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ABSTRACT
Antarctica’s response to climate change varies greatly both spatially and temporally. Surface melting impacts
mass balance and also lowers surface albedo. We use a 43-year record (from 1978 to 2020) of Antarctic snow
melt seasons from space-borne microwave radiometers with a machine-learning algorithm to show that both
the onset and the end of the melt season are being delayed. Granger-causality analysis shows that melt end is
delayed due to increased heat flux from the ocean to the atmosphere at minimum sea-ice extent from
warming oceans. Melt onset is Granger-caused primarily by the turbulent heat flux from ocean to
atmosphere that is in turn driven by sea-ice variability. Delayed snowmelt season leads to a net decrease in
the absorption of solar irradiance, as a delayed summer means that higher albedo occurs after the period of
maximum solar radiation, which changes Antarctica’s radiation balance more than sea-ice cover.
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conditions, which involves atmospheric, oceanic and
sea-ice variability.

RECORDS OF TEMPERATURE CHANGES
FROM THE ANTARCTICA ICE SHEET
We use time series of in situ 2-m air-temperature data
recorded by 32 long-duration automatic weather
stations (AWSs) in Antarctica (Supplementary
Table S1). Fifteen out of 32 of the AWS temperature
data sets show a statistically significant decline
for December (1979–2020; Fig. 1 A) temperature,
whereas in March, 15 out of the 32 AWSs show
statistically significant rises (Fig. 1 B). Therefore,
there are indications of a delaying trend in the timing
of the Antarctic summer over the last four decades.

IMPACT OF TEMPERATURE CHANGE ON
ICE-SHEET SNOWMELT SEASON
The start and end of the melt season in Antarc- 
tica vary depending on the region and can be
influenced by factors such as latitude, altitude and
local weather patterns. However, in general, the melt
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Commons Attribution License ( h
work is properly cited. 
NTRODUCTION
arge rising and falling trends in regional surface air
emperature (SAT) occur in Antarctica [ 1 , 2 ]. For ex-
mple, over the second half of the twentieth cen-
ury, West Antarctica and the Antarctic Peninsula
armed more than twice as fast as the global av-
rage [ 3 –6 ] but SAT in East Antarctica decreased.
trong regional changes are typical of the polar re-
ions where ice-albedo feedbacks can amplify warm-
ng [ 4 , 7 , 8 ], while stratospheric ozone depletion and
xtreme decadal variability can even induce regional
ooling [ 9 –12 ]. Fluctuations in Antarctic SAT may
lso occur because of the continent’s sensitivity to
ropical forcing [ 9 , 13 –18 ], the strength and position
f the circumpolar westerly winds [ 11 , 19 –22 ] and its
xposure to the relatively mild and moist oceanic air
ass intrusions along its coastline [ 23 –27 ].
The direct impact of these SAT changes on the

ntarctic ice sheet is most important in the Antarc-
ic summer when surface melting can occur. Here, we
xamine temperature changes in the summer seasons
t the Antarctica ice shelves from satellite proxies
nd weather observations. Our aim is to examine the
ausal framework linking changing SAT and surface
 by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
ttps://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
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Figure 1. Trends in AWS 2-m air-temperature data (marked by triangles and circles) are shown for (A) December and (B) March. The colorbar denotes 
the temperature change per year over the period 1979–2020. The circular symbols represents statistically significant trends at the 95% level. 
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eason in Antarctica usually begins in November
nd lasts until February. During this time, temper-
tures increase and the sunlight becomes more in-
ense, causing some of the snow and ice to melt. The
xtent and thickness of sea ice decrease through the
nowmelt season. Passive microwave remote sens-
ng can be used to retrieve the snowmelt dynamics
f the Antarctic ice sheet under all weather condi-
ions [ 12 ]. The microwave brightness temperature
Tb) is very sensitive to changes in the physical char-
cteristics of the ice-sheet surface, such as snow-
all, snow age, snowmelt and snow density and den-
ification [ 13 –15 ]. However, the temporal scale at
hich the appearance of liquid water affects Tb is
uch shorter than the other factors. Therefore, the
ransition from dry snow to wet snow (liquid wa-
er, ice and air) yields a distinct signature: a sharp
nd abrupt increase in Tb, which is detectable by mi-
rowave sensors at frequencies of > 10 GHz (see SI
iscussion). Previous analyses using scanning mul-
ichannel microwave radiometer (SMMR), special
ensor microwave/imager (SSM/I) and special sen-
or microwave imager/sounder (SSMIS) brightness
emperature data have focused on variations in the
nowmelt area and its duration across the ice sheet
 4 , 16 –18 ]. Although the melt extent (ME) and melt
ndex (MI) [ 12 ] have been decreasing over Antarc-
ica, both positive and negative trends exist in dif-
erent regions [ 4 , 16 –18 ]. Tedesco [ 19 ] suggests that
he response of surface snow melt to climate forcing
eans that a 1°C increase in the average snowmelt
eason SAT corresponds to an average MI increase
f ∼2 × 10 6 km 

