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Climate sensitivity increases as models warm up
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Many studies have implicated changes in shortwave cloud feedback

Why / how do the feedbacks change over time?


Is the coupled climate system irretrievably non-linear?

How knowable is the equilibrium sensitivity from transient observations?
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CMIP5:

Distinct spatial structures in ocean heat uptake 

emerge over time.



Does the spatial structure of the ocean heat uptake matter?
• Ignore ocean dynamics (slab ocean models)

• Treat the heat uptake / release as a prescribed, steady forcing (“q-flux”)

• Study the quasi-equilibrium atmospheric response to sea surface heating

• For simplicity, use aquaplanet GCMs (but with full physics - radiation, clouds, etc)

• Repeat the calculation with various models to evaluate robustness

H(x) = 2 W m-2 in both cases!
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Heat uptake prescribed 
as a “q-flux” in slab-
ocean aquaplanet GCMs

Which pattern produces more cooling in a climate model? 

Idealized ocean heat uptake experiments
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2.	Feedback	Analysis	1.	Background	 3.	Cloud	Responses	

4.	Cloud-Controlling	Factors	

6.	Conclusions	

Ø Used radiative kernels [2] to quantify climate feedbacks 

5.	Surface	Energy	Budget	Analysis	

Ø  qH: Slightly negative 
feedbacks 

Ø Multimodel feedbacks robust
Ø Differences between qH & qT due mainly to shortwave cloud (SWCF) and lapse rate (LRF) feedbacks

Ø  Shows robustness of models and meridional features of feedbacks: qH is weak with polar influence & qT is 
strongly negative with subtropical impacts

Ø  Strong, negative, subtropical SWCF in qT is indicative of OHU affecting subtropical clouds. 
Ø Used an alternate fixed relative humidity feedback perspective [4] to highlight great robustness in the LRF
Ø  Suggests large-scale dynamical controls in differences between scenarios

Ø  qH: cloud fraction increases at 
equator and especially near 
region of uptake

“Normalized” = Divide by ΔTs

“NoInvCld” represents a 
CAM4 simulation with the 
inversion layer cloud 
parameterization removed.	

Ø Used approximate partial radiative perturbation (APRP) method [4] to obtain cloud fraction and brightness 
feedbacks 

Ø  qH: increase of lower tropospheric clouds in the high latitudes mainly due to cloud optical brightness. 
Ø  qT: decrease of subtropical low clouds due to cloud fraction and a concurrent increase in high clouds at the 

equator due to cloud optical depth. 
Ø NoInvCld has same feedback but different partitioning of brightness vs fraction even though SWCF is very 

similar – has implications on microphysical cloud processes involved 

Ø  qH: many weak surface fluxes  
Ø  qT: cancellation of LW and SW surface fluxes, significantly dominated by the latent heat flux
Ø  Implies a large decrease in evaporation for a small temperature response

Snow flux included in 
budget but not shown	

Ø  SW and LW surface fluxes decomposed into their contributions from clear-sky and cloud-sky fluxes
Ø  SW surface flux dominated by cloud-sky fluxes
Ø  LW surface flux was primarily controlled by clear-sky fluxes for both scenarios, enforcing the 

prevalence of the SW cloud-sky and lapse rate feedbacks in our study. 

Ø  qH: increase in tropical circulations, although with varying magnitude
Ø  qT: varied across models in magnitude and direction. 
Ø Hadley cell weakening in CAM4 vs. strengthening in AM2
Ø  Inconsistencies  across  models  yields  no  substantial  link  between  large-scale 

dynamics and the robust feedbacks patterns from OHU

Ø  qH cools at region of forcing in lower 
troposphere 

Ø  qT cooling is amplified aloft in the mid and 
upper troposphere across all models. 

Ø GRAM (model without clouds) results in same 
pattern 

Ø  Provides evidence that clouds are not the cause 
for differences in uptake patterns

GRAM 

Ø  Result in robust SST anomalies across models
Ø  qH: Polar-amplified cooling

Ø  Ocean heat uptake (OHU) reduces rate of climate change by offsetting 
warming

Ø  Desire to reduce uncertainty in cloud effects and ocean processes on transient 
climate sensitivity by performing an idealized, multimodel climate modeling 
experiment as a follow-up to Rose et. al (2014) [1]. 

