very robust—at least in successive
generations of Hadley Centre models—and is in agreement with other modeling studies (e.g., Lambert et al.
2011).

c. Regional pattern of cloud feedbacks
A similar approach can be used to diagnose and examine the contribution from cloud feedbacks. Here we
define the feedback contribution as the difference between the total change and the adjustment near the end
of the 1% ramp-up simulation, that is, as above for the
global means but for each grid box. The high- and lowlevel cloud feedback contributions are shown in Fig. 9.
For high cloud the changes in the three basic visible
optical depth categories are generally of the same sign
(increased cloud), suggesting little evidence for widescale high-cloud optical depth feedbacks in this model,
consistent with what was seen in the global mean.
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Reductions in high cloud are restricted to certain tropical areas. There is no dominant pattern of association
between the high cloud feedback and adjustments.
The low-level cloud changes indicate a large optical
depth feedback (cloud becoming thicker) over the
Southern Ocean and the Arctic. There are reductions in
low cloud over the main marine stratocumulus regions,
including the eastern equatorial Pacific, which are
greatest (in both magnitude and geographical extent)
over the northeastern Pacific. Over land the low cloud
feedback is generally quite small, so the total cloud response is dominated by the adjustment. These patterns
are also evident in the CMIP5 multimodel mean analysis
of Zelinka et al. (2013), who estimated cloud feedback
changes from regressing the local cloud anomalies
against global-mean DT in abrupt 43CO2 experiments.
The consistency of the results suggests our method of
estimating patterns of cloud feedback as a residual is in
agreement with other methods.
The feedback response of the boundary layer mixing
regimes (Fig. 10) indicates that the reductions in lowlevel cloud are generally linked to a transition from
decoupled to cumulus regimes, most prominently over
the tropical and subtropical Pacific and Atlantic Oceans.
The responses off the west coast of South America are
likely influenced by local minima in the SST warming
that occurs in this region (see section 5 below). Further
details of subtropical low cloud feedback mechanisms
using the atmospheric component of HadGEM2 are
given in Webb and Lock (2013).

FIG. 9. Cloud feedback contribution to the ISCCP-defined (a)–(c) high- and (d)–(f) low-level cloud types at the end (years 125–140) of
the 1% ramp-up simulation. These are estimated as a residual between the fully coupled AOGCM cloud changes and the adjustments
estimated from the fixed-SST experiment. Units are fractional coverage measured in percent.
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FIG. 10. The boundary-layer-type feedback contributions at the end (years 125–140) of the 1% ramp-up simulation. These are estimated
as a residual between the fully coupled AOGCM cloud changes and the adjustments estimated from the fixed-SST experiment. Units are
fractional coverage measured in percent.

d. Vertical structure of the cloud feedbacks
and adjustments
Here we briefly consider the vertical distribution of
the cloud responses by looking at zonal mean–height
cross sections of the adjustments and feedbacks over
land and ocean on the model’s full vertical resolution (38
levels). This provides both greater detail and a check on
the analysis based on the ISCCP cloud diagnostics.
The cloud feedback (Fig. 11) is very similar over land
and ocean (cf. Zelinka et al. 2013). This structure corresponds to the ‘‘classical’’ response of cloud to surface
warming described in much earlier studies (e.g., Mitchell
and Ingram 1992): at tropical and middle latitudes cloud
decreases in the lower and middle troposphere and increases aloft, with the division between the decreases
and increases matching the zonal variation of the tropopause. This is similarly seen in other CMIP5 models
(e.g., Zelinka et al. 2013; Tomassini et al. 2013). At
higher latitudes, poleward of ;608 in both hemispheres,
cloud increases throughout the depth of the troposphere. Unlike Mitchell and Ingram (1992), there is an
increase in cloud near the surface over the tropical
oceans, which is almost certainly linked to the far greater
resolution of the PBL in this model. This is opposite to
the behavior reported by Colman and McAvaney (2011)
and is not apparent in the ensemble mean changes
shown by Zelinka et al. (2013).
In common with many GCMs, cloud fraction in
HadGEM2-ES is diagnosed from relative humidity,

