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Surface meltwater is predicted to become increasingly important for

Antarctic mass loss as atmospheric temperatures rise, due to its potential
toinfluence ice dynamic, hydrofracture and radiative processes. However,
our understanding of Antarctic surface meltwater is limited, with

previous studies restricted in spatial or temporal scope. Here, using cloud
computing, we produce an Antarctic-wide, monthly dataset of surface
meltwater for 2006 to 2021. Surface meltwater covered 3,732 km?across
Antarctica on average during each melt season, with 30% on grounded

ice. High interannual variability in meltwater area across the Antarctic
Peninsula and in East Antarctica correlates with large-scale modes of climate
variability. In west Antarctica, meltwater areais comparatively low and this
correlationis absent. Anincrease in the magnitude and variability of surface
meltwater area without a coincident increase in modelled snowmeltin East

M Check for updates

Antarcticaindicates that the ice-sheet surface might be becoming more
favourable to meltwater ponding.

Surface meltwater will play a crucial role in the response of Antarc-
ticato climate warming, because ponded water can promote ice-shelf
breakup'?, enhance localized melting** and influence grounded ice
dynamics®”. Although first noted by Antarctic explorersin1909%, and
subsequently identified at various locations using remote sensing™,
the recent revelation that surface water is widespread around the
Antarctic margin®" has spawned several studies of individual ice
shelves> ™, groups of ice catchments’™¢, and at ice-sheet spatial
scales™”®, Antarctic-wide fluxes of meltwater production have been
generated usingsatellites”* and models?**, However, a continent-wide
surface meltwater area dataset with high temporal resolution and dec-
adal time spanis lacking, meaning that the multi-annual and seasonal
evolution of surface hydrology at a continental scale remains poorly
constrained**. We address this by providing amonthly, long-term (15-yr)
assessment of surface meltwater across Antarctica, enabling acompre-
hensive assessment of trends and spatial patterns in meltwater area.

To capture seasonal and interannual variability, we mapped
surface meltwater across the Antarctic continent in Google Earth
Engine (GEE)" at monthly intervals. Every available Landsat 7 and 8
image was analysed between 2006 and 2021, totalling 133,497 images.
To account for meltwater probably excluded as a result of variable
image coverage and cloud cover, we used image visibility assessments
(Methods) toscale up our mapped arearesults, generating ‘estimated’
surface meltwater area totals™. This approach produced a consistent
time series of surface meltwater, spanning the entire continent. All
meltwater areas stated in-text are ‘estimated’ rather than ‘observed’,
as these are probably more representative of the true value. How-
ever, our scaling-up method has some inherent uncertainties and true
meltwater area is probably somewhere between observed and
estimated values (Supplementary Discussion 1). Our analysis pro-
duces the same conclusions regardless of which of these data are used
(Supplementary Discussion 2).
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Fig. 1| Surface meltwater around the Antarctic continent. a-i, Occurrence
frequency of surface meltwater for key ice shelves (IS) and outlet glaciers (G):
George Vlice Shelf (a), Amery Ice Shelf (b), Riiser-Larsen Ice Shelf (c), Rennick
Glacier (d), Shackleton Ice Shelf (e), Nivlisen Ice Shelf (f), Nansen Ice Shelf (g),
Pinelsland Ice Shelf (h) and Bach Ice Shelf (i). j, The location of each subpanel is
shownin the central map: the spatial density of surface meltwater features across
Antarctica, shown as mean meltwater area per 1-km? cell using a 50-km search
radius. Circles associated with ice-shelflabels are sized proportionally to the

average surface meltwater area of each named ice-shelfregion, split between
floatingice (grey) and grounded ice within 20 km of the grounding line (black).
Pie charts are only displayed for ice-shelf regions with mean meltwater area

>10 km?. The thick black lines show the extent of the East and West Antarctic ice
sheets and the AP. The central grey square indicates the region around the South
Pole that was not mapped due to alack of Landsat images (Methods). Ice-sheet
and ice-shelfboundaries fromref. 56.
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Fig.2| The seasonal and interannual evolution of surface meltwater
across the Antarcticice sheets from 2006 to 2021. a-c, EAIS (a), AP (b) and
WAIS (c). Meltwater area data for November-February each melt season.
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Each opaque-coloured bar shows the observed (O) mapped surface meltwater

area, with translucent bars displaying scaled up estimated (E) meltwater area

based on visibility assessments (Methods).

Distribution of Antarctic meltwater

Ice-surface meltwater systems, comprising interconnected lakes,
streams and regions of slush, occur around much of the Antarctic
margin (Fig. 1). Surface water covered 3,732 km? (s.d. 1,547 km?) of
Antarctica on average (mean) each melt season, with 70% of water
located onice shelves. On the flatter topography of ice shelves, lakes
are often elongate and connected by streams (Fig. 1a-i), with subtle
along-flow topographic corrugations encouraging lakes to extend
parallel with ice flow (Fig. 1e,g,i). Fewer, more isolated lakes occur in
topographically confined basins on grounded ice and often reform
inthe same location in several years (Fig. 1b,i,g). The greatest surface
meltwater area (annual maximum extent) was observed during the
2016/17 melt season, covering 4,574 and 2,218 km? of floating and
groundedice, respectively. By contrast, during the 2011/12 melt season,
surface meltwater only covered 1,004 km? of floating ice and 516 km?
of groundedice.

