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Abstract: With global warming accelerating, polar amplification is one of the hot issues in climate
research. However, most studies focus on Arctic amplification, and little attention has been paid
to Antarctic amplification (AnA), and there is no relevant research based on MODIS (Moderate
Resolution Imaging Spectroradiometer) land surface temperature observations. Compared with 128
stations’ observations, MODIS can capture the variations in temperature over Antarctica. In addition,
the temperature changes in Antarctica, East Antarctica, West Antarctica and the Antarctic Peninsula
during the period 2001–2018 reflected by the MODIS and ERA5 are basically consistent, and the
temperature changes in Antarctica are negatively correlated with the Southern Annular Mode. AnA
occurs under all annual and seasonal scales, with an AnA index greater than 1.27 (1.31) from the
MODIS (ERA5), and is strongest in the austral winter and weakest in summer. AnA displays regional
differences, and the signal from the MODIS is similar to that from ERA5. The strongest amplification
occurs in East Antarctica, with an AnA index greater than 1.45 (1.48) from the MODIS (ERA5),
followed by West Antarctica, whereas the amplified signal is absent at the Antarctic Peninsula. In
addition, seasonal differences can be observed in the sub regions of Antarctica. For West Antarctica,
the greatest amplification appears in austral winter, and in austral spring for East Antarctica. The
AnA signal also can be captured in daytime and nighttime observations, and the AnA in nighttime
observations is stronger than that in daytime. Generally, the MODIS illustrates the appearance of
AnA for the period 2001–2018, and the Antarctic climate undergoes drastic changes, and the potential
impact should arouse attention.

Keywords: Antarctic Ice Sheet; temperature; Antarctic amplification; MODIS

1. Introduction

As the most remote region on earth, the Antarctic Ice Sheet is the largest ice sheet on
Earth, and has a profound influence on sea levels and is closely coupled to other parts of the
climate system [1–5]. Over the past decades, the changes in Antarctic near-surface air tem-
peratures are inhomogeneous, and show different characteristics for the three sub regions
of East Antarctica, West Antarctica and the Antarctic Peninsula (Figure 1). The Antarctic
Peninsula, a noticeable region, experienced dramatic warming in the second half of the
20th century [6], which is related to the variations in the stratospheric ozone [7], Southern
Annular Mode and Amundsen Sea Low [8–11]. However, the warming signal became weak
and even reversed in the last two decades, which was mainly attributable to the natural
internal variability [12,13]. West Antarctica has warmed since the 1950s, and the strongest
increase occurs in austral winter (June–August) and spring (September–November) [14,15],
which may associated with the increase of tropical sea surface temperatures [16,17]. Con-
versely, East Antarctica showed a cooling tendency in austral autumn (March–May) over
the past 60 years, and the widespread cooling is associated with the positive trend in the
Southern Annular Mode, the increase in La Niña events and the changes in the strength
and position of the mid-latitude jet [8,18–20].
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are not limited to the poleward ocean heat transport, surface albedo feedback, downward 
clear-sky longwave feedback and ice-albedo feedback [24–26]. Polar amplification exhibits 
obvious asymmetry, and the Arctic regions have warmed more than twice, even three 
times, or nearly four times faster than the global average since 1979, and this phenomenon 
is known as Arctic amplification [27–30]. However, the warming is slower and inhomoge-
neous in Antarctica, and the Antarctic amplification (AnA) signal is not clear, which is 
related to the ocean heat uptake in the Southern Ocean and deep-ocean mixing [31–34]. 
Compared with Arctic amplification, fewer studies focus on AnA [35], which may be re-
lated to the scarcity of measured data in Antarctica, where most weather stations are lo-
cated in coastal areas, which leads to the non-homogeneity of observation data [36]. For 
the period 1979–2019, obvious AnA occurs in austral spring, although it disappears on an 
annual scale [37]. However, AnA can be observed on all annual and seasonal scales during 
the period 2002–2018 [38]. In addition, AnA is likely to be delayed relative to the Arctic 
amplification, and AnA is highly likely to occur in the future [39]. 

Satellite remote sensing data provide an unprecedented high spatial resolution and 
wide coverage data, such as surface temperature, which can be regarded as reliable data 
when observation data are scarce or the measured data are insufficient to meet the re-
search needs [40–42]. The MODIS (Moderate Resolution Imaging Spectroradiometer) in 
the Aqua and Terra satellites has a large spectral range, which enables the sensor to sim-
ultaneously collect information about atmosphere, land, ice and water properties, and is 
widely used in a variety of studies [43]. The MODIS is of high practical value for the com-
prehensive study of earth science and the classification of land, atmosphere and oceans. 
Research has found that the MODIS data can reflect the surface temperature in Antarctica, 
with the mean bias range from −1.8 °C to 0.1 °C, and the root-mean-square errors lower 
than 4.88 °C in the Antarctic plateau [44]. 

