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(see Section�7.2.1). In the present climate, the SW CRE tends to be 
compensated by the LW CRE over the equatorial warm pool, leading 
to the net CRE pattern showing large negative values over the 
eastern part of the subtropical ocean and the extratropical ocean 
due to the dominant in�uence of highly re�ective marine low-clouds.

In a� �rst attempt to systematically evaluate equilibrium climate 
sensitivity (ECS) based on fully coupled general circulation models 
(GCMs) in AR4, diverging cloud feedbacks were recognized as 
a�dominant source of uncertainty. An advance in understanding the 
cloud feedback was to assess feedbacks separately for different cloud 
regimes (Gettelman and Sherwood, 2016). A� thorough assessment 
of cloud feedbacks in different cloud regimes was carried out in AR5 
(Boucher et�al., 2013), which assigned high or medium con�dence for 
some cloud feedbacks but low or no con�dence for others (Table�7.9). 
Many studies that estimate the net cloud feedback using CMIP5 
simulations (Vial et� al., 2013; Caldwell et� al., 2016; Zelinka et� al., 
2016; Colman and Hanson, 2017) show different values depending on 
the methodology and the set of models used, but often report a�large 
inter-model spread of the feedback, with the 90% con�dence interval 
spanning both weak negative and strong positive net feedbacks. 
Part of this diversity arises from the dependence of the model cloud 
feedbacks on the parametrization of clouds and their coupling to 
other sub-grid-scale processes (Zhao et�al., 2015).

Since AR5, community efforts have been undertaken to understand 
and quantify the cloud feedbacks in various cloud regimes coupled 
with large-scale atmospheric circulation (Bony et�al., 2015). For some 
cloud regimes, alternative tools to ESMs, such as observations, theory, 
high-resolution cloud resolving models (CRMs), and large eddy 
simulations (LES), help quantify the feedbacks. Consequently, the net 
cloud feedback derived from ESMs has been revised by assessing 
the regional cloud feedbacks separately and summing them with 
weighting by the ratio of fractional coverage of those clouds over the 
globe to give the global feedback, following an approach adopted 
in Sherwood et�al. (2020). This �bottom-up� assessment is explained 
below with a� summary of updated con�dence of individual cloud 
feedback components (Table�7.9). Dependence of cloud feedbacks on 
evolving patterns of surface warming will be discussed in Section�7.4.4 
and is not explicitly taken into account in the assessment presented 
in this section.

7.4.2.4.2	 Assessment for individual cloud regimes

High-cloud altitude feedback
It has long been argued that cloud-top altitude rises under global 
warming, concurrent with the rising of the tropopause at all latitudes 
(Marvel et�al., 2015; Thompson et�al., 2017). This increasing altitude 
of high-clouds was identi�ed in early generation GCMs and the 
tropical high-cloud altitude feedback was assessed to be positive 
with high con�dence in AR5 (Boucher et�al., 2013). This assessment 
is supported by a� theoretical argument called the ��xed anvil 
temperature mechanism�, which ensures that the temperature of the 
convective detrainment layer does not change when the altitude of 
high-cloud tops increases with the rising tropopause (Hartmann and 
Larson, 2002). Because the cloud-top temperature does not change 
signi�cantly with global warming, cloud LW emission does not 

increase even though the surface warms, resulting in an enhancement 
of the high-cloud greenhouse effect (a positive feedback; Yoshimori 
et�al. (2020)). The upward shift of high-clouds with surface warming 
is detected in observed interannual variability and trends in satellite 
records for recent decades (Chepfer et�al., 2014; Norris et�al., 2016; 
Saint-Lu et� al., 2020). The observational detection is not always 
successful (Davies et�al., 2017), but the cloud altitude shifts similarly in 
many CRM experiments (Khairoutdinov and Emanuel, 2013; Tsushima 
et�al., 2014; Narenpitak et�al., 2017). The high-cloud altitude feedback 
was estimated to be 0.5 W m�2 °C�1 based on GCMs in AR5, but is 
revised, using a�recent re-evaluation that excludes aliasing effects by 
reduced low-cloud amounts, downward to 0.22�–�0.12�W�m�2� °C�1 
(one standard deviation; Zhou et� al., 2014; Zelinka et� al., 2020). 
In conclusion, there is high con�dence in the positive high-cloud 
altitude feedback simulated in ESMs as it is supported by theoretical, 
observational, and process modelling studies.

Tropical high-cloud amount feedback
Updrafts in convective plumes lead to detrainment of moisture at 
a� level where the buoyancy diminishes, and thus deep convective 
clouds over high SSTs in the tropics are accompanied by anvil and 
cirrus clouds in the upper troposphere. These clouds, rather than 
the convective plumes themselves, play a� substantial role in the 
global TOA radiation budget. In the present climate, the net CRE 
of these clouds is small due to a�cancellation between the SW and 
LW components (Hartmann et� al., 2001). However, high-clouds 
with different optical properties could respond to surface warming 
differently, potentially perturbing this radiative balance and therefore 
leading to a�non-zero�feedback.