2 per day. In contrast to these ear-
ier analyses, we use the Tb data (26 October 1978–
0 June 2020) from SMMR, SSM/I and SSMIS
rocessed using a machine-learning algorithm for
Page 2 of 11 
ice-sheet snowmelt detection. We then character- 
ize the trends, spatial patterns and interannual vari- 
ability in the timing of the Antarctic ice-sheet-melt
season—that is, the dates of melt onset and ending.

Figure 2 presents the characteristics of the
Antarctic melt season and its changes over 1978–
2020. Melt duration has shortened by ∼63% and
extended by ∼37% of the total melting region
(Fig. 2 B), with ∼54% of the snowmelt areas short- 
ened in duration by more than −0.1 days per year
and 29% of the snowmelt areas lengthened their
duration by > 0.1 days per year. However, the small
differences in melt duration obscure the fact that
67% of the snowmelt areas experience delays in
onset and 65% delays in the termination dates.
Moreover, most of the snowmelt areas in Antarctica
have experienced a delay in both the melt onset
(Fig. 2 C) and end dates (Fig. 2 D). These results
indicate that the accumulated delays in both the melt
onset and end dates over the 40-year observational
period amount to 10%–15% of the whole summer
melt period and that the Antarctic summer is not
only ‘coming late’ but also ‘ending late’.

The delays in melt onset and end dates are con- 
sistent with the temperature decreases in Decem- 
ber and increases in March as recorded by the 32
AWSs (Fig. 1 ). We explore the relationship be- 
tween temperature and snowmelt date (Supplemen- 
tary Fig. S1A–F) through maximum covariance anal- 
ysis (MCA) [ 28 ]. Using MERRA and ERA5 2-m
Temperature data sets, the first mode of 2-m tem- 
perature with snowmelt onset captures > 75% of the
squared covariance. In contrast, the first mode of
2-m temperature with snowmelt end captures < 50%
of the squared covariance (Supplementary Fig. S1A–
D). However, the first mode of ERA5 sea surface
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Figure 3. Interannual variation of SAM index (SAMI) (1957.1–2020.12 obtained from 

https://legacy.bas.ac.uk/met/gjma/sam.html ). (A) Melt onset (October and November) 
and (B) end date (February and March) with trend lines fitted for 1957–2020 (red line). 
The estimated slopes and its 95% confidence intervals are shown. 
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emperatures (SST) with snowmelt onset captures
 50% of the squared covariance, but the first mode
f SST captures 55% of the squared covariance with
nowmelt end (Supplementary Fig. S1E and F).
hese analyses point towards the delay of the on-
et of freeze–thaw being driven by the atmosphere,
hereas the delay of the end of freeze–thaw may be
riven by the ocean. Therefore, we next analyse the
tmosphere, sea ice, ocean and the melt date.

ECHANISMS DRIVING THE SNOWMELT
EASON DELAY
ntarctic snowmelt areas are generally in the cli-
atically complex coastal regions. Mechanisms driv-

ng the snowmelt season and surface temperature
hanges may involve changes in atmospheric or
ceanic circulations, changes in sea-ice extent and
hanges in turbulent and radiative fluxes.
A potential driver is the Southern Annular Mode

