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Surface meltwater production influences the contribution of ice sheets to

global sea-level change. Ice-sheet-wide meltwater production has thus far
primarily been quantified by regional climate models. Here we present a

31-year (1992-2023) time series of daily satellite-observed surface melt flux
for the Greenland and Antarctic ice sheets. The annual meltwater volumein
Greenland has significantly increased, with intensified meltin the northern
basins dominated by anegative North Atlantic Oscillation and elevated

melt flux in western basins driven by the decline in Arctic sea-ice. In East
Antarctica, high melt rates since 2000 are attributed to warm air incursions
from the Southern Ocean due to anomalous atmospheric circulations
associated with a negative Southern Annular Mode and the recovery of the
Antarctic ozone hole. This region, previously less prone to surface melt, has
become amelt hotspot, potentially leading to meltwater ponding and future

ice shelf destabilization.

Polarice sheet mass loss is one of the primary components of accele-
rated global sea-levelrise over the past decades'? and the rate of mass
loss is more than three times higher today compared to the early
1990s°. Surface meltwater strongly affects the energy and mass
balance through the snowmelt-albedo feedback*”, leading to sur-
face lowering both in the Greenland ice sheet (GrIS) and Greenland
peripheral glaciers®’. Ice sheet volume and mass loss have been further
amplified by the melt-elevation feedback and the exposure of dark,
bareice®’. Meltwater drainage and the inland migration of the surface
hydrology system enhance the link between surface melt and sea-
level rise’®"2, Surface meltwater can also fill and propagate frac-
tures downwards through Greenland’s remaining ice shelves™™*.
Surface-to-bed meltwater connection on grounded ice can modu-
late both short- and long-term ice dynamics by altering the basal
lubrication™™.

While most of the surface meltwater refreezes in the snowpackin
the cold Antarctic climate?®?, the melting process can still indirectly
affect ice dynamics and mass balance of the Antarctic ice sheet (AIS).
Ponded water and slush have been widely observed on low-lying ice
shelves, where meltwater accumulation and drainage processes can
causeiceshelfflexure” ', Water-filled ice fractures may propagate verti-
cally causing hydrofracture”?* and evenresultinice shelfbreak-ups” >,
leading to the acceleration of grounded ice discharge®-*. The AIS
surface melt rate is projected to increase nonlinearly as the climate
warms* and may become comparable to that of the present-day GrIS**.

Continent-wide ice sheet surface melt has been studied using
satellites™* and regional climate models (RCMs)***°~*2, The reliabil-
ity of modelled melt depends heavily on the quality and quantity of
input parameters and physics parameterizations, and is challenging to
evaluate owing to the difficulty and scarcity of direct observations****,
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Fig.1|Satellite-derived dynamics of surface melt flux and meltwater volume.
a,d, Maps of the trends in annual melt flux (mm yr) over the GrlS (a) and AIS

(d) between1992 and 2022/2023 (n = 31). GriS basins and ice capsina, including
North (NO), North-East (NE), South-East (SE), South-West (SW), Centre-West
(CW) and North-West (NW) are adopted from Rignot and Mouginot’. AIS
basinsind, including the Antarctic Peninsula (AP), Ronne-Filchner Embayment
(RFE), Maud and Enderby (ME), Amery and Shackleton (AS), Wilkes and

Adélie (WA), Ross Embayment (RE) and Amundsen Bellinghausen (AB),

areadopted from Zwally et al.”. Thick black lines in d show the boundaries
between the Antarctic Peninsula, West Antarctica and East Antarctica, referring
to Zwally etal.”’. b,e, Time series of annual meltwater volume of GrlS (b) and
AlS (e) from satellite estimates and regional climate model simulations.

¢ f, Trends and relative changes (referenced to the annual average for each
region) in meltwater volume over the GrlS (c) and AIS (f). Black starsincand f
indicate the trends are significant at 90% (*), 95% (**) and 99% (***) confidence
levels (two-tailed t-test).

