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Robust Polar Amplification in Ice-Free Climates Relies on Ocean
Heat Transport and Cloud Radiative Effects?
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ABSTRACT: A fundamental divide exists between previous studies that conclude that polar amplification does not occur
without sea ice and studies that find that polar amplification is an inherent feature of the atmosphere independent of sea
ice. We hypothesize that a representation of climatological ocean heat transport is key for simulating polar amplification in
ice-free climates. To investigate this, we run a suite of targeted experiments in the slab ocean aquaplanet configuration of
CESM2-CAM6 with different profiles of prescribed ocean heat transport, which are invariant under CO, quadrupling. In
simulations without climatological ocean heat transport, polar amplification does not occur. In contrast, in simulations with
climatological ocean heat transport, robust polar amplification occurs in all seasons. What is causing this dependence of po-
lar amplification on ocean heat transport? Energy-balance model theory is incapable of explaining our results and in fact
would predict that introducing ocean heat transport leads to less polar amplification. We instead demonstrate that short-
wave cloud radiative feedbacks can explain the divergent polar climate responses simulated by CESM2-CAM6. Targeted
cloud locking experiments in the zero ocean heat transport simulations are able to reproduce the polar amplification of the
climatological ocean heat transport simulations, solely by prescribing high-latitude cloud radiative feedbacks. We conclude
that polar amplification in ice-free climates is underpinned by ocean—atmosphere coupling, through a less negative high
latitude shortwave cloud radiative feedback that facilitates enhanced polar warming. In addition to reconciling previous
disparities, these results have important implications for interpreting past equable climates and climate projections under
high-emissions scenarios.

SIGNIFICANCE STATEMENT: Polar amplification is a robust feature of climate change in the modern-day climate.
However, previous climate modeling studies fundamentally do not agree on whether polar amplification occurs in
ice-free climates. In this study, we find in a state-of-the-art climate model that, if ocean heat transport is neglected, the
response to an increase in CO, is not polar amplified, whereas robust polar amplification occurs if ocean heat transport
is included. Using targeted model experiments, we diagnose cloud radiative effects as the driver of this divergent behav-
ior. We conclude that polar amplification is a robust feature of the atmosphere-ocean system. Our results have impor-
tant implications for interpreting past warm climates and future projections under high-emissions scenarios.
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1. Introduction processes related to sea ice, are leading drivers of the magni-
tude and seasonality of polar amplification (Kumar et al.
2010; Screen and Simmonds 2010; Dai et al. 2019; Hahn et al.
2022). However, there is a lack of consensus as to whether ro-

Polar amplification, the phenomenon in which the polar re-
gions experience an enhanced surface warming relative to the
global average in response to an increase in radiative forcing,
is a robust feature of the modern climate system as demon-
strated by the observational record and comprehensive cli-
mate model simulations (e.g., Manabe and Wetherald 1975;
Pithan and Mauritsen 2014; Davy et al. 2018; Previdi et al.
2021; England et al. 2021; Hahn et al. 2021). Previous studies
have consistently shown that sea ice, and the atmospheric

bust polar amplification occurs in ice-free climates. Under-
standing whether polar amplification is a ubiquitous response
inherent to the climate system, or instead is dependent on the
presence of sea ice, has important implications for how we in-
terpret climate change in past warm climates as well as projec-
tions of future climate change under high-emissions scenarios.
First, we note that we will broadly restrict the discussion to
studies using the idealized aquaplanet configuration. This re-
moves unnecessary complexity and allows for a cleaner com-
parison across different atmospheric models. The details and
results of the relevant slab ocean aquaplanet-based modeling
studies are summarized in Table 1. There are numerous dif-
P Supplemental information related to this paper is available  ferences between the experimental setup in each study, which
at the Journals Online website: https:/doi.org/10.1175/JCLI-D-23- | axes direct comparison across the studies challenging, in-
01511, cluding in the representation of sea ice, configuration of inso-
lation, and choice of climatological g-flux. The g-fluxes are
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ocean mixed layer to account for the transport of heat by the
ocean circulation in the slab ocean configuration. The major-
ity of these aquaplanet-based studies conclude that polar am-
plification in response to an increase in radiative forcing is an
inevitable feature of the climate system, with or without the
presence of polar sea ice (Alexeev et al. 2005; Langen and
Alexeev 2007; Langen et al. 2012; Feldl and Roe 2013; Rose
et al. 2014; Roe et al. 2015; Park et al. 2018; Rencurrel and
Rose 2018; Russotto and Biasutti 2020) with polar amplifica-
tion factors approximately ranging from 1.25 to 2.0 according
to the interquartile range of the ordered results from the indi-
vidual climate models from these studies (Table 1). Here we
define the polar amplification factor to be the surface temper-
ature response poleward of 60° divided by the global surface
temperature response, with values > 1 indicating polar ampli-
fication. The studies of Hall (2004) and Graversen et al.
(2014) provide further support for this conclusion, although
these are both based on simulations with realistic land config-
uration and a representation of sea ice with the albedo feed-
back disabled. In contrast, three studies (Feldl et al. 2017
Kim et al. 2018; Shaw and Smith 2022) show no polar amplifi-
cation in ice-free aquaplanets, with a substantial polar damp-
ing found in the simulations of Shaw and Smith (2022).

Although the weight of modeling evidence seems to sup-
port the notion of polar amplification in ice-free climates,
Kim et al. (2018) demonstrate that many of the studies that
purport to find substantial polar amplification (Feldl and Roe
2013; Rose et al. 2014; Roe et al. 2015) may have overesti-
mated the enhanced polar warming because of the methodolog-
ical artifact of using perpetual equinox insolation conditions.
Kim et al. (2018) also find that using annual-mean insolation
(Langen and Alexeev 2007; Alexeev et al. 2005; Ceppi and
Hartmann 2016; Park et al. 2018) moderately exaggerates the
polar amplification compared to realistic seasonally varying in-
solation. It is also important to highlight that even with identical
experimental setup, there can be substantial intermodel spread
in the simulated ice-free polar amplification factor (Russotto
and Biasutti 2020). As such, making robust conclusions from
the existing literature is challenging.

To gain a deeper insight on this question, energy balance
models are a valuable tool. Previous studies using a moist en-
ergy balance model have found polar amplification in simula-
tions without sea ice cover due to changes in moist transport
in response to an increase in radiative forcing (Merlis and
Henry 2018; Feldl and Merlis 2021). Consistent with this,
Sodergren et al. (2018) and Beer and Eisenman (2022) find
considerable polar amplification in energy balance models af-
ter disabling the ice albedo feedback, and hence removing the
effects of sea ice loss. Taken together, evidence from the en-
ergy balance perspective suggests that a strong tendency for
enhanced polar surface warming relative to the rest of the
globe is pervasive in ice-free climates (Armour et al. 2019).

