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Simple Summary: Polar regions are more sensitive to the increase in atmospheric CO2 concentration
than the rest of the world. This phenomenon is known as the Polar Amplification and is related to
many nonlinear, complex coupled ocean-atmosphere processes with effects beyond high latitudes.
Aiming to account for the Polar Amplification, this study used global climate simulations to investi-
gate the effects of three different global warming thresholds (1.5, 2 and 3 ◦C) in the warming and sea
ice conditions of both poles. Our results shown high climate sensitivity in the Arctic and Antarctica
as a response to the increase in atmospheric CO2 concentration. The warming signal is not symmetric
in the two poles: the Arctic warms faster than Antarctica in all climate scenarios. Global warming
crosses the minimum (maximum) future scenarios thresholds of +1.5 ◦C (+3 ◦C) around 2024 (2063).
The equivalent Arctic (Antarctic) warming for these years is 3.6 (1.5) ◦C and (3.2) 6.6 ◦C, respectively.
Although limited, Global Climate models used here are important tools to help on better understand
the projected effects of climate change in high latitudes.

Abstract: One of the most visible signs of global warming is the fast change in the polar regions.
The increase in Arctic temperatures, for instance, is almost twice as large as the global average in
recent decades. This phenomenon is known as the Arctic Amplification and reflects several mutually
supporting processes. An equivalent albeit less studied phenomenon occurs in Antarctica. Here, we
used numerical climate simulations obtained from CMIP5 and CMIP6 to investigate the effects of
+1.5, 2 and 3 ◦C warming thresholds for sea ice changes and polar amplification. Our results show
robust patterns of near-surface air-temperature response to global warming at high latitudes. The
year in which the average air temperatures brought from CMIP5 and CMIP6 models rises by 1.5 ◦C is
2024. An average rise of 2 ◦C (3 ◦C) global warming occurs in 2042 (2063). The equivalent warming
at northern (southern) high latitudes under scenarios of 1.5 ◦C global warming is about 3 ◦C (1.8 ◦C).
In scenarios of 3 ◦C global warming, the equivalent warming in the Arctic (Antarctica) is close to 7 ◦C
(3.5 ◦C). Ice-free conditions are found in all warming thresholds for both the Arctic and Antarctica,
especially from the year 2030 onwards.

Keywords: climate change; Paris agreement; Arctic; Antarctica; polar amplification; ice-free

1. Introduction

The Paris Agreement of the United Nations Framework Convention on Climate
Change [1] in December 2015 proposed an aspirational goal to stabilize the mean air
temperature to well below 2 ◦C and limited to 1.5 ◦C above the pre-industrial levels through
sustained efforts [1]. In scientific research, the Paris Agreement warming thresholds have
been widely used to better understand the complex and nonlinear effects of Climate Change
on a wide range of environmental processes [2–6]. Numerous publications and reports,
including the reports from the Intergovernmental Panel on Climate Change (IPCC), had
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discussed the impacts and risks of global warming under 1.5 ◦C and 2 ◦C targets, pointing
to the high sensitivity of polar regions to the anthropogenic forcing [7–9].

Polar regions, owing to the presence of ice (sea ice, continental ice and permafrost),
are more sensitive to climate change than the rest of the world [10,11]. One of the most
visible aspects of the recent climate change, for instance, is the fast shrinking of the Arctic
Sea ice cover resulting from the enhanced warming due to polar amplification [10,11].
Polar amplification (PA) refers to the ratio between high latitudes warming with respect
to tropical warming and is recognized as an inherent characteristic of the global climate
system [10–12]. The causes of PA, especially in southern latitudes, are still unclear and
debated [10,12,13]. Indeed, different conclusions have been drawn to explain the cou-
pled mechanism involved in the process, the ocean-atmosphere feedback mechanisms
and whether the poleward, atmospheric heat transport may also be a key mechanism
to understand polar warming [12,14,15]. Most of these studies use numerical climate
simulations with radiative forcing of greenhouse gases (GHG) as the main tool [10,12,15].
One key aspect of this debate to understand the physical mechanisms underlying polar
amplification is the difference between the methods adopted. For instance: [16], using
climate simulations with prescribed changes in the sea surface temperatures (SST) and sea
ice cover, suggested that the enhanced Arctic near-surface warming is due to Arctic Sea
ice loss associated with local SST changes. Similarly, many other studies suggest that the
sea ice-albedo feedback is the main mechanism explaining the Arctic PA [11,17]. However,
studies using both observations and numerical simulations suggest that the sea ice-albedo
feedback mechanism cannot alone explain the Arctic PA [15,18,19], and using a coupled
model with simulations driven by CO2 forcing, found that the largest contribution to
polar warming in northern high latitudes comes from temperature feedback (as the Earth’s
surface warms, more energy is radiated back to space in lower latitudes, compared with
the Arctic). The understanding of the physical coupled processes underlying the PA plays
a key role to offer confidence and also for constraining model projections of Arctic and
Antarctic climate change.