A thermodynamic mechanism referred to as the �stability iris effect� 
has been proposed to explain that the anvil cloud amount decreases 
with surface warming (Bony et� al., 2016). In this mechanism, 
a� temperature-mediated increase of static stability in the upper 
troposphere, where convective detrainment occurs, acts to balance 
a� weakened mass out�ow from convective clouds, and thereby 
reduce anvil cloud areal coverage (Figure�7.9). The reduction of anvil 
cloud amount is accompanied by enhanced convective aggregation 
that causes a� drying of the surrounding air and thereby increases 
the LW emission to space that acts as a� negative feedback (Bony 
et�al., 2020). This phenomenon is found in many CRM simulations 
(Emanuel et�al., 2014; Wing and Emanuel, 2014; Wing et�al., 2020) 
and also identi�ed in observed interannual variability (Stein et� al., 
2017; Saint-Lu et�al., 2020).

Despite the reduction of anvil cloud amount supported by several 
lines of evidence, estimates of radiative feedback due to high-cloud 
amount changes is highly uncertain in models. The assessment 
presented here is guided by combined analyses of TOA radiation and 
cloud �uctuations at interannual time scale using multiple satellite 
datasets. The observationally based local cloud amount feedback 
associated with optically thick high-clouds is negative, leading to 
its global contribution (by multiplying the mean tropical anvil cloud 
fraction of about 8%) of �0.24 – 0.05 W m�2 °C�1 (one standard 
deviation) for LW (Vaillant de GuØlis et� al., 2018). Also, there is 
a� positive feedback due to increase of optically thin cirrus clouds 
in the tropopause layer, estimated to be 0.09 – 0.09�W� m�2� °C�1 



973

The Earth’s Energy Budget, Climate Feedbacks and Climate Sensitivity� Chapter 7

7

(one� standard deviation; Zhou et� al., 2014). The negative LW 
feedback due to reduced amount of thick high-clouds is partly 
compensated by the positive SW feedback (due to less re�ection of 
solar radiation), so that the tropical high-cloud amount feedback 
is assessed to be equal to or smaller than their sum. Consistently, 
the net high-cloud feedback in the tropical convective regime, 
including a� part of the altitude feedback, is estimated to have 
the global contribution of �0.13 – 0.06 W m�2 °C�1 (one standard 
deviation; Williams and Pierrehumbert, 2017). The negative cloud 
LW feedback is considerably biased in CMIP5 GCMs (Mauritsen and 
Stevens, 2015; Su et�al., 2017; Li et�al., 2019) and highly uncertain, 
primarily due to differences in the convective parametrization (Webb 
et�al., 2015). Furthermore, high-resolution CRM simulations cannot 
alone be used to constrain uncertainty because the results depend 
on parametrized cloud microphysics and turbulence (Bretherton 
et� al., 2014; Ohno et� al., 2019). Therefore, the tropical high-cloud 
amount feedback is assessed as negative but with low con�dence 
given the lack of modelling evidence. Taking observational estimates 
altogether and methodological uncertainty into account, the global 
contribution of the high-cloud amount feedback is assessed to be 
�0.15�–�0.2�W�m�2�°C�1 (one standard deviation).

Subtropical marine low-cloud feedback
It has long been argued that the response of marine boundary-layer 
clouds over the subtropical ocean to surface warming was the largest 
contributor to the spread among GCMs in the net cloud feedback 
(Boucher et�al., 2013). However, uncertainty of the marine low-cloud 
feedback has been reduced considerably since AR5 through combined 
knowledge from theoretical, modelling and observational studies 
(Klein et�al., 2017). Processes that control the low-clouds are complex 
and involve coupling with atmospheric motions on multiple scales, 
from the boundary-layer turbulence to the large-scale subsidence, 
which may be represented by a� combination of shallow and deep 
convective mixing (Sherwood et�al., 2014).

In order to disentangle the large-scale processes that cause the�cloud 
amount either to increase or decrease in response to the surface 
warming, the cloud feedback has been expressed in terms of several 
�cloud controlling factors� (Qu et�al., 2014, 2015; Zhai et�al., 2015; 
Brient and Schneider, 2016; Myers and Norris, 2016; McCoy et� al., 
2017a). The advantage of this approach over conventional calculation 
of cloud feedbacks is that the temperature-mediated cloud response 
can be estimated without using information of the simulated cloud 
responses that are less well-constrained than the changes in the 
environmental conditions. Two dominant factors are identi�ed for 
the subtropical low-clouds: a�thermodynamic effect due to rising SST 
that acts to reduce low-cloud by enhancing cloud-top entrainment 
of dry air, and a� stability effect accompanied by an enhanced 
inversion strength that acts to increase low-cloud (Qu et�al., 2014, 
2015; Kawai et� al., 2017). These controlling factors compensate 
with a� varying degree in different ESMs, but can be constrained 
by referring to the observed seasonal or interannual relationship 
between the low-cloud amount and the controlling factors in the 
environment as a� surrogate. The analysis leads to a� positive local 
feedback that has the global contribution of 0.14 to 0.36�W m�2�°C�1 
(Klein et� al., 2017), to which the feedback in the stratocumulus 
regime dominates over the feedback in the trade cumulus regime 

(Cesana�et�al., 2019; Radtke�et�al.,�2021). The stratocumulus feedback 
may be underestimated because explicit simulations using LES show 
a� larger local feedback of up to 2.5�W� m�2� °C�1, corresponding to 
the global contribution of 0.2�W�m�2�°C�1 by multiplying the mean 
tropical stratocumulus fraction of about 8% (Bretherton, 2015). 
Supported by different lines of evidence, the subtropical marine 
low-cloud feedback is assessed as positive with high con�dence. 
Based on the combined estimate using LESs and the cloud 
controlling factor analysis, the global contribution of the feedback 
due to marine low-clouds equatorward of 30° is assessed to be 
0.2�–�0.16�W�m�2�°C�1 (one standard deviation), for which the range 
re�ects methodological�uncertainties.

