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ABSTRACT

Global warming increases the frequency and intensity of climate extremes, but the changes in
climate extremes over the Antarctic Ice Sheet (AIS) during different periods are unknown.
Changes in surface temperature extreme indices (TNI10p, TXI10p, TN90p, TX90p, CSDI,
WSDI, TNn, TNx, TXn, TXx and DTR) are assessed during 2021-2050 and 2071-2100 under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, based on the multi-model ensemble mean (MMEM)
from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The extreme indices,
excluding TXn and DTR, illustrate the opposite trend in the two periods in SSP1-2.6 over the
AlS. Generally, the changes in extreme indices reflect the continued warming over AlS in the
future, and the warming is projected to intensify in SSP3-7.0 and SSP5-8.5. The variations in the
extreme indices exhibit regional differences. The Antarctic Peninsula displays rapid changes in
TNn, TXn and DTR. In SSP5-8.5, the magnitudes of all climate index tendencies are greater
during 2071-2100 than 2021-2050. The variations in TX10p, TX90p, TN 10p, TN90p, WSDI and
CSDI are faster in the Antarctic inland than in the other regions over the AIS. However, the
decrease in the DTR is concentrated along the AIS coast and extends to the interior region,
whereas the increasing trend occurs in the Antarctic inland. In West AlS, TX90p and TN90p
rapidly increase during 2021-2050, whereas the rapid changing signals disappear in this region in
2071-2100. The dramatic changes in TNn, TXn and DTR occur at the Ross Ice Shelf during
2071-2100, indicating an increased risk of collapse. For TNx and TXXx, the degree of warming in
the later part of the 21st century is divided by the transantarctic mountains, and greater changes
appear on the eastern side. Generally, Antarctic amplification of TNn, TXn and DTR is observed
except under SSP1-2.6. In addition, TNx and TXx amplifications occur in SSP3-7.0 and SSP5-8.5.

Keywords: Antarctica, climate, CMIP6, ETCCDI, extreme indices, extreme temperature,
model evaluation, scenarios.

I. Introduction

The Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change
(IPCC) has documented global-scale warming caused by human intervention at a rate
unprecedented in at least the last 2000 years. Moreover, significant warming changes the
intensity, frequency and duration of climate extremes worldwide (IPCC 2021).
Antarctica, the largest freshwater reservoir on Earth, is intimately coupled to the rest
of the climate system (Rintoul et al. 2018; Roussel et al. 2020). Many studies have
explored the changes in ice sheet mass balance, sea ice and temperature (de la Mare
2009; Smith and Polvani 2017; Rignot et al. 2019). Continued ice loss over the 21st
century is likely for the Antarctic Ice Sheet (AIS), indicating that the global mean sea
level will continue to rise (IPCC 2021). The increase in the near-surface air temperature
has contributed to the recent rapid loss of mass (Trusel et al. 2015). The near-surface
temperature change in the AIS has been enigmatic over recent years (Monaghan et al.
2008; IPCC 2021). The Antarctic Peninsula (AP) and West AIS (WAIS) have experienced
rapid warming since the 1950s (Turner et al. 2005; Bromwich et al. 2013; Nicolas and
Bromwich 2014), whereas a cooling trend was observed over the AP for the first part of
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the 21st century, especially during the austral summer
(Carrasco 2013; Turner et al. 2016). By contrast, there is no
overall trend in East AIS (EAIS) annual temperature, although
marginally significant negative trends have been observed in
autumn (Schneider et al. 2012). Although researchers have
been committed to exploring the mechanism of climate change
over the AIS, little is known about the distribution and varia-
tion in climate extremes (Kaur et al. 2013; Sancho et al. 2007).