Although there are many issues under debate regarding the driving mechanism
involved in Arctic amplification, both observations and climate simulations indicate an
enhanced warming associated with drastic sea ice melting over the past decades, which
is projected to continue as response to the atmospheric CO2 increase [17,20]. In contrast,
the Antarctic Sea ice area, except for the Bellingshausen-Amundsen sector, has shown
a slight increase over recent decades [21,22]. Many mechanisms have been proposed to
explain the observed positive Antarctic Sea Ice Extent (SIE) trend; however, we still lack
conclusive answers. Previous studies suggested the importance of mechanisms such as
the wind variability, the ozone depletion, Antarctica’s natural variability and the effects of
increasing freshwater input from Antarctica’s ice sheet into the ocean [23–27]. Furthermore,
the inability of climate models to represent the observed positive trends in Antarctic
SIE represents a key challenge for the scientific community, even for the latest CMIP6
dataset [28–32]. The Antarctic PA is expected in the future as response to CO2 increases,
probably delayed in relation to the Arctic PA. This is due to the strong heat absorption of
atmospheric heat by the water in the Southern Ocean [10,25].

According to [33], the asymmetry in the PA between the two poles is related to
the thermal inertia and the coupled ocean-atmosphere processes involved. While at the
northern high latitudes, the amplified warming signal is associated with a positive snow-
albedo and sea ice-albedo feedback, at the southern high latitudes, the warming is related
to a combination of ozone depletion and changes in the wind pattern.

With the projected climate change for polar regions that has captured scientific and
public attention over the last decade, a key scientific and open issue is assessing the time
when summer ice-free conditions will be reached in the Arctic. It is known that the impacts
of these changes extend well beyond the Arctic region [34–37].

In the present paper, we investigate the changes in the atmosphere, air temperature as
well as the Arctic and Antarctic SIE for both past and future CMIP5 and CMIP6 scenarios.
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We aim to contribute to our understanding of climate change impacts under the global
warming target specified by the Paris Agreement using 1.5, 2 and 3 ◦C global warming.
These scenarios were chosen due to their political and environmental relevance [38]. Our
analysis has two overarching aims: (1) we want to evaluate the ability of CMIP5 and
CMIP6 to simulate the SIE seasonal cycle in relation to observations and (2) we want to
understand the impact of different thresholds of warming on PA and SIE for the Arctic
and Antarctica. The paper is structured as follows: first, we present the data sources in
Section 2. In Section 3, we examine the SIE seasonal cycle, comparing CMIP5 and CMIP6
historical simulations with satellite data. Furthermore, we investigate future changes for
the Arctic and Antarctica using the Representative Concentration Pathway RCP8.5 and the
Shared Socioeconomic Pathways SSP585 scenarios [39,40]. We then discuss our results and
indicate the consequences of the 1.5, 2 and 3 ◦C global warming levels for PA and sea ice
changes, including the occurrence of summer ice-free conditions. Finally, in Section 4, we
present our conclusions and lay out our recommendations for future work.

2. Materials and Methods
Climate Simulations

The Coupled Model Intercomparison Projects (CMIP) are an international effort of
the scientific community using different climate models around the world to provide
multi-model simulations at the global scale, with a complete representation of external
forcing and a wide set of scenarios aimed to provide a useful tool to better understand the
Earth’s past and future climate changes [39,40].

The present study used three numerical experiments taken from CMIP5 and CMIP6:
(i) Historical, (ii) RCP8.5 and (iii) SSP585. The CMIP5 future scenarios are defined by the
Representative Concentration Pathways (RCPs), and each RCP defines a specific emissions
trajectory and subsequent radiative forcing. The radiative forcing value in the year 2100
relative to pre-industrial values is 8.5 W· m−2 for RCP8.5, which includes the period from
2006 to 2100. The equivalent scenario to compare RCP85 in the Shared Socioeconomic
Pathways is the SSP585, which includes the period from 2015 to 2100. The atmospheric
CO2 concentration in the year 2100 is 1200 ppm in both RCP8.5 and SSP585 scenarios.
The simulations of the historical experiment for the CMIP5 are integrated over 156 years,
starting in 1850 until 2005, forced by the observed historical series of the CO2 concentration
of the same period. On the other hand, the historical experiment of CMIP6 was started in
1850 until 2014, totaling 165 years. Furthermore, all models need to spin-up before starting
the piControl, the Historical and the Scenarios experiments. The complete description of
the numerical experiments design is found in [39] for CMIP5 and in [40,41] for CMIP6.

Here, we used near-surface temperature and sea ice concentration to calculate the SIE
from 49 CMIP climate models’ outputs (refer to the Supplementary Materials). SIE is mea-
sured as the total area of all grid cells that has a sea ice concentration exceeding 15%. First,
we aimed to understand the ability of CMIP simulations to represent the sea ice seasonal
cycle during the period 1980–2005 (CMIP5) and 1980–2014 (CMIP6) using the historical
numerical experiments. Second, we aimed to calculate the Arctic and Antarctic PA.

PA is often characterized as the ratio of high latitudes and surface air temperature
changes compared to global air temperature change [10,33]. For the past, we used air
temperatures from the European Center for Medium-Range Weather Forecast (ECMWF)
ERA-5 reanalysis (available online at www.ecmwf.int (accessed on 5 September 2021)). We
used monthly updates for the 2010–2020 period relative to the 1980–1990 period, providing
a measure of the climate sensitivity in high latitudes. For future scenarios, we used the
period related to initial timing of 1.5, 2 and 3 ◦C global warming for each climate model.