SAM) [ 20 , 21 , 29 ], which represents the gradient of
he sea-level pressure between mid- and high lati-
udes of the southern hemisphere, and hence pole-
ard or equatorward shifts in the westerly jet. A pos-
tive phase of the SAM indicates abnormally high
ea surface pressures in the mid-latitudes that drives
he westerly jet poleward, usually causing a decline
n surface temperatures near the pole. The SAM ex-
ibits a positive trend, significant at the 90% level, for
he beginning of the summer melt season (Fig. 3 A)
nd a 95% significant positive trend level for the melt
nd date (Fig. 3 B). Modeling studies suggest that the
rend of the SAM is likely due to stratospheric ozone
Page 4 of 11 
depletion [ 22 ] and natural variability [ 30 ]. Further-
more, northern hemisphere and tropical SST vari- 
ability may have played a triggering role in the shift of
the SAM into its positive phase [ 31 , 32 ] and the ad-
justment of the southern hemispheric atmospheric
circulation, or it may simply be the internal variabil- 
ity of the system [ 33 ]. This trend towards a positive
phase of the SAM may potentially contribute to the
cooling in East Antarctica but relative warming over
the more northerly regions of the Antarctic Penin- 
sula [ 22 , 23 ].

Another candidate that may drive the change in
the Antarctic snowmelt season is the sea-ice cover.
The thermal capacity of the ocean is an important
heat source of the atmosphere over Antarctica. Sea
ice affects the radiation balance through the sea
ice-albedo feedback. Moreover, sea ice blocks the
exchange of heat between the ocean and the atmo- 
sphere, lowering the vertical heat transfer by two or- 
ders of magnitude [ 26 ]. Antarctic sea-ice changes
have been attributed to the adjustment of both
the SAM [ 24 ] and the Amundsen Sea Low, which
may be further driven by the teleconnections trig- 
gered by tropical interannual and decadal variabili- 
ties [ 28 , 34 –37 ]. In addition, a large fraction of sea-
ice variance can be explained by Rossby wave-like
structures in the Drake Passage region [ 25 ].

The increasing trend in Antarctic sea ice over the
satellite record is the integration of large but region- 
ally contrasting trends and other regions that show
very little net change. In particular, the sea ice ex- 
tent (SIE) over the Amundsen and Bellingshausen
Seas exhibits a strong decreasing trend (Supplemen- 
tary Fig. S2). This regional feature of the SIE melt- 
ing trends also contributes to the regionality of the
Antarctic snowmelt onset and end dates. Antarc- 
tic sea ice increased from the late 1970s until 2014
(before its abrupt retreat after 2015) for all months
during the Antarctic snowmelt season (from Octo- 
ber to the March of the following year; Supplemen- 
tary Fig. S2A–C) [ 5 , 6 , 38 ] particularly in October
(second-greatest increase) and December (fourth- 
greatest). As a result, the melt season onset was de- 
layed around the entire Antarctic coast from 1979 to
2014 (Fig. 2 E). The snowmelt onset delay over this
period is consistent with the reduction in heat ex- 
change from ocean to atmosphere expected by ex- 
tended sea-ice cover. In contrast, a rapid reduction
in Antarctic sea ice [ 39 ] after 2015 led to earlier
snowmelt onset (Fig. 2 F), again consistently with in- 
creased heat flux from the ocean to the atmosphere
caused by the sea-ice decline in the period. While the
integrated change trend over Antarctica shows ear- 
lier snowmelt onset and delayed snowmelt end after
2015, comparing Fig. 2 E and G, there are trend re-
versals in the change in melt onset and melt end for

https://legacy.bas.ac.uk/met/gjma/sam.html
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Areas where r is not significant
 at the 95% level

Partial correlation coefficient r
-1-0.8-0.6-0.4-0.200.20.40.60.81

A B C

D E

Figure 4. Correlation between melt timing and SAM, SIC and turbulent heat flux. Spatial distribution of partial correlation coefficients between melt 
end date and (A) SAM, (B) SIC and (C) turbulent heat flux. Spatial distribution of partial correlation coefficients between melt onset date and (D) SAM 

and (E) SIC. The continent and oceans around Antarctica are divided into five regions (see Fig. 1 A), then, for each region, we calculate the partial 
correlation coefficients between melt dates over continent and regional-averaged SIC, regional-averaged turbulent fluxes over sea. Hatching shows 
individual grid cells where the trend was not significant at the 95% level. The correlation analysis is performed on detrended data. 
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ome regions and compensating increases in trends
n other regions. Sea ice plays an important role in
egulating the heat exchange between the ocean and
he atmosphere, and can have a significant impact on
he Antarctic snowmelt freeze–thaw date changes.
ea ice acts as an insulator, preventing heat transfer
etween the ocean and the atmosphere. As sea-ice
xtent decreases, more heat is transferred from the
cean to the atmosphere, warming the air and in-
reasing the likelihood of melt events. The changes
n Antarctic sea ice since 2015 have been complex.
hi le overal l trends indicate a decrease in sea-ice ex-