The East Antarctic Ice Sheet (EAIS) has the largest area of surface
meltwater (2,812 km? mean annual meltwater area; s.d. 1,478 km?),
representing ~0.03% of total EAIS area (grounded and floating area
combined). EAIS-wide totals are dominated by large lakes (up to

~90 km?) on ice shelves and their associated grounding zones, with
64% of total meltwater areasituated on floating ice and 91% of water on
grounded ice located within 20 km of the grounding line. Mean annual
meltwater areatotalsare greatest for the Amery (1,110 km?;s.d. 791 km?),
RoiBaudouin (516 km?s.d. 402 km?), Shackleton (260 km?;s.d. 192 km?)
and Nivlisen (138 km?; s.d. 118 km?) Ice Shelf regions, although with
highvariability between melt seasons (Extended DataFig.1). The pro-
portion of each ice shelf covered in meltwater is nevertheless low;
the highest being -5% for Nivlisen Ice Shelfin 2007/08. The two larg-
est EAIS ice shelves, Filchner and Ross (East), experience mean sur-
face meltwater areas of 6 km? (s.d. 5 km?) and 59 km? (s.d. 32 km?),
respectively.

The Antarctic Peninsula (AP) hosts the second highest meltwater
area (855 km?mean; s.d. 665 km?), although meltwater covers agreater
proportion of the AP (-0.2%) than the EAIS (-0.03%). Complex meltwa-
ter networks often cover central sections of the George VI, Wilkins and
Bachiceshelves (Fig.1); the proportion of George VlIce Shelf covered
in meltwater each melt season (>2% median) is larger than any other
ice shelf in Antarctica (Extended Data Fig. 1). While meltwater on the
southern APis concentrated onice shelves, meltwater farther northon
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the AP is more abundant on grounded ice. For example, there is more
meltwater ongroundedice surrounding the Larsen Clce Shelf (<20 km
inland of the groundingline), than on the ice shelfitself (Fig. 1j). Surface
meltwater on grounded ice often includes extensive regions of slush
(Extended Data Fig. 2g), which is abundant on the northeast outlet
glaciers of the AP and glaciers feeding the southern AP ice shelves.
Variability in the proportion of AP meltwater on grounded versus float-
ingiceisfargreater thaneither the West Antarctic Ice Sheet (WAIS) or
EAIS, ranging from 1% on grounded ice in 2009/10 to 68% during the
2013/14 melt season (Extended Data Table 1).

Surface meltwater is less abundant on the WAIS, both in terms of
absolute meltwater area (64 km>mean;s.d. 22 km?) and proportionally
(~0.002%). Peak surface meltwater area across the WAIS is typically
40-90 km?each melt season, with 2012/13 having the highest surface
meltwater area total (105 km?) of the study period (Fig. 2). Previously
reported meltwater features around Pine Island, Cosgrove and Getz
ice shelves” recur throughout our time series (Fig. 1g). Surface lakes
of up to -2 km? also commonly occur on grounded ice near nunataks
surrounding Nickerson and Sulzberger ice shelves. On average, almost
half (48% mean) of WAIS surface meltwater exists on grounded ice. No
surface meltwater is detected around the eastern section of the Ross
Ice Shelf or on any of the Siple Coast ice streams, despite the known
occurrence of melt events within our study period®.

Variability and trends in meltwater area

For the EAIS, WAIS and AP, meltwater area displays high interannual
and seasonal variability. Around the EAIS, surface meltwater occurs
throughout the austral summer (Fig. 2a) with a gradual increase in
meltwater area throughout November and December, peaking in
January, followed by a rapid decline during February (Fig. 2a). Annual
variability in meltwater area is typically consistent between EAIS ice
shelves, with notable exceptions’®. For example, the greatest surface
meltwater area for Nivlisen Ice Shelf occurred during the 2007/08
melt season when most of the EAIS experienced lower-than-average
meltwater area (Fig. 3a). At the AP, there is typically negligible surface
meltwater during November and December, before a rapid jump to a
seasonal maximuminJanuary. High meltwater area sometimes remains
into February (Fig. 2b). The largest monthly meltwater area on the AP
was in January 2020, consistent with record high meltwater area on
George Vllce Shelf”, Around the WAIS, surface meltwater area gener-
allyreaches amaximumin January, but peaked in December in 4 years
when overall meltwater area was low (Fig. 2c).

For the EAIS, we observe an increase in both magnitude and
variability of meltwater area across our 15-yr study period (Fig. 2a).
Mean annual EAIS meltwater area between 2014 and 2021 (3,693 km?%;
s.d. 1,493 km?) was over double that of 2007-2013 (1,807 km?;
s.d. 534 km?), despite 2015/16 and 2020/21 having low meltwater area
(Fig.2a). We find statistically significantincreasing trends in EAIS melt-
water area for our annual data (November-February maximum extent)
and individually for the months of November and January (Extended
Data Fig. 3). The greatest annual meltwater area occurred in 2016/17,
when 5,945 km? of the EAIS was covered in meltwater at some stage
during the melt season. There is no overall increase in meltwater area
for either the AP or the WAIS, and these regions display contrasting pat-
ternsin meltwater areavariability (Fig. 2). The WAIS is characterized by
consistently low meltwater area, while the AP displays large variability
between melt seasons; annual meltwater area ranged from 57 km?in
2013/14 t0 2,330 km?in 2019/20.