Ø  Prescribe ocean heat uptake (OHU) in a high latitude scenario (qH) and a low 
latitude scenario (qT) as well as a doubled CO2 case for comparison. 

+1.8 K 

-1.7 K -0.5 K 

Ø  qT: Modest, overall cooling
Ø  3-4x more cooling for qH than qT 

Ø  qT: cloud fraction decreases in the 
subtropics near the region of heat uptake 
(seen in feedbacks) and increases aloftØ  qT: very negative

Ø  Feedback analysis as follow-up to Rose et al. (2014) resulted in robust feedbacks due to OHU patterns
Ø  SW cloud feedbacks robust in subtropics for low latitude uptake, associated with low cloud fraction reduction
Ø  Lapse rate feedbacks very robust associated with significant cooling aloft
Ø Results suggest cloud effects tied to thermodynamics and dependence on tropospheric stratification and 

stability
Ø  Evidence of OHU patterns contributing to modulating subtropical low cloud cover 
Ø  Implications for understanding how intermodel differences in heat uptake patterns may be driving differences 

in radiative feedbacks 

Multimodel 
means in red	

Multiple GCMs agree: subpolar heat uptake is far more effective

Rose et al. (2014) GRL

Rayborn et al. (in prep.)
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Shortwave feedbacks from low clouds are the largest contributions 
to the differences in efficacy
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change at locations near the snow and ice edge. In the con-
text of transient climate change with time-dependent warm-
ing patterns [2], the accuracy of Eq. 3 might be improved by
using a local linearization of the energy budget

N(r, t) = F(r, t) − λloc(r, t)"T (r, t) − ∇ · F(r, t) (8)

where r is a geographical location, F is the anomalous atmo-
spheric heat transport, and λloc is a locally defined feedback
parameter [4, 15, 18, 19, 53]—the proportionality between
local surface temperature and local TOA radiative response.

The local perspective Eq. 8 introduces substantial com-
plexity, particularly involving F and its interactions with
radiative processes [4, 43, 53]. Its worth as a conceptual
tool depends on whether it provides new simple insights into
climate sensitivity.

One possibility is that λloc(r) is more universal than
global λ: local radiation may correlate strongly with local
temperatures regardless of the global structure of the cli-
mate forcing and response. In this perspective, efficacies
(whether of radiative forcings or OHU) are determined by
spatial patterns of warming "T (r) activating local feed-
backs. For example, sea ice retreat in the Southern Ocean is
associated with strongly positive local feedbacks, but these
are suppressed while OHU delays the local warming. Boer
and Yu [7] first showed that "T (r) is strongly shaped by
spatial patterns of λloc(r) in a GCM, and in fact argued
that the additive principle Eq. 4 is a consequence of fixed
λloc(r).

Armour et al. [4] invoked the assumption of fixed λloc(r)
to explain time-dependence of λ(t) in transient climate
change. The CCSM4 energy budget in Fig. 2 is well-
approximated by convolving the simulated time-dependent
"T (r, t) with a fixed local feedback λloc(r) [4], itself diag-
nosed from an equilibrium 2×CO2 scenario in a slab ocean
version of the same model [6].

The problem with the local perspective is twofold. First,
it does not necessarily get us closer to understanding the rate
and pattern of surface warming "T (r, t), which requires
knowledge of (or closure assumptions for) N(r, t) and
∇ · F(r, t) (the OHU and dynamic heating rate, respec-
tively). Secondly, the assumption that λloc(r) is independent
of N(r) has been directly tested and found to be false: CO2,
qH and qT each excite a unique feedback pattern λloc(r) in
idealized GCMs [53], dominated by differences in lapse rate
and SW cloud feedbacks. There is no universal rule cou-
pling local warming to local radiation. Instead, the response
to each different forcing and OHU pattern must be under-
stood as a global-scale, non-local dynamic adjustment of the
atmosphere with unique vertical structures [55]. Rather than
the additive principle following from local feedbacks [7],
we posit that the response of the climate system to complex
and time-evolving forcing is best understood as an additive
but non-local response to individual simple forcings.