The harsh weather conditions and inhomogeneous obser-
vation stations limit the comprehensive understanding of the
Antarctic climate (Wei et al. 2019; Zhu et al. 2021). The
Coupled Model Intercomparison Project Phase 6 (CMIP6) of
the World Climate Research Programme (WCRP) offers the
possibility for analysis of Antarctic extremes. Compared to
the previous model generation (CMIP5), the experimental
outputs from the CMIP6 models include new and better
representations of physical, chemical and biological pro-
cesses, as well as higher resolution (IPCC 2021). In addition,
CMIP6 has designed new emission scenarios named Shared
Socioeconomic Pathways (SSPs) for the projections, which
describe plausible alternative trends in the evolution of soci-
ety and natural systems (O’Neill et al. 2014; Eyring et al.
2016). For the improvements in model physics and modified
parameterisation schemes, CMIP6 outputs have a wider range
of climate sensitivity and perform better in regard to climate
extremes (Chen et al. 2020). For the global and most regions,
the climate models in CMIP6 can reproduce the overall warm-
ing of temperature extremes, although the magnitude of
trends may differ (IPCC 2021). There have been many studies
exploring the variation of extreme temperatures in extrapolar
regions, such as Eurasia (Zhao et al. 2021), Advance Climate
Change Adaptation (SREX) regions (Almazroui et al. 2021)
and China (Zhang et al. 2021), and the results generally
illustrate an increase in the frequency and intensity of climate
extremes. However, few have been devoted to assessing the
corresponding future changes over the AIS.

In this study, we investigate future changes and the
distribution of climate extremes over the AIS under the
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios, with
outputs from CMIP6 models. Polar amplification occurs
when strong warming is observed at high latitudes, and
weak Antarctic amplification (AnA) is projected to appear
by the end of the 21st century (IPCC 2021). Similarly, when
the rate of change in high latitudes is rapid, the AnA of
climate extremes occurs. In this paper, we use the model
projections to identify any AnA phenomenon for climate
extremes. Exploring the spatial and temporal changes in
future Antarctic climate extremes will be conducive to a
better understanding of the unique Antarctic climate.

2. Data and methods

Daily surface (2m) maximum and minimum temperatures
from 14 global climate models (Table 1) are taken from the
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Table I. List of CMIP6 models used in this study.
Model number Model name Resolution
| AWI-CM-1-1-MR 192 x 384
2 BCC-CSM2-MR 160 % 320
3 CanESM5 64x 128
4 EC-Earth3 256 x 512
5 EC-Earth3-Veg 256 x512
6 FGOALS-g3 80 x 180
7 INM-CM4-8 120 x 180
8 INM-CM5-0 120 x 180
9 IPSL-CM6A-LR 143 x 144
10 MIROC6 128 x 256
I MPI-ESMI-2-HR 192 x 384
12 MPI-ESM1-2-LR 96 x 192
13 MRI-ESM2-0 160 x 320
14 NorESM2-MM 192 x 288

CMIP6 SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 emission
scenario experiments. The data are available for download at
https://esgf-node.llnl.gov/projects/cmip6/. This study selects
11 temperature extreme indices from the Expert Team on
Climate Change Detection and Indices (ETCCDI) (Table 2).
In the middle part of the 21st century (2021-2050), the
warming over the AIS is markedly slower than the warming
in the later part (2071-2100) (Fig. 1), especially under high
forcing scenarios. Therefore, projected changes in extreme
indices are presented in the two different periods. To facilitate
the validation, the data are regridded into the resolution of
0.25 X 0.25° using a bilinear interpolation. On this founda-
tion, we weigh all models equally to obtain the multi-model
ensemble mean (MMEM), which can improve the accuracy of
data and is widely used in research (Taylor et al. 2012; Su
et al. 2013). Significance (P < 0.05) of trends is determined
using F-tests.

3. Results

3.1. Variations in temperature extreme indices
over AIS and its sub regions under different
scenarios during 2021-2050

Projected changes in temperature extreme indices from
MMEM over AIS, EAIS, WAIS and AP during 2021-2050
are shown in Fig. 2. Generally, the variation in extreme
indices in the AIS is essentially in agreement with that in
the EAIS. In all scenarios, cold nights (TN10p) and cold days
(TX10p) tend to fall, whereas warm nights (TN90p) and
warm days (TX90p) are on the rise (Fig. 2a-d). As expected,
cold spell duration index (CSDI) decreases for all scenarios,
reflecting further warming over the AIS, whereas a weak
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Table 2. Definitions of the || temperature extreme indices selected.