However, no research has been conducted on AnA based on MODIS observations, 
which are related to the short time series of satellite data. Therefore, this study aims to 
investigate changes in surface temperatures and explore whether AnA occurs and, if this 
is the case, to quantify the intensity of AnA. 

Figure 1. The location and topographic map of the Antarctic Ice Sheet.

The polar regions are sensitive to climate changes, and the fast warming in polar
regions is known as polar amplification, which is a robust feature of climate change [21–23].
The mechanism of polar amplification is complex, and the influencing factors include but
are not limited to the poleward ocean heat transport, surface albedo feedback, downward
clear-sky longwave feedback and ice-albedo feedback [24–26]. Polar amplification exhibits
obvious asymmetry, and the Arctic regions have warmed more than twice, even three
times, or nearly four times faster than the global average since 1979, and this phenomenon
is known as Arctic amplification [27–30]. However, the warming is slower and inhomo-
geneous in Antarctica, and the Antarctic amplification (AnA) signal is not clear, which is
related to the ocean heat uptake in the Southern Ocean and deep-ocean mixing [31–34].
Compared with Arctic amplification, fewer studies focus on AnA [35], which may be
related to the scarcity of measured data in Antarctica, where most weather stations are
located in coastal areas, which leads to the non-homogeneity of observation data [36]. For
the period 1979–2019, obvious AnA occurs in austral spring, although it disappears on an
annual scale [37]. However, AnA can be observed on all annual and seasonal scales during
the period 2002–2018 [38]. In addition, AnA is likely to be delayed relative to the Arctic
amplification, and AnA is highly likely to occur in the future [39].

Satellite remote sensing data provide an unprecedented high spatial resolution and
wide coverage data, such as surface temperature, which can be regarded as reliable data
when observation data are scarce or the measured data are insufficient to meet the research
needs [40–42]. The MODIS (Moderate Resolution Imaging Spectroradiometer) in the Aqua
and Terra satellites has a large spectral range, which enables the sensor to simultaneously
collect information about atmosphere, land, ice and water properties, and is widely used in
a variety of studies [43]. The MODIS is of high practical value for the comprehensive study
of earth science and the classification of land, atmosphere and oceans. Research has found
that the MODIS data can reflect the surface temperature in Antarctica, with the mean bias
range from −1.8 ◦C to 0.1 ◦C, and the root-mean-square errors lower than 4.88 ◦C in the
Antarctic plateau [44].

However, no research has been conducted on AnA based on MODIS observations,
which are related to the short time series of satellite data. Therefore, this study aims to
investigate changes in surface temperatures and explore whether AnA occurs and, if this is
the case, to quantify the intensity of AnA.
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2. Materials and Methods
2.1. Data

The MODIS onboard Terra provides an accurate land surface temperature dataset on
a global scale. The monthly MODIS temperature data between 2001 and 2018 is from the
datasets MODIS Level 3 data product MOD11C3v061, which can be downloaded at the web-
site https://lpdaac.usgs.gov/products/mod11c3v061/ (accessed on 21 September 2022).
The monthly MODIS dataset is based on the Terra global daily LST, and is synthesized
by the NASA MODIS Data Working Group after a series of preprocessing. The spatial
resolution of the MODIS dataset is 0.05◦ × 0.05◦, and includes the daytime and night-
time observations.

The temperature data during the period 2001–2018 from ERA5 reanalysis are used,
which is the latest atmospheric reanalysis produced by ECMWF (European Centre for
Medium-Range Weather Forecasts), and is considered to have high accuracy in representing
the Antarctic temperature [36]. ERA5 uses the Cycle 41r2 Integrated Forecasting System and
four-dimensional variational assimilation system, and the excellent performance of ERA5
is related to the improvements in observation operators, model physics, core dynamics and
data assimilation. The ERA5 reanalysis data are available at https://cds.climate.copernicus.
eu/#!/search?text=ERA5&type=dataset (accessed on 18 August 2022).