Which processes, independent of sea ice cover or sea ice
loss, could contribute to polar amplification in general circula-
tion models (GCMs)? One of the main potential drivers is
changes in atmospheric heat transport. Previous studies using
a range of model complexities (Flannery 1984; Alexeev et al.
2005; Cai 2005; Cai and Lu 2007; Henry et al. 2021) have

ENGLAND AND FELDL

2181

reported that the transport of warm, moist air masses into the
high latitudes can result in polar amplification. Most relevant
for our purposes, this has been documented in a slab ocean
aquaplanet which uses a novel technique for isolating the role
of atmospheric transport (Graversen and Langen 2019). Evi-
dence from other past climates also supports the importance
of atmospheric transport (Rodgers et al. 2003). Some studies
have cast doubt on the importance of changes in atmospheric
transport in causing enhanced polar warming (Hwang et al.
2011; Kay et al. 2012) although these concerns are likely not
relevant in ice-free climates because the sea ice albedo feed-
back is not present to minimize the role of transport (Alexeev
and Jackson 2013). In addition, the water vapor feedback has
been identified as a source of polar warming (Graversen and
Wang 2009; Sodergren et al. 2018; Russotto and Biasutti 2020;
Henry et al. 2021). Despite the meridional structure peaking
in the tropics, the water vapor feedback is associated with bot-
tom heavy, surface amplified warming in the high latitudes
(Henry et al. 2021). The last major factor that could contribute
to polar amplification in ice-free climates is cloud feedbacks.

In the present-day climate, the role of cloud feedbacks in
polar amplification is strongly tied to changes in sea ice cover
(Vavrus et al. 2011a,b; Kay et al. 2016), with sea ice loss driv-
ing an increase in low cloud cover during autumn and winter
and primarily influencing the surface climate through the
longwave component (Holland and Bitz 2003; Taylor et al.
2013; Ceppi and Hartmann 2016). However, cloud feedbacks
can be important independent drivers of polar amplification if
the ice-albedo feedback is disabled (Graversen and Wang
2009; Sodergren et al. 2018). In contrast to the present cli-
mate, global climate models simulate an overall decrease in
cloudiness in response to increased radiative forcing in ice-
free climates (Zhu et al. 2019) and the shortwave component
of the cloud feedback becomes more important (Graversen
and Wang 2009; Kim et al. 2018; Park et al. 2018). In addition,
cloud microphysics can play a key role in shaping polar cli-
mate change (Tan and Storelvmo 2019; Tan et al. 2022). We
can also gain perspective by looking to evidence from equable
climates, warm episodes in the paleoclimate record such as
the early Eocene (Huber and Caballero 2011) and early Cre-
taceous (Barron 1983), which had substantially warmer poles
and diminished pole-to-equator temperature gradients. In
these equable climates, changes in both low clouds (Cronin
and Tziperman 2015; Zhu et al. 2019; Henry and Vallis 2022)
and high clouds (Dutta et al. 2021, 2023) have potentially con-
tributed to enhanced polar warming. In brief, cloud feedbacks
play a complex but important role in polar amplification in to-
day’s climate and are likely to be more prominent, and differ-
ent in nature, in ice-free climates.

Returning to the inconsistency in the existing modeling lit-
erature, if we strictly limit the comparison only to slab ocean
aquaplanets with no representation of sea ice and with sea-
sonally varying insolation, only five studies remain (bolded in
Table 1). Three studies find polar amplification in ice-free cli-
mates (Langen et al. 2012; Rencurrel and Rose 2018; Russotto
and Biasutti 2020) and two studies do not (Kim et al. 2018;
Shaw and Smith 2022). However, there is a hint here in what
is causing this lack of consensus in the literature: as can be
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seen in Table 1, two studies that do simulate polar amplification
prescribe a quasi-realistic climatological ocean heat transport
(OHT) whereas the two studies that do not simulate polar ampli-
fication prescribe zero climatological OHT. We note that this di-
vide is not perfect because the study of Rencurrel and Rose
(2018), which prescribes a deeper mixed layer than the other stud-
ies, finds a modest polar amplification with zero OHT prescribed.
OHT has been shown to influence many aspects of the climate
system including the mean global temperature (Rencurrel and
Rose 2018), the meridional temperature gradient (Rose and
Ferreira 2013), climate sensitivity (Singh et al. 2022), tropical
circulation changes (Chemke 2021), and polar amplification
(Holland and Bitz 2003; Beer et al. 2020). In this study we will go
on to demonstrate that the choice of climatological OHT is crucial
for determining whether robust polar amplification occurs in ice-
free climates.

2. Methods
a. Aquaplanet setup

We employ the state-of-the-art CMIP6-class atmospheric
model of the Community Earth System Model version 2
(CESM2-CAMb6) (Danabasoglu et al. 2020) in the aquaplanet
configuration, a core component of the CESM project simple
model initiative (Polvani et al. 2017). CESM2-CAM6 repre-
sents a substantial advance in atmospheric modeling capabili-
ties compared to CESM1-CAMS, including the incorporation
of a unified turbulence scheme, updates to the cloud micro-
physics scheme and an improved treatment of aerosols. As a
result, the ability of CESM2-CAMS6 to accurately simulate
tropical precipitation, shortwave cloud forcing (Danabasoglu
et al. 2020), many aspects of the large-scale circulation (Simpson
et al. 2020), and the frequency of liquid containing Arctic clouds
(Mcllhattan et al. 2020) has substantially improved. The default
version of CESM2-CAMBS6 has known deficiencies linked to its
high climate sensitivity, such as its ability to simulate past cli-
mates. We run the CESM2-CAMB6 in its Last Glacial Maximum
climate constrained configuration (Zhu et al. 2022), which in-
volves minor changes to the cloud microphysics and ice nucle-
ation scheme and substantially lowers CESM2-CAM6’s high
climate sensitivity, in part from a reduction in shortwave cloud
feedbacks and cloud aerosol interactions.

The atmospheric model CESM2-CAMG6 is coupled to a slab
ocean of 30 m mixed layer depth. For the purposes of this
study, we do not include any representation of sea ice, allow-
ing sea surface temperatures to drop below the freezing point.
So as not to introduce any zonal or hemispheric asymmetries,
the aerosol emissions and ozone concentrations, taken from
the 1850 preindustrial control setup, are zonally averaged and
symmetrized about the equator, while keeping the seasonal
differences between the two hemispheres intact. Unlike many
previous aquaplanet-based studies, our setup includes the full
seasonal cycle (obliquity of 23.45° and eccentricity of 0). This
is an important consideration because the results of Kim et al.
(2018) demonstrate that the choice of insolation condition can
lead to unphysical conclusions about the presence and magni-
tude of polar amplification.
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We conduct pairs of simulations for each configuration of
the OHT profiles described below: a 1xCO, control simula-
tion with a preindustrial CO, mixing ratio of 284.7 ppmv and
a 4xCO, perturbed simulation with a CO, mixing ratio of
1138.8 ppmv. All other forcings, including aerosol emissions
and ozone concentrations, are identical in the 1xCO, and
4xCO, simulations. Each simulation is run for 120 years and
the results we present are based on an average of the last
100 years, after each simulation has equilibrated. All simula-
tions are run with a horizontal resolution of 1.9° X 2.5° and
32 vertical levels. To check the robustness of the results in a
different climate model, we repeat the core set of the simula-
tions with CESM1-CAMS aquaplanet (Medeiros et al. 2016).
Despite belonging to the same model family, CESM1-CAMS5
has a substantially different treatment of cloud microphysics
and aerosols, as well as a lower equilibrium climate sensitivity
(4.1°C) than the default configuration of CESM2-CAM6
(5.6°C) and is more in line with the ECS of the Last Glacial
Maximum constrained version used in this study (4.1°C).

b. q-fluxes

Positive g-flux values indicate regions where the ocean is a
local heat sink, and negative g-flux values indicate a local heat
source, with the ocean transporting heat from the sink regions
to the source regions. Care was taken during the process of
idealizing the g-flux profiles to ensure that there is a global
balance between heat entering and exiting the slab ocean so it
does not act as an overall source or sink of heat. Last, it is im-
portant to emphasize that each 1xCO, and 4xCO, pair of
simulations share the identical g-flux profile—we are not in-
vestigating how polar amplification responds to changes in
OHT, rather how the climatological OHT controls the base
climate and then in turn shapes the meridional structure of
the response to an increase in radiative forcing.