Land cloud feedback
Intensi�cation of the global hydrological cycle is a� robust feature 
of global warming, but at the same time, many land areas in 
the subtropics will experience drying at the surface and in the 
atmosphere (Section� 8.2.2). This occurs due to limited water 
availability in these regions, where the cloudiness is consequently 
expected to decrease. Reduction in clouds over land is consistently 
identi�ed in the CMIP5 models and also in a� GCM with explicit 
convection (Bretherton et�al., 2014; Kamae et�al., 2016a). Because 
low-clouds make up the majority of subtropical land clouds, this 
reduced amount of low-clouds re�ects less solar radiation and leads 
to a�positive feedback similar to the marine low-clouds. The mean 
estimate of the global land cloud� feedback in CMIP5 models is 
smaller than the marine low-cloud feedback, 0.08 – 0.08 W m�2�°C�1 

(Zelinka et�al., 2016). These values are nearly unchanged in CMIP6 
(Zelinka et�al., 2020). However, ESMs still have considerable biases 
in the climatological temperature and cloud fraction over land, 
and the magnitude of this feedback has not yet been supported by 
observational evidence. Therefore, the feedback due to decreasing 
land clouds is assessed to be 0.08�–�0.08�W m�2�°C�1 (one standard 
deviation) with low�con�dence.

Mid-latitude cloud amount feedback
Poleward shifts in the mid-latitude jets are evident since the 1980s 
(Section� 2.3.1.4.3) and are a� feature of the large-scale circulation 
change in future projections (Section�4.5.1.6). Because mid-latitude 
clouds over the North Paci�c, North Atlantic and Southern Ocean 
are induced mainly by extratropical cyclones in the storm tracks 
along the jets, it has been suggested that the jet shifts should be 
accompanied by poleward shifts in the mid-latitude clouds, which 
would result in a�positive feedback through the reduced re�ection 
of insolation (Boucher et�al., 2013). However, studies since AR5 have 
revealed that this proposed mechanism does not apply in practice 
(Ceppi and Hartmann, 2015). While a�poleward shift of mid-latitude 
cloud maxima in the free troposphere has been identi�ed in satellite 
and ground-based observations (Bender et� al., 2012; Eastman and 
Warren, 2013), associated changes in net CRE are small because 
the responses in high and low-clouds to the jet shift act to cancel 
each other (Grise and Medeiros, 2016; Tselioudis et�al., 2016; Zelinka 
et� al., 2018). This cancellation is not well captured in ESMs (Lipat 
et�al., 2017), but the above �ndings show that the mid-latitude cloud 
feedback is not dynamically driven by the poleward jet shifts, which 
are rather suggested to occur partly in response to changes in high 
clouds (Y. Li et�al., 2018).
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�0.27� to� +0.25�W� m�2� °C�1 (Table� 7.10). Given the relatively long 
time scales associated with the biological processes that mediate the 
biogeophysical and many of the non-CO2 biogeochemical feedbacks, 
in comparison with the relatively short time scale of many of the 
underlying model simulations, combined with the small number of 
studies for some of the feedbacks, and the relatively small signals, this 
overall assessment has low con�dence.

Some supporting evidence for this overall assessment can be 
obtained from the CMIP6 ensemble, which provides some pairs of 
instantaneous 4×CO2 simulations carried out using related models, 
with and without biogeophysical and non-CO2 biogeochemical 
feedbacks. This is not a� direct comparison because these pairs of 
simulations may differ by more than just their inclusion of these 
additional feedbacks; furthermore, not all biogeophysical and 
non-CO2 biogeochemical feedbacks are fully represented. However, 
a�comparison of the pairs of simulations does provide a��rst-order 
estimate of the magnitude of these additional feedbacks. SØfØrian 
et� al. (2019) �nd a� slightly more negative feedback parameter in 
CNRM-ESM2-1 (with additional feedbacks) then in CNRM-CM6-1 
(a decrease of 0.02 W m�2 °C�1, using the linear regression method 
from years 10�150). Andrews et�al. (2019) also �nd a�slightly more 
negative feedback parameter when these additional feedbacks are 
included (a decrease of 0.04 W m�2 °C�1 in UKESM1 compared with 
HadGEM3-GC3.1). Both of these studies suggest a�small but slightly 
negative feedback parameter for the combination of biogeophysical 
and non-CO2 biogeochemical feedbacks, but with relatively large 
uncertainty given (i) interannual variability and (ii) that feedbacks 
associated with natural terrestrial emissions of CH4 and N2O were not 
represented in either pair.

7.4.2.6	 Long-Term Radiative Feedbacks Associated 
with�Ice�Sheets

Although long-term radiative feedbacks associated with ice sheets are 
not included in our de�nition of ECS (Box�7.1), the relevant feedback 
parameter is assessed here because the time scales on which these 
feedbacks act are relatively uncertain, and the long-term temperature 
response to CO2 forcing of the entire Earth system may be of interest.

