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Observed surface temperature trends
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§ Annual-mean surface temperature trends over 1965-2015
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(Li et al. 2012)
CO2 concentration has just quadrupled (Fig. 1c). In the
following millennium, N decreases but is still 0.7 W m-2

at year 1,200 when the surface temperature change almost

becomes stationary; N goes to zero when the system
reaches the final equilibrium. The DOHU is non-zero at

year 1,200, but it goes to zero when the deep-ocean reaches

equilibrium (Fig. 1d). Hence, the surface temperature
change reaches equilibrium when N is balanced by the

ocean heat transfer across 1,500 m, rather than when the

net TOA radiative flux goes to zero.

According to the adjustments of the global-mean surface
temperature, of the radiative flux into the whole system,

and of the heat flux into the deep ocean (Fig. 1), the time

after CO2 quadrupling can be divided into three periods:
the transient period (140–1,200 year), the quasi-equilib-

rium period (1,200–4,600 year) and the equilibrium period

(4,600–6,080 year). In the transient period, the surface
temperature and the upper ocean temperature are non-sta-

tionary, the whole system is adjusting. In the quasi-equi-

librium period, the surface temperature and the upper

(a)

(b)

Fig. 2 Geographic distribution of the surface air temperature change
of ECHAM5/MPIOM in response to CO2 quadrupling, a by the
beginning of the transient period (i.e., the average from the 140th year
to the 240th year), b the end of the transient period (i.e., the average

from the 1,100th year to the 1,200th year), c the end of the
equilibrium period (i.e., the average from the 5980th year to the
6,080th year). d is the difference between c and b. Unit: K
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§ Warming after 1%/yr ramping to 4×CO2 in ECHAM5



(Li et al. 2012)
CO2 concentration has just quadrupled (Fig. 1c). In the
following millennium, N decreases but is still 0.7 W m-2

at year 1,200 when the surface temperature change almost

becomes stationary; N goes to zero when the system
reaches the final equilibrium. The DOHU is non-zero at

year 1,200, but it goes to zero when the deep-ocean reaches

equilibrium (Fig. 1d). Hence, the surface temperature
change reaches equilibrium when N is balanced by the

ocean heat transfer across 1,500 m, rather than when the

net TOA radiative flux goes to zero.

According to the adjustments of the global-mean surface
temperature, of the radiative flux into the whole system,

and of the heat flux into the deep ocean (Fig. 1), the time

after CO2 quadrupling can be divided into three periods:
the transient period (140–1,200 year), the quasi-equilib-

rium period (1,200–4,600 year) and the equilibrium period

(4,600–6,080 year). In the transient period, the surface
temperature and the upper ocean temperature are non-sta-

tionary, the whole system is adjusting. In the quasi-equi-

librium period, the surface temperature and the upper

(a)

(b)

Fig. 2 Geographic distribution of the surface air temperature change
of ECHAM5/MPIOM in response to CO2 quadrupling, a by the
beginning of the transient period (i.e., the average from the 140th year
to the 240th year), b the end of the transient period (i.e., the average

from the 1,100th year to the 1,200th year), c the end of the
equilibrium period (i.e., the average from the 5980th year to the
6,080th year). d is the difference between c and b. Unit: K

Deep-ocean heat uptake and equilibrium climate response

123

CO2 concentration has just quadrupled (Fig. 1c). In the
following millennium, N decreases but is still 0.7 W m-2

at year 1,200 when the surface temperature change almost

becomes stationary; N goes to zero when the system
reaches the final equilibrium. The DOHU is non-zero at

year 1,200, but it goes to zero when the deep-ocean reaches

equilibrium (Fig. 1d). Hence, the surface temperature
change reaches equilibrium when N is balanced by the

ocean heat transfer across 1,500 m, rather than when the

net TOA radiative flux goes to zero.

According to the adjustments of the global-mean surface
temperature, of the radiative flux into the whole system,

and of the heat flux into the deep ocean (Fig. 1), the time

after CO2 quadrupling can be divided into three periods:
the transient period (140–1,200 year), the quasi-equilib-

rium period (1,200–4,600 year) and the equilibrium period

(4,600–6,080 year). In the transient period, the surface
temperature and the upper ocean temperature are non-sta-

tionary, the whole system is adjusting. In the quasi-equi-

librium period, the surface temperature and the upper

(a)

(b)

Fig. 2 Geographic distribution of the surface air temperature change
of ECHAM5/MPIOM in response to CO2 quadrupling, a by the
beginning of the transient period (i.e., the average from the 140th year
to the 240th year), b the end of the transient period (i.e., the average

from the 1,100th year to the 1,200th year), c the end of the
equilibrium period (i.e., the average from the 5980th year to the
6,080th year). d is the difference between c and b. Unit: K

Deep-ocean heat uptake and equilibrium climate response

123

Warming patterns in GCMs
§ Warming after 1%/yr ramping to 4×CO2 in ECHAM5



(Li et al. 2012)
CO2 concentration has just quadrupled (Fig. 1c). In the
following millennium, N decreases but is still 0.7 W m-2

at year 1,200 when the surface temperature change almost

becomes stationary; N goes to zero when the system
reaches the final equilibrium. The DOHU is non-zero at

year 1,200, but it goes to zero when the deep-ocean reaches

equilibrium (Fig. 1d). Hence, the surface temperature
change reaches equilibrium when N is balanced by the

ocean heat transfer across 1,500 m, rather than when the

net TOA radiative flux goes to zero.