An Illustrative Linear Model of Time-Dependent
Climate Sensitivity

We are advocating for a linear systems approach to under-
standing transient warming, driven by a time-evolving
OHU. Here, we provide an illustrative model of this per-
spective. We suppose that Eq. 6 is exact, and that "TCO2
can be measured from equilibrium single-forcing simula-
tions in shallow slab ocean GCMs. Furthermore, a spatially
complex pattern of OHU can be decomposed into sums of
simpler, spatially localized patterns, and the responses will
be additive.

Model Description

For the sake of a concrete but idealized illustration, we
adopt the aquaplanet CAM4 results of Rose et al. [53, 55]
which define three responses "TCO2, "TT , and "TH asso-
ciated respectively with CO2, qT , and qH . We subject this
hypothetical system to an abrupt quadrupling of CO2 and
allow it to adjust toward equilibrium. The OHU is a linear
combination of qT and qH :

N(r, t) = aT (t)qT (r)+ aH (t)qH (r) (9)

where aT , aH are coefficients for the tropical and high-
latitude OHU patterns.

We suppose that each coefficient decays in time, with the
e-folding time for qT is much shorter than for qH . These
are loosely associated with adjustment times of the upper
and deep ocean [24, 35]. The qT mode might also be con-
sidered part of the rapid oceanic adjustment described by
Rugenstein et al. [56]. We add random noise to each coef-
ficient to represent interannual variability in surface heat
fluxes and ocean dynamics:

aT (t) = aT 0 exp (−t/τT )+ rT (t) (10a)

aH (t) = aH0 exp (−t/τH )+ rH (t) (10b)

where rT and rH are zero-mean Gaussian random processes
(we choose a standard deviation of 0.2). We choose decay
timescales τT = 20 years and τH = 300 years. Amplitudes
aT 0, aH0 are set by two conditions at t = 0: the TOA imbal-
ance is identical to the radiative forcing for 4×CO2, and
"T = 0. From Eq. 6, the response (surface temperature
and TOA radiation) at any time is simply the appropri-
ate linear combination of globally averaged responses from
the GCM. We do not perform new GCM simulations here,
but rather use the equilibrated, time-averaged output of the
simulations described by Rose et al. [53, 55] to define the
single-forcing responses for our illustrative model.
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aT (t) = aT 0 exp (−t/τT )+ rT (t) (10a)

aH (t) = aH0 exp (−t/τH )+ rH (t) (10b)

where rT and rH are zero-mean Gaussian random processes
(we choose a standard deviation of 0.2). We choose decay
timescales τT = 20 years and τH = 300 years. Amplitudes
aT 0, aH0 are set by two conditions at t = 0: the TOA imbal-
ance is identical to the radiative forcing for 4×CO2, and
"T = 0. From Eq. 6, the response (surface temperature
and TOA radiation) at any time is simply the appropri-
ate linear combination of globally averaged responses from
the GCM. We do not perform new GCM simulations here,
but rather use the equilibrated, time-averaged output of the
simulations described by Rose et al. [53, 55] to define the
single-forcing responses for our illustrative model.
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change at locations near the snow and ice edge. In the con-
text of transient climate change with time-dependent warm-
ing patterns [2], the accuracy of Eq. 3 might be improved by
using a local linearization of the energy budget

N(r, t) = F(r, t) − λloc(r, t)"T (r, t) − ∇ · F(r, t) (8)

where r is a geographical location, F is the anomalous atmo-
spheric heat transport, and λloc is a locally defined feedback
parameter [4, 15, 18, 19, 53]—the proportionality between
local surface temperature and local TOA radiative response.

The local perspective Eq. 8 introduces substantial com-
plexity, particularly involving F and its interactions with
radiative processes [4, 43, 53]. Its worth as a conceptual
tool depends on whether it provides new simple insights into
climate sensitivity.

