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Abstract

It is well known that the Arctic is warming at a much faster rate than other regions of

the world. Within the context of the state of modern climate conditions, enhanced Arctic

warming has also been investigated in paleoclimate reconstructions and simulations

during relatively warm periods. Since sea ice plays a central role in generating these

geographical patterns of warming amplification, a thorough understanding of both

atmospheric and oceanic dynamics is important. Studies have suggested that several

commonalities may exist in the mechanisms underlying the amplification of Arctic

warming across different historical periods, despite the diverse nature of external forcings.

In this review, we consolidate modern and paleoclimatic perspectives to reveal

challenges posed to an integrated understanding of the mechanisms driving the

amplification of Arctic warming in the past, present, and future. An emphasis is placed on

large-scale atmospheric and oceanic processes. Important unresolved issues and

avenues for further investigation are also discussed from the climate system point of view.

Keywords Arctic amplification; polar amplification; climate change; paleoclimate



46

47

48

49

50

ol

52

93

54

95

o6

o7

o8

99

60

61

62

63

64

65

1. Introduction

The Arctic region is warming at a much faster rate than other regions of the world (Fig.1).

The rate of increase in surface air temperature (SAT) in the Arctic is several times as large

as the global mean over recent decades, although the exact rate depends on the period, the

definition of the Arctic, and the datasets used (Rantanen et al. 2022). This geographic

signature of warming is referred to as Arctic amplification (AA), and is characterized by other

striking features, such as strong warming in the relatively cold season and near the surface.

Prior to empirical confirmation of the emergence of AAin the real world (Serreze and Francis

2006), early studies on global climate modeling forecasted the phenomenon of polar

amplification in warming patterns (Manabe and Wetherald 1975; Manabe and Stouffer 1979).

The mechanism of AA is scientifically intriguing but challenging because it involves

interactions of the climate system components, such as the atmosphere, ocean, and sea

ice. The AA is also societally relevant because it may impact other parts of the world,

including the climate, weather, and extreme events at mid-latitudes.

In the previous decade or so, several review articles on Arctic warming and AA have been

published (Goosse et al. 2018; Previdi et al. 2021; Semenov 2021; Serreze and Barry 2011;

Taylor et al. 2022). These investigations have primarily focused on extant changes in the

Arctic environment with some insights derived through numerical experiments. However,

since the polar amplification of climate change is known to have occurred frequently

throughout the Earth’s history, a concerted effort to synthesize the characteristics of these
2
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events over time may increase the confidence with which we can predict changes in the

future. Consequently, we also review studies on climate change at different times to clarify

the large-scale processes associated with AA and to frame the topic using a much broader

perspective than is typically employed. Therefore, the methodological approach employed

in this review is distinct from existing review articles, while offering insights that are both

novel and complementary.

This review aims to present the current state of our understanding of mechanisms for

Arctic warming amplification in response to external forcings in the past, present, and future.

On the other hand, it would reveal that their integrative understanding is not mature, posing

challenges. In section 2, the observed Arctic change is briefly summarized, followed by

studies distinguishing externally forced change (EX) and internal variability (IV). The review

then covers the local feedback processes amplifying the Arctic response and the remote

influence from lower latitudes on the Arctic changes. Studies on paleoclimate focusing on

three different periods are reviewed in section 3. The final goal of this review is to discuss

the focal points for formulating an integrated understanding of the mechanisms underlying

AA that may be an inherent property of the response of climate systems to external forcing.

Relevant discussions are made in Section 4, followed by the summary in Section 5.

2. Modern-climate perspectives

2.1 Observed changes in the Arctic surface climate
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The current ‘thermal’ state of the Arctic, including air temperature, permafrost temperature,
terrestrial snow cover, river ice, sea ice, and land ice, is concisely summarized by the Arctic
Monitoring and Assessment Program (AMAP) reports (e.g., AMAP 2021). Fig. 2 shows the
time series of three thermally sensitive indices. Independently compiled, multiple gridded
surface temperature data and global atmospheric reanalysis datasets provide convincing
evidence of AA (Figs. 1 and 2). These datasets incorporate numerous observational records
in their construction, including those from land stations, ships, and satellites. Rantanen et al.
(2022) reported that the speed of the Arctic average warming from 1979 to 2021 was about
four times faster than the global average warming.

The reduction in sea ice cover is the most striking feature of Arctic warming. Continuous
satellite microwave monitoring! from 1978 provides high confidence in this recognition (e.g.,
Comiso and Nishio 2008, Kern et al. 2020, Kern et al. 2019). Box et al. (2021) reported that
the Arctic sea-ice extent diminished by 43% from 1979 to 2019. Estimating sea ice thickness
(and snow depth on top of it) using satellite altimeters has proven challenging (e.g., Kacimi
and Kwok 2022, Kwok et al. 2020). Nevertheless, compared with submarine sonar records,
Kwok (2018) estimated that the sea ice thickness decreased by about 2 m from 1958-1976
to 2011-2018 in six Arctic regions (Chukchi Cap, Beaufort Sea, Canada Basin, North Pole,

Nansen Basin, and Eastern Arctic). Decreases in multiyear ice cover as well as increases in

' These instruments include the Scanning Multichannel Microwave Radiometer (SMMR), the Special Sensor
Microwave/lImager (SSM/I), and the Advanced Scanning Microwave Radiometer (AMSR-E and AMSR2).
4
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ice velocity and the length of the ice melt season were also reported (Carmack et al. 2015).

Arctic Ocean changes are not limited to sea ice; they have also been observed in

L ]

subsurface ocean temperatures and salinity. The terms “Atlantification”, “Pacification”, and

“borealization” have been introduced to describe the rapid changes in parts of the Arctic

Ocean that have become similar to parts of the mid-latitude oceans (Polyakov et al. 2020b).

The term “Arctic Ocean amplification” was coined by Shu et al. (2022) to describe an

increase in the Arctic Ocean temperature that is more pronounced than the global average.

We elaborate on these observed changes in Section 2.4.2.

Optical images from satellites directly capture the land-snow cover change, whereas there

are complicated steps to estimate the land-snow mass change (Box et al., 2021; Estilow et

al. 2015). Box et al. (2021) reported that the extent of the Arctic's May-to-June land snow

cover diminished by 21% from 1971 to 2019. They also reported that river discharge to the

Arctic Ocean increased by 8% from 1971 to 2019. Using a land surface model that simulates

surface and subsurface runoffs and a river routing model, Park et al. (2024) attributed the

increased and decreased discharge to the Arctic Ocean in May-June and July-August,

respectively, to the earlier seasonal snow melting.

2.2 Role of internal variability

While the primary subject of this review is understanding how Arctic warming is amplified

in response to external forcings, understanding the IV is highly relevant. Quantifying the 1V

component is essential to correctly interpret the observed changes and impose constraints

5
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isolating the EX component. Large ensemble simulations of more than a few dozen

members became available about a decade ago, allowing us to separate IV and EX

components. As the phase of the IV component is not fixed to a particular time, the ensemble

mean and variance may be considered as the EX and IV components, respectively. It was

estimated that the EX component of Arctic warming is about threefold in contrast to the

observed fourfold speed of global warming over the past four decades (Sweeney et al. 2023,

Zhou et al. 2024).

A similar exercise was made for the change in Arctic sea-ice extent over the past decades.

Shen et al. (2024) evaluated the IV component as 17.8% (1979-2014) and 8% (1958-2017)

in the total variances, much smaller than those estimated previously (Ding et al. 2018,

England et al. 2019, Kay et al. 2011), after statistically correcting the underestimated forced

response in models. Dorr et al. (2023) attributed approximately 90% of Arctic sea-ice loss in

winter to external forcing. Focusing on the Barents-Kara Sea ice loss in winter, Siew et al.

(2024) attributed about 70% of the average trends of 20-year running windows over the past

four decades to anthropogenic forcing, pointing out the relevance to local dipole sea-level

pressure patterns. On the other hand, Li et al. (2022) argue the significant IV contribution of

up to 60% to the upper Arctic Ocean warming from 2000 to 2018.

Different studies suggest that a different mode of variability is responsible for the IV

component of Arctic temperature changes: Atlantic multidecadal variability (AMV) (Chen and

Dai 2024, Miles et al. 2014), a local Arctic mode of variability through atmosphere-sea ice

6
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interaction (Liu et al. 2022, Zhou et al. 2024), and interdecadal Pacific variability (IPV)

(Screen and Francis 2016, Zhou et al. 2024). It is worth noting that both AMV and IPV as

well as natural forcing are suggested to be responsible for the early 20th-century AA (Aizawa

et al. 2021; Svendsen et al. 2018, Tokinaga et al. 2017; Yamanouchi 2011). While sea

surface temperature (SST) in the Chukchi and Bering Seas is under the strong influence of

Pacific decadal variability, it is interesting that the record-high autumn value was achieved

by atmospheric blocking events, indicating the important role of short-term variabilities

(Kodaira et al. 2020). The competing effect of atmospheric forcing and ocean advection on

seasonal sea ice evolution in this region was also reported (Nakanowatari et al. 2022).

Other studies reported the tropical influence (Henderson et al. 2021). Zhang et al. (2023)

showed the concentrated filamentary moisture flow, popularly known as atmospheric river

(AR), is increasing in the Barents-Kara Sea, being forced partially by the IV at low latitudes,

which in turn slows down the sea ice growth in winter. Ding et al. (2014) argue that the

remote influence from lower latitudes through the planetary Rossby waves is responsible for

the observed warming in northeastern Canada and Greenland, and Ding et al. (2018) stress

the importance of low-latitude influence for the Arctic sea-ice loss. The elaboration on the

link between the IV and regional inhomogeneity of Arctic warming is necessary.

The complication arises because the modes of variability are not purely internal but may

also be modulated by external forcings. Nevertheless, the role of IV is expected to diminish

in the quasi-equilibrium AA response, which is more relevant to paleoclimate and century-
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scale future changes.