so changes in cloud and RH should generally be quite
strongly correlated (Mitchell and Ingram 1992; Colman
and McAvaney 2011). The zonal mean–height cross
sections of the adjustments to RH over land and ocean
(Fig. 12) are closely related to the cloud fraction changes
in Fig. 11 as expected, the lack of a perfect match-up
being indicative of the nonlinearity in the specified RH–
cloud relationship.
We decompose the RH adjustments DRH into components due to the changes in temperature DT and
specific humidity Dq following the method of Kamae
and Watanabe (2012). This allows us to write
DRH 5 DRH(DT) 1 DRH(Dq) .
There is a high degree of compensation between the
drying due to increasing temperature and the moistening due to increasing specific humidity (Fig. 12). Over
both the ocean and land we can identify areas where
either DRH(DT ) or DRH(Dq) dominates, or indeed
where they reinforce (e.g., the midtroposphere in the
tropics). A feature over land is the importance of the
plant physiological effect at low and midlatitudes in
the boundary layer (Figs. 12g–i). Here the strong reinforcement between the warming effect and the reduced moisture leads to the largest reductions in RH
seen anywhere: this is strongly correlated with the reduced boundary layer cloud fraction and associated
changes (described above) in these areas.
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FIG. 11. The zonal-mean cloud amount adjustment and feedback changes over (a),(d) ocean and (b),(e) land with respect to the control
at the end (years 125–140) of the 1% ramp-up experiment. (c),(f) Also shown are the adjustments over land in the RAD and PHYS
experiments. The cloud amount changes are shown on the model’s native vertical grid from the surface up to a height of 18 km. Units are
fractional coverage measured in percent. The vertical axis is height in meters.

5. Time variation of feedbacks and the pattern
of warming
In section 3 we showed how the conceptual framework for estimating global mean climate feedbacks was
valid in both ramp-up and ramp-down phases of our
experiments. We found that by accounting for the forcing/
adjustments we could explain the apparent asymmetric (or
hysteresis-type) behavior of some parameters between
the two phases. Here we consider if this also applies at
the regional scale.
Figure 13 shows the geographical distributions of
high-level and low-level cloud feedbacks when the CO2
concentration is double that of the control in both rampup and ramp-down phases of the experiment (i.e., 20-yr
averages centered on years 70 and 210 relative to the
start). The cloud feedbacks are calculated as before by
removing the appropriately scaled adjustments from the
fixed-SST experiment and then normalizing by the global
mean surface temperature change relative to the control
(2.5 K in the ramp up and 3.8 K in the ramp down).
Although not identical, the patterns are remarkably
similar for both high- and low-level clouds. This suggests
that the global-mean behavior seen in section 3—that is,
the reversibility of radiative feedbacks—also applies
to the geographical patterns of the feedbacks. This is
even the case for cloud feedbacks, which are generally

thought to be one of the most complex and uncertain
processes operating in climate models.
Note that the feedbacks calculated in this way are ‘‘the
local contribution’’ to the global-mean feedbacks; that
is, they indicate the local cloud response with respect to
the global-mean surface temperature change rather
than the local surface temperature change (Boer and Yu
2003). Armour et al. (2013) have recently suggested that
the global-mean feedbacks should instead be estimated
from a fixed geographical distribution of the local feedbacks (i.e., the local response to the local surface temperature change) convolved with the time-varying
pattern of surface temperature change.
We investigate how the pattern of surface warming
evolves in our experimental design during the ramp
down in Figs. 14a–c, which shows how local surface
temperature change varies with global-mean DT (relative to the control) for the ramp-down phase of the experiment. This is shown for three consecutive periods
(covering equal declines in forcing) after the CO2 has
started to decrease. The plots are calculated from the
regression slope of annual-mean local DT against annual
global-mean DT during each period.
The local temperature change follows the direction of
the global mean and declines in the early part of the rampdown phase over the majority of the globe (Fig. 14a).
The exceptions are the southeastern tropical Pacific and
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FIG. 12. CO2-driven adjustments in relative humidity (RH) over ocean and land and its breakdown into components due to changes in
specific humidity (q) and temperature (T ) as described in the text. The bottom row shows the plant physiological impact on the RH
adjustment and its components over land. Changes are estimated from the relevant fixed-SST experiment at the end (years 125–140) of the
1% ramp-up experiment. The vertical axis is height in meters.