According to the adjustments of the global-mean surface
temperature, of the radiative flux into the whole system,

and of the heat flux into the deep ocean (Fig. 1), the time

after CO2 quadrupling can be divided into three periods:
the transient period (140–1,200 year), the quasi-equilib-

rium period (1,200–4,600 year) and the equilibrium period

(4,600–6,080 year). In the transient period, the surface
temperature and the upper ocean temperature are non-sta-

tionary, the whole system is adjusting. In the quasi-equi-

librium period, the surface temperature and the upper

(a)

(b)

Fig. 2 Geographic distribution of the surface air temperature change
of ECHAM5/MPIOM in response to CO2 quadrupling, a by the
beginning of the transient period (i.e., the average from the 140th year
to the 240th year), b the end of the transient period (i.e., the average

from the 1,100th year to the 1,200th year), c the end of the
equilibrium period (i.e., the average from the 5980th year to the
6,080th year). d is the difference between c and b. Unit: K

Deep-ocean heat uptake and equilibrium climate response

123

CO2 concentration has just quadrupled (Fig. 1c). In the
following millennium, N decreases but is still 0.7 W m-2

at year 1,200 when the surface temperature change almost

becomes stationary; N goes to zero when the system
reaches the final equilibrium. The DOHU is non-zero at

year 1,200, but it goes to zero when the deep-ocean reaches

equilibrium (Fig. 1d). Hence, the surface temperature
change reaches equilibrium when N is balanced by the

ocean heat transfer across 1,500 m, rather than when the

net TOA radiative flux goes to zero.

According to the adjustments of the global-mean surface
temperature, of the radiative flux into the whole system,

and of the heat flux into the deep ocean (Fig. 1), the time

after CO2 quadrupling can be divided into three periods:
the transient period (140–1,200 year), the quasi-equilib-

rium period (1,200–4,600 year) and the equilibrium period

(4,600–6,080 year). In the transient period, the surface
temperature and the upper ocean temperature are non-sta-

tionary, the whole system is adjusting. In the quasi-equi-

librium period, the surface temperature and the upper

(a)

(b)

Fig. 2 Geographic distribution of the surface air temperature change
of ECHAM5/MPIOM in response to CO2 quadrupling, a by the
beginning of the transient period (i.e., the average from the 140th year
to the 240th year), b the end of the transient period (i.e., the average

from the 1,100th year to the 1,200th year), c the end of the
equilibrium period (i.e., the average from the 5980th year to the
6,080th year). d is the difference between c and b. Unit: K

Deep-ocean heat uptake and equilibrium climate response

123

ocean temperature (above 1,500 m) are nearly stationary,

but the deep ocean is still warming. In the equilibrium
period, the surface, the upper ocean, and the deep-ocean

temperature change are stationary, and the whole system

has reached its final equilibrium under atmospheric CO2

quadrupling.

3.2 Patterns of surface temperature change

We now compare the patterns of surface temperature
change that have occurred by the beginning of the transient

period, the end of the transient period, and the end of the

equilibrium period (Fig. 2a). By the beginning of the

transient period, we see the familiar pattern of greater

warming over land than over the ocean, large warming in
the Arctic, and less warming over the North Atlantic and

the Southern Ocean (e.g. Meehl et al. 2007). By the end of

the transient period, the surface temperature has almost
reached equilibrium, except over the Southern Ocean and

Antarctica (Fig. 2a, b, c) where the surface temperature

still rises during the quasi-equilibrium period. The slow
surface warming over these domains is related to the

DOHU (Gregory 2000). The greater warming in southern
high latitudes during the quasi-equilibrium period (Fig. 2a,

c) implies that in equilibrium, our AOGCM shows similar

polar amplification in both the Arctic and Antarctic

(c)

(d)

Fig. 2 continued
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Observed and modeled temperature trends
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Observed surface temperature trends

§ What mechanisms drive polar amplification?
§ Why does polar amplification emerged quickly in the Arctic (decades) 
but slowly in the Antarctic (centuries to millennia)?