2.3 Arctic feedback processes

2.3.1 Quantifying the relative contribution

Our understanding of the polar feedback processes that contribute to the enhancement

of Arctic warming has progressed considerably over the last decade (Goosse et al. 2018;

Previdi et al. 2021; Taylor et al. 2022). It is widely acknowledged that alterations in sea ice

cover play a central role in driving AA (Dai et al. 2019; Screen and Simmonds 2010; Serreze

et al. 2009). Early modeling studies have already proposed that a variety of processes,

including changes in albedo due to ice/snow melting, seasonal atmosphere-ocean heat

exchange, and weak vertical mixing due to well-developed stratification in the lower

troposphere, play important roles in producing the features of AA described in the

Introduction (Manabe and Wetherald 1975; Manabe and Stouffer 1979). Numerical

simulations using methods that suppress specific feedback processes (“online suppression

method” described by Bony et al. (2006)) have improved our understanding of the

emergence of AA, by isolating the effect of surface albedo (Alexeev 2003; Alexeev et al.

2005; Graversen and Wang 2009; Hall 2004; Langen et al. 2012; Lu and Cai 2010), vertical

mixing in the lower troposphere (Bintanja et al. 2011; Bintanja et al. 2012), clouds

(Middlemas et al. 2020; Vavrus 2004), and water vapor (Hall and Manabe 1999; Schneider

et al. 1999). It has also been demonstrated that weaker vertical mixing in the lower

troposphere leads to an increase in AA, and that AA can occur even without changes in

8
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surface albedo. However, because of the non-additive nature of feedback processes through

mutual interaction, these results have been difficult to verify empirically and to integrate

within existing frameworks.

The quantification of the relative importance of polar feedback processes has

conventionally been based primarily on an energy balance framework. The energy balance

at the surface is linked to surface temperature changes more directly than at other levels

through upwelling longwave radiation. However, quantifying the contribution of atmospheric

heat transport (AHT) is not straightforward (Lainé et al. 2016; Lu and Cai 2009b; Pithan and

Mauritsen 2014). On the other hand, while the energy balance at the top of the atmosphere

(TOA) can be used to quantify the combined effect of AHT and ocean heat transport (OHT),

conversion of the TOA energy flux to temperature change is indirect and assumes a vertically

uniform (Planck) response (Crook et al. 2011; Hahn et al. 2021; Pithan and Mauritsen 2014).

In principle, observations can provide the foundation for corroborating these estimates.

While energy balance analyses at a single level can be used to quantify the effect of lapse-

rate feedback (i.e., deviation from the vertically uniform temperature change), such analyses

do not explain which processes contribute to the enhanced near-surface warming, which is

an important feature of AA (Lu and Cai 2009a). However, solving the simultaneous equations

for the energy balance at the surface and at every atmospheric level compensates for this

deficit (Lu and Cai 2009a; Yoshimori et al. 2014a, 2014b).

While the exact decomposition of feedback to individual components and their relative

9
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roles in AA differ according to the analytical method used (Sejas et al. 2021; Feldl et al.

2020), the following general understanding has emerged. The reduction of sea ice cover

increases the absorption of shortwave radiation in summer, causing a small rise in the

temperature of the ocean mixed layer due to the relatively large heat capacity of seawater

(Fig. 3, bottom). When the cold season arrives, excessive heat is released into the

atmosphere through the expanded area of open water. The strong atmospheric near-surface

stratification that occurs in the cold season confines the warming to within a relatively

shallow atmospheric layer (Fig. 3, top). We note that the radiative effect of the bottom-heavy

vertical profile in temperature change corresponds to the positive lapse-rate feedback.

Recent studies have argued, however, that strong atmospheric stratification is not a

necessary condition of strong positive lapse-rate feedback based on the analysis of spatial

variations and numerical experiments (Boeke et al. 2021; Dai and Jenkins 2023; Jenkins

and Dai 2021; Jenkins and Dai 2022). Additionally, the nonlinearity of the Stefan-Boltzmann

law has the effect of raising the level of warming with a given energy imbalance at the cold

climate state because less longwave radiation is emitted per unit degree of warming at lower

temperatures (Ohmura 1984, 2012). In climate models, negative shortwave cloud feedback

in summer and positive longwave cloud feedback in winter also appear to be important, but

the contribution of the cloud response in the real world is uncertain. We elaborate this

uncertainty in the next section. Other studies reported that the amplification effects from the

nonlinearity of the radiation law or cloud radiative feedback might be diminished by other
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feedback mechanisms when the effect is identified using the online suppression method,
which permits the “compensation” of feedback effects (Henry and Merlis 2019; Middlemas
et al. 2020). Nevertheless, amplifying effects on Arctic warming through the annual cycle
have also been verified using Coupled Model Intercomparison Project Phase 6 (CMIPG)
models (Hu et al. 2022). Hereafter, we refer to this amplification mechanism, which operates
through seasonal modulation of energy exchange at the sea surface? (Fig. 3), as the
‘seasonal modulation mechanism’.
2.3.2 Recent focus on uncertainties associated with clouds and aerosols

Clouds are essential ingredients affecting the Earth’s radiation budget. How they respond
to climate forcing is one of the largest sources of uncertainty in the Arctic and other regions
because microphysical and dynamical cloud processes are very complex (Curry et al. 1996).
More specifically, our knowledge is limited on how cloud amount, altitude, and type change
under the changing surface conditions of ice cover, marginal ice zone, and open water. In
the Arctic, low-level clouds prevail throughout the year (e.g., Gierens et al. 2020, Griesche
et al. 2024; Intrieri et al. 2002; Shupe et al. 2001), and recent satellite observations with
active sensors distinguish the phase of cloud particles, revealing that mixed-phase clouds
containing a significant amount of supercooled liquid water are common (Kay et al. 2016).

Although this topic is important, comprehensive reviews or discussions on individual

2 Aclosed energy budget analysis of the present-day, annual-cycle climatology for the Arctic atmosphere-ocean system

was presented by Mayer et al. (2019). Their analysis showed that the ocean absorbs heat during the summer and
releases it to the atmosphere during the winter.
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elementary processes and their evaluations are beyond the scope of this review. Readers

are referred to Devasthale et al. (2020) and Tan et al. (2023).

Kay et al. (2016) stressed the important role of mixed-phase clouds in the Arctic climate.

Here, we highlight the cloud-phase feedback that has recently drawn significant attention

(e.g., Sagoo et al. 2021; Sherriff-Tadano et al. 2023; Tan et al. 2016; Zelinka et al. 2020),

and some of the uncertainties associated with aerosols. It has been known for some time

that cloud phase change acts as negative feedback in climate changes where an increase

in cloud droplets at the expense of ice crystals leads to an increase in both the reflectivity

and lifetime of clouds, which in turn reduces the shortwave radiation absorbed by the Earth

(Tsushima et al. 2006, Yoshimori et al. 2009). Tan and Storelvmo (2019) suggest that this

mechanism may act as positive feedback in the Arctic because an increase in cloud lifetime

leads to an increase in the downwelling longwave radiation reaching the Earth’s surface, i.e.,

the greenhouse effect. Consequently, the cloud feedback associated with phase change

may enhance Arctic warming in winter with little insolation, contributing to AA. These

mechanisms remain to be verified more rigorously by empirical observations, however

(Morrison et al. 2011a).

Given the rapid and great loss of sea ice in the Arctic, the ice cover and cloud interaction

is another important topic. Kay et al. (2016) concluded that there is little response of clouds

to the change from an ice-covered ocean to an ice-free ocean during summer. On the other

hand, they also concluded that the sea ice loss leads to an increase in turbulent moisture
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fluxes, a deepening of the boundary layer, and an increase in cloud cover during fall. Their

conclusions were supported by a recent study based on satellite observations, concluding

that the cloud feedback to sea ice loss is negative in spring and positive in fall and winter

(Taylor and Monroe, 2023). Again, the mechanisms remain to be elaborated further by

empirical observations.

Curry et al. (1995) identified the “hyper” water vapor feedback in which the relative

humidity (RH) is controlled by the dehydration of ice crystals, and RH against ice crystals

remains approximately constant in the Arctic lower troposphere during winter, thereby

increasing RH against liquid water as temperature increases. This RH increase, in turn, acts

as positive feedback through the water vapor spectral “window” under an extremely dry

environment. Michibata (2024) also argues that including the radiative effect of precipitating

water droplets enhances AA. This effect was poorly explored in the past. These studies

suggest that the feedback is coupled through the water vapor-cloud-precipitation conversion

process.

In contrast to cloud condensation nuclei (CCN), ice-nucleating particles (INP) are not

always abundant. The INP species are diverse, and their availability is poorly understood

(Barr et al. 2023, Burrows et al. 2022). The availability, on the other hand, affects the mixed-

phase cloud response and thus the strength of cloud phase feedback, as explained by

Murray et al. (2021) and Matsui et al. (2024). Of particular importance at high-latitude

sources is glacial dust, but recent studies report the importance of not only mineral but also
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biogenic compositions and show that the number of INPs in the Arctic atmosphere is

increasing in Svalbard (Tobo et al. 2019, 2024).

Aerosols also affect the snow albedo at the surface. The surface albedo changes with

snow cover, metamorphism of snow grains, and light-absorbing impurities in the snow

(Warren and Wiscombe 1980, Wiscombe and Warren 1980). Observational knowledge and

modeling capability of snow impurities such as dust and black carbon are steadily advancing

(Bond et al. 2013, Skiles et al. 2018). However, simulating the emission and transport from

remote sources is a challenge because they are affected by forest fires, ARs, and many

other factors. It is worth noting that a recent global land surface model incorporates the

capability of simulating the biological influence on snow albedo through the blooming of

snow algae (Onuma et al. 2022).