ent, there have been some regional variations and
hort-term fluctuations. Changes in sea ice after 2015
ed to shifts in ice-sheet-melt onset and end tim-
ng. Figure 4 B and E shows the spatial distribution
f partial correlation coefficients between melt date
nd sea-ice concentration. In the Amundsen Sea and
estern Peninsula, melt onset has a significant neg-
tive correlation with sea-ice concentration, while
elt end has a significant positive correlation with
ea-ice concentration. The reduction in sea-ice con-
entration in this region after 2015 led to an earlier
nset and a later melt end.
At the end of the melt season, the sea-ice ex-

ent around Antarctica is at its minimum and ocean–
Page 5 of 11 
atmosphere heat exchange is at its greatest, mean- 
ing that ocean conditions have their greatest impact
on the atmosphere. This behavior is clearly visible in
the partial correlation between melt season end dates
and turbulent heat flux, and in the anti-correlation
with sea-ice concentration (SIC) around the entire
coast (Fig. 4 B and C). Although Antarctic sea ice has
generally increased, Supplementary Fig. S2D and E
shows that the SIC in Bellingshausen and Amund- 
sen Seas decreased during February and March, i.e.
especially at the end of the melt season (Supplemen- 
tary Fig. S2D and E and black circle in Fig. 5 B). The
sea-ice decline led to increased heat released from
the ocean to the atmosphere during March via tur- 
bulent heat fluxes, shown as sensible heat (Fig. 5 C)
and latent heat (Fig. 5 D). A similar feature can also
be seen off the coast of Queen Maud Land. Both
these regions show delayed ending of the melt sea- 
son (Fig. 5 A). However, regions where turbulent
heat fluxes are not increasing, such as off Victoria
Land, show no trend towards delayed melt season
termination.

To test the nature of the relationships between
the potential causal factors, i.e. SAM, SIC and
turbulent heat flux, and the melt season timing, we
performed Granger-causality tests. A time series is
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Figure 5. Relationships between March trends in four factors. March trends in (A) 
end of melt season, (B) sea-ice concentration (SIC; 1978.10–2020.12, obtained from 

https://nsidc.org/data/nsidc-0051/versions/2 ), (C) sensible heat flux at the surface 
(SSHF) and (D) latent heat flux at the surface (SLHF). Surface sensible and latent 
heat fluxes are from ERA5 reanalysis data, https://cds.climate.copernicus.eu/cdsapp#! 
/dataset/reanalysis- era5- land?tab=form . The two vertical fluxes are positive upwards. 
In the Bellingshausen and Amundsen Seas and western Peninsula (black oval), the sea- 
ice concentration decreased markedly in this season during 1978–2020; the SLHF and 
SSHF release also shows an increase, meaning increased heat exchange between the 
ocean and the atmosphere. Red ovals mark Queen Maud Land where similar patterns 
occur. 
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aid to Granger-cause a target time series if it better
xplains future values of the target than does the tar-
et’s own past values. Since this test utilizes the time-
rdering of the data, it is a more useful in detecting
ausality than correlation analysis.
Although our postulated mechanisms as de-

cribed above work on subannual timescales, which
e cannot directly examine with only one melt
eason available each year, we can study the multi-
nnual persistence of Granger causality by using
he full 43-year-long records. Figure 6 A–E shows
he outcomes of the Granger-causalities test be-
ween the factors in five geographic sectors. In the
oss Sector and Amundsen and Bellingshausen
eas Sector, the SAM Granger-causes the SIC (i.e.
hat is changes in the SAM provide statistically
ignificant ( P < 0.05) forecasting for SIC); the
IC Granger-causes turbulent heat flux; all three
ariables Granger-cause a delay in the melt season
nd time. This is consistent with the arguments
nd mechanisms proposed earlier, but the causality
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relationships are significant over multi-annual and
multi-decadal timescales in addition to simple
seasonal relations.