1) ZERO OHT

Many previous studies (Kim et al. 2018; Shaw and Smith
2022; Alexeev et al. 2005; Feldl and Roe 2013; Rose et al.
2014; Roe et al. 2015) have made the simplification of neglect-
ing climatological OHT by setting the g-flux to zero (Fig. 1a).
We note here that the three slab ocean aquaplanet-based
studies run with zero g-flux that are directly comparable to
our simulations, because they feature seasonally varying insola-
tion and do not include sea ice, simulate a range of responses:
moderate polar amplification (Rencurrel and Rose 2018), no
polar amplification (Kim et al. 2018), or polar-damped warming
relative to the global mean (Shaw and Smith 2022).

2) 1850 ANNUAL-MEAN OHT

To include a representation of the modern climate’s OHT,
we calculate the annual-mean g-flux profile from 1000 years
of the CESM2 1850 preindustrial control simulation (Fig. 1b).
In the annual mean, the ocean transports heat from the
tropics into the middle and high latitudes with a peak pole-
ward OHT of 1.3 PW (Fig. S1b in the online supplemental
material). This annual-mean g-flux profile is approximately
consistent with that used in the study of Langen et al. (2012)
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b) 1850 annual-mean OHT
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FIG. 1. Zonally uniform g-flux profiles (W m~?) implemented in the CESM slab ocean aquaplanet simulations for
the four different experimental configurations: (a) Zero OHT (yellow), (b) 1850 annual-mean OHT (purple),
(c) 4xCO, annual-mean OHT (orange), and (d) 1850 seasonal cycle OHT. Positive values indicate heat flux from the
atmosphere to the ocean (atmospheric heat sink) and negative values indicate heat flux from the ocean to the atmo-
sphere (atmospheric heat source). Each profile integrated with respect to latitude results in a net of zero heat entering
or exiting the atmosphere. In (d), the dark blue colors indicate the Northern Hemisphere cold months and the light
blue colors indicate the Southern Hemisphere cold months. Note that (d) has a different vertical axis range than the

other panels.

and in the multimodel study of Russotto and Biasutti (2020).
These two studies, which again are based on simulations di-
rectly comparable to ours, largely show a polar-amplified re-
sponse to increased radiative forcing in ice-free climates. We
note that at the highest latitudes there is a decrease in the flux
of heat from the ocean to the atmosphere which is due to two
reasons: the presence of the Antarctic continent in the South-
ern Hemisphere and the multiyear sea ice covering the deep
Arctic in the Northern Hemisphere.

3) 4XCO, ANNUAL MEAN OHT

It is possible that the presence of persistent sea ice cover in
the preindustrial control g-flux profile could be inadvertently
influencing our results pertaining to whether polar amplifica-
tion is a robust phenomenon in ice-free climates. To remove

any complicating trace of sea ice, we also include a represen-
tation of the climatological OHT in an ice-free climate by cal-
culating the annual-mean g-flux profile from years 500 to 999
of the CESM2 4xCO, run (Fig. 1c). All sea ice cover has
melted by the year 250 in the Northern Hemisphere and by
the year 300 in the Southern Hemisphere (Bacmeister et al.
2020). As such, there is no possibility of the influence of sea
ice being present in the 4xCO, g-flux profile. Compared to
the 1850 annual-mean g-flux profile (Fig. 1b), the 4xCO,
q-flux profile is qualitatively similar but has less export of heat
from the tropics to the extratropics with a peak poleward heat
transport of 1.1 PW (Fig. Slc). Last, and perhaps more impor-
tantly for our purposes, the 4xCO, g-flux profile has no ice-
related reduction in the flux of heat from the ocean to the
atmosphere at the highest latitudes. However, we note that
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the role of the Antarctic landmass in reducing poleward heat
transport at the highest latitude is still present and this could
lead to a modest underestimation of the role of OHT on the
high-latitude surface climate.

4) 1850 SEASONAL CYCLE OHT

It is important to consider whether the simplification of pre-
scribing an annual-mean g-flux and removing the substantial
seasonality of OHT, as has been done by previous studies
(Russotto and Biasutti 2020; Langen et al. 2012), may influ-
ence the magnitude of simulated polar amplification. As such,
we also perform an experiment based on the 1850 g-flux with
a monthly-varying seasonal cycle (Fig. 1d). Comparing the
annual-mean and seasonal cycle versions (Figs. 1b,d), it is
clear that the seasonality of the ocean heat sink in the deep
tropics is small, although the location of the peak flux from the
atmosphere to the ocean does move off the equator season-
ally. The largest differences are found in the midlatitudes
where there is a huge seasonal swing from a maximum of over
100 W m™2 of heat entering the ocean in the warm season and
a similar amount of heat leaving the ocean in the cold season.
This seasonal range is extremely large, over 20 times the mag-
nitude of the midlatitude annual-mean g-flux. Incorporating
the seasonal cycle of OHT into our simulations introduces a
seasonal storage of vast amounts of heat and results in an
effective peak interhemispheric transport of nearly 20 PW
(Fig. S1d).

¢. Cloud locking in CESM?2

To investigate the role of clouds in shaping the polar-amplified
warming, we utilize a technique called “cloud locking” in new
targeted sets of CESM2-CAMG6 aquaplanet simulations. Cloud
locking is a method that prescribes cloud radiative effects (CRE)
over a certain region, with the rest of the climate system free to
evolve. This approach has been scientifically validated in CESM2
and been used to study the effect of CRE on tropical climate
(Medeiros et al. 2021; Benedict et al. 2020) and the extratropical
storm tracks (Grise et al. 2019). Additionally, the same tech-
nique was implemented in CESM1 to investigate the role of
Arctic CRE in driving Arctic surface warming (Middlemas
et al. 2020).

Cloud locking in CESM2 involves prescribing the proper-
ties of clouds through 10 fields in the radiation code in the at-
mospheric model to a desired state, essentially prescribing
cloud radiative heating rates. The climate can evolve and lead
to changes in clouds, but instead of relying on predicted cloud
fields, the prescribed cloud properties are employed to gauge
the radiative effects on the atmospheric circulation. Conven-
tionally, the fields are “locked” so that they cannot evolve in
step with external forcing or internal climate variability and
the climate evolution with CRE disabled can be isolated.
Here, we take a somewhat different approach and prescribe
the CRE from the 1850 annual-mean OHT simulations into
the corresponding zero OHT simulations. In addition, we
only perform the cloud locking poleward of 45°, which we
shall broadly define as “higher-latitude clouds,” with the CRE
in the lower latitudes free to evolve. The choice of this
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latitude range was motivated to keep the meridional structure
of the cloud field differences intact, which generally extended
from the poles to the higher midlatitudes. Specifically, two
cloud locking simulations are run: a 1xCO, zero OHT simula-
tion with higher-latitude CRE prescribed from the 1xCO,
1850 annual-mean OHT simulation and a 4xCO, zero OHT
simulation with higher-latitude CRE prescribed from the
4xCO, 1850 annual-mean OHT simulation. The difference
between these two cloud locking simulations isolates the cli-
mate response to a quadrupling of CO, in the zero OHT cli-
mate if the zero OHT climate had the same higher-latitude
CRE climatology and response as in the 1850 annual-mean
OHT climate.