Aerosol forcing is partially responsible for the decline of Arctic warming after the early 20th

century (Aizawa et al. 2022). Wu et al. (2024) showed that aerosols have higher AA efficacy

(Arctic cooling amplification) than greenhouse gases (GHGs) (Arctic warming amplification).

Single-forcing experiments are useful for such attributions.

2.4 Interactions with lower latitudes

2.4.1 Role of atmospheric transport
a. Observed changes and data analysis

The role of AHT in AA has been extensively investigated. AHT is composed of dry static,

latent, and kinetic energy components, the kinetic energy of which is usually neglected. Dry
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static energy comprises sensible heat (enthalpy) and potential energy. A recent study

pointed out the contribution of the ‘dry’ component, more specifically horizontal temperature

advection, to the observed trend of Arctic warming in winter from 1990 to 2016 (Clark et al.

2021).

The role of water vapor transport in warming the Arctic has attracted considerable

attention at daily to climate-change time scales (e.g., Liang et al. 2023; Park et al. 2015a;

Park et al. 2015b; Rydsaa et al. 2021; Woods and Caballero 2016; Woods et al. 2013;

Yamanouchi 2019; Zhong et al. 2018; Zhang et al. 2023). Based on statistical analyses,

Graversen and Burtu (2016) suggest that the ‘wet’ component of AHT is more effective in

warming the Arctic than the dry component of AHT. The latent heat or water vapor transport

not only warms the Arctic through the condensation heating, but also through the

downwelling longwave radiation from water vapor or clouds (Fig. 4). Since these factors are

considered more effective in warming the Arctic than the dry component, it has been

suggested that AHT may not be a good indicator of the overall role of atmospheric transport.

Sang et al. (2021) showed that the poleward water vapor transport at northern high latitudes

increased from 1981-1998 to 1999-2016, in which the stationary eddy component was

responsible for the increase, overwhelming a decrease due to the transient eddy component.

b. Modeling approach

Hwang and Frierson (2010) showed that models with larger poleward AHT at high

latitudes (70°N) tend to exhibit smaller AA in CMIP3 models. This relation may result from
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the reduction in the poleward transport of dry static energy due to a decrease in the

meridional temperature gradient accompanied by AA. Stuecker et al. (2018) demonstrated

that, in their model, AA is primarily driven by the locally induced lapse-rate feedback,

triggered by the zonally banded CO: forcing, but they also noted a significant contribution to

Arctic warming from AHT. Hori and Yoshimori (2023) showed that the effect of anomalous

winter horizontal temperature advection would change from warming to cooling in winter as

global warming progresses in the future, and that this shift arises because of competition

between large-scale atmospheric circulation and transient eddy components.

The notion of higher efficacy of the wet component compared to the dry component in

warming the Arctic surface was supported by Yoshimori et al. (2017), who employed both

numerical experiments and feedback analysis to investigate the role of AHT changes. Other

modeling studies also stress the important role of water vapor transport (e.g., Hwang et al.

2011; Woods et al. 2017). Based on the large ensemble simulations, the observed upward

trend of AR frequency impeding the winter sea ice growth in the Barents-Kara Sea

introduced in Section 2.2 was attributed to external forcing as well as internal variability

originating in the tropics (Zhang et al. 2023). Hori et al. (2024) argue that the efficacy of

winter poleward water vapor transport from lower latitudes in moistening the Arctic

diminishes as global warming progresses in the future because the meridional specific

humidity gradient decreases with the enhanced evaporation from the ice-retreated open

water in the Arctic.
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2.4.2 Role of ocean transport
a. Observed changes and data analysis

The Arctic Ocean is connected to mid-latitude oceans via four passages; the Barents Sea
Opening (BSO), the Bering Strait, the Fram Strait, and the Davis Strait (Beszczynska-Moller
et al. 2011)3. The annual mean OHT through each passage is estimated to be 73, 1445,
3616, and 2049 terawatts (TW), respectively (Docquier et al. 2021). The total amount of
OHT is estimated to be approximately 16% of its atmospheric counterpart (Mayer et al. 2019).
Nevertheless, the relative roles of the OHT and AHT dynamics in Arctic warming are poorly
understood. Eldevik et al. (2012) referred to the expansion of ice-free region where no
freezing occurs during winter in the Barents Sea as “Atlantification”, and attributed it to a
positive trend in OHT through the BSO. A warming trend of the Atlantic Water inflow to the
Arctic Ocean through the Fram Strait was also reported by Beszczynska-Moller et al. (2012).
However, determining the relative contribution of oceanic advection and atmospheric forcing
appears to be complex (Asbjgrnsen et al. 2020). Polyakov et al. (2017) documented the
expansion of “Atlantification”, a process previously observed in the western
Nansen/Eurasian Basin, to the eastern Eurasian Basin. They noted that this expansion was
associated with weakening of the halocline, shoaling of the intermediate-depth Atlantic water
layer, and a reduction in winter ice formation. The diminished stratification implies a larger

influence of warm, salty Atlantic Water on the cold and fresh surface waters in contact with

3 Rudels and Carmack (2022) and Woodgate (2013) provided comprehensive overviews of the fundamental structure of

water masses and their circulation in the Arctic Ocean. In addition, Carmack et al. (2015) and Timmermans and Marshall
(2020) presented detailed examinations of pertinent physical processes in the Arctic Ocean.
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sea ice, facilitated by increased upward fluxes (Polyakov et al. 2018; Polyakov et al. 2019;

Polyakov et al. 2020a; Polyakov et al. 2020c). Despite constraints imposed by limited

historical data, recent studies have observed positive trends in volume transport, and the

inflow of heat and freshwater into the Arctic through the Bering Strait (Danielson et al. 2020;

Peralta-Ferriz and Woodgate 2023; Woodgate 2018). In addition, an increase in heat content

in the Beaufort Gyre region was attributed to the increase in inflows of Pacific Water

(Polyakov et al. 2020b). Therefore, these observations underscore the increasing influence

of sub-Arctic seas on the Arctic Ocean, though these processes vary by region (Ingvaldsen

et al. 2021). However, the relative contribution of atmospheric forcing remains poorly

understood, and the degree to which oceanic changes affect SAT increases is currently

unresolved.

b. Modeling approach

By analyzing CMIP2 models, Holland and Bitz (2003) demonstrated that projections of

greater AA are associated with models depicting thinner present-day sea ice and models

predicting a larger future increase in poleward OHT. These relationships were further

corroborated by examining CMIP3 models, with Mahlstein and Knutti (2011) confirming the

former and Hwang and Frierson (2010) confirming the latter. We note that most of the

models in these studies project an increase in poleward OHT at high latitudes (~70°N) in the

future. Furthermore, Mahlstein and Knutti (2011) identified a positive correlation between

the simulated present-day poleward OHT and anticipated future Arctic warming. However,
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these studies did not distinguish between the causative factors from the observed

correlations, despite their physical plausibility being acknowledged. While warming near the

ocean surface can directly lead to the basal melting of sea ice, the ability of a transported

heat anomaly at depth to permeate the surface through the Arctic halocline presents a

complex challenge. Consequently, the comprehensive effect of changes in OHT on Arctic

climate dynamics cannot be fully assessed merely by examining column-integrated energy

transport.

The warming of the Arctic Ocean is attributed to an augmented poleward OHT in certain

models and to net surface heat flux in others among CMIP5 models (Burgard and Notz 2017).

On the contrary, in their analysis of CMIP6 models, Shu et al. (2022) found that while

enhanced poleward OHT contributes to an increase in the heat content of the Arctic Ocean

in all models. This effect is partially mitigated by the increase in heat released to the

atmosphere, contributing to a warming of the overlying atmosphere. A consistent increase

in high-latitude OHT associated with warming across a range of GHG-forcing has also been

reported (Koenigk and Brodeau 2017; van der Linden et al. 2019).

Nummelin et al. (2017) attributed the increase in poleward OHT in CMIP5 models to a

reduction in heat release from the subpolar ocean to the atmosphere before flowing into the

Arctic. The effect of a weakening of Atlantic meridional overturning circulation (AMOC) on

high-latitude OHT varies over time, primarily because of the interplay in the subpolar ocean

between the reduced surface heat loss and the lower heat influx from more temperate
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regions (Garuba et al. 2020; Lee et al. 2024). Using single-model large ensemble
simulations, Arthun et al. (2019) observed that changes in local atmospheric circulation lead
to a reduction in volume transport through the BSO. In CMIP6 models, the increases in
poleward OHT through both the BSO and Bering Strait primarily result from temperature
rather than velocity changes (Shu et al. 2022). Bitz et al. (2006) also showed that a decrease
in surface albedo over the Arctic Ocean can enhance poleward OHT, and Dai (2022) even
argues that AA is the cause of AMOC weakening rather than its consequence. Haine et al.
(2023), Lee et al. (2024), and Pontes and Menviel (2024) studied the impact of Arctic
freshening on the AMOC. A further complication arises because the interpretation of
climatological OHT and its variations are sensitive to model resolution (Decuypére et al.
2022; Docquier et al. 2019; Heuzé and Arthun 2019), which will be touched upon again in
Section 4.3. In addition, CMIP6 models generally suffer from cold biases over the Greenland
Sea, the Barents Sea, and the Kara Sea, which appear to be related to the Atlantic OHT at
70°N and the area of sea ice (Cai et al. 2021). The causality and mechanisms underlying
the increase in poleward OHT under conditions of global and Arctic warming remain critical
yet unresolved inquiries (Saenko et al. 2024).

Based on a simple theoretical model, Aylmer et al. (2020) proposed that the changes in
OHT are about twice as effective as the changes in AHT in driving the retreat of sea ice
edges. The role of OHT as a primary driver of sea ice edges and sea ice cover over the

continental shelf was also suggested by Aylmer et al. (2022) and Auclair and Tremblay
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(2018), respectively. In the deeper regions of the Arctic beyond the marginal ice zone, where

the direct influence of changes in OHT are less pronounced, the role of atmospheric forcing

may become more important (Auclair and Tremblay 2018; Aylmer et al. 2022; Singh et al.