In contrast, during the onset of summer, the sea- 
ice extent is near its maximum in November and the
ocean–atmosphere heat exchange is greatly reduced
[ 26 ] (Supplementary Fig. S2A–C). Therefore, other
factors, such as atmospheric circulation, can play
larger roles in determining air temperatures. The
SAM monthly index shows a positive trend for all
months from October to March (Fig. 3 A and B).
The melt onset date is correlated with the SAM and
the SIC in the majority of melt areas (SAM: 61%
of which 41% have a trend significant at the 95%
level and SIC: 55% of which 38% are significant at
the 95% level; Fig. 4 D and E), indicating that as the
SAM and the SIC increase, the melt onset date is
delayed. Regionally, the Amundsen, Bellingshausen
Seas and Queen Maud Land show the highest cor- 
relations and are regions where the change in onset
date is the largest (Fig. 2 C) while areas with weak or
negative correlation tend to show smaller changes
in melt onset date. The trend of the SAM towards
a positive phase leads to increases in eastward wind
stress over the Southern Oceans and a shift in the
band of maximum wind stress southwards, which
has had a major impact on ocean temperatures [ 40 ],
leading to a cooling of the atmosphere. This cooling
dominates conditions at the start of the snow melt
season when oceanic heat exchange is minimal. We
again demonstrate that the time series supports the
causal rather than simple correlations between the
variables using the Granger-causality tests shown in
Fig. 6 . In the Ross Sector, Amundsen and Belling- 
shausen Seas Sector and Weddell Sea Sectors, the
SAM is found to significantly Granger-cause the
SIC; and both the SAM and the SIC Granger-cause
changes in melt onset. Thus, the increased SIC with
the positive phase of the SAM can Granger-cause
the delay in the melt onset date.

POTENTIAL IMPACTS OF THE
SNOWMELT SEASON DELAY
The timing of surface melt affects Antarctic radiation
balance and climate via the change in albedo. To in- 
vestigate the impact of the delay of the snowmelt sea- 
son on the change in solar radiation, we estimated the
annual changing rates of surface net solar radiation
using the rates of the snowmelt onset and end dates,
snowmelt area, insolation and snow albedo. Albedos
of dry snow are 0.9–0.98 while for wet snow they are
0.6–0.8 [ 41 , 42 ]. The observed delay in the snowmelt
season decreases the annual surface net solar radi- 
ation of Antarctica by −5 ± 3 × 10 18 J per year

https://nsidc.org/data/nsidc-0051/versions/2
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
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averaging to −0.26 ± 0.14 W/m 

2 per year in the
now melt area) or −0.3% per year given an annual
verage surface net solar radiation of 1.54 × 10 21 J
calculated by using ERA5 reanalysis data [ 43 ]).
e ignore the impact of changes in blue ice areas
n solar radiation as blue ice occupies < 4% of the
nowmelt area [ 44 ]. The reduction in surface net
olar radiation on the snowmelt area caused by
he delay of the snowmelt season is larger than that
aused by the observed increases in sea ice, which we
stimate as −0.19 ± 0.31 W/m 

2 per year or −0.23%
er year (the range of sea-ice albedo is 0.6–0.8 and
he albedo of sea water is 0.06 [ 42 , 45 ]). Thus, the
elay in the snowmelt season effectively causes more
han twice the total change in radiation balance as
y the widely discussed and speculated on changes
n Antarctic sea ice.
Prognostic simulations of future Antarctic cli-
ate suggest a rise in precipitation as the air warms.
ncreased snowfall would raise the snow albedo,
educing surface temperatures and surface melt
 18 ]. Recent work [ 7 , 10 , 11 ] on the surface melt
nd hydrology of Antarctica has not considered the
elayed melt season phenomenon that we report,
hich depends on the complex interaction of ocean
nd atmospheric drivers. In contrast w ith prev ious
tudies [ 46 ], our new snow melt detection method
see ‘Methods’ and SI Discussion) finds significant
rends in the timing of the melt season, as well
s its spatial variability. These trends suggest that
he observed surface hydrology may well change
n response to variations in melt sources. Since
urface melt plays a crucial role in hydrofracturing
ce shelves, the melt season delay is likely to be an
mportant factor in future Antarctic mass balance
nd ice-sheet stability [ 9 , 47 , 48 ]. Better incorpo-
ation of the snowmelt processes within climate
nd ice-sheet models wi l l be useful for improving
rojections of regional climatic change, ice-sheet
ass balance and sea-level rise, and the satellite era
bservations of melt season change wi l l provide a
aluable validation data set for such models.