the Southern Ocean, which continue to warm for a few
decades after the CO2 reversal. After a few decades
these regions then begin to cool and local temperature
change scales with the global mean almost everywhere
(Figs. 14b,c).
If local warming does not scale with global-mean DT,
then this may have implications for estimating feedbacks
and their time variation (Armour et al. 2013). We illustrate this using the relationship between global and
local surface temperature change, sea ice, and SW radiation in the Southern Ocean (see also Armour et al.
2011). Figures 14d–f show how the corresponding change
in absorbed clear-sky SW radiation during the same periods of the ramp down (calculated as for surface temperature) varies with global-mean DT. As the globe is
cooling, we expect to see increased sea ice and less SW
absorption owing to the associated increase in surface

albedo. This is indeed what happens during most of the
ramp down (Fig. 14e,f) except during the early period
where the opposite occurs (Fig. 14d). In this period the
globe is cooling but the sea ice is still decreasing (and
consequently absorbed SW radiation is increasing). This
counterintuitive result is reconciled when one considers
that it is local temperature change in this region that is
‘‘unusual’’; that is, the Southern Ocean is still warming
despite global cooling (Fig. 14a). This highlights the
dangers of expressing feedbacks using global-mean DT
without also considering the local physical processes involved and how they vary in time.

6. Summary and discussion
We have used a suite of fully coupled and atmosphereonly (fixed SST) experiments with HadGEM2-ES to
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FIG. 13. (a),(b) High- and (c),(d) low-level cloud amount feedbacks at the point of CO2 doubling (year 70 and 210,
relative to the control) during the ramp-up and ramp-down phases of the simulation. These are estimated from the
cloud amount changes in the fully coupled AOGCM minus the corresponding adjustment from the fixed-SST experiment, then normalized by the global-mean temperature change.

diagnose the effective radiative forcing, rapid adjustments, feedbacks, and heat uptake in a 1% yr21 CO2
increase scenario, followed by a 1% yr21 CO2 decrease.
We have focused on the applicability of simple conceptual models under a transient reversibility scenario and
the role of cloud adjustments and associated processes.
We have shown that an abrupt 43CO2 fixed-SST
experiment—linearly scaled in time—can be used to
represent the CO2 effective radiative forcing and adjustments in the transient CO2 experiment. Once these
forcing and adjustments have been removed from the
fully coupled AOGCM output, it is found that the global
radiation balance and its components—and by implication the radiative feedbacks—scale linearly with globalmean surface temperature change, DT. We have
provided a general method for separating forcing and
feedback in a transient scenario where forcing and
feedback evolve together. Tomassini et al. (2013) looked
at radiative feedbacks in the CMIP5 1% CO2 fully coupled ramp-up simulations but could not clearly separate
adjustment and feedback. We found that the feedback
parameters are reversible under this idealized mitigation
scenario. This even applied to the regional distribution