2017). Docquier et al. (2021) attempted to highlight the effect of changes in OHT in Arctic

sea-ice loss by nudging SST in the North Atlantic and North Pacific regions to higher values,

but these experiments did not entirely isolate the atmospheric contribution to Arctic warming.

Readers are referred to Docquier and Koenigk (2021) for a comprehensive review of the

relationship between OHT and Arctic sea-ice dynamics.

It is suggested that ocean surface warming in the Gulf Stream region profoundly impacts

the Barents Sea ice through the atmospheric Rossby waves (Sato et al. 2014) and the ocean

heat transport (Yamagami et al. 2022). As the Gulf Stream and Kuroshio have a covarying

component (Kohyama et al. 2021), the hemispheric connection between the western

boundary currents and the Arctic may deserve future study.

2.4.3 Impact on the mid-latitude atmospheric circulation and potential feedback to AA

The consequences of AA are not limited to the Arctic but may have profound impacts

outside the Arctic. Much discussion has been made on the influence of the Barents-Kara

Sea ice loss on the mid-latitude climate, particularly the cooling signature in the Eurasian

continent during winter and the westerly jet changes (Cohen et al. 2014, Smith et al. 2022).

Although important, the influence of AA on middle latitude is not the focus of this article, and

only an overview is provided here.

21



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

While there is a wealth of literature, no quantitative conclusion has been reached

(Blackport and Screen 2020, Cohen et al. 2023, Cohen et al. 2020, Screen et al. 2018b).

Some of the controversies are related to the problem setting itself (Barnes and Screen 2015,

Outten et al. 2023), disagreement among analyses and/or models (Blackport et al. 2019,

Dai and Song 2020, Mori et al. 2014, Nakamura et al. 2015), underestimation of both IV and

EX components in numerical models (Mori et al. 2019), model bias in the background climate

state (Sigmond and Sun 2024) and consideration of stratospheric processes (Hanna et al.

2024, Nakamura et al. 2016). The emergent, simplified qualitative picture is that the mid-

latitude jet tends to shift poleward due to the increase of meridional temperature gradient in

the upper troposphere and equatorward due to the decrease in the lower troposphere. The

resultant response is determined by the ‘tag-of-war’ between these two contributions (Deser

et al. 2015, Hay et al. 2022, Screen et al. 2018a) through the thermal wind balance and the

feedback by eddies (Smith et al. 2022).

The increasing meandering of mid-latitude jets was also suggested (Francis and Vavrus

2012). The change in ‘waviness’, however, depends on the metric used (Geen et al. 2023),

and the theory for the mechanism of jet meandering remains to be established.

It is worth noting that the response of the atmospheric circulation to AA may feedback to

AA positively (Nakamura et al., 2015). In particular, the meridional displacement or

meandering of jets and the shift of storm tracks may also feedback to AA through the

occurrence of extreme events and associated warm and moist air advection. Therefore,
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more attention needs to be paid to the bidirectional ‘communication’ between high and mid-

latitudes in future studies.

3. Paleoclimate perspective

3.1 Relevance, aim, and scope

Paleoclimate archive provides information about climate states and variabilities that the

Earth has undergone beyond the range of instrumental observations. Paleoclimate modeling,

on the other hand, offers a unique opportunity to evaluate numerical models based on such

records from the real world as well as to study the physical mechanism of how the climate

system responds to the large external forcing (Braconnot et al. 2012; Joussaume and Taylor

1995).

In this section, we focus on the three extensively studied past warm periods: the mid-

Holocene (MH), the last interglacial (LIG), and the mid-Pliocene (mPWP) (Fig. 5). These

three periods are focused study targets of the Paleoclimate Modelling Intercomparison

Project (PMIP4) and they are recognized for exhibiting AA, although quantitatively defining

the amplification poses challenges as the global mean response can be very small (Hind et

al. 2016). We are aware that the understanding of polar amplification in much older epochs,

such as the Eocene, is also fundamentally important (Huber and Caballero 2011; Lunt et al.

2021; Niezgodzki et al. 2022). Nevertheless, our review is confined to the relatively recent

geological epochs (i.e., MH, LIG, and mPWP), wherein the geographic conditions, such as
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continental configuration, do not pose an impediment in the search for a unified physical
mechanism of AA across past, present, and future epochs. It is important to appreciate that
such a relative role of geographic conditions was not obvious since the beginning, and it has
become recognized with the community effort of data collection, experimental design, and
execution of model experiments. As the future scenario forcing is dominated by the increase
in GHGs, the external forcing from today in these three periods is different from what we
expect for the future; particularly redistribution of insolation is predominant in the MH and
LIG forcing (Sections 3.2 and 3.3). What is essentially important is, however, to connect the
climate system response through the physical mechanism despite the difference in the
forcing. While the accurate reconstruction of paleo-environments, with high temporal
resolution, precise dating, and spatial coverage, is indispensable for paleoclimate studies,
our review places greater emphasis on the modeling efforts that foster an integrated
understanding of AA across different temporal contexts.
3.2 Mid-Holocene period
3.2.1 Reconstructed climate

The present interglacial period*, the Holocene, began 11,700 years ago (ICS, 2023). The
mid-Holocene was relatively warm compared to the early and late Holocene (Kaufman et al.

2020; Marcott et al. 2013; Marsicek et al. 2018; Shakun et al. 2012, but see Appendix A),

4 The current period does not classify as an 'interglacial' in the sequence between glaciations, yet its climatic state is
analogous to those observed during past interglacial intervals.
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leading to references such as the ‘Holocene climatic optimum’, ‘Holocene thermal maximum’,
or ‘Hypsithermal’ (Fairbridge 2009). The latest assessment by the IPCC indicates that,
during the MH (6.5-5.5 kaBP®), the global mean temperature was 0.2—1.0°C higher than the
1850—-1900 average, with sea level differences from 1900 ranging from -3.5 to 0.5 m (Gulev
et al. 2021, Fig. 2.34). Two temperature datasets, developed by Bartlein et al. (2011) and
Sundqvist et al. (2010), offer valuable resources for comparative analyses with MH
simulation outcomes. They were compiled primarily based on pollen and chironomid records.
The site-average temperature anomaly from preindustrial (PI) at the northern high-latitude
continent was 0.9 and 0.5°C for summer and winter, respectively, with a reason for the even
larger annual mean anomaly of 1.7°C being unresolved (Sundqvist et al., 2010).
3.2.2 External forcing

The MH external forcing is summarized in Table 1. Compared to the Pl baseline, the
difference is predominantly attributed to the timing of the Earth’s perihelion shifting to occur
around the autumnal equinox, rather than the winter solstice in the present day, coupled with
a higher obliquity by approximately 0.7°. The resulting radiative forcing at northern high
latitudes is characterized by an increased annual mean insolation with an enhancement in
summer (Fig. 6), while global annual mean radiative forcing is negligible.
3.2.3 Modeling approach

According to the most recent CMIP6-PMIP4 model ensemble, the global mean

> “kaBP” stands for thousand years before present (ca. 1950).
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temperature anomaly for the MH is -0.3°C relative to the PI, based on an average of 16

models (Brierley et al. 2020). Schmidt et al. (2014) reported a weak correlation between MH

conditions and the CMIP5-RCP8.5 scenario for September sea ice extent anomalies from

the Pl period across 10 PMIP3-CMIP5 AOGCMs (Fig. 7a). Their findings suggest some

relevance of MH Arctic to the future. Yoshimori and Suzuki (2019) observed that the most

pronounced Arctic warming in both MH and future projections under the CMIP5-RCP4.5

scenario occurs during autumn, despite markedly different seasonal patterns in radiative

forcing between the two periods. Specifically, radiative forcing in the Arctic is relatively

uniform throughout the year for RCP4.5, but largely positive in summer and even negative

in (modern calendar) autumn for MH. The autumnal peak in warming during the MH is

attributed to astronomical insolation anomalies during summer, which facilitates sea ice melt

and heat storage in the ocean mixed layer. This stored heat is subsequently released into

the atmosphere from the autumn to the winter through the area of diminished sea ice cover.

This mechanism of seasonal modulation of energy exchange at the sea surface is analogous

to recent observations of Arctic warming, as discussed in Section 2.3.1.

Both PMIP2 and PMIP3-CMIP5 AOGCMs tend to underestimate the winter and annual

mean warming at the northern high-latitude continent relative to Pl (Yoshimori and Suzuki

2019; Zhang et al. 2010). Furthermore, as highlighted in Fig. 8a, the PMIP4-CMIP6

AOGCMs also tend to underestimate annual mean warming in these regions (Brierley et al.

2020, Fig. 1e).
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The general trend of AOGCMs underestimating warming can potentially be resolved by

incorporating biogeographical feedback mechanisms, particularly changes in vegetation

cover (Chen et al. 2022; Foley et al. 1994; O’ishi and Abe-Ouchi 2011; Otto et al. 2009;

Wohlfahrt et al. 2004; Wohlfahrt et al. 2008; Zhang et al. 2010). The primary mechanism for

the amplification of warming involves the replacement of present-day tundra landscapes by

boreal forest due to enhanced summer insolation and consequent terrestrial warming. The

replacement is expected to occur on multi-decadal to a century scales if sufficient warming

is achieved. This shift in vegetation cover decreases surface albedo, accelerating snow melt

and subsequent sea ice reduction in the Arctic Ocean (O’ishi and Abe-Ouchi 2011). It is

important to note that the warming enhanced by the dynamic vegetation feedback also

peaks in autumn and winter through the seasonal modulation mechanism within the Arctic

Ocean. O’ishi and Abe-Ouchi (2011) also showed that this mechanism amplifies the annual

mean Arctic warming and suggest that future projections by models not incorporating the

dynamic vegetation feedback result in the underestimation of the future AA (O’ishi and Abe-

Ouchi 2009; O’ishi et al. 2009). The magnitude of this feedback effect is, however, model-

dependent, and accurately validating simulated vegetation cover remains a challenge.