In order to evaluate the sea ice model’s performance, we used the satellite data set
from the Scanning Multichannel Microwave Radiometer (SSMR) on the Nimbus-7 satellite
and from the Special Sensor Microwave/Imager SSM/I on the Defense Meteorological
Satellite Program’s (DMSP), available in National Snow & Ice Data Center (NSIDC) [42].

www.ecmwf.int
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3. Results and Discussion
3.1. Sea Ice Seasonal Cycle

The sea ice seasonal cycle is closely related to the near-surface air temperature, heat
fluxes and ocean heat content and can strongly affect the ocean and atmosphere circula-
tion [10,43]. We start with an analysis of seasonal SIE simulated by CMIP5 (CMIP6) over
the period from 1980–2005 (1980–2014). Figure 1 shows the performance of CMIP models to
simulate the melt-freeze transitions by the SIE seasonal cycle for the Arctic and Antarctica.
We found a large spread for SIE conditions on both CMIP simulations for all months, albeit
this variance is relatively larger in the cold (northern and southern hemisphere) seasons.
For the northern hemisphere (Figure 1a), in the period of maximum SIE (March), the mean
SIE simulated by CMIP5 (CMIP6) ranged from around 13 × 106 km2 (11 × 106 km2) to
more than 19 × 106 km2 (23 × 106 km2), thus corroborating the observational estimate of
15 × 106 km2 for the same month. On average, March SIEs from CMIP5 and CMIP6 were
close to 15.2 × 106 km2 and 18 × 106 km2, respectively. Some CMIP6 models, however,
presented very high SIEs for March in the Arctic (more than 21 × 106 km2), causing an
overestimation of SIE with respect to observational data. This is consistent with results
presented by [28]. Refs. [43,44] suggest that a positive SIE bias is related to the tendency of
climate models to underestimate the amount of longwave (LW) radiation reemitted back to
the Earth’s surface in the cold season. During winter, the amount of radiation is low, and
the ability of the clouds to reemit LW to the surface provides a positive radiative effect on
the surface energy.

In September, the mean SIE in the Arctic simulated by CMIP5 (CMIP6) ranged from
around 2.5 × 106 km2 (6.4 × 106 km2) to more than 12 × 106 km2 (12.5 × 106 km2), again
corroborating the monthly mean satellite observation of 6 × 106 km2. On average, the
Arctic SIE in September, as estimated from CMIP5 and CMIP6, is about 7 × 106 km2 and
7.5 × 106 km2, respectively. This is consistent with [32,45]. According to [28], CMIP6
models are not able to reproduce the summer tendencies after the year 2000, including the
Arctic’s rapidly shrinking sea ice cover, especially in the regions of Kara and Barents seas.
Ref. [28] reports that the reliability of future scenarios in CMIP6 depends on the models’
ability to represent the past. We also need to understand the ocean-atmosphere coupled
processes that are responsible for the large spread among CMIP6 models. At this point, it is
important to consider the sources of the systematic errors in climate simulations that result
in inefficiency to reproduce sea ice changes, as well as the process involved. According
to [44], the annual amplitude of sea ice cover inversely depends on the sea ice-albedo that
consequently determines the poor representation of the Arctic Sea ice-albedo feedback
and cloud radiation in the CMIP5 models. The correct representation of the albedo by
the ocean models offers improvements in our knowledge about the surface-atmosphere
feedback processes and in the surface radiation budget. Then, a better performance of
climate models to represent SIE may be achieved. As a consequence, we may also get more
robustness in future scenarios, especially in relation to current Arctic transitions to ice-free
summer conditions, considered nowadays a hot topic of research.

For the southern hemisphere (Figure 1b), all models were able to capture the mean
SIE seasonal cycle, although quantitatively there is a large intermodel spread, especially
among CMIP5 models. During February, the period of SIE minimum in the southern
hemisphere, the mean SIE simulated by CMIP5 (CMIP6) ranged from around 1.2 × 106 km2

(1 × 106 km2) to more than 12 × 106 km2 (5 × 106 km2), thus including the observational
measure of 3 × 106 km2. During the period of SIE minimum in the southern hemisphere,
on average, both CMIP5 and CMIP6 tend to underestimate the SIE in comparison to
observations. Even so, the CMIP6 intermodel spread is relatively low, indicating a best
performance. According to [29], the CMIP6 presents improvements in the representation
of then real sea ice extent as well as a better localization of the sea ice. Ref. [28] reported
that the light but significant positive trend in Antarctica’s SIE is not captured in CMIP6.
The authors report that this was already an issue in CMIP5 outputs, suggesting that, even
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with improvements, the CMIP models are still unable to reproduce the observed Antarctic
Sea ice.

Atmosphere 2021, 12, x FOR PEER REVIEW 5 of 17 
 

 

 

 
Figure 1. (a) Arctic and (b) Antarctic SIE seasonal cycle as simulated by CMIP5 (light gray rectan-
gle) and CMIP6 (dark gray rectangle), respectively related to the period 1980–2005 and 1980–2014. 
Satellite observations for the respective months are represented by the black lines. The boxplots 
indicate the central 50% intermodal range (25–75%), the median and the upper and lower limit in 
CMIP5 and CMIP6 under historical experiment. The green triangle shows the average value of the 
set of models. The black diamond represents the outline values. 