The cloud properties are prescribed in the cloud locking
simulations at each 2-h step from 20 years of the 1850 annual
mean OHT target experiments. This involves outputting
2-hourly cloud fields for 20 years in both of the 1850 annual
mean OHT experiments. Despite being data intensive, 20 years
was chosen to avoid interannual modes of internal climate var-
iability from biasing the results. For every 2-h step, a year
from the 20 years of cloud data is randomly selected and then
the cloud properties are overwritten by the fields from the cor-
responding day and hour. The motivation for this is to elimi-
nate autocorrelation in the prescribed cloud properties (Radel
et al. 2016). This process is explained in more detail in Grise
et al. (2019), although we opted for the more comprehensive
20 years of target cloud data rather than three years. Please note
that cloud locked simulations are only differenced with other
cloud locked simulations. As for the main suite of experiments,
both cloud locking simulations are run for 120 years and the re-
sults we present are based on an average of the last 100 years.

3. Results

We start by examining the meridional surface warming
structure in response to a quadrupling of CO, in the CESM2
aquaplanet for the four different configurations of prescribed
OHT (section 2b). The first key result is that polar amplifica-
tion is present in the annual-mean surface temperature re-
sponse in the simulations prescribed with 1850 annual-mean
OHT, 4xCO, annual-mean OHT, and 1850 seasonal cycle
OHT, but not in the zero OHT simulation (Fig. 2a). In fact,
we find that the surface temperature response to a quadru-
pling of CO, in the zero OHT experiment is damped in the
polar region (yellow line in Fig. 2a). We note that the magni-
tude of the annual-mean global-mean surface warming simu-
lated by CESM2, consistent with the results of Rencurrel and
Rose (2018), is also found to be dependent on the choice of
climatological OHT (3.2 K for zero OHT, 5.6 K for 1850
annual-mean OHT, 5.0 for 4xCO, annual-mean OHT, and
6.0 for 1850 seasonal cycle OHT). After normalizing by the
global-mean surface temperature response, the similarities
and differences in the polar climate responses are even
more evident (Fig. 2b). The three OHT experiments each
simulate a polar amplification factor, defined as the ratio of
the surface temperature response poleward of 60° to the
global-mean value, of between 1.16 and 1.19 (16%-19%
more warming in the polar regions as compared to the
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FIG. 2. (a) Zonal-mean annual-mean surface temperature response to a quadrupling of CO, for CESM2 aquaplanet

experiments prescribed with zero OHT (yellow), 1850

annual-mean OHT (purple), 4xCO, annual-mean OHT

(orange), and 1850 seasonal cycle OHT (blue). (b) As in (a), but the surface temperature response is normalized by its
global-mean annual-mean value. (c) The monthly varying seasonal cycle of the polar amplification factor, defined as
the surface warming poleward of 60° divided by the global-mean surface warming, in each set of simulations. The polar
amplification factor is averaged over the polar regions of both hemispheres after aligning their seasonal cycle. In
(b) and (c), the dashed gray line indicates the 1.0 line where the regional warming equals the global warming.

global mean) whereas the zero OHT experiment exhibits
24% less warming in the polar regions than the global-mean
value, resulting in a polar amplification factor of 0.76. Re-
membering that each of these set of experiments is forced
identically with a quadrupling of CO, with OHT unchanged
under increasing CO,, our results suggest that whether the
response to an increase in radiative forcing is polar ampli-
fied is predetermined in this model by the inclusion, or lack
thereof, of a quasi-realistic representation of climatological
OHT. In the next section, we ask whether there is a simple
mechanism, according to the diffusive perspective of atmospheric

energy transport, that connects climatological OHT and en-
hanced polar amplification.

a. Moist EBM fails to capture polar amplification
dependence on climatological ocean heat transport as
simulated by GCMs

Can we gain insight from the moist EBM framework into
why introducing a climatological poleward OHT leads to an
enhanced surface warming in the polar regions relative to the
lower latitudes in response to an increase in radiative forcing? We
investigate this question by comparing the surface temperature
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FIG. 3. (a) Meridional profile of annual-mean surface temperature response in the moist EBM to an increase in
radiative forcing of 7.2 W m™2. (b) Polar amplification factor of surface temperature response vs the annual-mean
pole-to-equator temperature difference in the 1xCO, climate in the moist EBM. (c) Analytical approximation from
Merlis and Henry (2018) of the polar amplification factor in the moist EBM, CESM2-CAM6, and CESM1-CAMS. In
all panels, yellow indicates the zero OHT experiment and purple indicates the 1850 annual-mean OHT experiment.

response to a uniform 7.2 W m ™2 increase in radiative forcing (ap-
proximately equivalent to a quadrupling of CO,) as simulated
by the moist EBM when prescribed with zero OHT and 1850
annual-mean OHT. The full details of the moist EBM setup are
included in the appendix. Counter to the results from the GCM,
we find that introducing a representation of OHT reduces the
pole-to-equator gradient of the surface temperature response in
the moist EBM (cf. the yellow and purple lines in Fig. 3a). What
is driving this reduction in polar enhanced warming in the OHT
climate relative to the zero OHT climate? A likely culprit is that
the inclusion of OHT, by flattening meridional gradients in moist
static energy, is accompanied by a compensating weakening in at-
mospheric energy transport in the 1XCO, climates. Indeed, in the
annual mean, the climatological equator-to-pole surface tempera-
ture difference is larger in the zero OHT simulation than the 1850
annual-mean OHT simulation: 46.7 K compared to 41.5 K
(Fig. 3b). In other words, introducing the climatological OHT re-
duced the pole-to-equator temperature difference by 5.2 K. As a
consequence, the downgradient atmospheric transport of energy
from the low to the high latitudes is larger in the zero OHT simu-
lation, and it increases more under an increase in radiative forcing

(not shown). Thus, the polar amplification factor is larger in the
zero OHT experiment (1.61) than in the 1850 annual-mean OHT
experiment (1.57) (Fig. 3b).

One difference that may explain the opposing behavior
simulated by the GCM and the moist EBM is that the moist
EBM starts from its own internally consistent 1xCO, climate,
which will differ from the 1xCO, simulated by the GCMs.
Specifically, the EBM has substantially colder high latitudes
and so a much larger gradient in temperature from the equa-
tor to the poles. To test whether this is the source of the in-
consistency, we turn to the analytical approximation of Merlis
and Henry (2018), as briefly described in the appendix, to esti-
mate the polar amplification factor the moist EBM would sim-
ulate given the 1xCO, climates from CESM2-CAM6 and
CESM1-CAMS. As shown by Fig. 3c, according to the analyti-
cal approximation there is more polar-amplified warming in
the zero OHT cases relative to the OHT cases whether the
moist EBM, CESM2-CAM6, or CESM1-CAMS5 1xCO, cli-
mates are used, although this difference is small in the case of
CESM2-CAMB6. The analytical estimate performs well at pre-
dicting the polar amplification factors for the moist EBM
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(1.64 versus 1.61 for the zero OHT simulation and 1.57 versus
1.57 for the 1850 annual-mean OHT simulation) even though
the analytical approximation is based on annual-mean insola-
tion. Nevertheless, it is clearly evident that the analytical ap-
proximation based on moist EBM theory does not correctly
predict that incorporating climatological OHT will lead to a ro-
bust increase in polar amplification in the GCM experiments.