One possibility is that λloc(r) is more universal than
global λ: local radiation may correlate strongly with local
temperatures regardless of the global structure of the cli-
mate forcing and response. In this perspective, efficacies
(whether of radiative forcings or OHU) are determined by
spatial patterns of warming "T (r) activating local feed-
backs. For example, sea ice retreat in the Southern Ocean is
associated with strongly positive local feedbacks, but these
are suppressed while OHU delays the local warming. Boer
and Yu [7] first showed that "T (r) is strongly shaped by
spatial patterns of λloc(r) in a GCM, and in fact argued
that the additive principle Eq. 4 is a consequence of fixed
λloc(r).

Armour et al. [4] invoked the assumption of fixed λloc(r)
to explain time-dependence of λ(t) in transient climate
change. The CCSM4 energy budget in Fig. 2 is well-
approximated by convolving the simulated time-dependent
"T (r, t) with a fixed local feedback λloc(r) [4], itself diag-
nosed from an equilibrium 2×CO2 scenario in a slab ocean
version of the same model [6].

The problem with the local perspective is twofold. First,
it does not necessarily get us closer to understanding the rate
and pattern of surface warming "T (r, t), which requires
knowledge of (or closure assumptions for) N(r, t) and
∇ · F(r, t) (the OHU and dynamic heating rate, respec-
tively). Secondly, the assumption that λloc(r) is independent
of N(r) has been directly tested and found to be false: CO2,
qH and qT each excite a unique feedback pattern λloc(r) in
idealized GCMs [53], dominated by differences in lapse rate
and SW cloud feedbacks. There is no universal rule cou-
pling local warming to local radiation. Instead, the response
to each different forcing and OHU pattern must be under-
stood as a global-scale, non-local dynamic adjustment of the
atmosphere with unique vertical structures [55]. Rather than
the additive principle following from local feedbacks [7],
we posit that the response of the climate system to complex
and time-evolving forcing is best understood as an additive
but non-local response to individual simple forcings.

An Illustrative Linear Model of Time-Dependent
Climate Sensitivity

We are advocating for a linear systems approach to under-
standing transient warming, driven by a time-evolving
OHU. Here, we provide an illustrative model of this per-
spective. We suppose that Eq. 6 is exact, and that "TCO2
can be measured from equilibrium single-forcing simula-
tions in shallow slab ocean GCMs. Furthermore, a spatially
complex pattern of OHU can be decomposed into sums of
simpler, spatially localized patterns, and the responses will
be additive.

Model Description

For the sake of a concrete but idealized illustration, we
adopt the aquaplanet CAM4 results of Rose et al. [53, 55]
which define three responses "TCO2, "TT , and "TH asso-
ciated respectively with CO2, qT , and qH . We subject this
hypothetical system to an abrupt quadrupling of CO2 and
allow it to adjust toward equilibrium. The OHU is a linear
combination of qT and qH :

N(r, t) = aT (t)qT (r)+ aH (t)qH (r) (9)

where aT , aH are coefficients for the tropical and high-
latitude OHU patterns.

We suppose that each coefficient decays in time, with the
e-folding time for qT is much shorter than for qH . These
are loosely associated with adjustment times of the upper
and deep ocean [24, 35]. The qT mode might also be con-
sidered part of the rapid oceanic adjustment described by
Rugenstein et al. [56]. We add random noise to each coef-
ficient to represent interannual variability in surface heat
fluxes and ocean dynamics:

aT (t) = aT 0 exp (−t/τT )+ rT (t) (10a)

aH (t) = aH0 exp (−t/τH )+ rH (t) (10b)

where rT and rH are zero-mean Gaussian random processes
(we choose a standard deviation of 0.2). We choose decay
timescales τT = 20 years and τH = 300 years. Amplitudes
aT 0, aH0 are set by two conditions at t = 0: the TOA imbal-
ance is identical to the radiative forcing for 4×CO2, and
"T = 0. From Eq. 6, the response (surface temperature
and TOA radiation) at any time is simply the appropri-
ate linear combination of globally averaged responses from
the GCM. We do not perform new GCM simulations here,
but rather use the equilibrated, time-averaged output of the
simulations described by Rose et al. [53, 55] to define the
single-forcing responses for our illustrative model.
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approximation [7, 17, 41, 53]. There are of course some lim-
itations to this perspective. Large climate changes involving
significant changes in sea ice extent can involve demon-
strably non-linear threshold and hysteresis behavior [20,
52, 54]. However, there is little evidence of such thresh-
old behavior in future global warming scenarios [5]. The
assumption in Eq. 4—which has been called “system linear-
ity” as opposed to “linearity in time” [26]—may be the most
useful starting point for theories of climate sensitivity [24,
26, 35, 65].