Earth�s ice sheets (Greenland and Antarctica) are sensitive to climate 
change (Section� 9.4; Pattyn et� al., 2018). Their time evolution is 
determined by both their surface mass balance and ice dynamic 
processes, with the latter being particularly important for the West 
Antarctic Ice Sheet. Surface mass balance depends on the net energy 
and hydrological �uxes at their surface, and there are mechanisms of 
ice-sheet instability that depend on ocean temperatures and basal 
melt rates (Section�9.4.1.1). The presence of ice sheets affects Earth�s 
radiative budget, hydrology, and atmospheric circulation due to their 
characteristic high albedo, low roughness length, and high altitude, 
and they in�uence ocean circulation through freshwater input from 
calving and melt (e.g.,� Fyke et� al., 2018). Ice-sheet changes also 
modify surface albedo through the attendant change in sea level 
and therefore land area (Abe-Ouchi et�al., 2015). The time scale for 
ice sheets to reach equilibrium is of the order of thousands of years 
(Clark et�al., 2016). Due to the long time scales involved, it is a�major 
challenge to run coupled climate�ice sheet models to equilibrium, 

and as a� result, long-term simulations are often carried out with 
lower complexity models, and/or are asynchronously coupled.

In AR5, it was described that both the Greenland and Antarctic ice 
sheets would continue to lose mass in a�warming world (M.�Collins 
et� al., 2013), with a� continuation in sea level rise beyond the year 
2500 assessed as virtually certain. However, there was low con�dence 
in the associated radiative feedback mechanisms, and as such, there 
was no assessment of the magnitude of long-term radiative feedbacks 
associated with ice sheets. That assessment is consistent with SROCC, 
wherein it was stated that �with limited published studies to draw 
from and no simulations run beyond 2100, �rm conclusions regarding 
the net importance of atmospheric versus ocean melt feedbacks on 
the long-term future of Antarctica cannot be made.�

The magnitude of the radiative feedback associated with changes to 
ice sheets can be quanti�ed by comparing the global mean long-term 
equilibrium temperature response to increased CO2 concentrations in 
simulations that include interactive ice sheets with that of simulations 
that do not include the associated ice sheet�climate interactions 
(Swingedouw et�al., 2008; Vizcaíno et�al., 2010; Goelzer et�al., 2011; 
Bronselaer et� al., 2018; Golledge et� al., 2019). These simulations 
indicate that on multi-centennial time scales, ice-sheet mass loss leads 
to freshwater �uxes that can modify ocean circulation (Swingedouw 
et� al., 2008; Goelzer et� al., 2011; Bronselaer et� al., 2018; Golledge 
et�al., 2019). This leads to reduced surface warming (by�about 0.2°C 
in the global mean after 1000 years; Section�7.4.4.1.1; Goelzer et�al., 
2011), although other work suggests no net global temperature 
effect of ice-sheet mass loss (Vizcaíno et� al., 2010). However, 
model simulations in which the Antarctic Ice Sheet is removed 
completely in a� paleoclimate context indicate a� positive global 
mean feedback on multi-millennial time scales due primarily to the 
surface-albedo change (Goldner et�al., 2014a; Kennedy-Asser et�al., 
2019); in�Chapter�9 (Section�9.6.3) it is assessed that such ice-free 
conditions could eventually occur given 7°C�13°C of warming. This 
net positive feedback from ice-sheet mass loss on long time scales 
is also supported by model simulations of the mid-Pliocene Warm 
Period (MPWP; Cross-chapter Box� 2.1) in which the volume and 
area of the Greenland and West Antarctic ice sheets are reduced in 
model simulations in agreement with geological data (Chandan and 
Peltier, 2018), leading to surface warming. As such, overall, on multi-
centennial time scales the feedback parameter associated with ice 
sheets is likely negative (medium con�dence), but on multi-millennial 
time scales by the time the ice sheets reach equilibrium, the feedback 
parameter is very likely positive (high con�dence) (Table� 7.10). 
However, a�relative�lack of models carrying out simulations with and 
without interactive ice sheets over centennial to millennial time scales 
means that there is currently not enough evidence to quantify the 
magnitude of these feedbacks, or the time scales on which they act.

7.4.2.7	 Synthesis

Table� 7.10 summarizes the estimates and the assessment of the 
individual and the net feedbacks presented in the above sections. 
The�uncertainty range of the net climate feedback was obtained by 
adding standard deviations of individual feedbacks in quadrature, 
assuming that they are independent and follow the Gaussian 
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perspective of a� regional energy budget. It then assesses evidence 
from the paleoclimate proxy record for patterns of surface warming 
during past time periods associated with changes in atmospheric CO2 
concentrations. Finally, it assesses how radiative feedbacks depend 
on the spatial pattern of surface temperature, and thus how they 
can change in magnitude as that pattern evolves over time, with 
implications for the assessment of ECS based on historical warming 
(Sections 7.4.4.3 and 7.5.2.1).