For the southern hemisphere (Figure 1b), all models were able to capture the mean 
SIE seasonal cycle, although quantitatively there is a large intermodel spread, especially 
among CMIP5 models. During February, the period of SIE minimum in the southern hem-
isphere, the mean SIE simulated by CMIP5 (CMIP6) ranged from around 1.2 × 106 km2 (1 
× 106 km2) to more than 12 × 106 km2 (5 × 106 km2), thus including the observational measure 
of 3 × 106 km2. During the period of SIE minimum in the southern hemisphere, on average, 
both CMIP5 and CMIP6 tend to underestimate the SIE in comparison to observations. 
Even so, the CMIP6 intermodel spread is relatively low, indicating a best performance. 
According to [29], the CMIP6 presents improvements in the representation of then real 
sea ice extent as well as a better localization of the sea ice. Ref. [28] reported that the light 
but significant positive trend in Antarctica’s SIE is not captured in CMIP6. The authors 
report that this was already an issue in CMIP5 outputs, suggesting that, even with im-
provements, the CMIP models are still unable to reproduce the observed Antarctic Sea 
ice. 

Our results show that the Arctic SIE is better represented than the Antarctic SIE, cor-
roborating the results of [28,30]. According to [23,31], the main problem of using climate 
models in Antarctica is related to their inability to capture the observed increase in sea ice 
cover. Refs. [24,26,27] have demonstrated the importance of Antarctica ice sheet dynamics 
on simulated sea ice, disregarded in most CMIP models. According to [27], the increase in 

Figure 1. (a) Arctic and (b) Antarctic SIE seasonal cycle as simulated by CMIP5 (light gray rectangle)
and CMIP6 (dark gray rectangle), respectively related to the period 1980–2005 and 1980–2014. Satellite
observations for the respective months are represented by the black lines. The boxplots indicate the
central 50% intermodal range (25–75%), the median and the upper and lower limit in CMIP5 and
CMIP6 under historical experiment. The green triangle shows the average value of the set of models.
The black diamond represents the outline values.

Our results show that the Arctic SIE is better represented than the Antarctic SIE,
corroborating the results of [28,30]. According to [23,31], the main problem of using climate
models in Antarctica is related to their inability to capture the observed increase in sea ice
cover. Refs. [24,26,27] have demonstrated the importance of Antarctica ice sheet dynamics
on simulated sea ice, disregarded in most CMIP models. According to [27], the increase in
ocean temperatures results in basal ice-shelf melt, freshening the surface waters around
Antarctica and thus triggering an increase of SIE.

Changes in sea ice extent have become a central focus of scientific and governments’
discussions due to its high sensitivity to changes and its impact on the ocean and atmo-
spheric circulation. A precise assessment of the performance of models to simulate sea ice
is essential to determine the models’ ability to represent future scenarios and to improve
the climate models themselves.

3.2. Polar Amplification

Figure 2 shows the measure of PA taken from long-term observations of the near-
surface air temperature for the 2010–2020 period relative to the 1980–1990 period. The
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figure also presents the zonal mean of the near-surface temperature for 2010–2020 relative
to 1980–1990. The results emphasize the strong climate sensitivity of the polar regions to
the global warming. The Arctic region is rapidly warming at a rate of at least twice as fast
as the global average. The observed warming of the Southern Ocean and the Antarctic ice
sheet is generally modest in relation to the Arctic’s warming, but t is still not negligible.
The Antarctic Peninsula and the Weddell Sea region, for example, warmed at more than
twice the rate of the entire globe. The asymmetry between the high latitudes of southern
and northern hemispheres is partly caused by the smaller area covered by the Arctic Ocean
with respect to the Southern Ocean. As the ocean’s area and volume are directly related
to the (incoming) short wave absorption, the smaller area covered by the Arctic Ocean
induces a smaller thermal inertia in the northern hemisphere [13,33].
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In the northern hemisphere, regions close to the Kara and Barents seas registered
robust warming patterns above 3.5 ◦C in the period analyzed here. This region produces
dense waters that are one of the main sources of Arctic Intermediate Water, an important
driver of the Arctic thermohaline circulation.

Ref. [33] suggested that the Arctic amplification is closely related to sea ice loss.
According to [46], the Arctic Ocean in general and the Barents Sea in particular had
experienced dramatic loss of sea ice as a result of the Barents Sea ice cooling machine being
changed to a less efficient cooling due to a warmer Atlantic inflow, the consequent sea ice
loss and then to more ocean heat loss. Ref. [47], using CO2 forced numerical experiments,
showed that the Arctic amplification develops rapidly and before any significant sea ice
loss. This occurs owing to positive lapse rate feedback, that is, the sea ice shrinking is not
necessary to produce polar enhanced warming, although it contributes significantly to the
process. Several recent studies proposed different mechanisms to explain the fast sea ice
loss, the emergence of the Arctic amplification and its effect on the climate system [12,47,48].
The causes of the Arctic amplification have long been attributed to the local forcing and
surface-atmosphere feedback mechanisms [12,15] as well as to changes in the poleward



Atmosphere 2021, 12, 1494 7 of 17

heat transport by the ocean and the atmosphere [14,49]. However, the underlying causes
of the whole phenomenon are not yet fully understood.