In addition, the 109 automatic weather stations and 19 manual stations are used to
explore whether the MODIS data can reflect the temperature change over Antarctica, and
the data we used in this study cover at least 5 years. The automatic weather stations’ data
are from the AntAWS dataset, which is a compilation of Antarctic automatic weather station
observations that have undergone quality control [45], and the data can be downloaded
at https://amrdcdata.ssec.wisc.edu/dataset/antaws-dataset (accessed on 10 May 2023).
The manual data are from the project called the Reference Antarctic Data for Environ-
mental Research that is undertaken by the Scientific Committee on Antarctic Research,
which can be downloaded at https://legacy.bas.ac.uk/met/READER/surface (accessed
on 10 May 2023). Locations of the 128 stations are shown in Figure 2, and the detailed
information can be found in Table S1.
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2.2. Methods

The F test is used to estimate the significance of the temperature trends in the MODIS
observations and reconstruction, with the significance at the 95% confidence level. Simi-
lar to Arctic amplification, AnA is commonly defined as the ratio of change in Antarctic
temperature to the corresponding value in the Southern Hemisphere. However, the am-
plification index from this definition sometimes shows the extreme value when the trend
of the Southern Hemisphere is close to zero, and the phenomenon can also be found in
the assessment of Arctic amplification [46,47]. The definition of the AnA index is mo-
tivated by unrealistic extreme values of the original definition, and we imitate the new
definition of the Arctic amplification index [48] in this study, and employ a new index of
AnA TAntarctica = a0 + a1 × TSouthern Hemisphere + ε, where TAntarctica and TSouthern Hemisphere
represent the temperature anomalies over the Antarctic Ice Sheet and Southern Hemisphere,
respectively, during the same period. The ordinary linear least squares solution determines
parameters a0, a1 and ε, and the slope of the regression a1 is the AnA index. Note the AnA
index is calculated only for the land region.

3. Results
3.1. The Performance of MODIS Land Surface Temperature and ERA5 in Antarctica

The monthly correlation coefficients and bias between the MODIS, ERA5 and obser-
vations are shown in Figure 3. On monthly scales, the correlation coefficients are higher
than 0.74 (Vernadsky station), and correlations between the MODIS and observations are
higher than 0.90 at 104 stations and higher than 0.95 at 80 stations. MODIS observations
always illustrate the cold bias of monthly temperatures, and this phenomenon also occurs
on all annual and seasonal scales. ERA5 is highly correlated with observations data, with
correlation coefficients higher than 0.95 at 121 stations. Compared with observations, the
bias of ERA5 is lower than 4.0 ◦C in general, and illustrates warm bias at most stations that
are located in East Antarctica, which is different from the MODIS. In addition, four stations
are selected (Dumont Durville, Vostok, Byrd, Marambio) to analyze the accuracy of the
MODIS further, and are located in East Antarctica coast, the interior of East Antarctica, West
Antarctica and the Antarctic Peninsula, respectively (Figure 4). Clearly, the MODIS underes-
timates the observations, whereas it can capture the feature of changes in temperature, with
the annual correlation coefficients of 0.86, 0.99, 0.97 and 0.88 at Dumont Durville, Vostok,
Byrd and Marambio, respectively. The MODIS refers to surface temperature, whereas the
station observations are near-surface temperature (2 m), and the existence of an inversion
layer further affects the difference between them. In the Antarctic Plateau, the imbalance
between surface and atmosphere longwave emission induces a stable inversion layer in
austral winter, and the inversion layer is related to the strong katabatic winds on the East
Antarctic coast [49]. In addition, the studies on infrared imagery from the Reeves Glacier,
Nansen Ice Sheet and Ross Ice Shelf demonstrate the point that the widespread warming of
the near-surface temperature is related to mixing due to katabatic winds [50–52], and the
increases in near-surface temperature that are influenced by katabatic winds enlarge the
difference with MODIS observations.

MODIS data are generally available only from 2001 to 2018, while ERA5 data are
available from 1940 to now, and can provide the best performance in representing the
temperature over Antarctica [43]. Therefore, we further compare the temperature changes
between MODIS observations and ERA5 in Antarctica. The results show that there are
significant (p < 0.05) correlations between ERA5 and MODIS observations for all annual
and seasonal temperatures, with an annual correlation coefficient of 0.86, and the values in
austral spring, summer, autumn and winter are 0.88, 0.93, 0.90 and 0.95, respectively.

Generally, MODIS observations can be considered as a baseline dataset to understand
the climate change over Antarctica, although bias is inevitable.
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Figure 4. Comparisons between station time series and MODIS at four selected stations located in
the East Antarctica coast, the interior of East Antarctica, West Antarctica and the Antarctic Peninsula.