Index Descriptive name (units) Definition

TNI10p Cold nights (% days) Percentage of days when TN < 10th percentile

TXI0p Cold days (% days) Percentage of days when TX < |0th percentile

TN90p Warm nights (% days) Percentage of days when TN > 90th percentile

TX90p Warm days (% days) Percentage of days when TX > 90th percentile

CsSDI Cold spell duration index (days) Annual count of days with at least 6 consecutive days when
Trin < 10th percentile

WSDI Warm spell duration index (days) Annual count of days with at least 6 consecutive days when
Timax > 90th percentile

TNn Coldest nights (°C) Annual lowest TN

TNx Warmest nights (°C) Annual highest TN

TXn Coldest days (°C) Annual lowest TX

TXx Warmest days (°C) Annual highest TX

DTR Diurnal temperature range (°C) Annual mean difference between TX and TN

Note: TX is the daily maximum temperature; TN is the daily minimum temperature.

(a)

-28 T T T

Year

Fig. 1.

4 1 1 1 1 1 1 1 1
2020 2030 2040 2050 2060 2070 2080 2090 2100

2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

Annual mean for (a) daily maximum temperature (Tyax) and (b) minimum temperature (T;,) over Antarctica during

2015-2100 from the multi-model ensemble mean of the CMIP6 model simulations under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5.

signal occurs at the AP (Fig. 2f). The warm spell duration
index (WSDI) has a slight downward trend (P > 0.05) in
SSP1-2.6 (Fig. 2e), and significant increasing trends of 7.86,
10.75 and 9.76 days per decade in SSP2-4.5, SSP3-7.0 and
SSP5-8.5 respectively. More specifically, for the threshold
temperature indices, including TX10p, TX90p, TN1Op,
TN90p, WSDI and CSDI, the AP demonstrates a rapid change
in SSP3-7.0 rather than SSP5-8.5, which indicates that the
projected changes over the AP do not scale linearly with
forcing in the middle part of the 21st century. Southern
Ocean (SO) warming is vital to the temperature change
over the AIS, especially the AP (Shevenell et al. 2011).
The standard CMIP6 model configurations do not include
the impacts of freshwater input from melting ice shelves,
and are important to the strong delays in SO warming in
high emissions scenarios, which is crucial for warming over
the Antarctic coast (Bronselaer et al. 2018; Bracegirdle et al.

2020). In addition, stronger annual warming of sea surface
temperature is observed in the weaker forcing scenarios,
which influence the retreat of sea ice and further affect
warming (Bracegirdle et al. 2020). In the middle to high
forcing scenarios, all regions reflect warming signals for the
coldest days and nights (TXn and TNn) and warmest days and
nights (TXx and TNx) (Fig. 2g—j). The diurnal temperature
range (DTR) has a slight downward trend except under SSP1-
2.6 (Fig. 2k), particularly evident at the AP, which is induced
by the greater increases in minimum temperature relative to
maximum temperature. Among Antarctica and its sub regions,
extreme indices at the AP vary slowly in general, with excep-
tion of the index DTR. Overall, changes in temperature
extremes over the AIS and its sub regions reflect continued
future warming in the middle part of the 21st century.

For the rapid change in SSP5-8.5, the spatial patterns of
the extreme index trends over the AIS during 2021-2050
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Fig. 2. Trend (per decade) of temperature extreme indices (a, TXI0p; b, TX90p; ¢, TNIOp;
d, TN9Op; e, WSDI; f, CSDI; g, TNn; h, TNx; i, TXn; j, TXx; and k, DTR) over Antarctica (AlS),
East Antarctica (EAIS), West Antarctica (WAIS) and Antarctic Peninsula (AP) during 2021-2050
based on the multi-model ensemble mean of the CMIP6 model simulations under SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5. Diamonds represent a trend that is not significant. All others are significant
above the 95% confidence interval. See Table 2 for definitions of the indices.
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from the MMEM are shown in Fig. 3. This result plainly  (Fig. 3c, d). For cold nights and days (TX10p and TN10p), a
illustrates the consistent variable trends in TX10p and  rapid decrease occurs at the coast of the WAIS and AP, and a
TN10p (Fig. 3a, b), and is also present in TX90p and TN90p strong signal also appears in the interior of the EAIS. Both