§ Annual-mean surface temperature trends over 1965-2015
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)

ocean heat 
uptake at 

surface

X - 30 ARMOUR ET AL.: SEA ICE REVERSIBILITY

R(�) + OHU(�) + �(�)T (�) = r · F (�) (228)

R(�) + �(�)T (�) = AHT(�) (229)

AHT = Kr2m (230)

m(�) = cpT (�) + Lq(�) (231)

r · F = �Kr2m (232)

m(�) = cpT (�) + Lq(�) (233)

�eff (t) 6= �2⇥ (234)

T =
R� "H

��2⇥
(235)

TH = H/�H (236)

TR = �R/�2⇥ (237)

D R A F T June 11, 2017, 5:57pm D R A F T
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§ TOA radiative forcing from CMIP5 abrupt 4×CO2 w/fixed SST 
simulations
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§ Ocean heat uptake from anomalous net surface heat flux at year 
100 of CMIP5 abrupt 4×CO2
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§ Feedbacks calculated from radiative kernels (Shell et al 2008) at 
year 100 of CMIP5 abrupt 4×CO2, defined in terms of TOA radiative 
response per degree of local surface warming
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What drives polar amplification?
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§ Near-surface air temperature anomaly at year 100 of CMIP5 abrupt 
4×CO2
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§ Atmospheric heat transport / divergence calculated at year 100 of 
CMIP5 abrupt 4×CO2
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ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(1)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (2)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (3)

@⇢

@x
(4)

QNET = QSW +QLW +QL +QS (5)

D R A F T May 16, 2016, 4:39pm D R A F T



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)

X - 30 ARMOUR ET AL.: SEA ICE REVERSIBILITY

R(�) + OHU(�) + �(�)T (�) = r · F (�) (228)

R(�) + �(�)T (�) = AHT(�) (229)

AHT = Kr2m (230)

m(�) = cpT (�) + Lq(�) (231)

r · F = �Kr2m (232)

m(�) = cpT (�) + Lq(�) (233)

�eff (t) 6= �2⇥ (234)

T =
R� "H

��2⇥
(235)

TH = H/�H (236)

TR = �R/�2⇥ (237)

D R A F T June 11, 2017, 5:57pm D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(1)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (2)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (3)

@⇢

@x
(4)

QNET = QSW +QLW +QL +QS (5)

D R A F T May 16, 2016, 4:39pm D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(1)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (2)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (3)

@⇢

@x
(4)

QNET = QSW +QLW +QL +QS (5)

D R A F T May 16, 2016, 4:39pm D R A F T



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)

X - 30 ARMOUR ET AL.: SEA ICE REVERSIBILITY

R(�) + OHU(�) + �(�)T (�) = r · F (�) (228)

R(�) + �(�)T (�) = AHT(�) (229)

AHT = Kr2m (230)

m(�) = cpT (�) + Lq(�) (231)

r · F = �Kr2m (232)

m(�) = cpT (�) + Lq(�) (233)

�eff (t) 6= �2⇥ (234)

T =
R� "H

��2⇥
(235)

TH = H/�H (236)

TR = �R/�2⇥ (237)

D R A F T June 11, 2017, 5:57pm D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(1)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (2)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (3)

@⇢

@x
(4)

QNET = QSW +QLW +QL +QS (5)

D R A F T May 16, 2016, 4:39pm D R A F T

ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(1)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (2)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (3)

@⇢

@x
(4)

QNET = QSW +QLW +QL +QS (5)

D R A F T May 16, 2016, 4:39pm D R A F T

Warming contribution quantified as:

X - 8 ARMOUR ET AL.: SEA ICE REVERSIBILITY

�T0 = 1/�P �R (24)

�T = 1/�P (�R + �1�T )

= �T0 + �1/�P �T

=
�T0

1� f

(25)

�T = 1/�P (�R + �1�T + �2�T )

= �T0 + �1/�P �T + �2/�P �T
(26)

�T = 1/�P �R

✓
1

1� �1/�P

◆
(27)

f = �1/�P (28)

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(29)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (30)

AHT = �PT + �WV T + �CT + �AT + �LRT +R (31)

T = �1/�P (�0
PT + �WV T + �CT + �AT + �LRT +R +OHU�r · F ) (32)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (33)

D R A F T June 11, 2017, 9:20pm D R A F T



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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§ Lapse rate, albedo and 
Planck (curvature) feedbacks 
are the primary drivers of Arctic 
amplification
§ Water vapor and cloud 
feedbacks, and CO2 forcing, 
amplify tropical warming
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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§ Lapse rate, albedo and 
Planck (curvature) feedbacks 
are the primary drivers of Arctic 
amplification
§ Water vapor and cloud 
feedbacks, and CO2 forcing, 
amplify tropical warming
§ Atmospheric heat transport 
and ocean heat uptake each 
play minor roles

Tropics = 30S to 30N
Arctic = 60N to 90N



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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§ Most things favor Arctic 
amplification over Antarctic 
amplification…
§ Lapse rate feedback, cloud 
feedbacks, and OHU most 
strongly favor Arctic
§ Atmospheric heat transport 
favors Antarctic amplification



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)

X - 8 ARMOUR ET AL.: SEA ICE REVERSIBILITY

�T0 = 1/�P �R (24)

�T = 1/�P (�R + �1�T )