Efficacy of Ocean Heat Uptake

Winton et al. [65] proposed thinking about OHU as a forc-
ing on the atmosphere and sea surface, rather than strictly
a response of the coupled system. This takes advantage
of the clear timescale separation between the tightly cou-
pled atmosphere-upper ocean system and the deep ocean
heat uptake processes [24, 35, 38]. One supposes that ocean
dynamics impose a quasi-fixed heat sink upon the upper
ocean, and the fast components of the climate system remain
close to equilibrium with this heat sink and the radia-
tive forcing. Invoking the additive assumption Eq. 4, the
transient warming is interpreted as

!T (t) = !TCO2 + !TOHU(t) (6)

where !TCO2 is the equilibrium warming, and
!TOHU(t) < 0 is a cooling driven by slowly varying
OHU. Several authors have invoked this concept in a
linear two-box model, representing OHU as a diffusive
mixing between the upper and deep ocean [24–26, 35].
The conceptual advantage of this perspective is that it
permits investigation of the impact of OHU on the atmo-
spheric radiative-dynamical processes that determine
λ(t). Since N is now just another type of forcing, we
can quantify its efficacy relative to CO2 as above. The
efficacy is simply the ratio ε = λCO2/λOHU of feed-
back parameters that would operate on CO2 or OHU in
isolation [53].

The curvature of the Gregory plots in Fig. 2 indicates
that ε in the abrupt CO2-quadrupling scenario is larger than
1. That is to say, it takes less than 1 W m−2 of OHU to
fully mitigate the global warming from 1 W m−2 of CO2-
induced radiative forcing. This is a relatively robust feature
of the CMIP5 models. Geoffroy et al. [23] compute ε for
the CMIP5 models by fitting to the two-box model with an
efficacy factor for deep ocean heat uptake. Their formula-
tion is identical to that presented above on timescales for
which the upper ocean is in quasi-equilibrium. They report
a multi-model mean ε = 1.28 with a standard deviation
of 0.25.

From Eqs. 5 and 6, the transient feedback is

λ(t) = λCO2

(
!TCO2

!T (t)
+ 1

ε(t)

!TOHU(t)

!T (t)

)

(7)

For example, at the time the coupled system has achieved
half its equilibrium warming, !TCO2/!T = 2 and
!TOHU/!T = −1. For a system with ε > 1, Eq. 7 then
implies that λ(t) > λCO2. As the system approaches equi-
librium, !TOHU → 0 and λ(t) → λCO2. Decreasing λ,
or equivalently, increasing climate sensitivity, is a direct
consequence of the large efficacy of OHU.

While ε is robustly greater than 1 in the CMIP5 models,
it is not necessarily steady in time. Paynter and Frölicher
[46] showed that ε(t) increases from about 1.4 to values
greater than 2 during the first 180 years following abrupt
CO2-quadrupling in the GFDL-CM3. It is important to
understand the physical origins of this non-unit efficacy of
OHU, as well as how it may vary in time and across models.

Rose et al. [53] used idealized slab ocean GCM simula-
tions to quantify !TOHU and ε for two simple prescribed
OHU patterns. These patterns (denoted as qH and qT for
“high latitudes” and “tropics”, respectively) are sketched
in Fig. 1. qH is an idealization of the subpolar OHU pat-
tern typically found in transient AOGCMs, while qT might
be considered analogous to a La-Niña-like enhancement of
tropical heat uptake [55]. While in both cases the OHU
is spatially localized, the response is global [53, 55]. It is
also strongly dependent on the spatial structure of OHU. In
a small ensemble of idealized GCMs, the efficacy of qH
ranges from 1.6 to 2.2, while the efficacy of qT ranges from
0.5 to 0.6 [53]. Removing 1 W m−2 from the subpolar sea
surface is a far more effective way to cool the planet than
removing the same 1 W m−2 from the tropical sea surface,
by a factor of 3 to 4.