Spaceborne microwave observations are very sensitive to the snow
liquid water®*, but only provide information on the presence/absence
of meltwater rather than melt flux (the rate at which ice convertsinto
water). Recently, Zheng et al.*® developed a method to estimate daily
surface melt flux over the GrIS from space, but this method was applied
only to asingle radiometer.

Here we use an established melt flux retrieval model for the
GrIS** and develop a similar model for the AIS by leveraging machine
learning to relate satellite observations to in situ melt flux. A 31-year
time series of ice sheet daily melt flux is estimated at 3.125 km reso-
lution by intercalibrating the earlier spaceborne radiometers from
1992 t02022/2023 (Supplementary Text 1 and Extended Data Fig. 1).
This dataset provides abenchmark for RCM evaluation, with satellite
estimates aligning closely with outputs from RCMs over the GrlIS, but
trending higher over the AIS (Supplementary Text 2). The satellite
estimates also enable anexamination of changesinice sheet meltwater
production (the total amount of ice that transforms into water) under
achanging climate.

Rapidincreasesinice sheet meltwater production

Satellite-derived datasets indicate an intensification of GrlS surface
melt concentrated in the ablation zone, particularly in the northern
and western basins where the annual melt flux has increased at arate
>10 mmwater equivalent (w.e.) yr (Fig.1a). During the period between
1992 and 2022, an average of 598 + 101 Gt (mean + s.d.) of meltwater was
produced onthe GrISineachyear. We analyse the trend and the relative
changereferenced to the annual average over the study period. Satel-
lites observed asignificantincrease (P < 0.05) in GrIS annual meltwater

volume over the1992-2022 period witharate of 4.5 + 3.9 Gt yr(in total
23% of the annual average) (Fig. 1b,c). The main contribution to the
increase of GrlS meltwater occurred duringJuly and August (Extended
DataFig.2).Overthe period, the strongestincreases occurredat1,100 m
above sealevel (Extended Data Fig. 3). Regionally, meltwater produc-
tion increased in all GrIS basins, especially in the North Basin, where
surface melthadincreased atarate of 0.75 + 0.68 Gt yr 2 (Fig. 1c), repre-
senting atotal relative increase of 39% compared to the annual average
over the 1992-2022 period. Significantly positive trends were found
in all the western basins, and the South-West Basin showed the most
rapidincrease (1.21 +1.01 Gt yr?, P<0.05).

The meltwater volume produced by the AIS (139 + 38 Gt yr™) was
nearly one-quarter of that produced by the GrIS, with highinterannual
variability during 1992 t02023 (Fig.1). Asubstantial increase inannual
melt flux was observed in East Antarctica, while a decline in surface
meltoccurredinthe Antarctic Peninsulaand the Amundsen Seasector
(Fig.1d,f). For thefullice sheet, no significant trend (0.78 + 1.56 Gt yr?)
inmeltwater production was observedinthe satellite dataduring 1992
t02023 (Fig. 1e,f). The satellite product did reveal evidence of signifi-
cantincreasesinsurface meltin Dronning Maud Land and Enderby Land
(P<0.1) and Wilkes Land and Adélie Land (P < 0.05), with a relative
change of >70%. Overall, the East Antarctic annual meltwater volume
hasincreased by 64%atarate of 1.13 + 1.13 Gt yr 2 (P= 0.05), with record
high melt in the 2010s (Extended Data Fig. 4a). Only 26% of AIS melt-
water was produced in East Antarctica during the 1992-2000 period,
increasing to 45% during 2000 to 2023 (Extended Data Fig. 4b). As a
result, East Antarctica has surpassed the Antarctic Peninsula as the
primary contributor to AIS meltwater production.
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Fig. 2| Climatic drivers of changes in GrlIS surface melt. a, GrIS annual melt
flux regressed on summer NAO. oy, denotes one standard deviation of the NAO
index. b, Summer air temperature and wind field regressed on summer NAO.
Coloured dots represent temperature anomalies recorded by stations from

the Danish Meteorological Institute’. ¢, Comparison between North GrIS
annual meltwater volume and summer NAO. Red circlesindicate the ten highest
North GrIS meltwater production records. d, GrlIS annual melt flux regressed