At this point, it is important to consider how the spatial variability of the atmospheric
CO2 concentration (ACC) is treated in climate simulations. Most CMIP simulations consider
the ACC as globally homogeneous [50]. However, the reality is that the ACC due to human
CO2 emission varies widely, with high (low) values over the mid latitudes of the northern
(southern) hemisphere. Recent studies reported that the heterogeneous spatial distribution
of the ACC may induce different climate effects, and the use of more realistic input data may
produce more realistic global climate simulations [12,49,51]. According to [12], the degree
of polar amplification depends strongly on the location of the CO2 forcing. The authors
also report that the contribution of remote (extra-polar) forcing to the polar amplification is
modest when we consider the real ACC spatial distribution. We suggest that, especially
for southern latitudes, the inability of climate models to represent the heterogeneity of
the ACC’s spatial distribution, added to the lack of a southern hemisphere ice sheet
component in the CMIP models, culminate in an important source of error in both the polar
amplification estimate and the sea ice representation in the southern hemisphere.

This is relevant considering the expected twenty-first century warming and the pro-
jected ice-free conditions for both the Arctic and Antarctica, further studied in this paper.
Ref. [52] points out the lesser resilience of the Arctic region over the last decades. The fast
decrease in SIE and sea ice thickness over the last decades led to an Arctic climate system
more vulnerable to short-term climate fluctuations and a revisit to the concept of abrupt
climate change [53]. The extreme weather and climate events linked with abrupt changes
in high latitudes have attracted considerable scientific and international media interest
over the last decade. The 2020 Siberian heat wave (which sets a record for the highest
air temperature registered in the Arctic Circle of 38 ◦C), reported by [52], reinforced the
importance to better understand the high latitudes climate sensitivity and effects.

Figure 2 also corroborates with the results presented by [54,55]. According to the
authors, the central areas of Western Antarctica are one of the fastest warming regions on
Earth, with a temperature increase of 2.4 ◦C with respect to pre-industrial levels. Ref. [55]
pointed out that while the ground station records located in the Antarctic Peninsula do
not indicate a ubiquitous polar amplification, the recent rapid regional warming might be
indeed the regional amplification of the global warming.

3.3. Initial Timing of 1.5, 2 and 3 ◦C Mean Global Warming

The effects of climate change at +1.5 ◦C, +2.0 ◦C and +3.0 ◦C of global warming above
pre-industrial levels are investigated in this section. We specifically focus on the signature
of polar amplification and sea ice extent changes. This approach has been widely taken
on different perspectives, especially aiming to identify the most vulnerable regions in the
planet to climate change. Even so, only few studies are available so far for describing the
effects of climate change in polar regions [56–59]. Studying the effects of climate change in
polar regions is also relevant in the political context, helping in identifying the benefits of
potential mitigation efforts.

First, in order to assess the polar climate changes connected to a global mean tempera-
ture increase considering the Paris Agreement thresholds, we searched for the time frames
when CMIP5 and CMIP6 global averaged, near-surface level air temperatures cross the
limit of +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global warming with respect to pre-industrial, global
averaged levels as seen in each of the respective models.

Results are presented in Figure 3. The central 50% intermodal range (25–75%), the
median, and upper and lower boundaries in the CMIP models are indicated by the box plot
in Figure 3. Global warming crosses the +1.5 ◦C limit in the year 2024 in both CMIP5 and
CMIP6 projections. This is alarming, for the world is likely to exceed the +1.5 ◦C threshold
in the short range of the next coming years. This result corroborates with [56] even for the
more optimistic scenario. The CMIP5 (CMIP6) interquartile range from the year 2015 to
2035 (2019 to 2034) and the upper boundary is found in 2044 (2053). We identified that
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MRI-ESM (RCP 8.5) and CAMS-CSM1-0 (SSP585) were the models that took the longest to
reach the +1.5 ◦C global warming, which occurred in the years 2044 and 2053, respectively
(Figure 3). The initial timing when the global warming crosses the +2.0 ◦C threshold was
found close to 2040 (2042) for CMIP5 (CMIP6) projections, with interquartile ranging from
the year 2036 to 2049 (2035 to 2044), and the upper boundary is close to 2057 (2054). The
threshold +3.0 ◦C global warming was projected for the year 2063 for both CMIP5 and
CMIP6 simulations. The +3 ◦C threshold interquartile ranges of CMIP5 (CMIP6) are 2058
to 2069 (2055 to 2070).
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The models that took the longest to reach the temperature target of +2.0 ◦C were, as
expected, the same models previously described here: MRI-ESM (RCP8.5), CAMS- CSM1-0
(SSP585) plus, additionally, INM-CM4 (RCP8.5) and NorESM2-LM (SSP585) in the years
2055, 2068, 2057 and 2054 (Figure 3). Figure 3 indicates that the models reaching fastest the
target of +3.0 ◦C global warming are FGOALS-s2 (RCP8.5) and CanESM5 (SSP585) in the
forthcoming years of 2032 and 2038. Both models also reach the 1.5 ◦C and 2.0 ◦C global
warming threshold earlier in comparison to other CMIP models.