(@) TX10p 0° (b) TX90p (d) TN9Op 0

180°
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Fig. 3. Spatial patterns of extreme indices trend (a, TXI0p; b, TX90p; ¢, TN 10p; d, TN90p; e, WSDI; f, CSDI; g, TNn; h, TNXx; i,
TXn; j, TXx; and k, DTR) over Antarctica during 2021-2050 from the multi-model ensemble mean of the CMIP6 model
simulations under SSP5-8.5. The grey dotted regions means failing to pass the 95% significant confidence level. See Table 2 for
definitions of the indices.
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TX90p and TN9Op display obvious positive trends in the
WAIS, western side of the AP and EAIS inland. Similarly, a
significant and strongly positive (P < 0.05) WSDI occurs in
these regions, especially in the coast of WAIS and AP, with a
rate higher than 10 days per decade (Fig. 3e). A key point here
is that conspicuous changes in the CSDI and WSDI both occur
at the Ross Ice Shelf (Fig. 3e, f). Generally, the increase of
TNn, TNx, TXn and TXx dominates the AIS, and the obvious
positive trend of TXn and TXx is found in the 0-60°E section
of the EAIS (Fig. 3g—j). The variation in DTR shows regional
differences, and the negative trends are generally strong at the
coast of AIS, for the AP in particular (Fig. 3k). However,
the DTR reveals non-significant positive trends (P > 0.05)
for the Antarctic inland.

3.2. Variations in temperature extreme indices
over AIS and its sub regions under different
scenarios during 2071-2100

Similarly, Fig. 4 shows projected changes in extreme indices
over AIS, WAIS, EAIS and AP in different scenarios, but for
the later part of the 21st century. Clearly, the variability in
temperature extreme indices becomes violent with the
enhancement of radiative forcing. In SSP1-2.6, the TX10p
and TN10p exhibit an increasing tendency, and a decreasing
trend occurs in TX90p and TN9O0p, although these changes
are generally non-significant (P > 0.05) (Fig. 4a-d).
Additionally, in the lower forcing scenario SSP1-2.6, the
positive sign of CSDI and negative sign of WSDI are evident
in all regions (Fig. 4e, f). In addition, TNn, TNx and TXx
reveal declining trends in AIS and EAIS in SSP1-2.6 (Fig. 4g,
h, j). The above phenomena are distinguished from those in
2021-2050, which indicates that sustained warming over the
AIS is absent in SSP1-2.6. The DTR has an upward trend in
AIS and EAIS under SSP1-2.6 and SSP2-4.5 (Fig. 4k), which
reflects more rapid increases in maximum rather than
minimum temperature. Among the AIS and its sub regions,
the AP displays the fastest change in TNn, TXn and DTR in
general, and the slowest change is in the other extreme
indices. At the AP, TNn and TXn have larger changes than
TNx and TXx in SSP3-7.0 and SSP5-8.5 (Fig. 4g—j), which
corresponds with the rapid change in DTR.

As expected, the changes in temperature extreme indices
over the AIS during 2071-2100 (Fig. 5) in SSP5-8.5 are
greater than those for 2021-2050 (Fig. 3). Similarly, there
is broad agreement of sign in the trends of TX10p and
TN10p (Fig. 5a, b), which also exists in TX90p and TN90p
(Fig. 5¢, d). For TX10p and TN10p, the weaker decrease
signal is evident in WAIS and Wilkes Land in general,
whereas relatively rapid change occurs on the WAIS coast,
and similar variation characteristics are shown in TX90p
and TN90p. The WSDI and CSDI exhibit noticeable changes
in the Antarctic inland (Fig. 5e, f). The decrease in CSDI is
also conspicuous at the Ross Ice Shelf and is weaker at the
East Antarctic coast, and most areas in the WAIS and AP.