Regression of radiation

Meltwater volume (Gt yr™)

onsummer Arctic SIE”. o denotes one standard deviation of the Arctic SIE.

e, ERAS (ref. 76) downward long-wave radiation regressed on summer Arctic SIE.
f, Scatterplot showing the comparison between GrIS meltwater volume observed
from satellite and that predicted by summer NAO and Arctic SIE based on
multiple linear regression. Note that the signs of NAO and SIE are reversed. Black
dotsina,b,dand eindicate the correlations are significantly at a 99% confidence
level (two-tailed ¢-test). Black lines ina, b, d and e show the basin boundaries’.

Climatic drivers of increased Greenland meltwater
production
Our satellite-derived results show that an increase in surface melt-
water volume in Greenland occurred during the 1992-2022 period,
particularly in the northernand western basins. Our study confirms a
significant correlation between GrlIS annual meltwater volume and the
North Atlantic Oscillation (NAO) (r = -0.67, P< 0.01), which has been
previously documented®. This correlation is much stronger than that
betweensurface meltand theincreasing global temperature (r=0.28)
(Extended DataFig. 5a). Greenland meltwater production shows a close
relationship (r=0.76) with the Greenland Blocking Index (Extended
Data Fig. 5a). Associated with the negative NAO, a higher frequency
of high-pressure blocking events promoted the advection of warm air
masses towards the ice sheet during years of extreme melt***'. Regres-
sionanalysis based on detrended time series further confirms that the
NAO has exerted a dominant influence on surface melt flux in North
GrIS (including NW, NO and NE basins) (Fig. 2a). The map of summer air
temperature and wind field anomalies regressed onto the NAO shows
that the warming and ocean air incursion in the North GrIS occurred
with a negative NAO (Fig. 2b). This explains why the ten highest melt
seasons in the North GrIS were all accompanied by a negative NAO
and the meltwater-NAO correlation reached —0.76 (P < 0.01) during
the study period (Fig. 2c).

Theregression of detrended summer Arctic sea-ice extent (SIE)
to GrlS surface melt flux confirms the decline in Arctic sea-ice is a
key driver of the enhanced GrlS surface melt (Fig. 2d), due to awarmer
and more humid atmosphere®>. We found the relationship was

especially strong and significant in the ablation zone of the western
GrlS, where the downward long-wave radiation was strongly linked
to the decline in Arctic SIE (Fig. 2e). A singular value decomposi-
tion analysis reveals an extensive connection between increasing
melt fluxin the western GrlIS and decline of summer sea-ice in Baffin
Bay (55-75° N, 75-50° W) where the most rapid decline in sea-ice
over the past few decades has been observed* (Extended Data Fig. 6).
The expansion coefficient of the leading singular value decomposi-
tion mode for the Baffin Bay sea-ice concentration shows asignificant
anti-correlation with detrended western GrlIS meltwater volume
(r=-0.72,P<0.01).

Summer NAO and Arctic SIE together explained 58% of the GrIS
meltwater volume variations (Fig. 2f). Surface melt in North GrIS
shows the highest correlation with NAO, possibly due to the increased
high-amplitude omega blocks in summer, which produced more
melt across northern basins®*. Meltwater volume in western Green-
land exhibits a high correlation to the reduction of Arctic sea-ice,
which facilitates the inland transport of warm marine air and has
been shown to lead to an expansion of the melt area and an earlier
onset of melt®™*, Our satellite-based product reveals especially large
changesin meltwater volumein the elevation range of1,000-1,800 m
(Extended DataFig.3), where the equilibrium lineis typically located.
This can potentially result in the extension of the GrlS ablation
(summer bare ice) area and the inland migration of supraglacial
lakes'®, which can in turn amplify surface melt and ice sheet mass
loss through the positive melt-albedo feedback®**” and result in
sea-level rise,
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Fig. 3| Change in AIS surface melt as a function of anomalies in atmospheric
circulation. a, Difference in AIS melt flux between the 2000-2023 and
1992-2000 periods. b, Difference in ERA5 surface pressure and wind field
between2000-2023 and 1992-2000. ¢, Difference in austral summer (December
to February) mean ERAS air temperature between 2000-2023 and 1992-2000.
Coloured dots represent temperature differences collected by Reference
Antarctic Data for Environmental Research”. Grey pluses inb and cindicate the
differences exceed 0.5 times the s.d. of the annual means. d, AIS annual melt

flux regressed on austral summer SAM. Note that the sign of SAM is reversed.