The global warming median values, for all temperature targets considered here, are
similar to each other when comparing CMIP5 and CMP6 simulations. However, the effects
of these warming thresholds are expected to vary widely in different regions of the planet,
as well varying greatly inside each model. These results are in agreement with previous
results presented by [56,59,60].

3.4. Polar Amplification under 1.5, 2 and 3 ◦C Mean Global Warming

In this session, we investigate the PA of climate models considering the temperature
threshold of +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global warming. To isolate the PA signal of global
warming, we consider latitudes above 60◦ N and 60◦ S, following the methodology widely
used in previous studies [10,12,33]. In Figure 4, the box plot indicates the central 50%
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intermodel range (25–75%), the median and upper and lower boundaries of each CMIP
model for PA of climate change. Figure 5 shows the warming rate caused by the PA
with respect to the Earth’s average global warming for the period when models reach the
threshold of +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global warming (previously calculated—Figure 4);
thus, we have a measure of how amplified the polar regions were in relation to global
warming. For example, a warming rate of 2 indicates that the polar warming (amplification)
in the poles is two times larger than the global warming average.
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Figure 4. Polar Amplification simulated by CMIP5 and CMIP6 climate models for the temperature
thresholds of +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global mean warming under RCP8.5 and SSP585 scenarios
of northern and southern hemispheres high latitudes. The boxplot was defined by using two lines
at the 25th percentile and 75th percentile. The 25th percentile is the value at which 25% of the data
values are below this value. Thus, the middle 50% of the data values fall between the 25th percentile
and the 75th percentile. The distance between the upper (75th percentile) and lower (25th percentile)
lines of the box is the inter-quartile range.

Figures 4 and 5 show the enhanced warming at high latitudes compared with the
overall Earth’s global warming (Figure 3) considering the thresholds of +1.5 ◦C, 2.0 ◦C
and 3.0 ◦C global warming. Clearly, this warming is not symmetric, with higher values
in the high latitudes of the northern hemisphere. Results seen in Figure 4 show that for
the +1.5 ◦C (+2.0 ◦C) Paris Agreement target, the simulated median warming at northern
hemisphere high latitudes was 3.6 ◦C (4.5 ◦C), with interquartile ranging from 3.0 ◦C to
4.1 ◦C (3.9 to 5.1 ◦C) and the upper boundaries close to 5.7 ◦C (6.4 ◦C). Considering the
+3.0 ◦C global warming threshold, the simulated median warming was close to 6.6 ◦C, and
the interquartile ranged from 6.1 ◦C to 7.2 ◦C. The warming rate simulations shown in
Figure 5, for all targets (+1.5 ◦C, 2.0 ◦C and 3.0 ◦C) are similar, presenting values more than
twice as large as the global average (2.4, 2.3 and 2.2 times, respectively).
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Figure 5. Warming rate of the Polar Amplification simulated by CMIP5 and CMIP6 climate models
for the temperature thresholds of +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global mean warming under RCP8.5
and SSP585 scenarios of northern (HN) and southern (SH) hemispheres high latitudes. The boxplot
indicates the central 50% intermodal range (25–75%), the median and upper and lower boundaries in
the CMIP models.

For the southern hemisphere high latitudes, the median warming simulated for the
+1.5 ◦C (+2 ◦C) Paris Agreement target was 1.5 ◦C (2.1 ◦C), with interquartile range from
1.9 ◦C to 2.1 ◦C (1.5 ◦C to 2.6◦C). The lower boundary was close to 0.6 ◦C (0.9 ◦C), that
is, simulated values below the thresholds. Similar results were found for +3 ◦C global
warming: the median simulated warming was 3.2 ◦C, the interquartile ranged from 2.4 ◦C
to 3.8 ◦C, and the lower boundary was close to 0.45 ◦C. According to Figure 5, the simulated
warming rate for all targets in the southern hemisphere was not as expressive as for the
northern hemisphere; however, it cannot be neglected. The asymmetry in PA between the
Arctic and Antarctica is still a subject for debate and lacks conclusive answers. Refs. [61,62]
suggest that PA asymmetry is closely related to lapse rate feedback due to differences in
surface elevation between the higher Antarctic ice sheet and the relatively lower Arctic
ice sheet. According to the authors, over the Arctic, deep climatological inversions are
maintained by the vertical profile of the atmospheric heat flux convergence, permitting
strongly positive lapse-rate feedback under global warming. In contrast, the elevation of
Antarctica’s ice sheet is above the local maximum in the atmospheric heat flux convergence,
resulting in shallow climatological atmospheric inversions which, in turn, sustain strongly
positive lapse-rate feedback.

The results of the present investigation suggest that the high latitudes of the northern
hemisphere are more sensitive to climate change than the rest of the world, with enhanced
warming expected to occur in the near coming decades. These results are in agreement
with previous studies [10,12,13]. For both polar regions, however, the PA is expected to
affect the melting of polar ice sheets with effects in sea level rise and promoting important
changes in the rate of carbon uptake in the polar regions [10].