While highly idealized, these results suggests that the
efficacy of OHU is strongly determined by its spatial pat-
tern. More specifically, ε > 1 in the CMIP5 models first
and foremost because of the subpolar maximum in OHU
(Fig. 1). This is consistent with the efficacy of radiative
forcing agents and “ghost forcings” [32, 33, 36]. Surface-
based, high-latitude forcings are typically the most effective
at changing global surface temperatures. It is also possible
(though not yet demonstrated) that inter-model spread in ε

[23, 65], as well as unforced temporal variations in ε(t) [46],
may be primarily due to variations in the spatial pattern of
OHU (e.g., the spread in Fig. 1).

The Local Feedback Perspective

Some radiative feedback processes are highly localized. The
classic example is the surface albedo feedback, which has
global consequences but is driven by surface temperature

Suppose that the climate system behaves as a linear system,  
so the transient response is additive*:
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and suppose that OHU is a linear combination of 
two simple decaying modes (plus noise):

* an excellent approximation for the aquaplanet GCMs 

An illustrative linear model

The dominant sub-polar mode of ocean heat uptake has a large efficacy. 
What are the implications for transient climate sensitivity?

Use the single-forcing equilibrium responses of the aquaplanet GCM to 
“reconstruct” offline the transient response of the linear model to abrupt 4xCO2
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• Transient sensitivity increases over time, similarly to the coupled GCMs

• Regression lines all underestimate the (known) equilibrium sensitivity

• Drift to higher sensitivity on the long decay timescale of sub-polar heat uptake

• Kernel analysis: increased sensitivity is due to lapse rate and cloud feedbacks

Increasing sensitivity is a consequence of the slow decay of high-efficacy 
sub-polar mode of heat uptake

Feedback analysis using aquaplanet radiative kernels from Feldl and Roe (2013) 



OHU —> lower tropospheric stratification —> low cloud changes

What determines the efficacy of ocean heat uptake?
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Ø Used radiative kernels [2] to quantify climate feedbacks 

5.	Surface	Energy	Budget	Analysis	

Ø  qH: Slightly negative 
feedbacks 

Ø Multimodel feedbacks robust
Ø Differences between qH & qT due mainly to shortwave cloud (SWCF) and lapse rate (LRF) feedbacks

Ø  Shows robustness of models and meridional features of feedbacks: qH is weak with polar influence & qT is 
strongly negative with subtropical impacts

Ø  Strong, negative, subtropical SWCF in qT is indicative of OHU affecting subtropical clouds. 
Ø Used an alternate fixed relative humidity feedback perspective [4] to highlight great robustness in the LRF
Ø  Suggests large-scale dynamical controls in differences between scenarios

Ø  qH: cloud fraction increases at 
equator and especially near 
region of uptake

“Normalized” = Divide by ΔTs

“NoInvCld” represents a 
CAM4 simulation with the 
inversion layer cloud 
parameterization removed.	

Ø Used approximate partial radiative perturbation (APRP) method [4] to obtain cloud fraction and brightness 
feedbacks 

Ø  qH: increase of lower tropospheric clouds in the high latitudes mainly due to cloud optical brightness. 
Ø  qT: decrease of subtropical low clouds due to cloud fraction and a concurrent increase in high clouds at the 

equator due to cloud optical depth. 
Ø NoInvCld has same feedback but different partitioning of brightness vs fraction even though SWCF is very 

similar – has implications on microphysical cloud processes involved 

Ø  qH: many weak surface fluxes  
Ø  qT: cancellation of LW and SW surface fluxes, significantly dominated by the latent heat flux
Ø  Implies a large decrease in evaporation for a small temperature response

Snow flux included in 
budget but not shown	

Ø  SW and LW surface fluxes decomposed into their contributions from clear-sky and cloud-sky fluxes
Ø  SW surface flux dominated by cloud-sky fluxes
Ø  LW surface flux was primarily controlled by clear-sky fluxes for both scenarios, enforcing the 

prevalence of the SW cloud-sky and lapse rate feedbacks in our study. 