170

Generally, the warming of TNn, TNx, TXn and TXx domi-
nates the AIS (Fig. 5¢—j). Evident TNn and TXn changes take
place at the AP and the Ross Ice Shelf, and it should be noted
that the warming at the western side of the AP is more
conspicuous than on the eastern side, which is distinguished
from the change in the middle part of 21st century. The
change of TNn and TXn mainly depends on the temperature
change in austral winter. Research has found that the
obvious warming in winter on the western side of the AP
relates to the negative mean sea level pressure and the deep
and east Amundsen Sea Low, which can induce the greater
warm air advection for the strong north to northwesterly
wind down the western side (Turner et al. 2013). In addi-
tion, the decrease of sea ice in the Bellingshausen Sea off the
west coast of the AP plays an important role in the warming
on the western side, which is sensitive to the change
of Southern Annular Mode (SAM) and El Nifio-Southern
Oscillation (ENSO) (Stammerjohn et al. 2008; Ding and
Steig 2013). The variations in TNx and TXx show district
regional differences, with the transantarctic mountains as
demarcation lines, and the warming of the eastern side is
faster than that of the western side - this feature is more
obvious in TNx. Compared with TNx, TXx exhibits a more
remarkable altitude effect. The decrease signals of DTR are
missing for the Antarctic inland, and the fast changes are
concentrated on the AIS coast (Fig. 5k). More specifically, a
strong DTR downward tendency exists on the western side
of the AP and the Ross Ice Shelf, which again reflects the
rising risk of ice shelf collapse.

3.3. Comparison of temperature extreme
indices among different latitudes under
different scenarios

The differences in the temperature extreme indices averaged
over the AIS and its sub regions between the two periods
under different scenarios are shown in Fig. 6. For the per-
centile indices (TX10p, TN10p, TX90p and TN90p), obvious
discrepancies occur in AIS, EAIS and WAIS among the dif-
ferent scenarios (Fig. 6a-d). However, the signal is missing
for the AP between SSP1-2.6 and SSP2-4.5, indicating that
the difference of percentile indices trends are similar under
the two scenarios. In SSP3-7.0 and SSP5-8.5, the change of
percentile indices are fast during 2071-2100 in general. In
AIS and its sub regions, the stronger change in WSDI during
2071-2100 is certain in SSP3-7.0 and SSP5-8.5 (Fig. 6e).
Similar characteristics are also found in CSDI; however, the
decrease at the AP is slower in the later part of 21st century
in SSP3-7.0 (Fig. 6f). The slower TNn and TXn warming
occurs in the AIS and EAIS during 2071-2100 under SSP1-
2.6 and SSP2-4.5, and stronger warming is evident at the AP
in SSP5-8.5 (Fig. 6g, i). For TNx and TXx, the AIS and its sub
regions show intense positive signals in 2021-2050 in SSP1-
2.6 and SSP2-4.5, and the opposite phenomenon occurs in
the other scenarios (Fig. 6h, j). In SSP5-8.5, the decrease of
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Fig. 4. Similar to Fig. 2, but for the trend of extreme indices (a, TXI10p; b, TX90p; ¢, TNI0p;
d, TN90p; e, WSDI; f, CSDI; g, TNn; h, TNx; i, TXn; j, TXx; and k, DTR) in a different period
2071-2100. Diamonds represent a trend that is not significant. All others are significant above the
95% confidence interval. See Table 2 for definitions of the indices.
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TNn; h, TNx; i, TXn; j, TXx; and k, DTR) in a different period 2071-2100. The grey dotted regions means failing to pass the 95%
significant confidence level. See Table 2 for definitions of the indices.

DTR is enhanced in the later part of the 21st century, which
is contrary to the signal in other scenarios (Fig. 6k).

Fig. 7 displays the zonal mean in different latitudes
during 2021-2050 and 2071-2100 under different

172

scenarios. Generally, the zonal means of TX10p, TN10p,
TX90p, TN90p, WSDI and CSDI decrease with latitude in
the southern hemisphere (Fig. 7a—f), indicating that the
amplification of these extreme indices is absent in the AIS.
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Fig. 6. Differences in trend of extreme indices
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average. See Table 2 for definitions of the
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In SSP1-2.6, the variations in TNn, TNx, TXn, TXx and DTR
with latitude are not obvious (Fig. 7g—k). For TNn and TXn,
the zonal means at higher latitudes are greater than at lower
latitudes, except under SSP1-2.6, and a mutation appears in
the region within 55-65°S (Fig. 7g, i). In SSP3-7.0 and SSP5-
8.5, slight amplification of TNx and TXx appears at latitudes
that are approximately higher than 75°S (Fig. 7h, j). Clearly,
the zonal mean of DTR exhibits a conspicuous decreasing
trend for the latitudes of ~65-75°S (Fig. 7k), which obvi-
ously differs from that of the low latitudes.