3.5. Projections of Future Ice-Free Conditions

Ice-free conditions are commonly defined as when the Arctic or Antarctica (the South-
ern Ocean) first becomes ice-free at the end of summer. Specifically, the first year when
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the average SIE in September (for the Arctic) or February (for Antarctica) falls below
1 million km2. This concept has been widely used to evaluate the northern hemisphere po-
lar regions’ sensibility to climate change. It is considered appropriate because it is expected
that the north coasts of Greenland and Canada will remain with some sea ice for many
years, even though the bulk of the Arctic Ocean will become ice-free, open water [5,37,45].

In this session, we investigate the SIE variability and the ice-free occurrence for each
CMIP model, using RCP85 and SSP585, considering the interval time (years) between each
level of warming +1.5 ◦C, 2.0 ◦C and 3.0 ◦C, as described in Figure 3. Therefore, we point
out the number of years that each CMIP model takes to reach the warming threshold and
the simulated SIE in this year and account for the numbers of the ice-free occurrence during
this time interval (Figures 6 and 7). In the last case and for simplification, we only analyzed
the month of sea-ice minimum occurrence, that is, September for the Arctic and February
for Antarctica.
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Figure 6 shows the sea-ice minimum retrieved for each level of global warming in
the Arctic and Antarctica. The boxes indicate the central 50% intermodal range (25–75%),
the median, and upper and lower boundaries in each of the CMIP models used here.
When the global warming crossed the +1.5 ◦C, in the time frame around the year of 2024
(Figure 3), the warming in the Arctic and Antarctica was more than twice the global warm-
ing (Figures 4 and 5), and the simulated SIE minimum (Figure 6) was close to 4 × 106 km2

(0.55 × 106 km2) for the Arctic (Antarctica). The simulated Arctic (Antarctic) sea ice in-
terquartile ranged from 2.2 to 5.1 × 106 km2 (0.22 to 1.55 × 106 km2). The number of the
years in Figure 7 indicates how many years each model takes to reach the global warming
target. For instance, in Figure 7a, the CAMS-CSM1-0 model (SSP585) reached the +1.5 ◦C
threshold after 38 years (year 2053, as shown in Figure 3). The absence of values for the
Arctic ice-free occurrence (orange color bar) indicates that in this period, ice-free conditions
did not occur. The opposite condition was found in simulations for Antarctica (yellow color
bar): there, we have ice-free conditions in all years (since 2015) until 2053. In all February
months of each year, Antarctica’s simulated SIE drops below 1 × 106 km2, considered the
higher limit for ice-free conditions. The absence of values inside the black color bars (years)
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means that the respective model already reached this warming threshold at the first year of
model run. For example, the models MPI-ESM (RCP85) CanESM5 (SSP585) reached the
+1.5 ◦C threshold in 2015 (Figure 3).
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For the high latitudes of the northern hemisphere, most of the models did not indicate
ice-free conditions until 2024, despite the decreasing SIE values (Figure 6) compared
to observed SIE (Figure 2). Only two models showed the largest occurrence of ice-free
conditions in this period: BESM-OA V2.5 and MRI-ESM2-0, with respectively 17 and
14 occurrences. For high latitudes of the southern hemisphere, on the other hand, we found
that SIE falls below the 1 × 106 km2 limit since the +1.5 ◦C global warming occurrence date
and even before (Figure 7a,b). Therefore, for both RCP85 and SSP585 scenarios, we expect
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ice-free conditions in Antarctica for all Paris Agreement warming thresholds in February
of every year after the global warming threshold of +1.5 ◦C is reached (Figures 6 and 7).

Most CMIP models show an accelerating decline in the SIE summer minimum
(Figure 6). The Arctic SIE minima for the +2.0 ◦C and 3.0 ◦C decrease drastically from
the 4 × 106 km2 simulated for the +1.5 ◦C target to 1.85 and 0.2 × 106 km2, simulated in
the +2.0 ◦C and 3.0 ◦C thresholds, respectively, when the Arctic Ocean becomes ice-free
(Figure 6). The number of years between the +1.5 ◦C, 2.0 ◦C and 3.0 ◦C global warming
thresholds and the respective occurrence of ice-free conditions is shown in Figure 7b–d. The
ice-free occurrence gradually increased towards the warming of +3.0 ◦C (Figure 7c). After
+2.0 ◦C, ice-free conditions became more frequent and evident, year after year. According
to [45], ice-free conditions occur as function of the global mean temperature variability
across the entire CMIP6 multi-model ensemble.