7.4.4.1	 Polar Ampli�cation

Polar ampli�cation describes the phenomenon where surface 
temperature change at high latitudes exceeds the global average 
surface temperature change in response to radiative forcing of the 
climate system. Arctic ampli�cation, often de�ned as the ratio of 
Arctic to global surface warming, is a�ubiquitous emergent feature 
of climate model simulations (Section� 4.5.1 and Figure� 7.12a; 
Holland and Bitz, 2003; Pithan and Mauritsen, 2014) and is also 
seen in observations (Section�2.3.1). However, both climate models 
and observations show relatively less warming of the SH high 
latitudes compared to the Northern Hemisphere (NH) high latitudes 
over the historical record (Section� 2.3.1), a� characteristic that is 
projected to continue over the 21st� century (Section� 4.5.1). Since 
AR5 there is a� much-improved understanding of the processes 
that drive polar ampli�cation in the NH and delay its emergence 
in the SH (Section�7.4.4.1.1). Furthermore, the paleoclimate record 
provides evidence for polar ampli�cation from multiple time periods 
associated with changes in CO2 (Hollis et� al., 2019; Cleator et� al., 
2020; McClymont et� al., 2020; Tierney et� al., 2020b), and allows 
an evaluation of polar ampli�cation in model simulations of these 
periods (Section�7.4.4.1.2). Research since AR5 identi�es changes in 
the degree of polar ampli�cation over time, particularly in the SH, 
as a�key factor affecting how radiative feedbacks may evolve in the 
future (Section�7.4.4.3).

7.4.4.1.1	 Critical processes driving polar ampli�cation

Several processes contribute to polar ampli�cation under greenhouse 
gas forcing, including the loss of sea ice and snow (an amplifying 
surface-albedo feedback), the con�nement of warming to near the 
surface in the polar atmosphere (an amplifying lapse-rate feedback), 
and increases in poleward atmospheric and oceanic heat transport 
(Pithan and Mauritsen, 2014; Goosse et�al., 2018; Dai et�al., 2019; 
Feldl et� al., 2020). Modelling and process studies since AR5 have 
led to an improved understanding of the combined effect of these 
different processes in driving polar ampli�cation and how they differ 
between the hemispheres.

Idealized modelling studies suggest that polar ampli�cation would 
occur even in the absence of any amplifying polar surface-albedo 
or lapse-rate feedbacks owing to changes in poleward atmospheric 
heat transport under global warming (Hall, 2004; Alexeev et�al., 2005; 
Graversen and Wang, 2009; Alexeev and Jackson, 2013; Graversen 
et�al., 2014; Roe et�al., 2015; Merlis and Henry, 2018; Armour et�al., 
2019). Poleward heat transport changes re�ect compensating 
changes in the transport of latent energy (moisture) and dry-static 
energy (sum of sensible and potential energy) by atmospheric 

circulations (Alexeev et� al., 2005; Held and Soden, 2006; Hwang 
and Frierson, 2010; Hwang et�al., 2011; Kay et�al., 2012; Huang and 
Zhang, 2014; Feldl et�al., 2017a; Donohoe et�al., 2020). ESMs project 
that within the mid-latitudes, where eddies dominate the heat 
transport, an increase in poleward latent energy transport arises from 
an increase in the equator-to-pole gradient in atmospheric moisture 
with global warming, with moisture in the tropics increasing more 
than at the poles as described by the Clausius�Clapeyron relation 
(Section� 8.2). This change is partially compensated by a� decrease 
in dry-static energy transport arising from a� weakening of the 
equator-to-pole temperature gradient as the polar regions warm 
more than the tropics.

Energy balance models that approximate atmospheric heat transport 
in terms of a� diffusive �ux down the meridional gradient of 
near-surface moist static energy (sum of dry-static and latent energy) 
are able to reproduce the atmospheric heat transport changes seen 
within ESMs (Flannery, 1984; Hwang and Frierson, 2010; Hwang 
et� al., 2011; Rose et� al., 2014; Roe et� al., 2015; Merlis and Henry, 
2018), including the partitioning of latent and dry-static energy 
transports (Siler et� al., 2018b; Armour et� al., 2019). These models 
suggest that polar ampli�cation is driven by enhanced poleward 
latent heat transport and that the magnitude of polar ampli�cation 
can be enhanced or diminished by the latitudinal structure of radiative 
feedbacks. Amplifying polar feedbacks enhance polar warming and 
in turn cause a�decrease in the dry-static energy transport to high 
latitudes (Alexeev and Jackson, 2013; Rose et�al., 2014; Roe et�al., 
2015; Bonan et� al., 2018; Merlis and Henry, 2018; Armour et� al., 
2019; Russotto and Biasutti, 2020). Poleward latent heat transport 
changes act to favour polar ampli�cation and inhibit tropical 
ampli�cation (Armour et� al., 2019), resulting in a� strongly polar-
ampli�ed warming response to�polar forcing and a�more latitudinally 
uniform warming�response�to tropical forcing within ESMs (Alexeev 
et�al., 2005; Rose et�al., 2014; Stuecker et�al., 2018). The important 
role for poleward latent energy transport in polar ampli�cation is 
supported by studies of atmospheric reanalyses and ESMs showing 
that episodic increases in latent heat transport into the Arctic can 
enhance surface downwelling radiation and drive sea ice loss on 
sub-seasonal time scales (Woods and Caballero, 2016; Gong et�al., 
2017; Lee et� al., 2017; B. Luo et� al., 2017), however this may be 
a�smaller driver of sea ice variability than atmospheric temperature 
�uctuations (Olonscheck et�al., 2019).