3.2. Temperature Trends over Antarctica and Its Sub Regions from MODIS Observations
and ERA5

To examine the inter annual variations, we calculate the annual and seasonal tempera-
ture anomalies based on MODIS observations and ERA5 (relative to their 2001–2018 mean)
in the Southern Hemisphere and Antarctica, and the three sub regions of East Antarctica,
West Antarctica and the Antarctic Peninsula, and the results are shown in Figure 5. Clearly,
the changes in regional temperature reflected by the MODIS and ERA5 are similar, and the
temperature mean in the Antarctic Peninsula exhibits a more severe fluctuation relative to
the other regions on all annual and seasonal scales. In addition, the temperature changes in
Antarctica show a similar variation to that of the land region in the Southern Hemisphere.
The significant correlation coefficient between annual temperature anomalies in Antarc-
tica and the Southern Hemisphere is 0.96 (0.98) from the MODIS (ERA5), the correlation
coefficient between East Antarctica and the Southern Hemisphere is 0.96 (0.94), and the
corresponding value between West Antarctica and the Southern Hemisphere is 0.80 (0.79).
However, the temperature anomaly of the Antarctic Peninsula from ERA5 shows a negative
correlation with that of the Southern Hemisphere, with a correlation coefficient of −0.31,
whereas the anomaly from the MODIS shows a near zero R (0.08).

In order to show the temperature changes in more detail, Figure 6 shows the spatial
patterns of annual and seasonal temperature trends over Antarctica from ERA5 and the
MODIS. Generally, the change in temperature over Antarctica is inhomogeneous, and
the distribution from the two kinds of data is basically similar, and the magnitude of the
warming trend from ERA5 is basically higher than that from the MODIS. On the annual
scale, the warming trend can be observed in Dronning Maud Land in the 30◦W to 5◦E sector
and the cooling trend occurs in West Antarctica and the Wilkes Land in East Antarctica.
In ERA5, the strong warming signal can be captured in the northern side of the Antarctic
Peninsula, whereas the signal is absent in MODIS observations, which may be influenced
by the in situ observations used in ERA5. In austral spring, the warming sign domains
East Antarctica, with the rate of 0.65 ◦C per decade and 0.48 ◦C per decade from ERA5 and
the MODIS, respectively. In contrast, the spring temperature over West Antarctica and the
Antarctic Peninsula shows a negative trend, and the cooling rate of the Antarctic Peninsula
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from the MODIS is up to −0.48 ◦C per decade. In austral summer, the cooling trend of
ERA5 dominates the Antarctic Peninsula (−0.68 ◦C per decade), whereas the warming can
be observed in the western side of the Antarctic Peninsula from the MODIS. In austral
autumn, the warming signal appears in West Antarctica and the Antarctic Peninsula, and
the cooling trend can be observed in most area in East Antarctica. During the winter time,
the MODIS and ERA5 both reflect the cooling trend in the 30◦E to 170◦E sector in the East
Antarctica coast, and obvious warming appears in the 70◦E to 150◦E sector in the Antarctic
inland. The above phenomenon indicates that the MODIS can capture the changes in
temperature over the Antarctica and its sub regions.
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Figure 5. The mean annual and seasonal temperature anomalies for surface temperature based
on ERA5 (solid line) and MODIS land surface temperatures (dotted line), spatially averaged over
Antarctica, and the sub regions of East Antarctica, West Antarctica and the Antarctic Peninsula, and
the Southern Hemisphere, respectively. The seasonal scale is for austral seasons of spring (SON,
September–November), summer (DJF, December–February), autumn (MAM, March–May), and
winter (JJA, June–August), respectively.