Results described in Figures 6 and 7, considering RCP8.5 and SSP585, clearly suggest
that both the Arctic and Antarctica will become ice-free in the forthcoming summers as a
direct response to the increased atmospheric CO2 concentrations. This is considered one of
the most visible and dramatic signs of recent climate change with unknown effects not only
local regions, but also far beyond the polar regions. We suggest that significant changes in
the seasonal cycle of sea ice will occur. We will probably experience an earlier ending of
the sea ice melting period in association with a large decrease in sea ice thickness. As a
consequence, we will have a delay in the sea ice formation process. According to [37], the
heat absorbed during the boreal summer as a result of sea ice shrinkage will be released
during the boreal autumn, contributing to an increase in air temperatures. In this scenario,
the Arctic Ocean will become covered only by “first year” sea ice, that is, the sea ice that
does not survive the next summer melting season. This “first year” sea ice is thin and more
vulnerable to melting, making the Arctic region even more sensitive, both dynamically and
thermodynamically, to air temperature changes. We then expect to have a strong increase
in leads and polynyas that promotes a very efficient heat energy exchange between the
relatively warm ocean and cold atmosphere. It is worth mentioning that all our results are
prone to uncertainty. The more frequent causes of the uncertainties related to the initial
timing of ice-free summers for both the Arctic and Antarctica, very difficult to be directly
measured and compared among the CMIP outputs, are largely related to the different
physical parameterizations of each model and the natural variability [33,37,45].

4. Conclusions

State-of-the-art global climate models point out the fact that mean global air tempera-
ture is increasing and will increase further in the future, with enhanced consequences in
the high latitudes of both hemispheres [7,10,13,17]. In the present paper, we investigate
the effects of different warming levels, considering the Paris Agreement targets, in polar
amplification and sea ice extent for both the Arctic and Antarctic regions. We showed that
CMIP models are able to correctly capture the seasonal SIE cycle. However, we found
a large spread in this variable among all CMIP models. We showed that this occurs all
months but is relatively larger during the cold season. According to Figure 2, the Arctic SIE
is better represented than the Antarctic SIE in both CMIP5 and CMIP6 simulations. The
high sensitivity of the polar regions to the global atmospheric CO2 concentration levels is
described here. We showed that the Arctic region is warming faster than Antarctica and
at levels at least twice as large as the global average (Figures 4 and 5). Despite a smaller
warming in Antarctica when compared with the Arctic (Figure 2), the warming in this
region should not be neglected due to profound implications for the environment and its
potential impact in modifying the ocean and the atmospheric circulations [21,23,24,27].

We found, in both CMIP5 and CMIP6 projections, that global warming crosses the
+1.5 ◦C (+2.0 ◦C) around 2024 (2040). The threshold of +3.0 ◦C global warming is projected
for the year 2063. For all targets, the global warming median values (representing the initial
timing of global warming occurrence) are similar in CMIP5 and CMIP6 outputs. However,
we suggest that the effects of the warming are expected to vary widely in different regions
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and also vary greatly in each model. We showed, clearly, that the warming signal is
not symmetric, with higher values always found in the high latitudes of the northern
hemisphere. The simulated warming in the Arctic was found to be close to 3.6 ◦C and
4.5 ◦C) for the respective +1.5 ◦C and +2.0 ◦C Paris Agreement targets. Considering the
+3.0 ◦C global warming threshold, the simulated median warming was close to 6.6 ◦C. The
equivalent warmings simulated for all Paris Agreement targets were similar, with values
above twice as larger as the global mean (2.4, 2.3 and 2.2 times for the +1.5 ◦C, 2.0 ◦C and
3.0 ◦C global warming thresholds, respectively).

For Antarctica, the median warmings simulated for the +1.5 ◦C and 2.0 ◦C global
warming thresholds were 1.5 ◦C and 2.1 ◦C, respectively (Figure 4). When global warming
crosses the +1.5 ◦C threshold around the year 2024, the local warming was more than twice
as large as the global warming (Figures 1–5). In this situation, the simulated SIE minimum
in Antarctica was close to 0.55 × 106 km2. In this time frame, the SIE minimum in the Arctic
was 4 × 106 km2. For northern hemisphere high latitudes, most models did not indicate
ice-free conditions until 2024 (Figure 6). On the other hand, around Antarctica, the SIE falls
below the minimum limit of 1 × 106 km2 since the +1.5 ◦C global warming threshold was
achieved and even before that. Consequently, for both RCP85 and SSP585 scenarios, we
expect summer ice-free conditions in Antarctica for all global warming thresholds.

We showed that most CMIP models show an accelerating decline in the summer
minimum SIE. The Arctic SIE minimum for the +2.0 ◦C and 3.0 ◦C global warming thresh-
olds drastically decreases with respect to the 4 × 106 km2 simulated in +1.5 ◦C target to
1.85 × 106 km2 and 0.2 × 106 km2 simulated in the 2.0 ◦C and 3.0 ◦C thresholds, respec-
tively, when the Arctic Ocean becomes ice-free. The ice-free occurrence gradually increases
towards the warming of +3.0 ◦C. After the +2.0 ◦C threshold, the ice-free conditions become
more frequent and evident throughout the years. Results presented in Figures 6 and 7
clearly suggest that both the Arctic and Antarctica will become ice-free in summer in
response to the imposed atmospheric CO2 forcing.

The coupled ocean-atmosphere-sea ice physical processes sensible to the atmospheric
CO2 forcing in high latitudes are complex and act in multiple temporal and spatial
scales [12,13,15,16,20]. This is considered a hot topic in the current scientific literature,
for it represents one of the most visible signs of climate change in the planet, with yet
unknown effects extending far behind the polar regions [10,11,13]. In the near future, more
studies are needed to better understand these processes, especially including the physics
of the ice sheet, a process still very poorly explored in CMIP simulations.
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