Ø  qH: increase in tropical circulations, although with varying magnitude
Ø  qT: varied across models in magnitude and direction. 
Ø Hadley cell weakening in CAM4 vs. strengthening in AM2
Ø  Inconsistencies  across  models  yields  no  substantial  link  between  large-scale 

dynamics and the robust feedbacks patterns from OHU

Ø  qH cools at region of forcing in lower 
troposphere 

Ø  qT cooling is amplified aloft in the mid and 
upper troposphere across all models. 

Ø GRAM (model without clouds) results in same 
pattern 

Ø  Provides evidence that clouds are not the cause 
for differences in uptake patterns

GRAM 

Ø  Result in robust SST anomalies across models
Ø  qH: Polar-amplified cooling

Ø  Ocean heat uptake (OHU) reduces rate of climate change by offsetting 
warming

Ø  Desire to reduce uncertainty in cloud effects and ocean processes on transient 
climate sensitivity by performing an idealized, multimodel climate modeling 
experiment as a follow-up to Rose et. al (2014) [1]. 

Ø  Prescribe ocean heat uptake (OHU) in a high latitude scenario (qH) and a low 
latitude scenario (qT) as well as a doubled CO2 case for comparison. 

+1.8 K 

-1.7 K -0.5 K 

Ø  qT: Modest, overall cooling
Ø  3-4x more cooling for qH than qT 

Ø  qT: cloud fraction decreases in the 
subtropics near the region of heat uptake 
(seen in feedbacks) and increases aloftØ  qT: very negative

Ø  Feedback analysis as follow-up to Rose et al. (2014) resulted in robust feedbacks due to OHU patterns
Ø  SW cloud feedbacks robust in subtropics for low latitude uptake, associated with low cloud fraction reduction
Ø  Lapse rate feedbacks very robust associated with significant cooling aloft
Ø Results suggest cloud effects tied to thermodynamics and dependence on tropospheric stratification and 

stability
Ø  Evidence of OHU patterns contributing to modulating subtropical low cloud cover 
Ø  Implications for understanding how intermodel differences in heat uptake patterns may be driving differences 

in radiative feedbacks 

Multimodel 
means in red	
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A metric for stability constraints on low-cloud feedbacks:
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through lower-tropospheric stability (LTS) and low cloud
cover. The relationship between LTS and low clouds is
well-known from observations [37, 66]. Low marine stra-
tus and stratocumulus clouds are frequently found at the top
of inversion-capped moist boundary layers. All else being
equal, an increase in the strength of the inversion reduces the
entrainment of dry tropospheric air and leads to increased
cloud cover. Subtropical marine clouds play a key cooling
role due to their high albedo, low altitude, and location over
the vast, dark subtropical sea surface.

A useful metric for LTS is the so-called “estimated inver-
sion strength” or EIS [66], which normalizes the LTS with
respect to the temperature-dependent slope of the moist adi-
abat. A change in EIS is one of four basic cloud-controlling
mechanisms recently reviewed by Bretherton [9] on the
basis of observations, GCMs, and high-resolution cloud
modeling. Greenhouse warming is almost universally asso-
ciated with increased EIS in AOGCMs [47]. If this were
the dominant cloud-controlling factor, it would suggest a
strongly negative SW cloud feedback. The emerging con-
sensus is that this is not the case, and that global net cloud
feedback is positive [9, 21]. The dominant factor seems to
be a “thermodynamic” decrease in low cloudiness due to
increased specific humidity gradients across the inversion
as the whole column warms [9]. On the other hand, EIS
anomalies have been shown to be sensitive to spatial pat-
terns of SST changes [48]. It is thus plausible that the
stability mechanism is the dominant factor in the time-
dependence of cloud feedback.

We propose here that the stability-induced effect on low
clouds is the key determinant of the efficacy of OHU.
Specifically, we submit that subpolar OHU stabilizes the
lower troposphere and thereby enhances low cloud cover.
We propose that this effect is non-local—the stabilizing
effect and cloud response are felt in the subtropics due to
the three-dimensional dynamic response of the atmosphere
to localized OHU. Rose and Rencurrel [55] show that the
mid-troposphere warms more rapidly relative to the sur-
face in an idealized 2×CO2 + qH scenario compared to
an equilibrium 2×CO2 warming. From the additive prin-
ciple, a transient warming scenario might therefore show
a gradual reduction in the rate of EIS increase as the
OHU decays. This in turn would favor increasingly positive
SW cloud feedback with time, consistent with the CMIP5
results.