Regional energy budget analyses are commonly used to diagnose the 
relative contributions of radiative feedbacks and energy �uxes to polar 
ampli�cation as projected by ESMs under increased CO2 concentrations 
(Figure� 7.12; Feldl and Roe, 2013; Pithan and Mauritsen, 2014; 
Goosse et�al., 2018; Stuecker et�al., 2018). These analyses suggest that 
a�primary cause of ampli�ed Arctic warming in ESMs is the latitudinal 
structure of radiative feedbacks, which warm the Arctic more than 
the tropics (Figure� 7.12b), and enhanced latent energy transport 
into the Arctic. That net atmospheric heat transport into the Arctic 
does not change substantially within ESMs, on average, under CO2 
forcing (Figure�7.12b) re�ects a�compensating decrease in poleward 
dry-static energy transport as a�response to polar ampli�ed warming 
(Hwang et�al., 2011; Armour et�al., 2019; Donohoe et�al., 2020). The 
latitudinal structure of radiative feedbacks primarily re�ects that of 
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Figure�7.12 | Contributions of effective radiative forcing, ocean heat uptake, atmospheric heat transport, and radiative feedbacks to regional surface 
temperature changes at year 100 of abrupt4xCO2 simulations of CMIP6 Earth system models (ESMs). 
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the surface-albedo and lapse-rate feedbacks,� which preferentially 
warm the Arctic (Graversen et�al., 2014; Pithan and Mauritsen, 2014; 
Goosse et�al., 2018). Latitudinal structure in the lapse-rate feedback 
re�ects weak radiative damping to space with surface warming in 
polar regions, where atmospheric warming is constrained to the 
lower troposphere owing to stably strati�ed conditions, and strong 
radiative damping in the tropics, where warming is enhanced in the 
upper troposphere owing to moist convective processes. This is only 
partially compensated by latitudinal structure in the water-vapour 
feedback (Taylor et�al., 2013), which favours tropical warming (Pithan 
and Mauritsen, 2014). While cloud feedbacks have been found to 
play little role in Arctic ampli�cation in CMIP5 models (Pithan and 
Mauritsen, 2014; Goosse et� al., 2018; Figure� 7.12b), less-negative 
cloud feedbacks at high latitude, as seen within some CMIP6 models 
(Zelinka et� al., 2020), tend to favour stronger polar ampli�cation 
(Dong et�al., 2020).�A�weaker Planck response at high latitudes, owing 
to less ef�cient radiative damping where surface and atmospheric 
temperatures are lower, also contributes to polar ampli�cation (Pithan 
and Mauritsen, 2014). The�effective radiative forcing of CO2 is larger in 
the tropics than at high latitudes, suggesting that warming would be 
tropically ampli�ed if not for radiative feedbacks and poleward latent 
heat transport changes (Figure�7.12b�d; Stuecker et�al., 2018).

While the contributions to regional warming can be diagnosed within 
ESM simulations (Figure�7.12), assessment of the underlying role of 
individual factors is limited by interactions inherent to the coupled 
climate system. For example, polar feedback processes are coupled�and 
in�uenced by warming at lower latitudes (Screen et�al., 2012; Alexeev 
and Jackson, 2013; Graversen et� al., 2014; Graversen and Burtu, 
2016; Rose and Rencurrel, 2016; Feldl et�al., 2017a, 2020; Yoshimori 
et� al.,� 2017; Garuba et� al., 2018; Po-Chedley et� al., 2018b; Stuecker 
et�al., 2018; Dai et�al., 2019), while atmospheric heat transport changes 
are in turn in�uenced by the latitudinal structure of regional feedbacks, 
radiative forcing, and ocean heat uptake (Hwang et�al., 2011; Zelinka 
and Hartmann, 2012; Feldl and Roe, 2013; Huang and Zhang, 2014; 
Merlis, 2014; Rose et�al., 2014; Roe�et�al., 2015; Feldl et�al., 2017b; 
Stuecker et�al., 2018; Armour et�al., 2019). The�use of different feedback 
de�nitions, such as a�lapse-rate feedback partitioned into upper and 
lower tropospheric components (Feldl et� al., 2020) or including the 
in�uence of water vapour at constant relative humidity (Held and Shell, 
2012; Section�7.4.2), would also change the interpretation of which 
feedbacks contribute most to polar ampli�cation.

The energy budget analyses (Figure�7.12) suggest that greater surface 
warming in the Arctic than the Antarctic under greenhouse gas forcing 
arises from two main processes. The �rst is large surface heat uptake 
in the Southern Ocean (Figure�7.12c) driven by the upwelling of deep 

waters that have not yet felt the effects of the radiative forcing; the 
heat taken up is predominantly transported away from Antarctica 
by northward-�owing surface waters (Section� 9.2.1; Marshall 
et� al., 2015; Armour et� al., 2016). Strong surface heat uptake also 
occurs in the subpolar North Atlantic Ocean under global warming 
(Section�9.2.1). However, this heat is partially transported northward 
into the Arctic, which leads to increased heat �uxes into the Arctic 
atmosphere (Figure�7.12b; Rugenstein et�al., 2013; Jungclaus et�al., 
2014; Koenigk and Brodeau, 2014; Marshall et�al., 2015; Nummelin 
et�al., 2017; Singh et�al., 2017; Oldenburg et�al., 2018). The second 
main process contributing to differences in Arctic and Antarctic 
warming is the asymmetry in radiative feedbacks between the poles 
(Yoshimori et�al., 2017; Goosse et�al., 2018). This primarily re�ects the 
weaker lapse-rate and surface-albedo feedbacks and more-negative 
cloud feedbacks in the SH high latitudes (Figure� 7.12). However, 
note the SH cloud feedbacks are uncertain due to possible biases in 
the treatment of mixed phase clouds (Hyder et�al., 2018). Idealized 
modelling suggests that the asymmetry in the polar lapse-rate 
feedback arises from the height of the Antarctic Ice Sheet precluding 
the formation of deep atmospheric inversions that are necessary 
to produce the stronger positive lapse-rate feedbacks seen in the 
Arctic (Salzmann, 2017; Hahn et�al., 2020). ESM projections of the 
equilibrium response to CO2 forcing show polar ampli�cation in both 
hemispheres, but generally with less warming in the Antarctic than 
the Arctic (C. Li et�al., 2013; Yoshimori et�al., 2017).