= �T0 + �1/�P �T

=
�T0

1� f

(25)

�T = 1/�P (�R + �1�T + �2�T )

= �T0 + �1/�P �T + �2/�P �T
(26)

�T = 1/�P �R

✓
1

1� �1/�P

◆
(27)

f = �1/�P (28)

� = �P + �WV + �C + �A + �LR

= �P + �0
P + �WV + �C + �A + �LR

(29)

�PT = ��0
PT � �WV T � �CT � �AT � �LRT �R +AHT (30)

AHT = �PT + �WV T + �CT + �AT + �LRT +R (31)

T = �1/�P (�0
PT + �WV T + �CT + �AT + �LRT +R +OHU�r · F ) (32)

T = ��0
PT/�P � �WV T/�P � �CT/�P � �AT/�P � �LRT/�P �R/�P +AHT/�P (33)

D R A F T June 11, 2017, 9:20pm D R A F T

§ Peaks in the Southern Ocean 
and North Atlantic’s subpolar 
gyre

0 4020-40 -20

Anomalous heat flux into ocean

(Wm-2)



Ocean-only response to radiative forcing

(°C)

-3

0

3

6

-6

(Wm-2)

-2

0

2

4

-4

Sea-surface 
temperature 
anomaly

Sea-surface 
heat flux 
anomaly into 
ocean

§ Ocean-only model response to abrupt uniform radiative forcing, with 
uniform radiative feedback – no wind or freshwater changes (Marshall et 
al 2015, Armour et al 2016)



What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?
§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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§ Generally positive, but weak 
in Arctic and negative over 
Southern Ocean
§ Favors tropical warming
§ Acts to damp Antarctic 
warming

0 63-6 -3
(Wm-2K-1)

Net cloud feedback (C)



Surface albedo feedback (A)

0 63-6 -3
(Wm-2K-1)

§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?

§ Positive at the poles
§ Favors polar warming
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Curvature in Planck feedback (P’)
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§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?

§ Positive at the poles, 
negative in tropics

§ curvature due to 
temperature nonlinearity in 
blackbody radiation:

§ Favors polar warming
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Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2 per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through
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§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?

§ Negative in tropics where on 
moist adiabat, positive at the 
poles where inversions exist
§ Favors polar warming, and 
Arctic warming in particular

Lapse rate feedback (LR)



§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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§ Atmospheric heat transport 
appears to play a minor role in 
Arctic warming, greater role in 
Antarctic warming
§ Is this telling us something 
fundamental about atmospheric 
dynamics… or is there something 
else going on here?



§ Can diagnose the various contributions to warming with a local energy 
budget analysis (following Crook et al 2011; Feldl and Roe 2013; Armour et 
al 2013; Pithan and Mauritsen 2014)
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What drives polar amplification?

§ Atmospheric heat transport 
appears to play a minor role in 
Arctic warming, greater role in 
Antarctic warming
§ Is this telling us something 
fundamental about atmospheric 
dynamics… or is there something 
else going on here?
§ We need a deeper understanding 
of how and why atmospheric heat 
transport changes
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§ Look at an idealized aquaplanet slab ocean model (GFDL AM2) 
response to CO2 doubling (Roe et al 2015, Feldl and Roe 2013)

Understanding atmospheric heat transport
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Understanding atmospheric heat transport
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Net radiative feedback

Atmospheric heat flux divergence

Temperature change

§ Atmospheric heat flux 
divergence change largely 
mirrors the feedback pattern

§ Look at an idealized aquaplanet slab ocean model (GFDL AM2) 
response to CO2 doubling (Roe et al 2015, Feldl and Roe 2013)
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Understanding atmospheric heat transport

Net radiative feedback

Atmospheric heat flux divergence

Temperature change

§ Atmospheric heat flux 
divergence change largely 
mirrors the feedback pattern
§ Heat transport dynamically 
responds to changing 
feedbacks (Merlis 2015), 
influencing warming nonlocally

§ Look at an idealized aquaplanet slab ocean model (GFDL AM2) 
response to CO2 doubling (Roe et al 2015, Feldl and Roe 2013)
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Understanding atmospheric heat transport
§ You can parameterize atmospheric heat transport in terms of a diffusion 
of near-surface moist-static energy:

§ Mimics the stirring of temperature and moisture by atmospheric eddies, 
which act to transport moist-static energy down gradient:
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Understanding atmospheric heat transport
§ You can parameterize atmospheric heat transport in terms of a diffusion 
of near-surface moist-static energy:
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Hwang and Frierson (2010); Hwang et al (2011)

transport dominates the spread of changes in the atmospheric
energy transport (as discussed in section 2.1), and is anti‐
correlated with polar amplification. Polar amplification
flattens the meridional temperature gradient and decreases
the DSE transport. The spread of atmospheric energy trans-
port cannot explain the spread of polar amplification; models
with greater polar amplification must instead have stronger
local feedbacks.
[9] The spread of atmospheric transport explains most of

the spread in total transport (the correlation between the two
transports is 0.75), thus, the correlation coefficient between
the total transport and the 2 m air polar amplification is also
negative.
[10] The changes in oceanic transport are positively cor-

related with the 2 m air polar amplification and sea ice loss (as
shown in Figure 2b) [Holland et al., 2006]. Enhanced ocean
transport may cause temperature increases and accelerated ice
melting [Mahlstein and Knutti, 2011]. The causality may be
the opposite direction though; as multi‐year ice is replaced by
thinner first‐year ice, the fast formation of ice may also trigger
enhanced ocean transport [Bitz et al., 2006]. It is also worth
pointing out that much of the ocean energy transport increase
happens at depth.Bitz et al. [2006] and S. J. Vavrus et al. (21st ‐
century arctic climate change in CCSM4, submitted to Journal
of Climate, 2011) show that the warming of the ocean is
strongest at depth, not at the surface where it would affect sea
ice. In addition, the surfaceArctic ocean becomes fresher, which
makes it increasingly difficult for the warming to be mixed
upward due to increased stratification of the surface ocean.

3. Attribution of Changes in Atmospheric Energy
Transport

[11] The results from Section 2 suggest a local diffusive
relationship between atmospheric energy transport and tem-
perature gradients [North, 1975]. In this section, we introduce
an energy balance model (EBM) first used by Hwang and
Frierson [2010] to help understand the coupling between
local feedbacks and changes in atmospheric energy transport
in CMIP3 GCMs. As we discussed later in this session, we
utilize the EBM because its weak nonlinearity allows us to
attribute the changes in energy transport to individual feed-
backs. This EBM diffuses surface moist static energy (MSE)
with a latitudinally uniform diffusivity that is the same for
all models and in both time periods. Clear sky longwave
radiation is parameterized as a linear function of temperature
using a regression from the first 20 year period (2001 to
2020). The EBM is runwith shortwave radiation, total surface
flux, and longwave cloud radiative forcing as inputs to gen-
erate a mean climatology of the first 20 years. The model is
then run under warmed conditions, with the enhanced green-
house effect, shortwave radiation changes, longwave cloud
radiative forcing changes, and surface flux changes. Themodel
predicts energy transport, temperature, and clear sky longwave
radiation in the two time periods. The EBM responds to a
localized heating at a particular latitude with both a local
increase in OLR and increased diffusive transport away, with
the partition between the two determined by the diffusivity
constant.
[12] Applied to the Arctic, the EBM captures the net effect

of the two main mechanisms that influence atmospheric
energy transport at around 70N: (1) increasing water vapor
in the warmer climate leading to increasing moisture trans-

Figure 2. (a) Polar amplification versus changes in atmo-
spheric energy transport at 70N. (b) Polar amplification ver-
sus changes in oceanic transport at 70N. (c) EBM predicted
changes in atmospheric energy transport versus actual
changes in atmospheric energy transport in the GCMs at
70N. Blue dots are from the A1B scenario, and red dots
are from the A2 scenario.
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to‐pole MSE gradient, and thus an increase in MSE flux.
This is the dominant contribution to the increase in fluxes in
both transient scenarios (G in Figure 4), which explains why
traditional temperature‐diffusing EBMs fail to capture the

increasing fluxes. This term contributes a rather small
amount to the model‐to‐model differences however.

3.2. Surface Albedo (I)
[14] In a warmer climate, melting snow and ice reduces

albedo especially at high latitudes (I in Figure 3), which
increases temperature in high latitudes, flattens the MSE
gradient and results in a decrease in the poleward MSE flux
in the EBM (I in Figure 4). The slab simulations have a
significantly larger surface albedo effect in the SH compared
with the A1B simulations, while there are similar amounts
of melting in the NH in these two scenarios. Surface albedo
contributes a significant amount to the models’ spread at
40N in the A1B scenario.

3.3. Cloud SW (CS)
[15] There are two main structures of cloud changes that

affect SW fluxes at the TOA (CS in Figure 3): low cloud
coverage tends to decrease in lower latitudes, and cloud
cover tends to increase in regions of decreasing sea ice
[Trenberth and Fasullo, 2009]. Increasing clouds in high
latitudes partially offsets the surface albedo change and
cools the region. Both of these cloud structures lead to an
increase in poleward MSE flux (CS in Figure 4). SW cloud
effects are the dominant reasons the MSE fluxes increase in

Figure 2. EBM predicted changes in MSE fluxes at 40N/S
versus the actual changes in GCMs (in PW).