In Antarctica, there are discrepancies in the trend from ERA5 and the MODIS, es-
pecially in austral summer and winter. To measure the similarity of temperature trends
between ERA5 and the MODIS quantitatively, the distribution of correlation coefficients
between ERA5 and the MODIS temperatures over Antarctica are shown in Figure 7. On
annual and seasonal scale, ERA5 and the MODIS are highly correlated in most regions, and
the correlation coefficient is generally greater than 0.6. Most regions of the Transantarctic
Mountains fail to pass the significance test (p > 0.05), and the signal also can be observed in
the Antarctic coast for austral summer. It is worth noting that the correlation between the
two kinds of data is generally low in coastal areas and high in the Antarctic inland, which
may be related to the fact that most weather stations are distributed in coastal areas and
ERA5 assimilates these observational data.
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tral spring (SON, September–November), summer (DJF, December–February), autumn (MAM,
March–May) and winter (JJA, June–August) mean from ERA5 (left panel) and MODIS land sur-
face temperatures (right panel), respectively. The gray shaded areas with trends significant at the
95% confidence level.
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The Southern Annular Mode is critical to temperature change over Antarctica, which
reflects the opposite phases change of pressure and geopotential height between mid-
latitudes and high latitudes in the Southern Hemisphere [8]. Here, we use the observed
annual and seasonal Southern Annular Mode indices (available at https://legacy.bas.ac.
uk/met/gjma/sam.html (accessed on 12 November 2022)) to calculate the correlation
coefficients between the regional average temperature and Southern Annular Mode during
the period 2001–2018. Generally, the correlation between temperature and the Southern
Annular Mode is greater in the MODIS compared with ERA5 except for the Antarctic
Peninsula (Figure 8). For Antarctica, the annual and seasonal temperatures show the
negative correlations, with the annual R of −0.48 and −0.73 from ERA5 and MODIS
observations, respectively. The negative correlation is greatest in austral winter, and the
correlation coefficients are −0.88 and −0.92 from ERA5 and the MODIS, respectively. The
winter temperature in East Antarctica is greatly affected by the Southern Annular Mode,
with the correlation coefficients of −0.90 and −0.93 from ERA5 and the MODIS, respectively.
Different from the consistent signals of ERA5 and the MODIS in Antarctica, East Antarctica
and West Antarctica, the opposite signal in the Antarctic Peninsula can be observed in
annual, autumn and winter, and the correlation is positive in ERA5 while negative in
MODIS observations. The positive correlations between the Southern Annular Mode and
surface temperature in the Antarctic Peninsula also can be observed in a reconstruction

https://legacy.bas.ac.uk/met/gjma/sam.html
https://legacy.bas.ac.uk/met/gjma/sam.html
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that is based on observations and MODIS observations [53]. From the beginning of the 21st
century, the annual mean temperature in the Antarctic Peninsula shows a downward trend,
with the most conspicuous cooling in austral summer. In this period, the mid-latitude jet
strengthens, and induces the increase of cyclonic conditions in the northern Weddell Sea,
which can increase the frequency of cold east-to-southeasterly winds to blow toward the
Antarctic Peninsula and lead to sea ice towards the east coast of the Antarctic Peninsula [12].
These changes impede the warm northwesterly air related to the Southern Annular Mode
entering the interior of the Antarctic Peninsula.

Remote Sens. 2023, 15, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 8. The correlation coefficients in the mean SAM indices and the corresponding near-surface 
temperatures over the Antarctic Ice Sheet (AIS), East Antarctic Ice Sheet (EAIS), West Antarctic Ice 
Sheet (WAIS) and Antarctic Peninsula (AP), for annual, austral spring (SON, September–Novem-
ber), summer (DJF, December–February), autumn (MAM, March–May) and winter (JJA, June–Au-
gust) mean from ERA5 and MODIS observations. All the correlation coefficients are significant at 
the 95% confidence level. 

During the period 2001–2018, surface downward longwave radiation is one of the 
main factors affecting the temperature change over Antarctica, and its correlation coeffi-
cient with annual mean temperature is higher than 0.6 in most regions, and this high pos-
itive correlation is particularly evident in West Antarctica and the Antarctic inland (Figure 
9). The spatial distribution of the correlation coefficients between specific humidity and 
temperature in Antarctica is similar to that of surface downward longwave radiation, and 
the influence of specific humidity in the Antarctic Peninsula is related to the topography. 
In contrast, the correlation between ozone and annual temperature is relatively weak, 
which is generally positive in the Antarctic coast and negative in the East Antarctic inland. 
Clouds also affect the temperature changes in Antarctica. In most areas, total cloud cover 
is positively correlated with the temperature change. Moreover, the correlation between 
cloud base height, cloud cover and temperature in the Antarctic Peninsula are affected by 
the terrain. For cloud base height, the positive correlation with temperature can be ob-
served in the western side of the Antarctic Peninsula, while the negative correlation occurs 
in the eastern side. 

Figure 8. The correlation coefficients in the mean SAM indices and the corresponding near-surface
temperatures over the Antarctic Ice Sheet (AIS), East Antarctic Ice Sheet (EAIS), West Antarctic Ice
Sheet (WAIS) and Antarctic Peninsula (AP), for annual, austral spring (SON, September–November),
summer (DJF, December–February), autumn (MAM, March–May) and winter (JJA, June–August)
mean from ERA5 and MODIS observations. All the correlation coefficients are significant at the 95%
confidence level.