ETHODS
he research framework of this study contains four
ain aspects as outlined in Supplementary Fig. S3.

nowmelt detection method based on
achine learning
sing 18- and 19-GHz horizontal polarization chan-
el data of the SMMR, SSM/I and SSMIS, respec-
ively, we followed these procedures. (i) The time-
eries brightness temperature values of each pixel
re used to differentiate the melt area and non-melt
Page 8 of 11 
area. Traditional methods [ 4 , 15 –17 , 19 ] usually ex-
tract abrupt signals around the melt season, with a
threshold value to identify melting events. However,
their accuracy is limited because snow in different lo- 
cations can have distinct characteristics and there- 
fore the melting signals may vary significantly spa- 
tially. We improved the accuracy of the detection
using a novel method based on modern machine- 
learning techniques [ 49 ]. The architecture of the
model is shown in Supplementary Fig. S4A and B.
We employed a neural network with three convolu- 
tion blocks combined with fully connected layers to
capture meaningful fluctuations in the daily Tb se- 
ries. Our method makes use of both local and global
fluctuation patterns during the entire year since melt
happens gradually along with changes in the grain
size, density and crystal structure of the surface
snow and ice, all of which can change the emissivity.
(ii) In the preprocessing step, we normalized the Tb
series for easier training of the network. The air- 
temperature data from AWS was taken as ‘ground
truth’. Nine hundred and fifty-six samples were se- 
lected with labels derived from the corresponding
AWS data, 80% of which were used for training and
20% for validation. Prior to training, we performed
a quality control of AWS data [ 50 ]. Some spurious
observations may appear in the AWS data set, e.g.
the temperature sensor may heat up because of direct
and/or diffuse solar radiation in spite of the radiation
shield [ 50 ], creating errors of up to several degrees.
Therefore, we rejected temperature data outside
three standard deviations from the mean during the
selected time periods. After training for 60 epochs,
the new method achieved 93% overall validation ac- 
curacy (see Supplementary Fig. S4C) which is > 10
percentage points higher than the widely adopted
method based on the generalized Gaussian distribu- 
tion [ 51 ]. This significantly benefits the timing ac- 
curacies for the onset and termination of the snow
melt season. (iii) The model was then used to clas- 
sify all the experimental data and locate the melt- 
ing areas. (iv) The time-series brightness tempera- 
ture values of each wet pixel were decomposed into
multiscale components through a wavelet transform.
(v) The local extrema of the wavelet transform mod- 
ulus (modulus extrema), which indicate the strength
of the edges caused by sharp transitions and the time
when the sharp variations occur, were tracked and
analysed across scales. (vi) For each pixel, a criti- 
cal value was set as a melt signal to differentiate the
sharp transition induced by the melting and refreez- 
ing processes from the other transitions caused by
non-melt processes by variance analysis. (vii) Based
on the principle of spatial autocorrelation, a spatial
neighborhood operator was used to detect and cor- 
rect possible errors brought about by noise pixels.



Natl Sci Rev , 2023, Vol. 10, nwad157 

a
e
a
t
i
t
i

S
W
m  

t
F
T
S  

p  

t
m
o

G
A  

v
x
x
o  

d
v
t
c
p
a  

f
t
G
e
i
fl
O
F
t
w
t
t
f
fl
P
S
fl
o
w
w
t

 

 

 

 

 

 

This method can determine not only whether
n area experienced melt, but also when an area
xperienced melt by detecting and tracking strong
nd significant edges in the brightness temperature
ime-series curve. Because the snowmelt detection
n each year is only based on Tb time series from
hat year, the detection results between the years are
ndependent.

nowmelt method validation
e validate our method by comparing with the
elt results obtained by the 27th Chinese na-
ional Antarctic expeditions (Supplementary
ig. S9), AWS station observations (Supplementary
able S2), remote sensing based on RADARSAT
AR and AMSR-E data, and also using the cross-
olarized gradient ratio method [ 52 ] in Supplemen-
ary Table S3. The comparisons show that our new
ethod with the data sets used here outperform
ther approaches (see SI Discussion).