Total column ozone index

Black dots indicate the correlations are significant at a 99% confidence level.

e, Comparison between East Antarctic annual meltwater volume and austral
summer SAM. Red circles indicate the ten highest East Antarctica meltwater
volume records. f, Scatterplot showing the comparison between total column
ozoneindex and East Antarctica meltwater volume. Red dots represent the three
years with the highest melt records. Significance of the correlation is calculated
from a two-tailed t-test. Black lines ina and d show the boundaries between the
Antarctic Peninsula, West Antarctica and East Antarctica’.

Extreme melt favoured by the recovery of
Antarctic ozone hole

The observed decrease in meltwater volume on the Antarctic
Peninsula, along with the increase in East Antarctica (Figs. 1f and 3a),
aligns with thereversal of the climate pattern known as ‘West-warming
East-cooling’ since 2000, which was linked to variability in tropical
sea surface temperature through tropical-polar teleconnections®.
Reduced austral summer surface pressure in the northern Weddell
Sea intensified east-to-southeasterly cold winds moving toward
the Antarctic Peninsula (Fig. 3b). The cooling effect was further
amplified by the increased advection of coastal sea-ice®°. Concur-
rently, theincreasein pressure over the Antarctic Plateau and along the
coasts of the Indian and the Pacific oceans collectively contributed
to the transport of warm marine air currents into East Antarctica
(Fig. 3b). Consequently, austral summer mean air temperature dur-
ing 2000 to 2023 has risen by up to 2 °C compared with that during
1992 t0 2000 in Dronning Maud Land, where meltwater production
had the highest rate of increase (Figs. 1f and 3c).

Close connections (P < 0.05) are found between AIS surface
meltwater volume and El Nifio/Southern Oscillation (Supplemen-
tary Text 3). AIS melt extent has been documented to be strongly
anti-correlated with the Southern Annular Mode (SAM)®*¢?, which rep-
resents the zonal pressure difference between mid and high latitudes®’.
Our regression analysis suggests the linkage between meltwater and
the SAM is particularly significant and pronounced in East Antarctica
(Fig. 3d and Extended Data Fig. 5b), where the record high years were
almost all accompanied by a negative phase of the SAM (Fig. 3e). We
show that the East Antarctic meltwater volume was also significantly

correlated with the total column ozone index (TCOI, normalized
October column ozone south of 60°S) (r=0.59, P<0.01). The three
years with the highest meltin East Antarcticaall occurredin the 2010s
and corresponded to positive anomalies in TCOI (Fig. 3f). Meltwater
produced in East Antarctica reached a maximum in 2019/2020, coin-
ciding with the ozone hole reaching its smallest size in the last three
decades (Extended Data Fig. 7).

Our finding confirms the connection between the strengthening
of the SAM and the ozone recovery after 2000°*%, It appears that the
recent recovery of the Antarctic ozone hole has favoured extreme
melt events in East Antarctica associated with a negative SAM. Some
ice shelves in East Antarctica showed a significant increase in melt-
water volume, such as the Roi Baudouin Ice Shelf (0.07 + 0.07 Gt yr?,
P <0.05). Melt fluxes for ice shelves outside the Antarctic Peninsula
are still below the threshold value (725 mm w.e. yr')*, which pre-
viously led to a significant collapse event (Extended Data Fig. le
and Supplementary Video 1). The intensification of surface melt and
rising frequency of atmospheric warming records®*“” underline the
increased importance of a focus on hydrology over East Antarctic
ice shelves where extensive active surface and even subsurface melt-
water were recently observed®***7,