During the period 2001–2018, surface downward longwave radiation is one of the
main factors affecting the temperature change over Antarctica, and its correlation coefficient
with annual mean temperature is higher than 0.6 in most regions, and this high positive
correlation is particularly evident in West Antarctica and the Antarctic inland (Figure 9).
The spatial distribution of the correlation coefficients between specific humidity and tem-
perature in Antarctica is similar to that of surface downward longwave radiation, and
the influence of specific humidity in the Antarctic Peninsula is related to the topography.
In contrast, the correlation between ozone and annual temperature is relatively weak,
which is generally positive in the Antarctic coast and negative in the East Antarctic inland.
Clouds also affect the temperature changes in Antarctica. In most areas, total cloud cover
is positively correlated with the temperature change. Moreover, the correlation between
cloud base height, cloud cover and temperature in the Antarctic Peninsula are affected
by the terrain. For cloud base height, the positive correlation with temperature can be
observed in the western side of the Antarctic Peninsula, while the negative correlation
occurs in the eastern side.
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3.3. The Antarctic Amplification from MODIS Observations and ERA5

To explore the AnA for the land region in the Southern Hemisphere, we first quantify
AnA by calculating the AnA index. Table 1 shows the annual and seasonal amplification
indices of Antarctica and its three sub regions from ERA5 and MODIS observations. For
the whole Antarctica, AnA occurs in all cases from the MODIS, with an amplification
index of 1.41, 1.37, 1.27, 1.36 and 1.53 in annual, spring, summer, autumn and winter,
respectively, and the corresponding value from ERA5 is 1.31, 1.34, 1.32, 1.32 and 1.46,
respectively. Consistent with ERA5, MODIS observation results show that the AnA is
strongest in austral winter and weakest in summer. Among the sub regions in Antarctica,
ERA5 and the MODIS both reflect the greatest amplification in East Antarctica, and the
corresponding amplification index is 1.58 (1.53), 1.66 (1.72), 1.45 (1.63), 1.49 (1.48) and 1.61
(1.64) in annual, spring, summer, autumn and winter from the MODIS (ERA5), respectively.
The amplification is most conspicuous in austral spring, and is corresponding to the obvious
warming of the spring temperature over East Antarctica (Figure 3). For West Antarctica,
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the amplification occurs in austral autumn and winter, and is absent in spring and summer.
The annual amplification in West Antarctica can be captured in MODIS observations,
with the amplification index of 1.12, whereas the signal is missing in ERA5. However, no
amplification is found in the Antarctic Peninsula, from both ERA5 and MODIS observations.

Table 1. Amplification index of annual and seasonal temperatures in the Antarctic Ice Sheet (AIS),
and the sub regions of the East Antarctic Ice Sheet (EAIS), West Antarctic Ice Sheet (WAIS) and
Antarctic Peninsula (AP) from MODIS and ERA5 land surface temperatures.

MODIS

Annual SON DJF MAM JJA

AIS 1.41 1.37 1.27 1.36 1.53
EAIS 1.58 1.66 1.45 1.49 1.61
WAIS 1.12 0.85 0.92 1.16 1.42

AP 0.12 −0.79 0.12 −0.05 0.47

ERA5

AIS 1.31 1.34 1.32 1.32 1.46
EAIS 1.53 1.72 1.63 1.48 1.64
WAIS 0.98 0.76 0.82 1.10 1.23

AP −0.59 −1.40 −0.24 −0.28 −0.42

The spatial patterns of the annual and seasonal amplification indices over Antarctica
from ERA5 and the MODIS are shown in Figure 10. On an annual scale, the amplification
dominates in East Antarctica and does not manifest in the Antarctic Peninsula. Moreover,
the annual AnA from ERA5 disappears in the region that extends 70–150◦E inwards near
the coast of East Antarctica. In all seasons, the amplification signal cannot be captured in
the Antarctic Peninsula in general. The amplification is most widespread in austral winter,
which is consistent with the strongest AnA for Antarctica in austral winter. Although the
magnitude of the amplification indices from the MODIS and ERA5 are slightly different,
the signals they express are basically the same. Compared with ERA5 and the MODIS,
most stations located in West Antarctica do not exhibit the AnA sign on an annual scale,
while in East Antarctica the opposite is true. On seasonal scales, most stations located in
the northern Antarctic Peninsula fail to capture the amplification signal. Generally, the
AnA reflected by observations is most conspicuous in austral winter, with the amplification
index higher than 1 at more than 80 stations.