4. Discussion and conclusions

In this study, changes in temperature extremes over the AIS
and its sub regions based on the MMEM are studied for the
periods 2021-2050 and 2071-2100 under SSP1-2.6, SSP2-
4.5, SSP3-7.0 and SSP5-8.5. The change in the extreme
indices generally represents the overall warming over the
AIS, and the signal increases with increasing forcing. In
SSP3-7.0 and SSP5-8.5, the cold indices tend to decrease
and warm indices tend to increase in all cases. However, the
opposite tendency of extreme indices except for TXn and
DTR over the AIS is observed in the two periods in SSP1-2.6,
which indicates that the warming over the AIS will not be
sustained throughout the 21st century in this scenario. The
change in temperature extremes exhibit regional differ-
ences. At the AP, DTR, TNn and TXn exhibit more rapid
changes relative to the other regions. Under SSP5-8.5, the
rapid changes of TX10p, TN10p, TX90p and TN90p always
occur over the Antarctic inland. In 2021-2050, the strong
TX90p and TN9Op increasing signals also occur in WAIS,
whereas these signals are absent during 2071-2100. For
CSDI, the decrease is generally weak in the WAIS and AP.
The warming of TNn and TXn accelerates in the later part of
the century, and obvious warming appears at the Ross Ice
Shelf and the AP. With the transantarctic mountains as
demarcation lines, TNx and TXx perform the fast warming
on the eastern side during 2071-2100. The DTR exhibits an
obvious decrease at the Antarctic coast during 2021-2050,
and proliferates to the interior area in 2071-2100, although

a non-significant decrease always exists in the deep inland.
In addition, the rapid DTR decrease in SSP5-8.5 dominates
the Ross Ice Shelf, which indicates the strong warming of the
minimum temperature, further indicating the increased
risk of collapse. Generally, the amplification of TX1O0p,
TN10p, TX90p, TN90p, WSDI and CSDI does not occur,
and the amplification appears in other extreme indices
under SSP3-7.0 and SSP5-8.5.

Temperature extremes are difficult to predict and,
undoubtedly, the performance of CMIP6 models in simulat-
ing the temperature extremes is an important factor affect-
ing the results, and cannot be ignored. Climate models in
CMIP6 can capture the mean state and the main character-
istics of temperature extremes in recent years, although
discrepancies inevitably exist (IPCC 2021). Compared to
the predecessor CMIP5, CMIP6 has a stronger ability to
capture some basic processes in diurnal variability, whereas
the effects of the improvement in future projections remain
unclear (Di Luca et al. 2020; IPCC 2021). However, the
warm bias exists in hot extremes and cold bias exists in
cold extremes, especially the outstanding bias in cold
extremes (Di Luca et al. 2020). In high latitude regions,
the biases are more obvious (IPCC 2021), which influences
our study. The capacity of the MMEM in representing tem-
perature extremes is higher than that of any individual
model (Kim et al. 2020), and here we use the MMEM to
make the results as accurate as possible.

On the global and regional scales, the frequency of hot
extremes increases and that of cold extremes decreases in
general (IPCC 2021). Under SSP5-8.5, the surface air tem-
perature over Antarctica will warm by ~5.0°C in the 21st
century (Tewari et al. 2022), and the warming will increase
the intensity and frequency of hot extremes. The warming
events in summertime will be more continent-wide, more
frequent and last longer, and the events will increase many-
fold by the end of the century, especially over the EAIS
(Feron et al. 2021). Over the AIS, EAIS, WAIS and AP, the
change rates of the extreme indices during the present period
1980-2010 are generally lower than those under the scenar-
ios of SSP2-4.5, SSP3-7.0 and SSP5-8.5 (Fig. 8). This picture
reflects the accelerated change in Antarctic temperature
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Fig. 8. Trend (per decade) of temperature extreme indices over Antarctica (AlS), East Antarctica (EAIS), West Antarctica
(WAIS) and Antarctic Peninsula (AP) during 1980-2010 based on the multi-model ensemble mean of the CMIP6 model simulations
under historical experiments respectively. Diamonds represent a trend that is not significant. All others are significant above the