Links with Antarctic climate

To investigate first-order atmospheric controls on continental-scale
surface meltwater area, we compared our datato three modes of atmos-
pheric variability known to influence Antarctic surface air tempera-
tures: (1) the Southern Annular Mode (SAM); (2) the EINifio/Southern
Oscillation (ENSO); and (3) the strength and location of the Amundsen

A
EAIS total‘ - - ‘ B
. Vv
Rennick . . E
2
Shackleton . . A
V
Amery H H B
Baudouin . . .
-1 4
Nivlisen -- - 2
A ® OO0 QOO O @GSO D 3
OQ’\O 6\\0 o‘b\o og\\ 0'\0\ 0"\\\ 6&\\ o"%\\ 0'&\\ 0'<°\\ 0'\@\ o'<\\\ \‘b\'@ o ¥ 2
DL VYRR PP PO P z
b q0 @
AP total ] R
1 1 L L (0]
o
| :
Wilkins 4
S
L m
George VI - - \?V
SRR IR I IR I I I R S - SRS I
RGNS A R IR
MM RIE S S S S S S S SN S A
Cc E
WAIS total - - ‘ ﬁ
ORI I ORI IS G
RPN AN o,o,\\ RN & 0\«\\ \Q,\\q R £
SN S A U S S S 3

Years

Fig. 3 | Interannual variability and trends in surface meltwater area from2006
t02021. a, Z-score anomalies relative to the 15-yr mean for the EAIS as awhole and
forice shelves with >0.5% meltwater coverage on average. b, Z-score anomalies as
inaforthe AP andindividualice shelves. ¢, Z-score anomalies asinaand b for the
WAIS; note that no WAIS ice shelves have >0.5% meltwater coverage. Z-scores for
2018/19 are probably underestimated as a result of missing datain February 2019,
highlighted by asterisks.

Sea Low (ASL). The climate impacts of the three modes vary across
Antarctica” >, so analysis was conducted separately for the EAIS, WAIS
and AP. We also compared our data against modelled snowmelt from
a statistically downscaled (2-km resolution) version® of the regional
climate model RACMO2.3p2 (ref. 23). This enabled us to identify spa-
tial and temporal differences in the proportion of snowmelt that gets
translated into ponded meltwater.

For the EAIS, we find astatistically significant negative correlation
between the detrended summer SAM index and detrended maximum
annual surface meltwater area (r=-0.47, P= 0.02), with greater melt-
water area associated with negative SAM years (Fig. 4c). For the 6 years
with the lowest SAM (<+0.7), median surface meltwater area was 20%
greater thanthe15-yr average (Fig. 4b). Conversely, the six lowest EAIS
melt area years coincided with a strong positive summer SAM index
(>+1.5) (Extended Data Table 2). EAIS surface meltwater areain the two
most negative SAM years was 84% greater than the median (Extended
Data Fig. 5d). The only year with a strong (<-1.5) negative SAM index
(2016/17) corresponded with the highest annual meltwater area of the
entirestudy period (Figs. 2a and 4a). No statistically significant correla-
tions are found between EAIS surface meltwater areaand ENSO or the
ASL (Extended Data Fig. 4b-d).

At the AP, the strength and location of the ASL appears closely
linked to the distribution and abundance of surface meltwater, as
also shown for surface air temperatures and sea-ice extent®. Summer
ASL relative central pressure (RCP) is negatively correlated (r=-0.38,
P<0.001) with surface meltwater area (Fig. 4c). Years with adeep ASL
(<=8 RCP) result, on average, in surface meltwater area anomalies
102% greater than the median (Fig. 4d), while a weaker (>-6.5) ASL
results inlower-than-average meltwater ponding on the AP (Extended
DataFig. 6a). Surface meltwater areais also typically greater whenthe
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Fig. 4 |Links between Antarctic surface meltwater and climate for the EAIS
and AP. a, Significant (P < 0.05) negative relationship (linear regression) between
surface meltwater area and the summer SAM index for the EAIS (black dots,

with grey bars extending to observed meltwater area), with regression (black
line) shown (P=0.02). b, Surface meltwater area anomalies across the EAIS in
years with summer SAM < 0.7, showing widespread positive anomalies of >50%.

¢, Significant negative relationship between surface meltwater and ASL RCP on
the AP (P=0.001). The melt seasons of three distinct outliers with higher-than-
expected surface meltwater are labelled. d, High percentage surface meltwater
anomalies on the AP during years with ASL RCP <-8 (deep ASL years). Ice-sheet
andice-shelfboundariesinband d fromref. 56.

centre of the ASL is closer to the AP (Extended Data Figs.4h and 6c,d),
consistent with the correlation to wind and temperature®. While ASL
strengthhasadistinct broad-scale influence on AP surface meltwater,
the three highest meltwater years (09/10, 12/13 and 19/20) stand out
asclear outliers to this relationship (Fig. 4c). These years did not have
exceptionally eastward ASL longitudes (Extended Data Table 2), sug-
gesting that local feedbacks and variability in surface meteorological
conditions, and extreme weather events, are importantin controlling
the most intense melt events®>**. We do not observe statistically signifi-
cantrelationships between surface meltwater area and either SAM or
ENSO on the AP (Extended Data Fig. 4e,f), perhaps due to the known
dependency of APtemperatures on the combined impact of ENSO and
the SAM**, weaker ENSO links in austral summer to AP temperatures®
and/or links between the eastern AP and tropical climate variability in
other regions®. No statistically significant relationships are observed
for the WAIS (Extended Data Fig. 4i-1), possibly due to meltwater area
beingtoo low for discernable signals to be identified.