Because multiple processes contribute to polar ampli�cation, it is 
a�robust feature of the projected long-term response to greenhouse 
gas forcing in both hemispheres. At the same time, contributions 
from multiple processes make projections of the magnitude of polar 
warming inherently more uncertain than global mean warming 
(Holland and Bitz, 2003; Roe et� al., 2015; Bonan et� al., 2018; 
Stuecker et�al., 2018). The magnitude of Arctic ampli�cation ranges 
from a� factor of two to four in ESM projections of 21st-century 
warming (Section� 4.5.1). While uncertainty in both global and 
tropical warming� under greenhouse gas forcing is dominated by 
cloud feedbacks (Section� 7.5.7; Vial et� al., 2013), uncertainty in 
polar warming arises from polar surface-albedo, lapse-rate, and 
cloud feedbacks, changes in atmospheric and oceanic poleward heat 
transport, and ocean heat uptake (Hwang et�al., 2011; Mahlstein and 
Knutti, 2011; Pithan and Mauritsen, 2014; Bonan et�al., 2018).

The magnitude of polar ampli�cation also depends on the type of 
radiative forcing applied (Section� 4.5.1.1; Stjern et� al., 2019), with 
Chapter� 6 (Section� 6.4.3) discussing changes in sulphate aerosol 
emissions and the deposition of black carbon aerosols on ice and 
snow as potential drivers of ampli�ed Arctic warming. The timing of 

Figure 7.12 (continued): (a) Pattern of near-surface air temperature change. (b�d) Contributions to net Arctic (>60°N), tropical (30°S�30°N), and Antarctic (<60°S) warming 
calculated by dividing regional-average energy inputs by the magnitude of the regional-average Planck response. The contributions from radiative forcing, changes in moist, 
dry-static, and total atmospheric energy transport, ocean heat uptake, and radiative feedbacks (orange bars) all sum to the value of net warming (grey bar). Inset shows regional 
warming contributions associated with individual feedbacks, all summing to the total feedback contribution. Uncertainties (represented by black whiskers) show the interquartile 
range (25th and 75th percentiles) across models. The warming contributions (units of °C) for each process are diagnosed by calculating the energy �ux (units of W m�2) that each 
process contributes to the atmosphere over a�given region, either at the top-of-atmosphere or surface, then dividing that energy �ux by the magnitude of the regional Planck 
response (around 3.2 W m�2 °C�1 but varying with region). By construction, the individual warming contributions sum to the total warming in each region. Radiative kernel methods 
(Section�7.4.1) are used to decompose the net energy input from radiative feedbacks into contributions from changes in atmospheric water vapour, lapse rate, clouds, and surface 
albedo (Zelinka et�al. (2020) using the Huang et�al. (2017) radiative kernel). The CMIP6 models included are those analysed by Zelinka et�al. (2020) and the warming contribution 
analysis is based on that of Goosse et�al. (2018). Further details on data sources and processing are available in the chapter data table (Table�7.SM.14).
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the emergence of SH polar ampli�cation remains uncertain due to 
insuf�cient knowledge of the time scales associated with Southern 
Ocean warming and the response to surface wind and freshwater 
forcing (Bintanja et�al., 2013; Kostov et�al., 2017, 2018; Pauling et�al., 
2017; Purich et� al., 2018). ESM simulations indicate that freshwater 
input from melting ice shelves could reduce Southern Ocean warming 
by up to several tenths of a� °C over the 21st� century by increasing 
strati�cation of the surface ocean around Antarctica (low con�dence 
due to medium agreement but limited evidence) (Sections 7.4.2.6 
and�9.2.1, and Box�9.3; Bronselaer et�al., 2018; Golledge et�al., 2019; 
Lago and England, 2019). However, even a�large reduction in the Atlantic 
Meridional Overturning Circulation (AMOC) and associated northward 
heat transport due, for instance, to greatly increased freshwater runoff 
from Greenland would be insuf�cient to eliminate Arctic ampli�cation 
(medium con�dence based on medium agreement and medium 
evidence) (Liu et�al., 2017; Y. Liu et�al., 2018; Wen et�al., 2018).

Arctic ampli�cation has a�distinct seasonality with a�peak in early 
winter (November to January) owing to sea ice loss and associated 
increases in heat �uxes from the ocean to the atmosphere resulting 
in strong near-surface warming (Pithan and Mauritsen, 2014; Dai 
et�al., 2019). Surface warming may be further ampli�ed by positive 
cloud and lapse-rate feedbacks in autumn and winter (Burt et� al., 
2016; Morrison et�al., 2019; Hahn et�al., 2020). Arctic ampli�cation 
is weak in summer owing to surface temperatures remaining stable 
as excess energy goes into thinning the summertime sea ice cover, 
which remains at the melting point, or into the ocean mixed layer. 
Arctic ampli�cation can also be interpreted through changes in 
the surface energy budget (Burt et�al., 2016; Woods and Caballero, 
2016; Boeke and Taylor, 2018; Kim et� al., 2019), however such 
analyses are complicated by the �nding that a� large portion of 
the changes in downward longwave radiation can be attributed to 
the�lower troposphere warming along with the surface itself (Vargas 
Zeppetello�et�al., 2019).