Figure 3. Changes in TOA and surface fluxes caused by individual climate components. Positive sign indicates fluxes to
the atmosphere. The total is the sum of the six terms.
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§ Captures 
anomalous heat 
transport in CMIP 
models pretty well 
(Hwang and 
Frierson)



Understanding atmospheric heat transport
§ You can parameterize atmospheric heat transport in terms of a diffusion 
of near-surface moist-static energy:
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r · F = �Kr2m (156)
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§ Captures 
climatological 
heat transport in 
atmospheric 
reanalyses pretty 
well (Aaron 
Donohoe)



Understanding atmospheric heat transport
§ You can parameterize atmospheric heat transport in terms of a diffusion 
of near-surface moist-static energy:

§ Rose et al (2014) and Roe et al (2015) used this parameterization to 
create a prognostic energy balance model (EBM): given patterns of 
forcing and feedbacks, model predicts atmospheric heat transport, 
surface warming and net TOA radiation fluxes simultaneously
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Figure 3 | The impact of uncertainty in feedbacks patterns on uncertainty in temperature-response patterns in the moist energy balance model.
a–c, Subtropical feedback uncertainty (a), temperature response (b), response PDF at specific latitudes (c). d–f, As for a–c , but for the ice line feedback
uncertainty. Feedback uncertainty has the form: c(x)=c0(x)+�c exp(�[(x�x0)/1x]4); c0(x) is mean feedback pattern; �c=0.6 W m�2 K�1;
(x0,1x)=(±0.25,0.2) for subtropical feedbacks and (±0.9,0.05) for ice-line feedbacks. In a, b, d, e the solid line is the mean value, and the shading
represents the 1�, 2�, and 3�� ranges.

Feedback uncertainty and regional predictability
We introduce feedback uncertainties into the MEBM, by stipulating
localized zones of Gaussian probability density functions (PDFs)
in the subtropics and poles. These are hypothetical, but guided by
GCM ensembles5.

Uncertainty in subtropical feedbacks (Fig. 3a) leads to
uncertainty in T 0 that is global and nearly uniform (Fig. 3b).
The feedback uncertainty induces large uncertainty in subtropical
h0, which is exported down gradient to mid- and high latitudes,
where it drives uncertainty in T 0. Therefore, reducing uncertainty in
tropical feedbacks would lead to a globally near-uniform reduction
of uncertainty in temperature response. At all latitudes, the PDF
is skewed towards higher T 0 (Fig. 3c) because larger positive
feedbacks destabilize the system23.

In contrast, uncertainty in polar feedbacks (Fig. 3d) leads to
uncertainty in T 0 confined largely to the poles (Fig. 3e): the
resulting variations in h0 are not large enough to overcome the
large-scale, down-gradient transport of h0 from the tropics, and
therefore distribute much less uncertainty into lower latitudes.
The implication is that a reduction of uncertainty in polar
feedbacks leads to a predominantly local reduction of uncertainty
in temperature response. Note, however, that even small changes
in tropical temperatures can impact other important aspects of
climate, such as the inter-tropical convergence zone and monsoon
circulations, and thus our results do not preclude polar feedbacks
exerting an influence on such climate features31,32.

Uncertainty in temperature response thus depends on both
the magnitude and spatial extent of the uncertainty in local
feedbacks. The feedback patterns in Fig. 3a,d reflect relatively
broad uncertainty within the subtropics (for example, due to
changes in clouds) and relatively narrow uncertainty near the
poles (for example, due to changes in the sea-ice edge)5. This
di�erence in spatial extent a�ects the uncertainty in global-mean
temperature response, with subtropical feedback uncertainty having
a stronger global influence than the high-latitude uncertainty (black
lines, Fig. 3c,f). However, for feedback uncertainty of equivalent

magnitude and area, it is the high latitudes that matter more for the
global mean (Supplementary Fig. 1); feedback uncertainty projects
most strongly onto the global-mean temperature response when it
coincides with a region of large temperature change and of more
positive local feedbacks—conditions that apply at high latitudes
(Fig. 3 and see Supplementary Information).

Internal (that is, unforced) climate variability is an important
uncertainty in regional climate projections on decadal timescales33.
On longer timescales two factors dominate uncertainty: the
anthropogenic-forcing scenario and structural di�erences among
GCMs (ref. 34). Several lines of research demonstrate that, on
such timescales, adjustments to Earth’s energy budget occur via
MSE fluxes driven by patterns of climate feedbacks. The simplest
implementation—the MEBM—accords with detailed feedback
calculations within a GCM: anomalous energy fluxes diverge
away from regions of more positive feedbacks, and converge
towards regions of more negative feedbacks. Although it will
be important to establish the limitations of the MEBM and
the linear feedback framework for larger climate changes35,36,
as well as the approximation that feedbacks can be described
locally (that is, independently of the pattern of warming itself),
it o�ers a single, consistent explanation for several fundamental
aspects of climate change pervasive among GCM simulations: a
general increase in poleward energy fluxes with global warming10,37;
strong polar amplification, but with large inter-model spread38;
and uncertainty in broad tropical feedbacks being the largest
source of uncertainty in the global temperature response7,39.
Other recent studies imply the principle also extends to transient
climate change, to more complete GCMs and, tentatively, to
zonally asymmetric feedbacks10,12,23,40. Collectively these studies
can be taken as implying that circulation changes may be of
secondary importance in redistributing energy under climate
change. The underlying principle does not depend on which
climate processes are acting, only on the overall pattern of
total climate feedback. However, by disaggregating the climate
response into its component feedbacks, the relative importance
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Uncertainty propagates poleward