We find positive significant power law relationships between
monthly surface meltwater area and modelled snowmelt for both the
EAIS (R*=0.37, P< 0.01) and the WAIS (R*=0.60, P < 0.01) (Fig. 5a).
Perhaps surprisingly, given the large area difference between the ice
sheets, the magnitude of monthly modelled snowmelt integrated
across the EAIS is only 43% higher on average than for the WAIS. How-
ever, the amount of snowmelt that becomes ponded surface meltwa-
ter is one-to-two orders of magnitude greater for the EAIS than the
WAIS (Fig. 5a). Hence, at an ice-sheet scale, melting in East Antarctica
results in a proportionally far greater increase in surface meltwater

area than in West Antarctica. For the EAIS, meltwater area increases
atagreater rate than modelled melt across our study period, indicat-
ing increasing susceptibility of melt to pond on the ice surface. This
increaseis observed at bothice-sheet-wide and ice-shelf scales across
the EAIS (Fig. 6). During the first half of our study period, relatively high
cumulative modelled snowmelt totals (November-February sum) in
2009/10 (74 Gt), 2010/11 (66 Gt) and 2012/13 (89 Gt) translated into
peak monthly surface meltwater areas of ~1,000-1,800 km? (Fig. 5b).
By contrast, modelled snowmelt totals of a similar magnitude in 2013/14
(83 Gt), 2016/17 (79 Gt) and 2019/20 (91 Gt) coincided with total sur-
face meltwater area of -2,900-4,500 km? (Fig. 5b). Ataregional scale,
14 out of 17 analysed EAIS ice-shelf regions show increasing sur-
face meltwater area relative to modelled melt, seven of which show
statistically significant trends across our study period (Fig. 6a-g).
Theseinclude Shackleton and Nivlisenice shelves, the third and fourth
highest contributors to total meltwater area in East Antarctica.

Atthe AP, we observe hysteresis rather than apower law relation-
ship between modelled melt and meltwater area, with surface meltwa-
ter area lagging behind modelled snowmelt (Fig. 5a). Relatively high
snowmeltin December typically coincides with total meltwater areas of
5-100 km? whereas surface meltwater areas of 300-800 km?in Febru-
ary occur with less snowmelt. While asimilar lag effect is observed for
the EAIS and WAIS, these signals are less pronounced (Fig. 5a). There
is far greater variability in AP surface meltwater area values relative
to the same magnitude of melt than is observed for either the EAIS or
WAIS. No clear patterns in ice-shelf susceptibility to melt were identi-
fied for the AP or WAIS.
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Fig. 5| Comparison between surface meltwater area and modelled snowmelt.
a, Therelationship between monthly surface meltwater areaand monthly
RACMO modelled snowmelt, integrated across the EAIS (black), WAIS (blue)
and AP (red). Statistically significant (P < 0.05) results from linear regression
are displayed for the EAIS (P=2.8 x 107%) and WAIS (P="7.5 x107™). The different
symbols indicate the month (November-February) of each data point. b, Time
series of surface meltwater area (black) and modelled snowmelt (red) across the
EAIS, for the months of November-February each melt season.

Discussion
Thelikelihood of surface meltwater being able to pond on anice surface
isprimarily controlled by the balance between snow accumulation and
snowmelt®. Thicker snowpacks have a greater capacity for holding
meltwater, meaning more meltis required to saturate the pore space
and trigger surface ponding. This could explain the lagged effect on the
AP (Fig. 5a), where high accumulation rates® result in thick snowpacks,
which take time to saturate with meltwater before ponding can occur.
Despite having only marginally higherice-sheet-wide integrated mod-
elled melt rates, the EAIS hosts substantially more surface meltwater
(Fig.5a) than the WAIS, suggesting that, in general, WAIS snowpacks are
currently less susceptible to meltwater saturation and surface ponding.
Our results show an overall increase in the magnitude and vari-
ability of surface meltwater areaacross the EAIS throughout our study
period, despite ice-sheet-wide modelled snowmelt rates remaining
relatively consistent (Fig. 5b). Regional analysis suggests that this
increased sensitivity to meltwater ponding has occurred around the
entire EAIS margin, but has been most pronounced at ice shelves in
Dronning Maud Land and Wilkes Land (Fig. 6a). While there are several
climatic and glaciological controls that could explain this increased
sensitivity, we hypothesize that the cause was anincrease in the abun-
dance of low permeability ice surfaces in East Antarctica. Reduced
ice-sheet surface permeability can occur for several reasons: enhanced
wind scouring exposing ice surfaces'*; multi-annual melting and
freezing of water within the snowpack forming impermeable ice
lenses®**’; and reductions in firn air content due to reduced accumu-
lation or the snowpack becoming saturated with melt*>*.. These pro-
cesses have already been observed at regional scales in Antarctica'®*®,
and haveresulted in widespread reductions in permeability across the
Greenland ice sheet*. Our results suggest that a similar effect may
be occurring in East Antarctica, although detailed analysis of in situ,

modelled and satellite data would be required to assess the specific
surface conditions for any given location. High variability in meltwa-
ter area (sometimes despite similar magnitudes of melt; Fig. 6b-h)
between different EAISice shelves suggests strong regional variability
in susceptibility to meltwater ponding, probably due to regional dif-
ferences in firn thickness and saturation.