What insights can be gained from this inconsistency be-
tween the EBM and the GCM experiments? First, this dem-
onstrates that changes in atmospheric energy transport due to
the alteration of the meridional energy gradient by OHT are
not able to explain why the OHT GCM experiments are more
polar amplified than their zero OHT counterparts. This raises
the question about how applicable this diffusive perspective
of atmospheric transport regarding polar amplification is in
GCMs, and by extension the real world. Second, this suggests
that there is some mechanism which is not included in the for-
mulation of the moist EBM that not only correctly explains
how climatological OHT influences polar amplification in the
GCMs but also has to overcome the opposing effect of a
weakened increase in atmospheric energy transport as antici-
pated by the EBM. In the rest of this study, we argue that this
mechanism is through clouds and CRE.

b. Occurrence of polar amplification in CESM?2
aquaplanet predetermined by climatological ocean
heat transport

Returning to the CESM2-CAMS6 simulations, we find a sub-
stantial difference in the seasonality of polar amplification
between the OHT and zero OHT experiments. The OHT sim-
ulations all show a muted seasonal cycle with polar amplifica-
tion throughout the year (Fig. 2c). We remind the reader that
the amplitude of the seasonal cycle of polar amplification is
much smaller here than in icy climates because sea ice-related
processes are known to dominate the seasonality of enhanced
polar warming (Hahn et al. 2022; Feldl and Merlis 2021).
However, the results from our OHT simulations suggest a
nonnegligible role for non-icy processes in shaping the timing
of polar amplification because, as in icy climates, the polar-
amplified warming response peaks in late winter (1.21-1.25)
and has a minimum in the summer (1.10-1.16).

In contrast to the subdued seasonality of polar amplification
found in the OHT experiments, the polar surface temperature
response in the zero OHT experiment exhibits a pronounced
seasonal dependence. The polar-damped response noted pre-
viously for this experiment arises from the summer months,
when the polar regions exhibit nearly half as much warming as
the global-mean response (Fig. 2c). We do not find apprecia-
ble polar amplification in the experiment with zero OHT in
any month of the year. What is driving this strong seasonality
without the presence of sea ice? The prominence of the sum-
mer polar damping indicates that shortwave feedbacks likely
play an important role, consistent with the simulations of
Graversen and Wang (2009). Hence, in the absence of sea ice
as an explanatory factor, we propose that clouds are strongly
mediating the differences in the high-latitude climate response
between the OHT and zero OHT experiments.
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Next, we return to two concerns raised in section 2b that
motivated the inclusion of the 4xCO, annual-mean OHT and
1850 seasonal cycle OHT simulations. First, does the influence
of sea ice cover on the 1850 annual-mean OHT at the high lati-
tudes drive the polar-amplified warming response? The answer
here is a clear no; results from the 1850 annual-mean OHT
simulations, which are derived from simulations featuring
year-round sea ice, and the 4xCO, annual-mean OHT simula-
tions, which are derived from simulations that have no sea ice
remaining, are broadly consistent with each other (comparing
purple and red lines in Fig. 2). This suggests that it is another
shared process, and not the indirect effect of sea ice in the
prescribed OHT, which is driving the robust polar-amplified
response. We suggest that some of the minor differences be-
tween the surface temperature responses in the 1850 annual-
mean OHT and 4xCO, annual-mean OHT simulations are
caused by the reduction in the amount of poleward OHT in
the 4xCO, climate relative to the 1850 climate [cf. Figs. S1b
and Slc]. Second, does including the full seasonal cycle of
OHT impact the nature of the polar-amplified response? Here,
the answer is a resounding no. The characteristics of the
polar-amplified response in both its magnitude and seasonal-
ity are nearly identical in the 1850 annual-mean and seasonal
cycle OHT simulations. This is a somewhat unexpected result
given how vastly different the individual monthly OHT pro-
files are to the annual-mean profile (cf. Figs. S1b and S1d).
We find that the biggest differences between the surface tem-
perature responses are found in the deep tropics and relate to
the position of the intertropical convergence zone, which is
not the focus of the current study, rather than the high lati-
tudes (Fig. 2a). Therefore, our results suggest that prescribing
an annual-mean OHT may be sufficient for future slab ocean
GCM studies investigating polar amplification in ice-free
climates.

We now extend our focus from the surface up through the
depth of the atmosphere. Figure 4 shows the latitude-height
structure of the zonal-mean annual-mean atmospheric tem-
perature response to quadrupled CO, for the four experi-
ments. To highlight the differences in the spatial structure,
consistent with Fig. 2b, we have normalized by the global-
mean annual-mean surface warming. There are two key find-
ings related to the structure of the atmospheric warming per
degree of global surface warming. First, the polar amplifica-
tion that occurs in each of the three OHT experiments is not
surface amplified (Figs. 4b—d), as is the case for climates
with polar ice caps such as the modern climate (Screen and
Simmonds 2010). Instead, the peak of the normalized warm-
ing in the polar regions is located in the midtroposphere. The
enhanced polar warming response in the midtroposphere is
connected to the tropical upper-tropospheric warming along
the climatological isentropes. Thus, the structure of the atmo-
spheric warming response provides further evidence to sup-
port the hypothesis that surface processes are not responsible
for the polar amplification in ice-free climates with OHT and
that cloud feedbacks may play an important role. The second
takeaway is that the zero OHT experiment features a surface-
dominated polar damping (Fig. 4a) that is not present in the
OHT experiments. Therefore, the polar amplification in the
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FIG. 4. Latitude-height structure of the zonal-mean annual-mean atmospheric temperature response per degree of global-mean annual-
mean surface temperature increase under a quadrupling of CO, in the CESM2 aquaplanet simulations prescribed with (a) zero OHT,
(b) 1850 annual-mean OHT, (c) 4xCO, annual-mean OHT, and (d) 1850 seasonal cycle OHT.

simulations with OHT and the polar damping in the simula-
tions prescribed with zero OHT are driven by processes oc-
curring at different heights in the atmosphere.