Arctic feedbacks have largest impact on global warming
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§ Atmospheric heat transport changes can be understood as satisfying (i) 
down-gradient transport of MSE (with constant diffusivity) and (ii) 
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§ Why does this work so well? Is there a role for atmospheric circulation 
changes?
§ How independent are local feedbacks from heat transport or 
surface warming pattern?
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§ Atmospheric heat transport changes can be understood as satisfying (i) 
down-gradient transport of MSE (with constant diffusivity) and (ii) 
energetic constraints set by radiative forcing and feedbacks

§ Why does this work so well? Is there a role for atmospheric circulation 
changes?
§ How independent are local feedbacks from heat transport or 
surface warming pattern?

§ Polar amplification is an inevitable feature of global warming, due to 
either more positive (amplifying) feedbacks in the high latitudes or
increased poleward heat transport

§ Polar amplification has yet to emerge in the southern hemisphere due 
SO upwelling, but it may eventually

§ What is the timescale for SO warming? Centuries? Millennia?

§ Uncertainty in polar warming isn’t just due to uncertainty in polar 
feedbacks, it’s due to uncertainty in tropical feedbacks as well; 
uncertainty in polar feedbacks have outsized affect on global warming
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Does the increase in heat transport into the Arctic matter?

transport dominates the spread of changes in the atmospheric
energy transport (as discussed in section 2.1), and is anti‐
correlated with polar amplification. Polar amplification
flattens the meridional temperature gradient and decreases
the DSE transport. The spread of atmospheric energy trans-
port cannot explain the spread of polar amplification; models
with greater polar amplification must instead have stronger
local feedbacks.
[9] The spread of atmospheric transport explains most of

the spread in total transport (the correlation between the two
transports is 0.75), thus, the correlation coefficient between
the total transport and the 2 m air polar amplification is also
negative.
[10] The changes in oceanic transport are positively cor-

related with the 2 m air polar amplification and sea ice loss (as
shown in Figure 2b) [Holland et al., 2006]. Enhanced ocean
transport may cause temperature increases and accelerated ice
melting [Mahlstein and Knutti, 2011]. The causality may be
the opposite direction though; as multi‐year ice is replaced by
thinner first‐year ice, the fast formation of ice may also trigger
enhanced ocean transport [Bitz et al., 2006]. It is also worth
pointing out that much of the ocean energy transport increase
happens at depth.Bitz et al. [2006] and S. J. Vavrus et al. (21st ‐
century arctic climate change in CCSM4, submitted to Journal
of Climate, 2011) show that the warming of the ocean is
strongest at depth, not at the surface where it would affect sea
ice. In addition, the surfaceArctic ocean becomes fresher, which
makes it increasingly difficult for the warming to be mixed
upward due to increased stratification of the surface ocean.

3. Attribution of Changes in Atmospheric Energy
Transport

[11] The results from Section 2 suggest a local diffusive
relationship between atmospheric energy transport and tem-
perature gradients [North, 1975]. In this section, we introduce
an energy balance model (EBM) first used by Hwang and
Frierson [2010] to help understand the coupling between
local feedbacks and changes in atmospheric energy transport
in CMIP3 GCMs. As we discussed later in this session, we
utilize the EBM because its weak nonlinearity allows us to
attribute the changes in energy transport to individual feed-
backs. This EBM diffuses surface moist static energy (MSE)
with a latitudinally uniform diffusivity that is the same for
all models and in both time periods. Clear sky longwave
radiation is parameterized as a linear function of temperature
using a regression from the first 20 year period (2001 to
2020). The EBM is runwith shortwave radiation, total surface
flux, and longwave cloud radiative forcing as inputs to gen-
erate a mean climatology of the first 20 years. The model is
then run under warmed conditions, with the enhanced green-
house effect, shortwave radiation changes, longwave cloud
radiative forcing changes, and surface flux changes. Themodel
predicts energy transport, temperature, and clear sky longwave
radiation in the two time periods. The EBM responds to a
localized heating at a particular latitude with both a local
increase in OLR and increased diffusive transport away, with
the partition between the two determined by the diffusivity
constant.
[12] Applied to the Arctic, the EBM captures the net effect

of the two main mechanisms that influence atmospheric
energy transport at around 70N: (1) increasing water vapor
in the warmer climate leading to increasing moisture trans-