The associations between surface meltwater areaand the SAMin
East Antarctica, and the ASL on the AP, demonstrate the broad-scale
influence that these modes of climate variability can have on melt®.
At the AP, a deeper (lower pressure) ASL typically brings relatively
warm, northerly air flows down the western side of the AP**, enhancing
surface air temperature and the likelihood of melting**. At the EAIS,
the negative correlation between the SAM and surface meltwater area
is consistent with the known influence of the SAM on EAIS surface air
temperatures®* and observed relationships between surface air tem-
perature and meltwater ponding'®. Extreme melt years that cannot be
explained by these drivers may be related to localized factors, such as
solar radiation***, foehn winds**¢ and low cloud cover?, or to extreme
weather events, often driven by atmospheric rivers*s. Althoughrelated
to large-scale drivers, atmospheric rivers often have quite specific
configurations®, which would not be detected by our correlation or
composite analysis.

The presence of surface meltwater ponds can provide sufficient
meltwater supply to initiate hydrofracture, either on floating***° or
grounded ice”. While most ice-shelf regions which currently host
surface meltwater are thought to be resilient to hydrofracture®’, over-
allincreases in surface meltwater area could result in expansion into
more vulnerable areas, as has already been observed at Shackleton
Ice Shelf'®. The proportion of Antarctic ice shelves that are currently
covered insurface meltwater is low (Extended Data Fig. 1), and future
anticipated increases in melt*> may partly be mitigated by increased
evacuation of meltwater office shelves®. Increases in surface meltwa-
ter on grounded ice would increase the likelihood of surface-to-bed
connections developing, which could limit the amount of meltwater
thatdrains fromtheice sheet ontoice shelves. However, the delivery
of surface meltwater to the bed could have importantimplications for
grounded ice dynamics, as it can induce transient’ and seasonal****
accelerations inice motion.

Methodological advances and computing capabilities have ena-
bled us to produce a monthly, continent-wide dataset of Antarctic
surface meltwater area for 2006-2021. Our results show that there
hasbeen anincrease in the magnitude and variability of surface melt-
water areain East Antarcticainrecentyears, which, inthe absence of a
coincidentincrease in modelled snowmelt, suggests that the ice-sheet
surface is becoming increasingly prone to meltwater ponding. These
results create an imperative for our surface meltwater dataset to be
combined withmodelled, satellite and in situ data, to better understand
the controls and potential future impacts of meltwater ponding in
regions most at risk to increases in surface meltwater area.
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Methods

Surface meltwater mapping

Surface meltwater, ice, rock and cloud were automatically detected
fromLandsat 7and 8 opticalsatelliteimagery usingaband-thresholding
technique®. Cloud and rock areas were masked from image tiles,and an
ice-specific version of the normalized difference water index (NDWI,.,)
was subsequently used to delineate areas of surface meltwater. We
applied the same thresholds as those developed by ref. 15, except for
one minor change; we altered the threshold value for ‘green (B3)-red
(B4)’ from >0.07 to >0.10 (Supplementary Table 3). This threshold is
applied following NDWI classification to exclude areas of cloud shadow
and shaded snow from surface meltwater classification results”. Our
testing found that athreshold of >0.07 was insufficient at removing all
rock and cloud shadow, resulting in widespread instances of misclas-
sification error (Supplementary Fig. 4). By increasing this threshold to
>0.10, we were able to successfully eradicate these misclassifications,
while still retaining correctly identified surface meltwater within our
dataset (Supplementary Discussion 3).

Mapping was undertaken in GEE, using Landsat level 1 tier 2
top-of-atmosphereimages stored in the GEE data catalogue. By using
acloud-based computational platform, we were able to conduct rapid
processing over spatial and temporal scales that would have other-
wise been unachievable'. Surface meltwater was mapped monthly
between 2006 and 2021. Before 2006, image coverage was insufficient
to generate comprehensive continent-wide data. Only images that had
a sun elevation angle >20° were processed”, hence limiting surface
meltwater data to austral summer months. This filtering step was taken
to avoid misclassification errors, since surface water is difficult to dif-
ferentiate spectrally in low-light conditions”. Surface meltwater is rare
outside austral summer months regardless®. Our mapping procedure
incorporated arobust method for assessing image visibility, enabling
us to quantify variability in image coverage and cloud cover*. Using
this approach, we estimated the maximum area of surface hydrology
that would be expected under cloud-free conditions™, in addition to
the observed mapped values. A discussion of the uncertainties asso-
ciated with this method are provided in Supplementary Discussion
1. We mapped both monthly and ‘annual’ (November-February, to
cover the melt season) maximum area of surface meltwater, for ease
of comparison with climate datasets.

Atotal area of -12.32 million km?was covered during surface melt-
water mapping, includingboth the groundedice sheet and surround-
ingiceshelves. Every Landsatimage covering this study areabetween
2006 and 2021 was used during analysis, totalling 133,497 images.
Our mapping procedure involved automatically looping through an
Antarctic-wide grid of 1,151 region-of-interest (ROI) shapefile tiles,
ordinarily 108 x 108 km?in area. This tile size maximized spatial cover-
age for mapping, while remaining within the memory capacity of an
individual task within GEE. Landsat image coverage does not extend
to latitudes greater than -85° south; hence ROl tiles that overlapped
this area (-1.28 million km?) were not mapped (Fig. 1). However, given
the high elevation and very low temperature of the region around the
South Pole, little meltwater ever exists at this location. The grid was
clipped to the Antarctic coastline®**, meaning coastal ROl tiles varied
in shape and area. We did not account for changes in ice-shelf area
throughout our study period. Our results show that surface meltwa-
ter rarely ponds adjacent to ice shelf calving fronts (it typically exists
furtherinland near the grounding line); hence we deemed that minor
changesinice-shelfareawill have had negligible influence on mapped
meltwater totals. Tiles were given aunique ID based on longitude and
latitude for identification purposes. In instances where the coastline
clipping process split atile into multiple portions, tile segments were
merged to adjacent tiles to ensure no two tiles had the same ID.