Recently, Dong et al. (2022) introduced the potential influence of increased river discharge

resulting from land heating on Arctic sea-ice melt during the MH, due to anomalous summer

insolation. The quantitative impact of this phenomenon, however, remains an open question.

3.3 Last interglacial period
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3.3.1 Reconstructed climate

The exact definition of the LIG period varies in the literature. For the purposes of this

discussion, we follow IPCC-ARG6 and adopt the interval from 129,000 to 116,000 years ago

(IPCC-ARG6 2021, Cross-Chapter Box 2.1). The LIG is recognized for being considerably

warmer than the Pl era, with temperature increases reaching up to +2°C at the peak (Cline

et al. 2017; McKay et al. 2011; Turney and Jones 2010; Turney et al. 2020), and a sea level

rise that exceeded current levels by 5—10 m (Gulev et al. 2021, Fig. 2.34). In early studies,

large-scale temperature reconstructions were aggregated by aligning the periods of peak

warmth indicated by proxy records from different locations (CAPE 2006; Turney and Jones

2010). These reconstructions suggest as much as 4-6°C and 10°C warming for summer and

annual mean, respectively, at the northern high-latitude continent. However, subsequent

climate modeling studies showed that such peak warming did not occur at the same time

worldwide, suggesting that the assumption of synchroneity could introduce errors in model

evaluation if compared against these aggregated reconstructions (Bakker and Renssen

2014; Bakker et al. 2013). Given the challenges associated with precise chronology for this

period, recent studies have attempted to compile proxy data based on absolute dating

techniques, rather than inferring periods of peak warmth during the LIG period (Capron et

al. 2017; Capron et al. 2014; Hoffman et al. 2017). Although the spatial coverage is far from

sufficient and proxies are limited to marine records, they offer a more robust framework for

assessing the accuracy of climate model outputs.
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While Polyak et al. (2010) presented a case for potentially ice-free summer conditions in

the central Arctic during the LIG period, Kageyama et al. (2021) provided evidence

suggesting the presence of sea ice at 79°N based on ice-sensitive biomarkers. A recent

reconstruction based on microfossil abundances in marine sediment cores, including those

from the central Arctic Ocean, supports the notion of a seasonally ice-free Arctic Ocean

during the LIG period (Vermassen et al. 2023).

3.3.2 External forcing

The LIG external forcing is summarized in Table 1. Compared to the Pl baseline, the

difference is predominantly attributed to the timing of the Earth’s perihelion shifting to occur

around the summer solstice, coupled with a higher obliquity by approximately 0.6°. The

increased eccentricity amplified the effect of perihelion shift. The resulting radiative forcing

at northern high latitudes is characterized by an increased annual mean insolation with a

substantial enhancement in summer (Fig. 6). This summer insolation anomaly is significantly

larger than MH (Fig. 6).

3.3.3 Modeling approach

Climate model simulations have shown reasonable concordance with the CAPE

project’s reconstructions, indicating a 4—5°C increase in summer Arctic temperatures (Otto-

Bliesner et al. 2006). However, as highlighted in Fig.8b, subsequent studies have shown

that models tend to underestimate annual mean Arctic warming (Lunt et al. 2013; Otto-

Bliesner et al. 2013). For the first time, the PMIP4 organized a multi-model experiment
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focused on the LIG period (127 kaBP) under a common experimental framework (Otto-

Bliesner et al. 2017). Across the 17 models used in this experiment, there was notable

variability in the annual mean temperature response at northern high latitudes, as well as

changes to sea ice area in the NH throughout the year (Otto-Bliesner et al. 2021). As in

previous studies, the models generally showed that Arctic warming is more pronounced in

winter (Otto-Bliesner et al. 2021; Sicard et al. 2022; Williams et al. 2020), though not for all

models (Zhang et al. 2021a). O’ishi et al. (2021) and Sicard et al. (2022) reported that the

excess absorption of anomalous LIG summer insolation and subsequent heat transfer from

the ocean to the atmosphere are critical factors affecting the Arctic’s response, with peak

warming occurring in autumn as deduced based on surface energy balance analyses. The

reduction in sea ice cover significantly influences air-sea heat exchange, and the observed

warming is further enhanced by the cloud greenhouse effect. These mechanisms, including

the seasonal modulation mechanism, are similar to those observed in both future and MH

experiments, underscoring a consistent framework for understanding AA across different

temporal scales (Lainé et al. 2016; Yoshimori and Suzuki 2019).

O’ishi et al. (2021) demonstrated how the amplifying warming effect, facilitated through a

specific climatic mechanism, is enhanced by biogeographical vegetation feedback (Fig. 9).

The northward expansion of boreal forest to the present-day tundra-covered area has been

observed and recognized for some time. Their climate model, which includes a dynamic

vegetation component, successfully captured this qualitative transition. A critical factor in the
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process is the earlier melting of snow in spring, followed by the expansion of forests,

highlighting the importance of accurately modeling the accumulation of land snow, its

interactions with vegetation, and the resultant albedo effects. The dynamical mechanisms

underlying how warming over NH high-latitude continents induces sea ice reduction are still

poorly understood, however.

Arctic sea ice cover was investigated in detail by Kageyama et al. (2021). Their findings

showed that the average outcome across 16 models indicated that the seasonal minimum

sea ice area was approximately half that observed in the Pl simulations, while the seasonal

maximum changes only slightly. When juxtaposed against proxy reconstruction, the

comparison tended to be more descriptive, with some models either underestimating or

overestimating sea ice area. Interestingly, the simulated sea ice area during the LIG period

is correlated with the outcomes from simulations under a 1% compound annual increase of

atmospheric CO2 concentration (a standard scenario for nominal warming), but not with PI

sea ice area (Fig. 7b). This finding suggests that there may be common physical

mechanisms that underpin this emergent relationship, and that sea ice extent in the future

may be constrained by the LIG sea ice area, provided that it is reconstructed accurately from

proxies.

Diamond et al. (2021) and Guarino et al. (2020) reported that models incorporating explicit

melt-pond schemes on sea ice components predicted the minimal summer sea ice extent.

In particular, one model shows a sea-ice-free Arctic in summer, which would have important
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implications for future projections of climate change. However, the equilibrium climate

sensitivities of these two models are relatively high among CMIP6 models, and higher than

the 66% range of 2.6—-3.9°C and 2.5-4.0°C estimated by Sherwood et al. (2020) and Forster

et al. (2021), respectively. Utilizing the relationship between summer SAT and sea ice area

as delineated by the PMIP4 models, Sime et al. (2023) propose the existence of a near sea-

ice-free summer Arctic condition at 127 kaBP. Further investigations are warranted to

improve reconstruction of LIG sea ice conditions, represent melt pond processes in models,

and assess equilibrium climate sensitivity.

The findings of the LIG studies suggest that the albedo feedback, particularly those

associated with sea-ice melt ponds and vegetation feedback, is very important for future

investigation.

3.4 Mid-Pliocene period

3.4.1 Reconstructed climate

During the Cenozoic era, the Earth experienced sustained cooling globally, occasionally

punctuated by well-defined warm events. The Pliocene epoch, which spanned from 5.333

to 2.58 Ma (ICS, 2023), preceded the onset of the Quaternary glacial-interglacial cycles (Fig.

5). This epoch witnessed the initial expansion of sea ice from the central Arctic Ocean for

the first time at around 4 Ma, culminating in the establishment of the modern winter sea ice

extent by the end of Pliocene (Knies et al. 2014). The global climate reconstruction of the

mid-Pliocene period has been established by continuous efforts through the Pliocene
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Research Interpretation and Synoptic Mapping (PRISM) projects (e.g., Dowsett et al. 2016).
The latest assessment by the IPCC indicates that during the mid-Pliocene or mid-Piacenzian
warm period (mPWP: 3.264 to 3.024 MaBP®), the global mean SAT was 2.5-4.0°C higher
than the 1850-1900 average, and that the sea level was 5-25 m higher than that in 1900
(Gulev et al. 2021, Fig. 2.34).

From the SST reconstruction, the amplified warming at higher latitudes is globally
discernible, but it is much more prominent in the northern North Atlantic Ocean where as
much as 8°C warming is observed (Dowsett et al. 2012, Fig. 2; Dowsett et al. 2016, Fig. 8;
Haywood et al. 2010, Fig. 7).

3.4.2 External forcing

The mPWP external forcing is summarized in Table 1. In contrast to the MH and the LIG,
in which the dominant external forcings had an astronomical origin, the warmth of the mPWP
is primarily attributed to higher atmospheric CO- levels. However, precise CO2 values during
this period are unknown because continuous ice core records only extend to 800 kaBP.
Similarly, the concentrations of other trace gases (CHs and N20) are poorly known (Hopcroft
et al. 2020). Furthermore, the difference in paleogeographic conditions such as oceanic
gateways and orography from the modern period needs to be considered. In particular, the
Greenland ice sheet is considered substantially smaller (~25% of the contemporary area),

and the West Antarctic ice sheet is considered disappeared (Dowsett et al. 2016). In addition,

% MaBP stands for a million years before the present (ca. 1950).

33



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

the Bering Strait and channels in the Canadian Arctic Archipelago are considered closed

(Dowsett et al. 2016).

3.4.3 Modeling approach

After some early modeling studies, a coordinated modeling activity, the Pliocene Model

Intercomparison Project (PlioMIP), was launched in 2008 (Haywood et al. 2021). During the

past two phases of PlioMIP (PlioMIP1 and PlioMIP2), the project has facilitated

comprehensive comparisons between models and between model outputs and

paleoenvironmental data following the coordinated experimental protocol (Haywood et al.