of cloud feedback, which is regarded as one of the least
well understood feedback processes.
The total cloud response to CO2 in the transient
simulation is found to depend on both the adjustments
and the feedbacks. At the global scale the cloud adjustment is related to changes in cloud amount, with no
indication of any large-scale change in cloud optical
depth, in agreement with Colman and McAvaney (2011)
who used a different model, although in contrast to
Zelinka et al. (2013) who found small optical depth
changes associated with adjustments in their multimodelmean cloud changes. The cloud feedback indicates
changes in both cloud amount and optical depth, with
the latter—a thickening—particularly apparent for lowlevel cloud. In HadGEM2-ES the plant physiological
forcing plays a significant role in determining the cloud
adjustment and is the dominant contribution to the lowlevel cloud changes over land. A reduction in boundary
layer clouds in response to elevated CO2 levels has
recently been highlighted in the process modeling
study of Vil
a-Guerau del Arellano et al. (2012). Here
we have presented a more complete account of the
cloud response to plant physiological forcing than
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FIG. 14. The variation of local (a)–(c) surface temperature change (K K21) and (d)–(f) clear-sky absorbed SW
radiation (W m22 K21) over the Southern Hemisphere high latitudes, with global-mean surface temperature change,
for three consecutive periods of equal decline in forcing during the ramp-down phase. The plots are calculated from
the slope of the regression of local annual-mean DT, or clear-sky absorbed SW radiation, against global annual-mean
DT during the relevant period. The sign has been reversed, so that in (a)–(c) negative values indicate that local surface
temperature is declining, in line with the global mean. Negative values in (d)–(f) indicate that absorbed SW radiation
is declining, in line with the global-mean cooling.
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previous GCM studies (e.g., Boucher et al. 2009; Cao
et al. 2010).
Regionally, cloud feedbacks can compensate or
combine with the adjustments to either dampen or enhance the total cloud changes. Low-level cloud adjustments are found to be associated with changes in surface
turbulent fluxes and lower tropospheric stability. Over
land, the physiological forcing reduces the latent heat
flux to the atmosphere and increases the sensible heat
flux. This drying and warming of the boundary layer is
associated with changes in the frequency of occurrence
of different boundary layer mixing regimes and an increase in the depth of the boundary layer itself. Over the
ocean the CO2 adjustment leads to increases in tropical
and subtropical stratocumulus cloud and a shallowing
of the boundary layer.
Note that correctly separating cloud adjustments and
feedback—or forcing and feedback more generally—is
important for correctly predicting transient climate
change (Gregory and Webb 2008). However, in situations where F 5 rDT is appropriate (as we have shown in
these experiments) the separation of forcing and feedback has less practical value, as F and DT covary. It
becomes more important when the scenario changes,
or to understand the underlying physical processes
driving climate change.
We have shown that a constant ratio between radiative forcing and global-mean surface temperature change
(the climate resistance r) is a good approximation during
both the ramp-up or ramp-down phases of the experiment. The exceptions are in the early periods of both
phases, when the forcing is changing but global-mean
temperature takes a few decades to respond. We found
that r is larger during the ramp-down period than the
ramp up due to differences in ocean heat uptake efficiency: surface temperatures do not decline as quickly as
they increase.
Linearity of the simple forcing–response relationships
cannot be expected to hold in all circumstances. For
example, some feedback processes may have their own
time scales not closely tied with DT, such as changes in
vegetation, ice sheets, and soil moisture. In addition,
changing patterns of surface warming could either amplify or dampen local feedback effects and give rise to
time variation in climate sensitivity parameters (Senior
and Mitchell 2000; Armour et al. 2013). The eastern
tropical Pacific and the Southern Ocean—regions important for cloud feedback and the global energy balance—
have been identified as regions where local warming
does not scale well with global DT (Senior and Mitchell
2000; Williams et al. 2008; Held et al. 2010; Li et al. 2013).
We examined the transient evolution of the pattern of
surface warming during the ramp-down phase of the
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experiment and found some regional anomalies. During
the first few decades of the ramp down most of the globe
cools immediately once the CO2 increase reverses. The
exceptions are the Southern Ocean and eastern tropical
Pacific, which continue to warm for a few decades before cooling in line with global temperatures. We have
demonstrated how feedback analysis techniques in these
regions using global-mean DT could give rise to timevarying sea ice and SW radiative feedback parameters.
The above results suggest that, while it might be
necessary to consider the possible time variation of
feedbacks when normalized by global-mean DT in these
idealized experiments, such behavior may well be restricted to relatively short time periods, for example,
following a reversal in forcing, and confined to certain
geographical locations. This implies that our relatively
simple conceptual framework for analyzing the globalmean relationships between forcing and feedbacks is
generally applicable, at least to first order, even at the
regional scale. Furthermore, ‘‘unusual’’ or ‘‘anomalous’’
behavior—in either time or space—might usefully be
considered as deviations from this simple framework
rather than necessitating the design of a more complex
analysis method. On the other hand, we have highlighted the dangers and limitations of interpreting simple conceptual forcing–response frameworks applied to
transient fully coupled scenarios, especially in the presence of a nonconstant pattern of warming.
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