Processing was performed on a yearly basis for up to ~350 ROI
tiles at a time. Memory capacity and timeout limits within GEE were
exceeded when attempting to process larger regions than this.

Following the method of ref. 14, vector outputs were exported from
GEE as geoJSON files. Post-processing steps were then undertaken in
MATLAB to clean the raw data and to produce final shapefile outputs.
For full details of the lake detection, image visibility assessment and
post-processing methods applied here, see ref. 14.

Surface meltwater quality control

Surface meltwater quality control was conducted to identify any arti-
facts within the continent-wide dataset. Annual maximum extent
surface meltwater shapefiles were merged to produce a single
continent-wide map. Quality control was then performed via manual
inspection of this 15-yr maximum extent raster layer (Extended Data
Fig. 7), as this offered the quickest method for flagging invalid melt-
water polygons. Polygons that (1) existed in highly improbable loca-
tions (for example, at high elevations in the cold interior of the ice
sheet), (2) had straight or cornered edges or (3) formed an ordered
or repeated pattern were searched for during manual inspection.
Polygons that satisfied some or all of the above criteria were high-
lighted for verification and checked against the optical images from
which they originated. In all cases highlighted by the above process,
flagged lake polygons were theresult of artifacts in Landsat 7 imagery
and were removed from the final dataset. In total, 699 polygons were
removed during this process, totalling 9.87 km? of incorrectly identified
meltwater area.

Owing to the large spatial and temporal scale of our study, it was
notrealistic to conduct systematic manual verification of eachindividu-
ally mapped instance of surface meltwater against its corresponding
opticalimagery. The thresholds we applied to delineate surface melt-
water, modified from ref. 15, were established on the basis of a range
of spectral conditions around Antarctica. Their verification against
optical imagery showed an accuracy of >95% (ref. 15) and mapped
outputs showed high similarity with meltwater area data produced
by alternative methods”. Our minor adjustment to their method (Sup-
plementary Discussion 3) reduces the likelihood of cloud and rock
shadow misclassifications, providing further confidence in the accu-
racy of our meltwater classifications. Furthermore, ref. 14 showed that
the thresholds were suitable for use on both Landsat 7 and 8 imagery
(Supplementary Discussion 4). It should be noted that our dataset only
captures surface meltwater identifiable in the visible spectrum and
cannot be used to make conclusions about melt rates or subsurface
meltwater storage. The 30-mresolution of Landsat additionally means
that we will not have captured the smallest-scale surface meltwater
features, such as streams or small lakes. Areas of slush (which are par-
ticularly common on ice shelves and sections of grounded ice on the
northern AP, Extended Data Fig. 2g,h) identified by the thresholds
have been retained within the dataset. However, while our dataset
contains some areas of slush, the thresholds we applied were designed
specifically for mapping surface meltwater (not slush); hence, alter-
native methods®>® would be required to comprehensibly map slush
across Antarctica.

While systematic method performance was not assessed, sample
mapped results were visually compared against optical imagery when
trialling our method in different regions of Antarctica. Overall, the
thresholds were extremely effective at identifying surface meltwater
across all regions of Antarctica, with <1% of mapped meltwater pixels
identified as misclassification error based on 100 randomly sampled
features across Antarctica. Errors were highestinregions with dirty ice
(such as McMurdo Ice Shelf), high crevasse shadow or variable slush
presence (Extended DataFig.2). However, misclassified meltwater fea-
tures were typically small (<5 pixelsinsize) and limited in spatial extent,
and were therefore deemed to have minimal influence on regional or
ice-sheet scale results (Supplementary Discussion 5). On the basis of all
the stated reasons, we hence considered the method to be sufficiently
accurate for continent-wide application, without needing to adjust
thresholds for different regions.
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Statistical analyses

We generated regional surface meltwater area totals by aggregating
mapped meltwater areas across the EAIS, WAIS and AP, and for indi-
vidualice shelves and their associated grounding zones. Ice-sheet scale
(EAIS, WAIS and AP) and ice-shelf regions were defined using basins
from ref. 59. Grounded catchments and ice shelves were merged in
ArcMap on the basis of their ice-sheet classification, to produce poly-
gons for the EAIS, WAIS and AP. Ice-shelfregions included theice shelf
asdefined by ref. 59 plus a20-km buffer onto groundedice inland from
the groundingline. We took this additional step to ensure that surface
meltwater in the grounding zone of an ice shelf, where it is typically
most abundant’, was included in regional analysis.

We assessed changes in meltwater area over time using robust
linear regression in MATLAB (https://uk.mathworks.com/help/stats/
robustfit.html). Our data are unusual in that we only have data during
4 months of the year; hence we have repeated seasonal gapsinour time
series. Regression analyses, using time as the independent variable,
were therefore used instead of traditional trend analysis techniques
(such as the Mann-Kendall test), which require data to have no serial
correlation or seasonality. Data were tested to check that they met
the assumptions of robust linear regression. Robust regression is less
sensitive to outliersthan standard linear regression, allowing us to test
forthe presence of broad-scale trends across our study period, without
being disproportionally skewed by one or two outlier years. Regression
analyses were performed on individual monthly surface meltwater
areadata (November-February) and on annual maximumextent data
(Extended Data Fig. 3). Analyses were run on both our mapped and
estimated meltwater area data, to investigate how the results varied
(Supplementary Discussion2). Standardized Z-scores of annual surface
meltwater area totals were additionally calculated in MATLAB, enabling
quantification of surface meltwater area for individual years relative
to the study period mean (Fig. 3).