ranger causality
ssuming multiple jointly distributed vector-
alued stochastic processes (‘variables’)
 

i = x i 1 , x 
i 
2 , . . . , i = 1 , 2 , . . . . We say that

 

i , i = 2 , 3 , . . . does not Granger-cause x 1 if and
nly if x 1 , conditional on its own past, is indepen-
ent of the past of x i , i = 2 , 3 , . . . ; intuitively, past
alues of x i , i = 2 , 3 , . . . yield no information about
he current value of x 1 beyond information already
ontained in the past of x 1 itself. If, conversely, the
ast of x i , i = 2 , 3 , . . . does convey information
bout the future of x 1 above and beyond all in-
ormation contained in the past of x 1 , then we say
hat x i , i = 2 , 3 , . . . Granger-causes x 1 [ 53 ]. In our
ranger-causality test, the variable x 1 is the melt
nd date or the melt onset date; the variables x i ,
 = 1, 2, 3 are the SAM, SIC and turbulent heat
ux, respectively. We use their monthly values in
ctober and November for melt onset, and in
ebruary and March for melt end. All the tested
ime series must be of the same length. Because
e expect that regions closest to the coast have
he greatest influence on melt conditions, we limit
he region using a tentative threshold of 175 km
rom the coast line for the SIC and turbulent heat
ux data. However, this means that the Antarctica
eninsula and the Bellingshausen and Amundsen
ea sectors have fewer data cells for SIC and heat
ux than the number of melt season observations
n land. To ensure that the same number of samples
ere used for the Granger test for all the variables,
e randomly chose 20 0 0 sample points (80% of the
otal) for the melt, SIC and heat flux data.
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New proposed parameters
To characterize the interannual variability in the tim- 
ing of the Antarctic ice-sheet melt, three parame- 
ters that can detect the tendency of the snowmelt
to changes are proposed based on the time-series re- 
gression analysis of the melt onset date, end date and
duration. These parameters are the change rates of
the melt onset date, end date and duration. In the
analysis of melt onset and end date, the melt onset is
the initial detected time of the presence of liquid wa-
ter in the upper snowpack, which corresponds to the
first significant upward edge on the daily Tb curve.
The melt end is the last detected time of the pres-
ence of liquid water in the upper snowpack, which
corresponds to the last significant downward edge on
the daily Tb curve. The time that elapses between
the first significant upward edge and the last signif- 
icant downward edge defines the melt season. More- 
over, 1 July and 30 June of the following year are
defined as the first and last day, respectively, of the
Antarctic year. The estimation process of the change
rates in the snowmelt melt date is as follows (tak-
ing the change rates of the melt onset date as an
example). (i) The annual snowmelt onset date for
the entire Antarctic ice sheet for each of Antarctic
years is derived using an ice-sheet freeze–thaw de- 
tection method based on machine learning. (2) A
least-squares fitting is conducted and the linear trend
of the annual melt onset date for each pixel is ob-
tained (Supplementary Fig. S11). (iii) A change anal- 
ysis based on linear trends is performed. A positive
rate of change (positive slope; see Supplementary
Fig. S11) in the snowmelt onset date indicates that
the melt onset date has been delayed and a negative
rate of change means that the melt onset date has ad-
vanced. Moreover, two other indicators are used to
study the interannual temporal and spatial variabil- 
ity of the Antarctic ice-sheet snowmelt, namely the
ME (km 

2 ) and the MI (day × km 

2 ) [ 12 ].

DATA AVAILABILITY
The longest record of the microwave brightness tem- 
peratures from 26 October 1978 to 30 June 2020
spans 43 years and is derived from SMMR, SSM/I
and SSMIS, downloaded from the National Snow
and Ice Data Center (NSIDC) [ 54 , 55 ] and qual-
ity controlled by using several procedures: (i) cor- 
rections for long-term calibration drifts that result
from changes in the operational behavior of the
sensor and its electrical components; (ii) correc- 
tions for calibration drifts with respect to the
sun-spacecraft (ecliptic) angle caused by variations
in solar heating of the instruments at different po- 
sitions in the orbit; (iii) statistical analysis on the
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rightness temperature data to look for possible cal-
bration errors; (iv) along-scan adjustment using the
entz radiative transfer model [ 56 ]. SSM/I data are
issing for 28 days in December 1987; the snowmelt
etection is thus incomplete and the 1987–88 sea-
on is not included in the analysis. For compara-
ility among different platforms and sensors, the
MMR, SSM/I F11, SSM/I F13 and SSMIS F17
ata were converted into the corresponding equiv-
lent SSM/I F8 data using the linear regression
ethod [ 46 , 57 ].

UPPLEMENTARY DATA
upplementary data are available at NSR online. 
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