95% confidence interval.
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relative to the present period. Under SSP1-2.6, the warming
of TNn, TNx, TXn and TXx in AIS is approximately the same
as or even slightly lower than that of the present period.
By contrast, the rising rate of TNn, TNx, TXn and TXx under
SSP5-8.5 is generally two to three times that during the
period 1980-2010. Moreover, the decrease in TX10p,
TN1O0p and CSDI and the increase in TX90p, TN90p and
WSDI under SSP5-8.5 are five to ten times those in the
present period. This result indicates that different forcings
will have completely different impacts on Antarctica.
Compared to the Arctic, weaker polar amplification over
the Antarctic is projected to occur by the end of the 21st
century (IPCC 2021), and the amplification of annual
extreme temperature also appears in AIS, particularly
under SSP5-8.5. The human-induced greenhouse gas emis-
sions contribute to the increased frequency and intensity of
weather and climate extremes, especially for temperature
extremes, and human-induced climate change is likely to affect
the increased probability of compound extreme events (IPCC
2021). However, some studies suggest that the temperature
changes of some areas in the AIS are primarily associated with
the extreme natural internal variability of the regional atmo-
spheric circulation (Turner et al. 2016). The changes in AIS
near-surface air temperature are closely linked with the varia-
bility in the SAM, and the positive SAM trend concentrates to
the inhomogeneous change over Antarctica (Gillett et al. 2006;
Schneider et al. 2006; Marshall 2007). Modelling research
suggests that the increase of SAM may be related to the green-
house gas increases and decreasing stratospheric ozone caused
by human influence (Shindell and Schmidt 2004; Cai and
Cowan 2007), which indicates that the temperature change
over the AIS is directly or indirectly affected by human factors
to some extent. Moreover, the magnitude of the SAM-related
circulation anomalies will intensify in the future, which may
lead to the different interannual surface air temperature
changes between the EAIS and the AP (Mao et al. 2021).
Compared to the mean temperature, the mechanism and
leading driving factor may vary with different extreme indi-
ces, and changes in temperature extremes over the AIS are
often associated with the variations of ENSO and the SAM
(Marshall et al. 2006; Wei et al. 2019). The strong westerly
winds, which enhance warm-air advection, are related to
the extreme high temperatures at the eastern side of the AP
(Orr et al. 2008; Turner et al. 2021). However, stronger
westerlies reduce the poleward advection of heat towards
the EAIS, which has influenced the cooling on the margins of
the EAIS in recent years (Marshall et al. 2013; Clem et al.
2018), and may also be one of the causes of relatively slower
changes in extreme temperatures in the future. At the east-
ern side of the Weddell Sea, the extensive sea ice limits the
flux of heat and moisture from the ocean, and is one of the
impact factors for the most conspicuous extreme low tem-
peratures at the Neumayer station at the coast of the EAIS
(Turner et al. 2021). An extreme high surface temperature of
9.3°C has occurred at Mawson, and studies have shown that

the poleward warm advection, deep and strong coastal east-
erly winds, and westward advection of the warm pool con-
tribute to the extreme warm event (Turner et al. 2022). On 6
February 2020, the extreme high temperature at Esperanza
was related to the increased wind speeds and decreased
atmospheric humidity, which provided conditions for the
occurrence of the fohn event and caused substantial surface
warming (Francelino et al. 2021). The Antarctic ozone hole
may recover during the 21st century; however, an obvious
increase in near-surface temperatures over the AIS will
occur by the end of this century if greenhouse gas concen-
trations continue to rise (Bracegirdle et al. 2008), and the
strong warming of extreme temperatures in the later part in
21st century under high forcing scenarios coincides with it.
Here, we analyse the spatial distribution of temperature
extremes in Antarctica and their variations under different
scenarios in CMIP6. This will be conducive to a better under-
standing of Antarctica’s distinct climate, and the impact
mechanism needs to be further explored in future studies.
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