In addition, we calculate the annual and seasonal amplification indices from the
MODIS daytime and nighttime observations, and the results are summarized in Table 2.
The amplification always occurs in Antarctica and East Antarctica, and the signal disappears
in the Antarctic Peninsula. For Antarctica, the amplification index is 1.35 (1.44), 1.31 (1.43),
1.31 (1.32), 1.33 (1.39) and 1.52 (1.55) in annual, spring, summer, autumn and winter from
daytime observations (nighttime observations), respectively. The amplification is strongest
in the nighttime, followed by the whole day, and weakest in the daytime in general, which
indicates that the amplification of minimum temperature is conspicuous. The greatest
amplification occurs in East Antarctica, and the corresponding amplification index is 1.51
(1.62), 1.56 (1.76), 1.47 (1.54), 1.47 (1.51) and 1.59 (1.63) in annual, spring, summer, autumn
and winter from daytime observations (nighttime observations), respectively. For the
daytime observations, the amplification is strongest in austral winter in Antarctica and
East Antarctica. However, the East Antarctic amplification from nighttime observations
is most obvious in austral spring. For West Antarctica, the amplification is strongest in
austral winter, with the amplification index of 1.42 and 1.43 for daytime and nighttime
observations, respectively, and the amplification is absent in austral spring and summer,
which is similar to that in the whole day from the MODIS.
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(JJA, June–August) mean from ERA5 and the MODIS, and the amplification index from 128 stations
compared with ERA5 and the MODIS, respectively.

Table 2. Similar to Table 1, but for MODIS daytime and nighttime observations.

Daytime Observations

Annual SON DJF MAM JJA

AIS 1.35 1.31 1.31 1.33 1.52
EAIS 1.51 1.56 1.47 1.47 1.59
WAIS 1.09 0.86 1.00 1.10 1.42

AP 0.12 −0.61 0.18 −0.03 0.37

nighttime observations

AIS 1.44 1.43 1.32 1.39 1.55
EAIS 1.62 1.76 1.54 1.51 1.63
WAIS 1.13 0.83 0.90 1.20 1.43

AP 0.11 −0.94 0.06 −0.08 0.56
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To analyze the ability of the MODIS to retrieve AnA using limited data, Figure 11
shows the annual AnA index with differing start years and interval lengths from ERA5
and MODIS observations. Clearly, the AnA always occurs, and the intensity of AnA from
the MODIS is stronger than that from ERA5, with the difference of the AnA index between
them lower than 0.2. The MODIS illustrates that the greatest AnA appears in the period
2009–2018, with the amplification index of 1.49, and the strong AnA also can be captured in
ERA5, with the index of 1.40.
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4. Discussion

Variations in near-surface temperature over Antarctica are inhomogeneous during
the period 2001–2018. East Antarctica has always been considered as a cooling region,
whereas the widespread warming in austral spring is different from previous cognitions,
and the phenomenon of spring warming has begun to attract attention. A previous study
has analyzed the variations in near-surface air temperature based on 17 Antarctic stations,
and found Antarctica has experienced extensive warming since 1979 [54]. In addition, the
spring warming in East Antarctica has also been found in 1979–2019, based on the analysis
of ERA5, and the warming relates to the increase of downward longwave radiation [11,37].
In austral autumn, the cooling in western East Antarctica closely connects to the ENSO
(El Niño–Southern Oscillation), and the increased La Niña events can explain a portion of
cooling in East Antarctica [18]. The increase of ENSO events may weaken the warming in
West Antarctica and even turn into producing the opposite trend, and the autumn cooling
in East Antarctica may also turn into a warming trend [18,55].

The AnA can be observed from the MODIS and ERA5, and is strong in austral autumn
and winter and weak in austral summer, which is similar to the seasonal features of Arctic
amplification [56,57]. The destabilizing ice albedo and lapse rate feedbacks over the Arctic
and Antarctica are amplified by the poleward shift in ocean heat convergence, especially
in the Arctic, and are associated with the stronger Arctic amplification relative to the
AnA [58]. The polar amplification occurs as a response to greenhouse gas forcing, and
the changes in atmospheric and oceanic heat transports, surface-albedo feedback and
longwave feedbacks are thought to be the contributors [59–61]. The AnA calculated above
is only for the land region. Considering that most of the Southern Hemisphere is covered
by the ocean, the amplification index based on comparing temperature changes in land
and ocean regions is further calculated based on ERA5. Figure 12 shows the zonal mean
in the Southern Hemisphere for surface air temperature including the land and ocean,
and only for the land region during the period 2001–2018. Clearly, the variations in high