We propose that the appropriate metric for these stabil-
ity effects on cloud feedbacks in transient simulations is the
normalized change !EIS/!Ts—i.e., the change in inver-
sion strength per degree global warming. This adopts the
same normalization used to express the cloud feedbacks
themselves, and is a meaningful measure of contributions to
the SW cloud feedback if cloud changes are proportional to
!EIS.

Fig. 4 Normalized changes in lower-tropospheric stability in CMIP5
abrupt 4×CO2 scenarios. The quantity plotted is !EIS/!Ts , where
EIS is the estimated inversion strength [66], and changes are com-
puted with respect to pre-industrial controls for several different time
slices after CO2 quadrupling, as indicated in the legend. Dashed lines
are GFDL-CM3 while solid lines are CCSM4. Also plotted (black
solid line): the same metric for equilibrium warming of the slab ocean
(SOM) version of CCSM4 [6]

Figure 4 shows the evolution of !EIS/!Ts for the
CCSM4 and GFDL-CM3 abrupt 4×CO2 experiments. EIS
is calculated from air temperature data at 700 and 1000
hPa and standard thermodynamic formulas [66], and the
difference is taken from the pre-industrial control for each
model. The stability metric is plotted for several different
time slices. It is positive everywhere but the high latitudes,
indicating increased inversion strength with warming. The
two models disagree on the magnitude of the change. How-
ever, as posited above, both models show that !EIS/!Ts
decreases monotonically throughout the simulation as OHU
diminishes. This is consistent with an increasingly positive
SW cloud feedback.

It is desirable to see if this reduction in the rate of
increase in inversion strength per degree global warming
continues during the long approach to equilibrium. A slab
ocean (SOM) version of CCSM4 has previously been used
to assess equilibrium sensitivity in that model [6]. We calcu-
lated the equilibrium !EIS/!Ts as the difference between
2×CO2 and 1×CO2 simulations in the SOM (black curve
in Fig. 4). It is also positive from mid-latitudes equatorward
but weaker by half than the transient CCSM4 results. If the
comparison is valid, it suggests that the approach to equilib-
rium involves substantial changes to the vertical structure of
the warming.

Conclusion

Through a mixture of review, demonstration, and spec-
ulation, we have advocated the following: (i) increasing

EIS = “Estimated Inversion Strength” (Wood and Bretherton 2006)

How does the change in lower tropospheric stability per degree global warming 
vary over time in the coupled GCMs?

Inversion gets stronger with warming, but the rate of increase slows down with time. 
The surface starts to catch up with the warming mid-troposphere! 

A probable cause for the trend toward more positive 
low-cloud feedbacks — and a subject for future work

Two different CMIP5 models  
• GFDL-CM3  
• CCSM4  



Conclusions
• Does the spatial structure of ocean heat uptake affects its ability to delay global warming? 

• Yes: sub-polar heat uptake is nearly 2x more effective than CO2 and 3-4x more effective than 
tropical heat uptake 

• Low cloud feedbacks are an integral (but robust!) player in these efficacy differences 

• Causal link appears to be through lower-tropospheric stability 

✤ Spatially localized ocean heat uptake is shaping global changes in stability, and thereby 
shaping global cloud cover and albedo 

• Sub-polar heat uptake results in a temporary suppression of a positive low cloud feedback 

• AR5 likely underestimates equilibrium sensitivity of the models

How much of the spread in low-cloud feedbacks in CMIP5 is actually driven in systematic  
ways by patterns of surface heat fluxes?

Rose, Armour, Battisti, Feldl and Koll (2014) GRL

Rose and Rayborn (2016) CCCR

+ Rayborn, Rose et al. (in prep.)

Idealized modeling of an idealized problem has led to new insight about a causal link between 
oceans and clouds that are probably operating in the full models, and perhaps even in nature