Comparison with climate data

Climaticindices for three modes of Antarctic climate variability were
compared against our surface meltwater area data: (1) the SAM index,
from the observation-based index following ref. 62; (2) the Oceanic
Nifio index, one measure for the ENSO, from the National Oceanic
and Atmospheric Administration (NOAA); and (3) ASL indices of RCP
and longitude, following ref. 63. RCP data were used in preference to
‘actual’ central pressure data to isolate changes in the ASL from the
SAM, which strongly modulates the actual pressure across all seasons®.
Eachclimateindex provides asimple diagnostic quantity, whichis used
to characterize the state of the geophysical systemin question. For all
the datasets, monthly index values for December, January and February
were averaged to generate single, austral summer values. These ‘annual’
values were then compared against the annual maximum extent of sur-
face meltwater. Climatic and surface meltwater data were detrended
before conducting robust regression analysis, which enabled us to
better assess the statistical relationship for each individual mode of
climatic variability, without results being skewed by anonymously
high- or low-melt years, which could have been strongly influenced
via teleconnections with other climatic modes®*.

We performed composite analysis***°, acommonly used statisti-
cal technique to identify potential impacts of climatic phenomena,
to explore the large-scale impact of modes of climatic variability on
surface meltwater area. For each climatic mode, we determined thresh-
oldsto categorize subsets of ‘low” and ‘high’ yearly values. Thresholds
were chosen onthebasis of visualinspection of plotted time series for
each climaticindex, with thresholds selected to separate clear ‘peaks’
and ‘troughs’ in the data. We produced composite surface meltwater
fields for each category by averaging the surface meltwater totals for
each subset of years. Mean surface meltwater area totals were calcu-
lated on atile-by-tile basis, using the Antarctic-wide grid used during
mapping.

RACMO comparison

We compared our meltwater area data to a statistically downscaled
version® (2-kmresolution) of the regional climate model RACM02.3.p2
(ref.23). Reference 30 produced this statistically downscaled product
by refining the spatial distribution of surface mass balance components
using high-resolution (2 km) datasets, including the reference elevation
model of Antarctica (REMA) and an albedo map from the moderate
resolutionimaging spectroradiometer (MODIS). These data therefore
offer higher spatial resolution estimates of meltwater production than
previous modelled datasets and are shown to have closer agreement
with in situ and satellite records®®. Monthly meltwater totals were
integrated across each respective ice-sheet area to produce monthly
totals of meltwater production for the EAIS, WAIS and AP (Fig. 5). We
additionally compared RACMO snowmelt against surface meltwater
areaforeachindividualice-shelfregion (Fig. 6) and each ROl tile used
during mapping, to assess spatial variability in agreement between
the two datasets. For any tile where meltwater was mapped in at least
5 months throughout the study period, we correlated monthly melt-
water area against RACMO snowmelt (Extended Data Fig. 8).

Data availability

Surface meltwater outputs are available via Zenodo at https://doi.
org/10.5281/zenodo.14865075 (ref. 66). Landsat imagery is freely
available via the GEE data catalogue (https://developers.google.
com/earth-engine/datasets/catalog/landsat). The Landsat Image
Mosaic of Antarcticais freely available from the US Geological Survey
(https://lima.usgs.gov/). SAM index data are available from the Brit-
ish Antarctic Survey (http://www.nerc-bas.ac.uk/public/icd/gjma/
newsam.1957.2007.seas.txt). ENSO index data are available from the
NOAA (https://origin.cpc.ncep.noaa.gov/products/analysis_monitor-
ing/ensostuff/ONI_v5.php). ASLindex data, following ref. 63 are avail-
able at https://scotthosking.com/asl_index. Statistically downscaled
RACMO2.3p2 model data® are available upon request from B. Noél
(bnoel@uliege.be).

Code availability
The GEE and MATLAB codes for surface meltwater mapping are avail-
ableviaZenodo at https://doi.org/10.5281/zenodo.14866437 (ref. 67).
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Extended Data Table 1| Surface meltwater area totals on grounded and floating ice per melt season for the Antarctic Ice
Sheets

Melt Season EAIS AP WAIS

Grounded Area Ice Shelf % Grounded Grounded Ice Shelf % Grounded Grounded Ice Shelf % Grounded

Total (km?) Area Area Area Area Area

Total (km?) Total (km?) Total (km?) Total (km?) Total (km?)