2011; Haywood et al. 2010; Haywood et al. 2016). The most recent project (PlioMIP2), which

employs the boundary conditions provided by PRISM4, focuses on simulating marine

isotope stage KM5c (3.205 MaBP), when the astronomical conditions were similar to those

of the current epoch (Dowsett et al. 2016; Haywood et al. 2016). Remarkably, the ensemble

mean of simulated global mean SAT differences from the Pl baseline, assuming a CO:

concentration of 400 ppm, yielded a rise of 3.2°C across 16 models in PlioMIP2. Although

this result is in agreement with the IPCC assessment cited above, the model spread ranged

from 1.7 to 5.2°C, which is large (Haywood et al. 2020).

While both PlioMIP1 and PlioMIP2 model simlations captured amplified Arctic warming,

they tend to underestimate annual mean terrestrial warming at northern high latitudes

compared to what is suggested by proxy data (de Nooijer et al. 2020; Salzmann et al. 2013).

In the 16-PlioMIP2 model ensemble mean, simulated Arctic warming is 2.3 times larger than
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the global average, and the sea ice extent decreases by 53%. The evaluation of simulated

sea ice cover is challenging as proxies are available at only three locations (de Nooijer et al.

2020). Tindall et al. (2022) investigated the discrepancies between simulations and proxy

reconstruction at northern high latitudes. Their findings showed that most mismatches occur

in winter, while terrestrial summer temperatures showed good alignment. They attributed

this “warm winter paradox” to several factors, including deficiencies in the models, potential

insensitivities of proxies to winter temperatures, and reconstruction methods that may

presuppose modern analogues for the relationship between biological proxies and their

environments. Lunt et al. (2009) and Lunt et al. (2012) performed the factor analysis

employing numerical experiments with different sets of boundary conditions. Their findings

showed that changes in orography play a significant role in the warming observed at

northern high latitudes. Based on an energy balance analysis at the top of the atmosphere,

Hill et al. (2014) highlighted the crucial role of surface albedo effects, driven by both

prescribed changes in ice-sheet and vegetation boundary conditions, as well as simulated

snow and sea ice changes. However, Tindall et al. (2022) suggested that merely refining

boundary conditions is unlikely to resolve the warm winter paradox. Interestingly, as in MH

and LIG, the mechanism of seasonal modulation played a central role in shaping the Arctic

warming dynamics in the mPWP (Zheng et al. 2019).

The discrepancy between modelled SSTs and proxy data, which was particularly evident

in the North Atlantic, has been a long-standing issue (Chan et al. 2011; Dowsett et al. 2009;
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Dowsett et al. 2012). One explanation proposed for the enhanced warming in the North

Atlantic involved strengthening AMOC (Raymo et al. 1996). However, Zhang et al. (2013)

challenged this hypothesis based on analyses of 8 PlioMIP1 model simulations, as well as

proposing that the influence of the AMOC was insufficient to explain North Atlantic warming.

On the other hand, in PlioMIP2, a consensus emerged from all 15 models simulations

suggesting a stronger AMOC compared to the PI era due to the closure of the Bering Strait

(Chan and Abe-Ouchi 2020; Zhang et al. 2021b). Further, these models showed general

alignment with SST proxy data (Fig. 10), including those pertaining to the North Atlantic

(McClymont et al. 2020). Despite the simulation of a stronger AMOC, no consistent changes

were seen in the depth of the overturning cell or the total northward OHT in the Atlantic

(Zhang et al. 2021b). Weiffenbach et al. (2023) elucidated that while changes in the AMOC

align with the overturning component of OHT alterations, the net variations in OHT emerge

from the extent to which these are offset by changes in the gyre component. Additionally,

Song et al. (2018) proposed that improvements in reducing model biases in contemporary

simulations may also have contributed to mitigating model-data discrepancies for North

Atlantic SSTs during the mPWP.

4. Discussion

4.1 Continuous observations and attribution of the changes

As summarized in Section 2.1, continuous observation records provide a foundation for
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our recognition of Arctic climate change. There, efforts in long-term monitoring and climate

data homogenization are critical. The datasets assimilated with observations have been

playing a key role in revealing the large-scale changes in the atmosphere, ocean, and sea

ice conditions and the mechanism of those changes. Nevertheless, the accuracy must

always be verified with direct observations. As discussed in Section 2.2, observed changes

contain both EX and IV components. While a large ensemble model simulation appears to

be a promising approach, further sophistication of the decomposition method may be

necessary at various time scales. Specifically, there is no guarantee that models accurately

simulate the magnitude of externally forced response. If done properly, the isolated EX

component would be naturally connected to a century or longer future projections and the

quasi-equilibrium responses recorded in paleoclimate archives. We note that the IV

component may be modulated by the external forcing, and both components may not be

independent.

4.2 Paleoclimate reconstruction and model evaluation

As summarized in Sections 3.2.1, 3.3.1, and 3.4.1, paleoclimate reconstructions provide

a foundation for our knowledge of the climate state in the Earth’s distant past. For the

assessment of model performance in simulating the EX response, compilations of well-dated,

seasonally resolved temperature and sea ice proxies are requested. There, paleo-data

assimilation might cast new light.

The relevance of sea ice response at LIG to future projections has been pointed out. As
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discussed in Section 3.3.3, the LIG simulations suggest the importance of melt-pond

formation and associated changes in albedo. In paleoclimate simulations, including MH and

LIG periods, it has been shown that the change in vegetation distribution contributes

significantly to the Arctic warming. It is of great concern, therefore, that these important

feedbacks are often missing or poorly represented in models used for future projections.

Other factors, such as climate sensitivity and Arctic cloud feedback, require sustained

attention.

The stronger AMOC in the mPWP simulations implies that the role of AMOC may differ

from that expected under a future warming scenario. This aspect needs to be carefully

considered when the mPWP is viewed as an analogy for the future. Examining Arctic

warming in conjunction with changes in the AMOC within the context of paleoclimate offers

valuable insights for an integrated understanding of climate dynamics. Given a large

uncertainty in the atmospheric CO2 concentration for this period, model performance in

simulating the mPWP Arctic warming must be assessed globally.

4.3 The effect of model bias and resolution

In climate simulations, the way models respond to external forcing is frequently affected

by inaccuracies in representing extant reference conditions. The significance of minimizing

these model biases should not be underestimated (Hu et al. 2017). For example, sea ice

concentration can be constrained by observations, but sea ice thickness is not precisely

known. The bias in initial ice thickness could introduce a bias in the simulated ice
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concentration change in response to external forcing because a decrease in sea ice mass

determined by the energy available for melting is a product of concentration (area) and

thickness. While the model resolution does not resolve all of the issues related to bias, it is

one of the most important limitations and improvements can have a marked effect of model

performance (Kawasaki and Hasumi 2016; Michel et al. 2023). This point is particularly

relevant for ocean simulations, where the Rossby radius of deformation in the Arctic Ocean

is considerably smaller than the spatial resolution of current-generation GCMs (Wang et al.

2018). The importance of ocean model resolution is visually apparent in Fig. 11 in which

penetration of warm currents into the Arctic Ocean is vividly simulated in a higher resolution

setting. Consequently, a hierarchy of numerical models as a research tool is required to

cover all applications from paleoclimate to future climate changes. However, an integrated

understanding emerges only through the constructive synthesis of insights derived from a

diverse array of models.

4.4 Process-level understanding

The understanding of the Arctic warming mechanism has been built on the knowledge of

individual physical processes. This holds for climate models in that they are built on

numerical representations of elementary processes. The essential part of process-level

understanding relies on empirical observations, including seasonal evolution of sea-ice

albedo, boundary-layer structure, turbulent heat and radiative fluxes, and cloud variables

(e.g., Perovich 2002; Perovich and Polashenski 2012; Tjernstrom et al. 2019). The most
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notable examples of such observations are 1997-1998 SHEBA and 2019-2020 MOSAIC

programs in which the yearlong observations in the ice-covered central Arctic have enabled

to measure and scrutinize various atmosphere, ocean, and sea ice variables (Nicolaus et al.

2022; Rabe et al. 2022; Shupe et al. 2022; Uttal et al. 2002). While the review of individual

measurements is beyond the scope of this paper, these efforts and contributions to the

discipline cannot be overstated. The short-term in-situ observations also provide valuable

insight into the understanding of phenomena, as exemplified in Section 2.2 (e.g., Kodaira et

al. 2020; Yamanouchi 2021).

Our review concerns that observational datasets for the surface inversion layer are

spatially limited over the Arctic Ocean except for those by SHEBA and MOSAIC programs,

and processes affecting its strength and vertical extent are poorly understood. Consequently,

the response of lower tropospheric stratification to external forcing remains quantitatively

ambiguous. Furthermore, cloud microphysics, particularly processes related to phase

changes, as well as cloud dynamics present additional challenges. For example, the

competing effect of shortwave and longwave radiation components associated with cloud

phase change is qualitatively uncertain.

Integrating the insight from in-situ observations with large eddy simulations, single-column

models, and regional modeling may be a promising step to connect them with a more large-

scale perspective (e.g., Klein et al. 2009; Morrison et al. 2009, 2011b; Ovchinnikov et al.

2017; Pithan et al. 2014; Sedlar et al. 2020 and references therein; Stevens et al. 2018), as
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also discussed in Section 4.2 of Shupe et al. (2022).

4.5 System understanding

The cause and effect of changes in AHT and Arctic warming need to be elaborated while

considering the time scale of phenomena into account. Suppose that the retreat of sea ice

was caused by the increased AHT from lower latitudes. If the subsequent release of heat

from the ocean to the atmosphere causes a weakening of poleward AHT by more than its

initial increase, then the net poleward AHT anomaly in the time average becomes negative.

In such a case, the seasonally averaged energy budget analysis would imply that the ocean

drives atmospheric warming and that horizontal temperature advection in the atmosphere

suppresses warming. While this interpretation is statistically sound, it distorts the sequence

of physical processes, and hence the causality.