Figure 2. (a) Polar amplification versus changes in atmo-
spheric energy transport at 70N. (b) Polar amplification ver-
sus changes in oceanic transport at 70N. (c) EBM predicted
changes in atmospheric energy transport versus actual
changes in atmospheric energy transport in the GCMs at
70N. Blue dots are from the A1B scenario, and red dots
are from the A2 scenario.
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Ocean circulation drives pattern of warming and surface heat fluxes

can change the AMOC’s spatial pattern drastically, and they
can temporarily reduce or increase the amount of deep water
formed, with a strong impact on climate. However, our
focus here is on the AMOC as a large-scale coherent
circulation system and on longer timescales, that is, on
which mechanism provides the ocean with the energy
necessary to sustain a steady state deep overturning circu-
lation.
[8] The terms ‘‘meridional overturning circulation’’ and

‘‘thermohaline circulation’’ (THC) have sometimes been
used almost like synonyms, but they have very different
meanings. ‘‘MOC’’ is merely a descriptive, geographic
term: It is simply a circulation in the meridional-vertical
plane, as depicted by an overturning stream function as in
Figure 3. The term ‘‘MOC’’ thus does not refer to any
particular driving mechanism.
[9] The term ‘‘THC,’’ by contrast, is a definition of flow

by driving mechanism. There are three qualitatively differ-

ent physical mechanisms to drive oceanic flows: (1) direct
momentum transfer by surface winds, (2) acceleration of
water by tidal forces, and (3) thermohaline forcing. This
classification has been found in oceanography textbooks
since the early 20th century [e.g., Defant, 1929; Neumann
and Pierson, 1966]. A simple, archetypal example of the
latter would be the regional thermohaline (or, in this case,
thermal) circulation caused by ‘‘hot spots’’ of geothermal
heating at the ocean bottom near mid-ocean ridges [Joyce
and Speer, 1987; Thompson and Johnson, 1996]. Another
example is the flow driven by strong surface cooling of a
previously warmer body of water, as occurs, for example,
when a polynya opens up in sea ice [Buffoni et al., 2002]. In
these examples, thermohaline fluxes at the ocean boundary
(surface or bottom) cause density changes that drive a flow
by setting up pressure gradients.
[10] A complication arises when considering the large-

scale thermohaline circulation in steady state, as this steady

Figure 2. Idealized meridional section representing a zonally averaged picture of the Atlantic Ocean.
Straight arrows sketch the MOC. The color shading depicts a zonally averaged density profile derived
from observational data [Levitus, 1982]. The thermocline, the region where the temperature gradient is
large, separates the light and warm upper waters from the denser and cooler deep waters. The two main
upwelling mechanisms, wind-driven and mixing-driven, are displayed. Wind-driven upwelling is a
consequence of a northward flow of the surface waters in the Southern Ocean, the Ekman transport, that
is driven by strong westerly winds (see section 4). Since the Ekman transport is divergent, waters upwell
from depth. Mixing along the density gradient, called diapycnal mixing, causes mixing-driven upwelling;
this is partly due to internal waves triggered at the ocean’s boundaries (see section 3). Deepwater
formation (DWF) occurs in the high northern and southern latitudes, creating North Atlantic Deep Water
(NADW) and Antarctic Bottom Water (AABW), respectively. The locations of DWF are tightly linked
with the distribution of surface fluxes of heat and fresh water; since these influence the buoyancy of the
water, they are subsumed as buoyancy fluxes. The freshly formed NADW has to flow over the shallow
sill between Greenland, Iceland, and Scotland. Close to the zone of wind-driven upwelling in the
Southern Ocean is the Deacon cell recirculation, visible in the zonally integrated meridional velocity in
ocean models. Its relevance is discussed in section 4. Note that in the real ocean the ratio of the
meridional extent to the typical depth is about 5000 to 1.
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Isolating the ocean’s role in climate response to forcing

§ Ocean-only simulation with the MITgcm
§ global ocean with realistic land geometry, 1° resolution
§ no atmosphere

§ Model run to equilibrium with air-sea fluxes prescribed through bulk 
formulae -- CORE protocol of Griffies et al (2009), with an annually 
repeating cycle

§ Passive tracer experiment:
§ Abrupt, uniform surface flux of an “orange dye”
§ Uniform damping at the surface (in proportion to
surface dye concentration)

Any spatial structure must arise from background (climatological) 
ocean circulation
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Isolating the ocean’s role in climate response to forcing

§ Ocean-only simulation with the MITgcm
§ global ocean with realistic land geometry, 1° resolution
§ no atmosphere

§ Model run to equilibrium with air-sea fluxes prescribed through bulk 
formulae -- CORE protocol of Griffies et al (2009), with an annually 
repeating cycle

§ Greenhouse gas forcing experiment:
§ Abrupt, uniform surface forcing of R = 4 Wm-2

§ Uniform radiative feedback of equal to -1 Wm-2K-1

§ No other surface flux changes (wind, fresh water, etc)

Any spatial structure in warming must arise from ocean circulation



Ocean-only MITgcm: yr 1 response to abrupt radiative forcing
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Ocean-only MITgcm: yr 100 response to abrupt radiative forcing
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Observed ocean warming over 1982-2012
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