It is important to consider whether the influence of the pre-
scribed climatological OHT on the meridional structure of the
surface temperature response to a quadrupling of CO, is a pe-
culiarity unique to this version of CESM2-CAMS6. To investi-
gate the robustness of this result, we have repeated the zero
OHT and 1850 annual-mean OHT simulations with CESM1-
CAMS. Due to the substantial similarities between the results
for the three OHT experiments, it was deemed not necessary
to repeat the 4xCO, annual-mean OHT and 1850 seasonal
cycle OHT experiments. Our main result, namely that polar
amplification is strengthened in ice-free climates when a rep-
resentation of climatological OHT is included, still holds in
CESM1-CAMS (Fig. S2). The CESM1-CAMS polar amplifi-
cation factor increases from 1.15 in the zero OHT experiment
to 1.26 in the 1850 annual-mean OHT experiment. Further
similarities include that the seasonal cycle of polar amplifica-
tion is more pronounced in the zero OHT simulations than
in the OHT experiment (Fig. S2c) and the connection be-
tween the tropical upper-tropospheric warming and the polar
midtropospheric warming is strengthened in the OHT experi-
ment relative to the zero OHT experiment (Fig. S3). How-
ever, one obvious difference between the results presented
here for the two different GCMs is that the CESM1-CAMS
zero OHT simulation does not feature the polar damped re-
sponse that was exhibited in the corresponding CESM2-
CAMB6 simulation, and instead features a modest amplifica-
tion at high latitudes. It is therefore difficult to conclude how
robust the polar damping simulated by CESM2-CAMG is, but
we do emphasize that the ECHAMG6 zero OHT aquaplanet
simulations of Shaw and Smith (2022) also feature polar
damping with a very similar magnitude (0.75) to the one
found in CESM2-CAM6. Taken together, our results from

two different GCMs with substantially different cloud parame-
terizations consistently demonstrate that robust polar amplifica-
tion is possible in climates without sea ice and is substantially
enhanced by including a representation of OHT, although how
this materializes may be somewhat model dependent.

c¢. Introducing ocean heat transport enhances polar
amplification in CESM2-CAMG6 because of shortwave
cloud radiative effects

As the first step in demonstrating the pivotal role clouds play
in this story, we will now explore the response of the higher-
latitude clouds and CRE to a quadrupling of CO, in CESM2-
CAMSG6 and how it differs across our suite of experiments.
Decomposing the zonal-mean annual-mean total change in CRE
per K of global-mean surface warming (Fig. 5c) into the short-
wave contribution (Fig. 5a) and the longwave contribution
(Fig. 5b), we find that differences in the shortwave CRE account
for the majority of the difference in higher-latitude total CRE re-
sponse between the OHT and zero OHT experiments and that
differences in the longwave CRE are small. This is consistent
with the finding from section 3b that the largest seasonal differ-
ence in surface temperature response in the OHT and zero
OHT experiments is in the summer (Fig. 2¢). In the zero OHT
experiment, the model simulates a substantial negative short-
wave CRE response in the high latitudes to a quadrupling of
CO; (i.e., a cooling from an increase in the reflection of incoming
solar radiation), consistent with the results of Kim et al. (2018). In
contrast, the OHT experiments simulate a small negative short-
wave CRE response poleward of 70°. Poleward of 60°, the zero
OHT experiment simulates a 183 PW K ™! cooling of the higher
latitudes attributable to the shortwave CRE whereas the same
value in the OHT simulations range between a muted cooling of
16 PW K™ ! to a muted warming of 9 PW K1,

Thus, the substantial differences in the shortwave CRE re-
sponse likely explain why the OHT and zero OHT experiments
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FIG. 5. Zonal-mean annual-mean (a) shortwave CRE, (b) longwave CRE, and (c) total CRE response to a quadrupling of CO; in
CESM2-CAMS6 normalized by the global-mean annual-mean surface warming response for the four experiments.

have such different polar climate responses. The shortwave
CRE response can manifest through either a change in the
cloud fraction, such that denser cloud coverage is reflecting
more incoming solar radiation, or a change in cloud properties,
such that a climate with the same cloud fraction but with a
higher liquid water content will similarly reflect more incoming
solar radiation. We will go on to demonstrate that both mecha-
nisms are important for shaping how climatological OHT influ-
ences polar amplification, through the suppression of a large,
negative shortwave CRE.

We first examine the cloud fraction response. From this
point on, for the purpose of clarity, we will restrict our com-
parison to the zero OHT and the 1850 annual-mean OHT
CESM2-CAM6 experiments. We note that results do not
change substantially if we instead compare the zero OHT
experiment with either of the other two OHT experiments.
Starting from examining the differences in the 1xCO, climate
(cf. Figs. 6a,b), introducing OHT produces more near-surface
clouds at the poles (Fig. 6¢), specifically in summer (Fig. S4c;
see Southern Hemisphere). Starting from a 1xCO, baseline of
a larger fraction of near-surface polar clouds, the simulated
response to a quadrupling of CO; in the 1850 OHT experi-
ment exhibits a substantial decrease in lower- and midtropo-
spheric higher latitude cloud fraction (Fig. 6e). This decrease
is most noticeable in winter (Fig. S4e; see Northern Hemi-
sphere) and so will not lead to a substantial increase in ab-
sorbed incoming solar radiation. In contrast, the zero OHT
experiment features a large increase in near-surface polar
clouds (Fig. 6d) in the summer (Fig. S4d), which will result in
a substantial damping of polar warming arising from greater
reflection of incoming solar radiation and only a muted de-
crease in lower and midtropospheric cloud fraction. These re-
sults are similar to the zero OHT simulations of Kim et al.
(2018) [cf. Fig. 3b of Kim et al. (2018) with Fig. 6d herein].
This dependence on the cloud base state is also consistent

with the analysis of Vavrus et al. (2009), which found that the
CMIP3 intermodel spread in cloud fraction changes over the
twenty-first century was connected to the climatological cloud
fraction in the twentieth century. Thus, we find that the 1850
annual-mean OHT experiment loses a lot more cloud fraction
throughout the higher-latitude atmosphere in response to a
quadrupling of CO, relative to the zero OHT experiment
(Fig. 6f), consistent with a small relative warming contribution
rather than a cooling contribution from shortwave CRE.

In addition to differences in the cloud fraction response,
there are substantial differences in the climatology and re-
sponse to a quadrupling of CO, in terms of the cloud liquid
water content. Again, starting from examining the differences
in the 1xCO, climate, introducing OHT adds more liquid wa-
ter to the polar regions and removes liquid water from the
tropical troposphere (Fig. 7c), most noticeably in the summer
(Fig. S5c; see Southern Hemisphere). The abundant and wa-
tery polar clouds in the 1850 annual-mean OHT 1xCO, simu-
lation (Fig. 7b) are more efficient at reflecting incoming solar
radiation relative to the zero OHT counterpart (Fig. 7a). In
the 1850 annual-mean OHT experiment, there is a relatively
muted change in liquid water content in response to a quadru-
pling of CO, (Fig. 7¢) whereas in the zero OHT experiment
under a quadrupling of CO, there is a substantial moistening
of the lower polar troposphere (Fig. 7d). This increase in the
moisture content of clouds is largest in summer (Fig. S5d) and
so strongly influences the shortwave CRE. Hence introducing
the climatological OHT, relative to the zero OHT experi-
ment, avoids this summer moistening of the lower polar tro-
posphere under a quadrupling of CO, and this will result in a
less negative shortwave CRE change. We note that changes
in cloud ice water content were found to be much less impor-
tant than liquid water content in CESM2-CAMG6 (not shown).

These differences in cloud fraction and liquid water content
response paint a consistent picture. Adding climatological
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FIG. 6. Zonal-mean annual-mean cloud fraction (%) in 1xCO, climate for (a) zero OHT experiment, (b) 1850 annual-mean OHT experi-
ment, and (c) the difference between (b) and (a). (d)-(f) Asin (a)-(c), but for the 4xCO,~1xCO, response.