Regardless of whether temperature or moisture advection is important, the climatological

interpretation must be made based on connecting the effect of weather events. It is important

to quantify the extent of moisture intrusion associated with events such as ARs, atmospheric

blockings, extratropical cyclones, and polar lows and to assess how global climate change

modulates these events and their impact, especially since a significant portion of water vapor

is transported to the Arctic during these meteorological events.

The role of AHT has not been investigated sufficiently in paleoclimate simulations of the

three warm periods discussed in this review. Thus, how the AHT responds to the latitudinal

and seasonal redistribution of insolation and affects Arctic warming is poorly known. lIts
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relevance to future projections remains to be explored.

Whereas the increase of poleward OHT at northern high latitudes appears to be a robust

response to the rise in atmospheric CO2 level, its mechanism is poorly understood, as

discussed in Section 2.4.2. The short record length of ocean monitoring imposes a severe

limitation on isolating the forced response from IV. The quantitative impact of the OHT

increase on the Arctic may differ among the subsurface ocean, the ocean mixed layer, and

the atmospheric boundary layer. Consequently, an in-depth understanding and numerical

representation of haloclines, turbulent atmospheric and ocean mixing, and processes

associated with the sea ice and freshwater budget would be critically important.

Understanding the two-way interaction between the AMOC and the Arctic climate on various

time scales must be established. There, the role of AMO needs to be clarified. Adopting the

atmospheric framework of Barnes and Screen (2015), several important questions remain

to be addressed: a) what are the specific mechanisms by which changes in OHT can

significantly impact Arctic warming; b) has such a mechanism played a role in Arctic warming

to date; and c) to what extent will such a mechanism impact future Arctic warming?

Elucidating the relative roles of AHT and OHT changes and how they interact with each

other (e.g., Bjerkness compensation) in the modern and paleoclimate AA are fundamental

subjects. Elucidating the interplay between AHT/OHT change and Arctic local feedback

processes is essential to comprehend the role of AHT/OHT in AA.

Whereas it is extremely difficult, if not impossible, to obtain process-level information into
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the mechanisms of AA from the Earth’s distant past, paleoclimate studies provide substantial

evidence on the overall response of the climate system to external forcings. In both past

interglacial periods and during the mPWP, ice sheets have played an important role in

shaping the Arctic climate. Given the transient nature of interglacial periods, there is a need

for increased efforts to examine their time-varying characteristics, including variations in the

ice sheet distribution and the effect of meltwater discharges (see Appendix B). Indeed,

Hirose et al. (2025) showed that the primary factor controlling the degree of Arctic warming

within the past interglacials is the remnant ice sheets from the glacial period, with the

insolation difference being a secondary factor. The interaction between ice sheets and Arctic

climate, along with the global constraint on ice sheet volume through global mean sea level,

underscores the relevance of studies on ocean thermal expansion and the past behavior of

the Antarctic ice sheet. Thus, uncertainties in these components are interconnected,

indicating that a hierarchical modeling should encompass not just the resolution of various

temporal and spatial scales, but also the diversity of its subsystem components.

5. Summary

Continuous monitoring has provided fundamental information about the long-term Arctic

changes (Section 2.1). Large ensemble model simulations offer one way of attributing the

observed changes to EX and IV components (Section 2.2), an essential first step in

understanding the mechanism. It remains a challenge to verify the model-based attribution
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empirically.

The contribution of local atmospheric feedback processes to Arctic warming has been a

focal point of extensive research, and our understanding of them has advanced considerably

over the last decade. Nevertheless, there is still considerable scope for further studies to

clarify the interactions among feedback processes (e.g., sea ice and cloud feedbacks) and

how their components should be formulated. In both modern and past climates, one

common process associated with Arctic warming is the seasonal exchange of energy

between the atmosphere and the ocean. The heart of this seasonally modulated

amplification mechanism is oceanic heat release in winter, which may enhance warming due

to (a) the nonlinearity of the radiation law, (b) strong near-surface stratification in the

atmosphere, and (c) the greenhouse effect of clouds. Therefore, it is expected that

understanding and improving the numerical representation of processes at every scale

associated with the Arctic annual cycles would significantly contribute to a more integrated

understanding of Arctic warming in the past, present, and future (Section 2.3). Observations

covering the annual cycle (e.g., MOSAIC and satellites) would be vital resources to achieve

this goal.

Interactions with lower latitudes are poorly understood, and the roles of atmosphere and

ocean circulartion and the cause of their changes need to be firmly established (Section 2.4).

This review suggests expanding the framework of understanding from unidirectional

influence to bidirectional interaction between the Arctic and mid-latitudes.

44



893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

The review of the MH, LIG, and mPWP studies reveals that the proxy data warns against

climate models used for future projections in their ability to reproduce the winter and annual

mean warming to a sufficient degree at northern high latitudes. While this does not

immediately imply errors in future projections, the result of this ‘screening exam’ from

independent cases should never be overlooked (Section 3).

Microscopic, individual physical processes directly identified by the in-situ observations

are indirectly constrained by macroscopic responses of the climate system to external

forcings (e.g., paleoclimatic observations). The hierarchical observational insight and

modeling activity would connect the process-oriented bottom-up perspective and the

system-oriented top-down perspective. Scientists focusing on modern climate and those on

paleoclimate must work together now more than ever, and we hope this review provides

knowledge to accelerate their collaborative activities.

Data Availability Statement

The HadCRUTS5 data were downloaded from

https://crudata.uea.ac.uk/cru/data/temperature/ for Figs. 1 and 2. The NSIDC sea ice data

and Rutgers University snow data were downloaded from

https://nsidc.org/data/qg02135/versions/3 and

https://climate.rutgers.edu/snowcover/index.php, respectively, for Fig. 2. The ERA5

reanalysis data were downloaded from https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
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reanalysis-v5, and the ORA-S4 from https://www.cen.uni-

hamburg.de/en/icdc/data/ocean/easy-init-ocean/ecmwf-ocean-reanalysis-system-4-

oras4.html for Fig. 3. Estimated global mean surface temperature anomaly over the past 5

million years are downloaded from

https://dx.doi.org/10.5285/0f05c2fb8f814d60ac2d657a70e9a7f5 for Fig. 5. The CMIP6-

PMIP4 data are available from https://pcmdi.linl.gov/CMIP6/ for Figs. 8 and 10. Surface air

temperature reconstruction data for MH and LIG are taken from Table 1a of Sundqvist et

al. (2010) and from Supporting Information of Turney and Jones (2010), respectively, for

Fig. 8. The PRISM3 SST anomaly reconstruction data were downloaded from

https://geology.er.usgs.gov/egpsc/prism/prism_1 23/prism_data.html for Fig. 10. The

simulated data for Figs. 11a and 11b are available in J-STAGE Data

https://doi.org/10.34474/data.jms].2025-027. Observation data for Fig. 11c are available

from https://climate.mri-jma.go.jp/pub/ocean/ts/.
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Appendix

A. Relevant and important controversy for the Holocene climate evolution

Recent studies challenge the globally warmer view in the middle of the Holocene,

suggesting a more moderate climate than was previously thought (Kaufman and Broadman

2023). Disparities between climate model simulations, which show a steady global warming

trend from the early to the late Holocene, and proxy-based temperature reconstructions,

47



950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

often referred to as the ‘Holocene temperature conundrum’ (Liu et al. 2014), have been

ascribed to methodological limitations arising from inadequate spatial coverage of proxy

records (Bader et al. 2020; Osman et al. 2021), seasonally biased recording of proxies (Bova

et al. 2021; Erb et al. 2022; Liu et al. 2014), and/or missing or poor representation of

feedback processes in numerical models, including geographical changes in vegetation and

atmospheric dust loading (Liu et al. 2018; Liu et al. 2014; Thompson et al. 2022).

Understanding the nuances of Arctic warming is important for an accurate grasp of global

climate evolution through the Holocene (Bader et al. 2020), and thus the importance of

vegetation feedback is not limited to AA but extended globally (O’ishi and Abe-Ouchi 2011;

Thompson et al. 2022). It was also pointed out that the Arctic warmth during the Holocene

is controlled by a remnant ice sheet from the glacial period (Hirose et al. 2025). These

highlights underline the need for climate models to include transient simulations with

dynamic vegetation and ice sheet components.

B. The effect of meltwater discharge for the LIG climate evolution

Meltwater discharge from ice sheets was not explicitly specified in the PMIP4 equilibrium

experiment protocol, resulting in no substantial changes observed in AMOC simulations

(Jiang et al. 2023). The potential effect of meltwater discharge, particularly due to shrinking

of the Greenland ice sheet, has been investigated (Otto-Bliesner et al. 2006). The potential

impact of AMOC weakening or strengthening, and its impact on LIG climate through changes

in meridional OHT, have been explored in several studies, including Guarino et al. (2023);
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Kageyama et al. (2021); Pedersen et al. (2016); Swingedouw et al. (2009). Stone et al.

(2016) proposed that meltwater discharge from remnant ice sheets from the preceding

glacial stage at around 130 kaBP produced a weaker AMOC, leading to cooler and warmer

conditions in the North Atlantic and Southern Ocean, respectively, compared to the present

day. This pattern is consistent with the bipolar seesaw phenomenon corroborated by proxy-

based reconstructions (Capron et al. 2014). Similarly, Govin et al. (2012) simulated a weaker

AMOC in the early LIG period, attributing it to the delayed onset of peak warming at northern

high latitudes. These findings underlie the importance of accurately assessing the volume

and timing of meltwater discharges during the LIG period, and the need for transient climate

simulations as undertaken by Obase and Abe-Ouchi (2019) and Obase et al. (2021).

Furthermore, the development and application of interactive climate-ice sheet models are

strongly desired.
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Fig. 1 Linear surface temperature trends from 1979 to 2017 (°C per decade) after Fig.