Remote Sens. 2023, 15, 3540 15 of 19

latitudes are higher than those in the middle and low latitudes when comprehensively
considering sea and land, and the phenomenon is obvious in austral spring. However, the
fast changes in high latitudes weaken or disappear when only the land region is considered.
The amplification index over the Antarctica based on the land and ocean near-surface
temperatures is higher than the index for the land region alone on all annual and seasonal
scales, and the sign is most conspicuous in austral spring and winter (Figures 10 and 13).
When considering the influence of the ocean, the intensity of AnA is 2.27, 2.71, 2.74, 2.74
and 4.07 in annual, spring, summer, autumn and winter, respectively, which are obviously
stronger compared with the changes in the land region. In addition, the regional difference
is similar, with the greatest amplification in East Antarctica, followed by West Antarctica,
and the weakest in the Antarctic Peninsula. Compared with the temperature changes in
land and ocean regions in the Southern Hemisphere, AnA appears in more than 80% of the
stations, and the greatest AnA can be observed in austral winter, with the amplification
index higher than 1 at 118 stations. AnA is weak when only the land areas are considered.
The above phenomenon reflects the positive influence of the ocean on AnA. During the
period 1979–2019, AnA only occurs in austral spring and summer [37], and obvious AnA
can be observed in 2001–2018, which indicates that the occurrence and intensity of AnA is
related to the selection of time period. Limited by data, we only analyzed the temperature
changes over 18 years, and the short time series will affect the analysis results to some
extent. Previous studies found that the Antarctic Peninsula exhibits strong warming when
the time series exceeds 30 years, and periods shorter than 30 years exhibit alternations of
warming and cooling periods [13]. During the period 1999–2014, the significant annual and
summer cooling trends can be observed in the Antarctic Peninsula [12], and the signal can
be captured by MODIS observations. Therefore, remote sensing data of short time series are
also a powerful tool in the Antarctic region where the measured data are extremely scarce.
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5. Conclusions

In this study, we employ MODIS observations and ERA5 reanalysis data to provide an
initial evaluation of temperature changes in Antarctica and its sub regions East Antarctica,
West Antarctica and the Antarctic Peninsula during the period 2001–2018. We further
explore the existence of Antarctic amplification (AnA) and calculate its amplification index
to quantify the intensity of AnA, which aims to explore the AnA from MODIS land surface
temperature observations.

Compared with the 128 stations’ observations, the MODIS can capture the variations
in temperature, with the monthly correlation coefficients at 104 stations being higher than
0.90. In addition, MODIS and ERA5 temperatures are highly correlated, with correlation co-
efficients higher than 0.86. The temperature changes in Antarctica are positively correlated
with the Southern Hemisphere, and the positive correlation also exists in East Antarctica
and West Antarctica. However, the correlation between Antarctic Peninsula and Southern
Hemisphere temperatures in the MODIS and ERA5 are different, and a negative correlation
is shown in ERA5, while the MODIS captures a slight positive correlation. The annual and
seasonal spatial patterns of temperature trends from the MODIS and ERA5 are basically
consistent, and have seasonal variations and regional differences, although the trends
are slight different. In austral spring, both the MODIS and ERA5 reflect the widespread
warming trend in East Antarctica, which is different from previous cognition. However, the
warming concentrates on West Antarctica and the Antarctic Peninsula in austral autumn,
and is absent in most areas in East Antarctica. Moreover, the MODIS illustrates the negative
correlation between SAM and the temperature over Antarctica, East Antarctica and West
Antarctica, especially in austral winter, and the signal is similar in ERA5.

From the MODIS, AnA occurs on all annual and seasonal scales, with the amplifica-
tion index higher than 1.27, and the greatest amplification occurs in austral winter and
the weakest in austral summer. AnA exhibits seasonal and regional differences, and the
characteristics of the MODIS and ERA5 are basically consistent. AnA is most conspicuous
in East Antarctica, with the annual amplification index of 1.58 (1.53) from the MODIS
(ERA5), and the amplification is strong in austral spring and winter. For West Antarctica,
the amplification is strong in austral winter, and weak in austral spring. However, the
Antarctic Peninsula always fails to capture the amplification signal. Corresponding to the
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amplification index of the changes in the regional temperature mean, the value of the ampli-
fication index that is higher than 1 concentrates on the East Antarctica region. In addition,
the AnA can also be observed in MODIS daytime and nighttime observations, and has the
same regional and seasonal differences as the daily average temperature. Importantly, AnA
in nighttime observations is always stronger than that in daytime observations.

This study demonstrates the existence of AnA in MODIS land surface temperature
observations, and AnA exhibits regional and seasonal differences. However, the mechanism
of AnA is not clear yet. In order to understand the role of AnA in climate change better,
future research needs to combine remote sensing data, measured data, and reanalysis data
to explore the influencing factors of AnA.
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