OHT produces a 1xCO, climate that has warmer polar re-
gions (Fig. S6), a higher fraction of near-surface polar clouds,
and, particularly in the summer, moister lower-tropospheric
polar clouds. From this initially moist, cloudy state, there is
less cloud gain near the surface (rather, the troposphere is
characterized by cloud loss) and less cloud moisture gain
relative to the zero OHT experiment as the climate warms
in response to a quadrupling of CO,. In essence, adding cli-
matological OHT inhibits the strong negative high-latitude
shortwave CRE change present in the zero OHT experi-
ment. This presents a clear explanation of why polar ampli-
fication is stronger in the OHT experiments. These findings
are consistent with results from CESM1-CAMS, although
ice water content plays a stronger role in that model than
CESM2-CAMSG6 (not shown).

However, while this is a consistent mechanistic explanation,
it neither isolates causality nor precludes other factors from
being the ultimate cause of why introducing OHT enhances
polar amplification in the GCMs. To this end, we turn to cloud

locking in CESM2-CAMS to isolate the role of cloud radiative
effects.

d. Cloud locking simulations confirm key role of cloud
radiative feedbacks

To quantify the role of CRE in shaping how introducing
OHT influences the structure of the meridional surface warm-
ing response to increased radiative forcing, we perform cloud
locking simulations in CESM2-CAMB6. In these simulations,
the CRE is prescribed to a desired state, while cloud fraction
and microphysics are unconstrained. The question we pose is
the following: Given the same change in CRE as the 1850
annual-mean OHT experiment, would we be able to replicate
the polar amplification simulated by that experiment but with
zero OHT? If so, this demonstrates that introducing the OHT
leads to the enhanced polar warming response through modu-
lation by CRE.

Figure 8 compares the shortwave and longwave CRE in the
1xCO, and 4xCO, climate for the zero OHT, 1850 annual-
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FIG. 7. As in Fig. 6, but for zonal-mean annual-mean liquid water content (X10~” kg kg™ 1).

mean OHT, and zero OHT cloud locking simulations. By de-
sign the zero OHT cloud locking simulations closely match
the CRE values from the 1850 annual-mean OHT simulation
values poleward of 45° and are unconstrained on the equator-
ward side (cf. Fig. 8, solid purple and dashed pink lines). Note
that we do not expect a perfect resemblance because we are
locking CRE to 20 years of high-resolution cloud data, rather
than the full 100 years. We remind the reader that in the cloud
locking simulations we are prescribing the higher-latitude
CRE in both the 1xCO, and 4xCO, climate from the 1850
annual-mean OHT simulations and so are both prescribing
the CRE climatology and the CRE response to a quadrupling
of CO,. One noticeable feature of the cloud locked simula-
tions is that in the lower latitudes the CRE departs from both
the OHT and zero OHT simulations, with less negative short-
wave and less positive longwave CRE in both the 1xCO, and
4xCO; climate. Locking the higher-latitude CRE in the zero
OHT climate results in a warmer tropical climate, with in-
creased surface latent heat flux and increased hydrologic cycle
in the deep tropics.

Having demonstrated the efficacy of the cloud locking
methodology, we now turn to the main results from the cloud
locking simulations. As shown emphatically in Fig. 9, strong
polar amplification in the zero OHT simulations is possible if
the higher-latitude CREs are prescribed from a simulation
with OHT. The annual-mean polar amplification factor in-
creases in the zero OHT experiment from 0.76 before cloud
locking to 1.15 after cloud locking, which nearly replicates the
1.19 polar amplification factor from the 1850 annual-mean
OHT simulation (Fig. 9b). As a further demonstration of the
transformative role of CRE, after cloud locking the seasonal cy-
cle of polar amplification in the zero OHT experiment switches
from one dominated by summertime polar damping to one that
is polar amplified in every month with near-identical amplitude
and phasing to the seasonal cycle from the 1850 annual-mean
OHT experiment (Fig. 9c). Using the cloud locking technique,
it is not possible to directly tease apart the roles of shortwave
and longwave CRE, but we suggest that the shortwave CRE
dominates based on our previous discussions on the seasonality
of the different responses (Fig. 2c) and because the largest
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differences in CRE in the unlocked experiments are seen in the
shortwave component (Fig. Sa). Last, the extent to which this
high-latitude climate response is driven by local processes versus
the remote influence of atmospheric heat transport mediated by
locking the clouds at the higher latitudes remains to be quanti-
fied. We find that the cloud locked simulation transports more
heat poleward in response to increased CO, than the unlocked
simulations (Fig. S7), which potentially suggests a role for interac-
tions between remote factors and higher-latitude cloud feedbacks
in facilitating polar amplification in ice-free climates.

Taken together, the results from our targeted cloud locking
simulations provide strong causal evidence that the climatolog-
ical OHT influences polar amplification through setting the cli-
matology of the clouds, consistent with results of Rencurrel
and Rose (2018), and predetermining how CRE responds to
an increase in CO,. We are able to reproduce the magnitude
and seasonal characteristics of the polar-amplified climate re-
sponse to increases in radiative forcing solely by altering the
CRE. As such, the crux of this polar amplification story, which
began with OHT, is revealed to be higher-latitude SW CRE.

4. Summary and discussion

In this study we have investigated the connection between
polar amplification, ocean heat transport, and cloud radiative

effects in a state-of-the-art GCM, CESM2-CAMBS6, run in slab
ocean aquaplanet configuration. Our main conclusions are as
follows: (i) introducing a quasi-realistic climatological OHT
enhances the polar-amplified surface temperature response to
a quadrupling of CO,, and in the case of CESM2-CAMBS6 this
reverses a polar damped response found in simulations with
no representation of OHT; (ii) the moist diffusive perspective
of atmospheric energy transport fails to predict the behavior
found in the GCM and in fact predicts the opposite, that
introducing a representation of climatological OHT would
cause the response to be less polar amplified; and (iii) the
mechanism through which the prescribed climatological OHT
shapes the meridional structure of the surface warming is
through a less negative shortwave cloud feedback as demon-
strated by our simulations with cloud locking in the higher lati-
tudes. This decrease in the negative shortwave cloud radiative
effect is consistent with ocean—-atmosphere heat fluxes precon-
ditioning an avoidance of a large increase in cloud fraction and
cloud liquid water in the polar summer months.

The motivation of this study was to explore an inconsis-
tency in past climate modeling studies which disagree on
whether ice-free climates exhibit a polar-amplified surface
temperature response to an increase in radiative forcing. How
can we reconcile the claim that polar amplification is an inher-
ent feature of a moist atmosphere, with or without sea ice,
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FIG. 9. As in Fig. 2, but for the zero OHT, 1850 annual-mean OHT and zero OHT with cloud locking experiments.

with the claim that sea ice is necessary for polar amplification
to occur? Our results based on CESM2-CAM6 slab ocean
aquaplanet simulations demonstrate that both claims are
somewhat flawed: (i) sea ice is not required for robust polar
amplification to occur, although the magnitude of polar ampli-
fication is greatly reduced compared to icy climates, and
(ii) robust polar amplification is a ubiquitous response of a
coupled atmosphere-ocean system. While the first finding is
unambiguous, the second finding introduces a nuance into our
understanding of polar amplification. We thus reconcile the
disparity by presenting a new mechanism for polar amplifica-
tion that operates in the absence of sea ice and is not con-
trolled by the increase in atmospheric heat transport. It is not
impossible to simulate polar amplification in climates with
zero OHT, as demonstrated by Rencurrel and Rose (2018)

and our simulations with CESM1-CAMS; however, our results
suggest that including a quasi-realistic representation of OHT
will lead to enhanced polar amplification.