7.4.4.1.2	 Polar ampli�cation from proxies and models during 
past�climates associated with CO2 change

Paleoclimate proxy data provide observational evidence of large-scale 
patterns of surface warming in response to past forcings,�and allow an 
evaluation of the modelled response to these forcings (Sections�3.3.1.1 
and 3.8.2.1). In particular, paleoclimate data provide evidence for 
long-term changes in polar ampli�cation during time periods in which 
the primary forcing was a�change in atmospheric CO2, although data 
sparsity means that for some time periods this evidence may be limited 
to a� single hemisphere or ocean basin, or the evidence may come 
primarily from the mid-latitudes as opposed to the polar regions. In 
this context, there has been a�modelling and data focus on the Last 
Glacial Maximum (LGM) in the context of PMIP4 (Cleator et�al., 2020; 
Tierney et�al., 2020b; Kageyama et�al., 2021), the mid-Pliocene Warm 
Period (MPWP) in the context of PlioMIP2 (Cross-Chapter Box� 2.4; 
Salzmann et� al., 2013; Haywood et� al., 2020; McClymont et� al., 
2020), the Early Eocene Climatic Optimum (EECO) in the context of 
DeepMIP (Hollis et�al., 2019; Lunt et�al.,�2021), and there is growing 
interest in the Miocene (Goldner et�al., 2014b; Steinthorsdottir et�al., 
2021; for de�nitions of time periods see Cross-Chapter Box� 2.1). 
For all these time periods, in addition to the CO2 forcing there are 

long-term feedbacks associated with ice sheets (Section�7.4.2.6), and 
in particular for the Early Eocene there is a� forcing associated with 
paleogeographic change (Farnsworth et�al., 2019). However, because 
these non-CO2 effects can all be included as boundary conditions in 
model simulations, these time periods allow an assessment of the 
patterns of modelled response to known forcing (although uncertainty 
in the forcing increases further back in time). Because these changes 
to boundary conditions can be complex to implement in models, 
and because long simulations (typically longer than 500 years) are 
required to approach equilibrium, these simulations have been carried 
out mostly by pre-CMIP6 models, with relatively few (or none for the 
Early Eocene) fully coupled CMIP6 models in the ensembles.

At the time of AR5, polar ampli�cation was evident in proxy 
reconstructions of paleoclimate sea surface temperature (SST) 
and surface air temperature (SAT) from the LGM, MPWP and the 
Early Eocene, but uncertainties associated with proxy calibrations 
(Waelbroeck et� al., 2009; Dowsett et� al., 2012; Lunt et� al., 2012a) 
and the role of orbital forcing (for the MPWP; Lisiecki and Raymo, 
2005) meant that the degree of polar ampli�cation during these 
time periods was not accurately known. Furthermore, although some 
models (CCSM3; Winguth et�al., 2010; Huber and Caballero, 2011) 
at that time were able to reproduce the strong polar ampli�cation 
implied by temperature proxies of the Early Eocene, this was achieved 
at higher CO2 concentrations (>2000 ppm) than those indicated by 
CO2 proxies (<1500 ppm; Beerling and Royer, 2011).

Since AR5 there has been progress in improving the accuracy of proxy 
temperature reconstructions of the LGM (Cleator et�al., 2020; Tierney 
et� al., 2020b), the MPWP (McClymont et� al., 2020), and the Early 
Eocene (Hollis et�al., 2019) time periods. In addition, reconstructions 
of the MPWP have been focused on a�short time slice with an orbit 
similar to modern-day (isotopic stage KM5C; Haywood et�al., 2013, 
2016b). Furthermore, there are more robust constraints on CO2 
concentrations from the MPWP (Martínez-Botí et� al., 2015; de la 
Vega et� al., 2020) and the Early Eocene (Anagnostou et� al., 2016, 
2020). As such, polar ampli�cation during the LGM, MPWP, and Early 
Eocene time periods can now be better quanti�ed than at the time 
of AR5, and the ability of climate models to reproduce this pattern 
can be better assessed; model-data comparisons for SAT and SST for 
these three time periods are shown in Figure�7.13.

Since AR5, there has been progress in the simulation of polar 
ampli�cation by paleoclimate models of the Early Eocene. Initial 
work indicated that changes to model parameters associated with 
aerosols and/or clouds could increase simulated polar ampli�cation 
and improve agreement between models and paleoclimate data 
(Kiehl and Shields, 2013; Sagoo et� al., 2013), but such parameter 
changes were not physically based. In support of these initial �ndings, 
a�more recent (CMIP5) climate model, that includes a�process-based 
representation of cloud microphysics, exhibits polar ampli�cation 
in better agreement with proxies when compared to the models 
assessed in AR5 (Zhu et�al., 2019a). Since then, some other CMIP3 
and CMIP5 models in the DeepMIP multi-model ensemble (Lunt 
et� al., 2021) have obtained polar ampli�cation for the EECO that 
is consistent with proxy indications of both polar ampli�cation and 
CO2. Although there is a� lack of tropical proxy SAT estimates, both 
