2006/07 546 809 40 29 1135 2 37 29 56
2007/08 832 1165 42 24 251 9 10 8 54
2008/09 697 761 48 17 491 3 17 17 51
2009/10 867 1529 36 15 1465 1 27 30 48
2010/1 629 1400 31 22 799 3 44 39 53
2011/12 463 562 45 10 14 2 43 28 60
2012/13 678 1713 28 36 1469 2 38 67 36
2013/14 1328 2768 32 39 18 68 27 €8 45
2014/15 1217 3496 26 31 89 26 47 40 54
2015/16 715 1097 39 250 337 43 38 45 45
2016/17 1796 4149 30 388 383 50 33 42 44
2017/18 1063 2235 32 44 1159 4 24 33 42
2018/19 1547 2698 36 13 45 23 23 39 37
2019/20 1283 2740 32 177 2154 8 31 37 46
2020/21 658 750 47 133 1396 9 23 19 55

All area totals are yearly maximum meltwater area estimates.
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Extended Data Table 2 | Mean summer climate indices per melt season, alongside corresponding meltwater area totals for
the Antarctic Ice Sheets

Melt Season Climate Indices (Summer mean value) Meltwater Total Area (km?)
SAM ENSO ASLRCP ASL Longitude (°E) EAIS AP WAIS

2006/07 1.63 0.7 -8.20 23317 1355 1164 66
2007/08 31 -1.6 -6.11 230.75 1997 275 18
2008/09 1.81 -0.8 -7.38 266.33 1457 508 34
2009/10 -0.15 1.5 -6.79 257.33 2396 1480 57
2010/1 0.67 -1.4 =141 253.00 2029 821 83
2011/12 2.78 -0.9 -716 240.58 1026 424 VAl
2012/13 0.65 -0.4 -5.37 225.67 2391 1504 105
2013/14 0.5 -0.4 -5.62 203.75 4096 57 60
2014/15 3.69 0.5 -6.76 232.00 4713 120 87
2015/16 219 25 -8.06 230.83 181 587 83
2016/17 -1.75 -0.3 -7.39 209.50 5945 vl 76
201718 2.33 -0.9 -8.51 259.58 3298 1203 57
2018/19 1.43 0.7 -5.25 220.25 4245 58 62
2019/20 -0.96 05 -71.37 260.75 4023 2330 68
2020/21 2.88 -1.0 -9.35 246.67 1408 1528 4

Climate index data are displayed for the Southern Annular Mode (SAM), EL Nifio/Southern Southern Oscillation (ENSO), and Amundsen Sea Low (ASL) Relative Central Pressure (RCP) and
Longitude. Mean summer index values are based on the months of December, January and February. Corresponding annual surface meltwater totals for the EAIS, AP and WAIS are also
displayed for each melt season.
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Extended Data Fig. 1| Variation in percentage meltwater cover for selected Individual outlier points are plotted in red, and are defined as data points
Antarcticice shelves, between 2006 and 2021. Box plots show the median greater than1.5times the interquartile range from the box. See Fig. 1 for ice shelf
(thick black line), interquartile range (25 and 75" percentiles, indicated by the locations.

box ends), and minima/maxima (whiskers) of the data when excluding outliers.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02363-5

-~

Bare ice l .

Flask Glacier, Antarctic Peninsula
) \—‘-wi"
’ s

: Nickerson
c) Ice Shelf
k!
L i\ 1\
‘f’ "‘\‘
N
Surface
hollows |
3 km

3 km

Crevasse
shadow

: 2@ McMurdo Ice She

&,
5

If

Extended Data Fig. 2 | See next page for caption.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02363-5

Extended Data Fig. 2| Examples of automated mapping performance for
selected images with potentially complex spectral characteristics. (a, b)
Landsat 8 image of Flask Glacier on the Antarctic Peninsula, 07/02/2016. Note
how surface water is successfully differentiated from areas of rock, rock shadow,
ice or cloud shadow. (c, d) Landsat 7 image of meltwater ponds on Nickerson Ice
Shelf, West Antarctica on 04/01/2013. Note how water is identified equally well in
Landsat 7, and there are no misclassification errors with shaded surface hollows.
(e, f) Landsat 8 image of the fracture zone of Thwaites Ice Shelf,10/01/2019. There
are some minor misclassification errors in areas of crevasse shadow, but these are

spatially limited and did not have had a notable influence on West Antarctic Ice
Sheet area totals (Supplementary Discussion 5). (g, h) Landsat 8 image of slush
immediately south of Flask Glacier, from 03/03/2016. Note how large areas of
slush, in addition to surface lakes, are captured by the threshold-based method.
(i,j) Landsat 8 image of McMurdo Ice Shelf, 02/01/2017. Note how some surface
water features have been missed, but dirty ice has not been mistaken for surface
water. Ice-sheet and ice-shelf boundaries from ref. 56. Background satellite
imagery from Google Earth Engine under a Creative Commons licence CC BY 4.0.
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Extended Data Fig. 5| Composite maps displaying surface meltwater area
percentage anomalies across Antarctica, based on selected summer Southern
Annuar Mode index thresholds. (a) Greater than 2 (n = 6); (b) lower than 0.7
(n=6); (c) greater than 3 (n = 2); (d) lower than-0.9 (n = 2); see Extended Data

Table 2 forindex values. For each composite plot, the number of years satisfying
the criteriais displayed in brackets. Note the change in scale between plots a-b
and plots c-d. Anomaly values are relative to the 15-year average. Ice-sheet and
ice-shelf boundaries from ref. 56.
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Extended Data Fig. 6 | Composite maps displaying surface meltwater area
percentage anomalies on the Antarctic Peninsula for selected Amundsen
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George Vi Ice Shelf "‘“’ ﬁ‘; -

Extended Data Fig. 7| Examples of maximum surface meltwater extent the Landsat Mosaic Image of Antarctica (LIMA). Note how there are no obvious
throughout our study period. Maximum extent composites of surface examples of rock, or rock shadow, being misclassifed as surface meltwater.
meltwater (red) between 2006 - 2021 for Cabinet Inlet, Larsen C (a), Nansen Ice Background satelliteimagery from the United States Geological Survey under a
Shelf (b) and George VlIce Shelf (c). The background image in each example is Creative Commons licence CC BY 4.0.
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