Given that including a representation of climatological
OHT in a GCM brings it conceptually closer to the real cli-
mate system, we conclude that ice-free climates robustly fea-
ture polar enhanced warming, even without the amplifying
effect of land (Henry and Vallis 2021), and that neglecting cli-
matological OHT is one idealization too far. There are simi-
larities with this result and the study of Kim et al. (2018)
which found that an overly idealized insolation setup led to
spurious conclusions about the magnitude of polar amplifica-
tion in ice-free climates. Using a prescribed zero OHT profile
is common in previous slab ocean aquaplanet studies and so
our results raise questions about how to interpret some of the
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previous findings. We have demonstrated in a single GCM
that divergent behavior (both polar amplification and polar
damping) can be simulated in response to a quadrupling
of CO,, and that the choice of how to represent OHT can pre-
determine which response occurs. Stepping back, our study
highlights limitations in the conventional interpretation of a
climate model hierarchy: here an energy balance model simu-
lated the opposite behavior to GCMs because it lacks a repre-
sentation of clouds, and aquaplanet simulations prescribed
with zero OHT simulate the opposite behavior to aquapla-
net simulations prescribed with a representation of OHT.
In each case the idealization would draw you to exactly the
wrong conclusion, so it is important to rigorously test sim-
plifying assumptions in a similar manner to our suite of
experiments.

What are the implications of our results for far-future cli-
mate change? Our aquaplanet simulations have most rele-
vance for understanding Arctic amplification because of the
absence of land at the highest latitudes. The main takeaway,
especially from the 4xCO, annual-mean OHT simulations, is
that Arctic amplification will be a robust feature of the cli-
mate system even if most or all of the sea ice cover is lost. The
remaining Arctic amplification, however, will be of reduced
magnitude and of different seasonality to that of the present-
day climate. CMIP5-class models project that nearly all Arctic
sea ice cover has melted by the twenty-third century under
the high-emissions scenario (Dai et al. 2019). So, according to
the results of this study, we would still expect to see Arctic
amplification occurring in those simulations past 2200. De-
spite the main claim about the centrality of sea ice loss for
Arctic amplification, the results of Dai et al. (2019) are ex-
tremely consistent with our findings: (i) the simulated Arctic
warming always exceeds the global-mean warming until 2300
[see Fig. 3d of Dai et al. (2019)]; (ii) the annual-mean Arctic
amplification factor is nearly 1.5 for the climate change over
the twenty-third century [see Fig. 3c of Dai et al. (2019)], a pe-
riod that features minimal sea ice loss because the climate is
practically ice-free; and (iii) the ice-free Arctic amplification
has substantially muted seasonality [again see Fig. 3¢ of Dai
et al. (2019)]. As such, we conclude that our results agree
closely with comprehensive climate model simulations featur-
ing ocean dynamics.

Furthermore, this study has implications for how we inter-
pret climate change in past equable climates. Our results pro-
vide evidence for why past climates such as the early Eocene
had substantially warmer polar regions than the modern cli-
mate: the shortwave CRE mechanism identified in this study
can be a leading control on the magnitude of polar amplifica-
tion in ice-free climates. Our results also suggest that the
cloud climatology, which influences the meridional structure
of the climate response to radiative forcing, depends sensi-
tively on OHT and so constraining OHT in equable climates
can improve our understanding of the drivers of past periods
of polar amplification. The polar amplification factors we
have reported in this study are smaller than has been sug-
gested for the Eocene (Huber and Caballero 2011), Creta-
ceous (Jenkyns et al. 2004), and Paleogene (Sewall and Sloan
2001) so other processes that are not included in our model,
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such as the inclusion of land, vegetation feedbacks, changes in
orography, and permafrost feedbacks, are likely to be impor-
tant contributors to polar amplification in past climates
(Miller et al. 2010; O’ishi and Abe-Ouchi 2011; Lunt et al.
2012; Henry et al. 2021; Henry and Vallis 2022) in addition to
shortwave CRE.

In summation, we have used targeted model experiments
with CESM2-CAM6 and CESM1-CAMS to bring a satisfying
resolution to an open question in the literature, concluding
that polar amplification is a robust feature of the thermody-
namically coupled atmosphere—ocean system. An important
avenue of future research will be to investigate the sensitivity
of polar cloud feedbacks, and hence polar amplification, to
OHT and its changes in climate models beyond the CESM
family.
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APPENDIX

Moist Energy Balance Model Setup

We utilize a moist energy balance model (EBM) frame-
work to understand the expected link between the climato-
logical meridional surface climate structure and the nature
of the polar-amplified surface temperature response to in-
creased radiative forcing. In this framework atmospheric
energy transport is proportional to the meridional gradient
of near-surface moist static energy. The EBM used in this
study, which includes a seasonally varying representation of
insolation, is identical to that used in Feldl and Merlis
(2021) except that the thermodynamic sea ice component
is removed. In practice, this involves prohibiting sea ice
freeze-up by setting the freezing point artificially low. To be
clear, this idealized model lacks many of the features found
in the CESM aquaplanets, including clouds, a realistic
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atmospheric circulation, and a zonally varying climate, but
it does offer us fundamental insights into how we might ex-
pect polar amplification to depend on the base climate state
from the diffusive perspective of moist energy transport.

We conduct pairs of 1xCO, and 4xCO, EBM simulations
for the cases of zero OHT and 1850 annual-mean OHT.
The zonally averaged g-flux profile is included in the model
in the form of an ocean heating term F, that is added to
Eq. (1) of Feldl and Merlis (2021) in the same fashion as in
the dry EBM counterpart of Wagner and Eisenman (2015).
However, because there is no ice present in our version of
the EBM, this term could equivalently be added to the F
forcing term of the same equation. Note that the g-flux pro-
file is regridded from the uniform latitude spacing of the
CESM aquaplanet input to the uniform area spacing of the
EBM. Each simulation is run for 100 years with 1000 time-
steps per year with the output averaged over the final year.

Finally, we also include an analytical approximation of
the polar amplification factor [Eq. (14) of Merlis and Henry
(2018)] based on a truncation of the solution to the moist
EBM. The truncated solution depends on the climatological
surface temperature, which is needed to determine the
change in latent energy transport, and EBM parameters
like the longwave feedback parameter and diffusivity. The
climate fields are all taken from the 1xCO, control climate
and used to predict the polar amplification in the per-
turbed climate. The truncation to the second Legendre
polynomial of the annual-mean surface temperature pro-
vides a good estimate of the polar amplification factor as
simulated by the moist EBM over a wide range of base cli-
mates (Merlis and Henry 2018). The advantage of using this
analytical approximation in addition to the moist EBM simu-
lations is that the base climate states from the CESM aqua-
planet simulations can be input directly into the truncated
solution. This ensures that any differences found between
the polar-amplified responses in the CESM aquaplanet simu-
lations and the moist EBM simulations are not attributable
to differences in the base state climates.
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