2.11 of Gulev et al. (2021). Grid points with missing data are not colored. Grid points

where the linear trend is not statistically significant at the 5% level are hatched. The data

are from HadCRUTS (Morice et al., 2021).

Fig. 2 Time series of (top) annual mean surface temperature anomaly relative to 1961-

1990: solid for the Arctic (>66.5°N) and dashed for the global; (middle) September sea

ice extent for the Northern Hemisphere; (bottom) Spring (April-May-June) land snow

extent for the Northern Hemisphere. Surface temperature data are from HadCRUTS

(Morice et al., 2021), ice extent data are from NSIDC Sea Ice Index (Version 3), and

snow extent data are from Rutgers University Global Snow Lab (Estilow et al., 2015).

Fig. 3 Linear trends of atmospheric (top) and oceanic (bottom) temperature in the Arctic

(average over the region northward of 70°N) from 1979 to 2017 based on the global

reanalysis datasets (°C per decade). Grid points where the linear trend is not statistically

significant at the 5% level are hatched. The atmospheric data are from ERAS (Hersbach

et al. 2020) and oceanic data are from ORA-S4 (Balmaseda et al. 2013).
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Fig. 4 lllustration of how moisture intrusion may induce Arctic warming through

condensation heating and downward longwave radiation from water vapor and clouds.

Note that insolation is very weak in the Arctic during winter.

Fig. 5 Estimated global mean surface temperature anomaly (AGMST) in °C: (top) 5

million years ago to present (CE 2000); and (bottom) 1 million year ago to present. Data

are originally from Westerhold et al. (2020), Hansen et al. (2013), and Snyder (2016),

but later adjusted by Kaufman (2023) for the same reference period (1850-1900).

Fig. 6 Insolation differences among PI (1850), MH (6 ka), and LIG (127 ka): Months in (a)

follow celestial calendar which is defined by celestial longitude (angle). The celestial

calendar facilitates the interpretation of seasonal comparison at different times, and

routinely used in paleoclimate studies. Months in (b) follow modern calendar which is

defined by time. In both cases, the vernal equinox is fixed to noon on 21 March.

Reproduced from Otto-Bliesner et al. (2017) (Fig. 3, CC BY 3.0).

Fig. 7 Emergent relations in Arctic sea ice cover between past and future simulations: (a)

MH vs.CMIP5-RCP8.5 scenario; (b) LIG vs. CMIP6-1pctCO2 experiment. (a) is for

September sea ice extent anomaly from PI, and (b) is for summer (June-July-August)

sea ice areas. (a) is reproduced from Schmidt et al. (2014) (Fig. 8, CC BY 3.0) and (b) is
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reproduced from Kageyama et al. (2021) (Fig. 12, CC BY 4.0). The dashed lines are

added as a reference for the magnitude of changes, but they are not regression lines.

The aspect ratio for (a) was adjusted to display the same sea ice extent at

approximately the same length in horizontal and vertical axes.

Fig. 8 Comparison of surface air temperature anomaly to the north of 60°N between

multi-model ensemble means of CMIP6-PMIP4 paleo-simulations (shading) and

compilations of proxy-based reconstruction (markers): (a) MH-PI; (b) LIG-PI. Proxy data

in (a) are from Sundqvist et al. (2010) and (b) from Turney and Jones (2010). CMIP6-

PMIP4 models analyzed are listed in Table 2.

Fig. 9 Simulated vegetation distribution and its impact on surface air temperature

anomaly for LIG: (a) simulated vegetation for PI; (b) simulated vegetation for LIG; (c)

comparison of simulated temperature anomaly with modern vegetation and proxy

reconstruction (LIG-PI); and (d) same as in (c) but including the effect of vegetation

change. Figures are reproduced from QO’ishi et al. (2021) (CC BY 4.0). In (c) and (d),

shadings represent model simulations (MIROC4m and MIROC4m-LPJ) and markers

represent proxy reconstructions.

Fig. 10 Comparison of sea surface temperature anomaly of mPWP from PI between a
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multi-model ensemble mean of CMIP6-PMIP4 paleo-simulations (shading) and a proxy-

based reconstruction compilation (markers). The proxy dataset is from Dowsett et al.

(2010). CMIP6-PMIP4 models analyzed are listed in Table 2.

Fig. 11 Annual mean potential temperature at 250 m depth (the Atlantic Water layer) in

(a) high-resolution model (Kawasaki and Hasumi 2016), (b) 1-degree model, and (c)

observation (ProjD). ProjD refers to the dataset constructed by Ishii and Kimoto (2009)

and Ishii et al. (2017).
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Fig. 1 Linear surface temperature trends from 1979 to 2017 (°C per decade) after Fig. 2.11
of Gulev et al. (2021). Grid points with missing data are not colored. Grid points where the
linear trend is not statistically significant at the 5% level are hatched. The data are from
HadCRUTS5 (Morice et al., 2021).
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Fig. 5 Estimated global mean surface temperature anomaly (AGMST) in °C: (top) 5 million
years ago to present (CE 2000); and (bottom) 1 million year ago to present. Data are
originally from Westerhold et al. (2020), Hansen et al. (2013), and Snyder (2016), but later

adjusted by Kaufman (2023) for the same reference period (1850-1900).
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(a) Celestial calendar
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2052  Fig. 6 Insolation differences among Pl (1850), MH (6 ka), and LIG (127 ka): Months in (a)

2053 follow celestial calendar which is defined by celestial longitude (angle). The celestial
2054 calendar facilitates the interpretation of seasonal comparison at different times, and
2055 routinely used in paleoclimate studies. Months in (b) follow modern calendar which is
2056 defined by time. In both cases, the vernal equinox is fixed to noon on 21 March.

2057 Reproduced from Otto-Bliesner et al. (2017) (Fig. 3, CC BY 3.0).
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Fig. 7 Emergent relations in Arctic sea ice cover between past and future simulations: (a)
MH vs.CMIP5-RCP8.5 scenario; (b) LIG vs. CMIPG-1pctCO2 experiment. (a) is for
September sea ice extent anomaly from PI, and (b) is for summer (June-July-August) sea
ice areas. (a) is reproduced from Schmidt et al. (2014) (Fig. 8, CC BY 3.0) and (b) is
reproduced from Kageyama et al. (2021) (Fig. 12, CC BY 4.0). The dashed lines are
added as a reference for the magnitude of changes, but they are not regression lines. The
aspect ratio for (a) was adjusted to display the same sea ice extent at approximately the

same length in horizontal and vertical axes.
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2072 Fig. 8 Comparison of surface air temperature anomaly to the north of 60°N between multi-
2073 model ensemble means of CMIP6-PMIP4 paleo-simulations (shading) and compilations
2074 of proxy-based reconstruction (markers): (a) MH-PI; (b) LIG-PI. Proxy data in (a) are from
2075 Sundqvist et al. (2010) and (b) from Turney and Jones (2010). CMIP6-PMIP4 models
2076 analyzed are listed in Table 2.
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2080 Fig.9 Simulated vegetation distribution and its impact on surface air temperature anomaly

2081 for LIG: (a) simulated vegetation for PI; (b) simulated vegetation for LIG; (c) comparison
2082 of simulated temperature anomaly with modern vegetation and proxy reconstruction (LIG-
2083 Pl); and (d) same as in (c) but including the effect of vegetation change. Figures are

2084 reproduced from O’ishi et al. (2021) (CC BY 4.0). In (c) and (d), shadings represent model
2085 simulations (MIROC4m and MIROC4m-LPJ) and markers represent proxy
2086 reconstructions.

2087

110



2088
2089

2090

2091

2092

2093

2094

90N

60N

30N

30S

60S

908 T T T T I T T T T I T T T T I T T T T I T T T T ' T T T T
180 120W 60W 0 60E 120E 180

°C

Fig. 10 Comparison of sea surface temperature anomaly of mPWP from Pl between a
multi-model ensemble mean of CMIP6-PMIP4 paleo-simulations (shading) and a proxy-
based reconstruction compilation (markers). The proxy dataset is from Dowsett et al.

(2010). CMIP6-PMIP4 models analyzed are listed in Table 2.
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Fig. 11 Annual mean potential temperature at 250 m depth (the Atlantic Water layer) in (a)
high-resolution model (Kawasaki and Hasumi 2016), (b) 1-degree model, and (c)
observation (ProjD). ProjD refers to the dataset constructed by Ishii and Kimoto (2009)

and Ishii et al. (2017).
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Table 1 A summary of external forcing specified in the core CMIP6-PMIP4 and PlioMIP2

paleoclimate simulations. Values for Pl, MH, and LIG are from Table 1 of Otto-Bliesner et

al. (2017), and those for mPWP are from Haywood et al. (2016). "See text.

PI MH (6 kaBP) LIG (127 mPWP
kaBP)
Eccentricity 0.016764 0.018682 0.039378 Same as PI
Obliquity (°) 23.459 24.105 24.040 Same as PI
Perihelion - 100.33 0.87 275.41 Same as PI
180 (°)
CO2 (ppm) 284.3 264 .4 275 400
CH4 (ppb) 808.2 597 685 PI
N2O (ppb) 273.0 262 255 PI

Geographical

conditions

Closed marine
channels and
reduced ice

sheets’
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2113 Table 2 CMIP6-PMIP4 model output used for the MH, LIG, and mPWP simulations in
2114 Figs. 5 and 7. All data are interpolated to 1° <X 1° (longitude X latitude) grid.

2115

Model name MH LIG mPWP
ACCESS-ESM1-5
AWI-ESM-1-1-LR

CESM2
CNRM-CM6-1
EC-Earth3-LR
FGOALS-f3-L

FGOALS-g3

GISS-E2-1-G
HadGEM3-GC31-

LL
INM-CM4-8
IPSL-CM6A-LR
MIROC-ES2L
MPI-ESM1-2-LR
MRI-ESM2-0
NESM3
NorESM1-F
NorESM2-LM
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