Conclusions

This study provides a long-term estimate of daily meltwater produc-
tion from polarice sheets using spaceborne radiometer observations.
Satellites observed rapid increases in surface meltwater production
over the ice sheets and ice shelves of Greenland and East Antarctica.
Our analysis shows that the relationship between the NAO and
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meltwater is mainly observed in northern Greenland. Accelerated
surface melt in western Greenland was strongly correlated with the
loss of sea-ice in Baffin Bay, which increased downward long-wave
radiation. We document a notable shift in Antarctic meltwater distri-
bution during the twenty-first century, with East Antarctica surpassing
the Antarctic Peninsulaas the dominant contributor to AIS meltwater
production, partially attributed to the recent recovery of the Antarctic
ozone hole. Large interannual variability and regional differences in
meltwater production reveal a complex forcing of the surface melt
climate, underlining the importance of these data for the prediction
of melt-induced hydrofracture of ice shelves and ice sheet stability.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Spaceborne enhanced-resolution brightness temperatures
This study uses the calibrated enhanced-resolution passive micro-
wave brightness temperatures (Tb) records from the NASA Making
Earth System Data Records for Use in Research Environments
(MEaSUREs) project. Data collected by the Defense Meteorological
Satellite Program (DMSP) Special Sensor Microwave Imager (SSM/I)
and the Special Sensor Microwave Imager/Sounder (SSMI/S) are used
toachieve ahistorical passive microwave dataset. A spatial resolution
enhancementalgorithmis used toreconstruct coarse-resolution satel-
lite observations on a higher spatial resolution grid’, allowing for the
investigation of detailed melt patterns that cannot be described by the
coarse-resolution historical dataset”. Tb records atK-band (19.35 GHz)
and Ka-band (37.0 GHz) provided by the National Snow and Ice Data
Center (NSIDC, www.nsidc.org) are used to estimate surface melt flux.
The 6.25 km Ka-band observations are interpolated to the 3.125 km
Equal-Area Scalable Earth Grid (EASE-Grid). Tb records are abbrevi-
ated inthis paper, with subscript Eand Mrepresenting the evening and
morning passes, and subscript H and V indicating the horizontal and
vertical polarizations, respectively.

Melt flux from automatic weather stations
In situ surface melt flux observations are required when building the
satellite-based retrieval model. Surface melt flux has not been directly
observed onthe polarice sheets, but can be calculated using a surface
energy balance (SEB) model forced with atmospheric measurements.
Inthis study, daily melt fluxes at 26 automatic weather stations (AWS)
from Zheng et al.** are used to build the melt flux retrieval model over
the GrlS. Similarly, the in situ Antarctic surface melt rates at 16 AWS
are used to build the melt flux retrieval model over the AIS (Supple-
mentary Text 4).

Melt flux (M, mm w.e. day™) is calculated based on the SEB
equation, with M >0 only when the surface temperature (T;) reaches
the melting point:

M=(Rnet+Qs+Q|+Qg)At,ifTSZODC o

prw
where At is the model time step, L; is the latent heat of fusion
(0.334x10°J kg™) and p,, is the meltwater density (1,000 kg m>). R,,.. is
the netradiation fluxincluding both short-and long-wave components.
Q;, Qiand Q, represent turbulent sensible, latent and conductive sub-
surface heat fluxes, respectively. Radiation fluxes are provided by all
theused AWS. The calculation of turbulent and conductive heat fluxes
is categorized into three strategies depending on the accessibility of
AWS observations (Supplementary Text 4).

Auxiliary datasets
The Tb observations are clipped using the ice edge derived from the
MEaSUREs MODIS Mosaic of Greenland” and Antarctic coastlines
obtained from the Antarctic Digital Database of the Scientific Com-
mittee on Antarctic Research. Drainage basins over the GrIS and AIS
are determined according to the definitions of Rignot and Mouginot™
and Zwally etal.”, respectively. The GrIS melt flux retrieval model uses
surface elevation data from the Greenland Ice Mapping Project®.
Meltwater volume from satellite observations is compared with that
simulated by two RCMs forced with ERAS5, that is the Modéle Atmos-
phérique Régional (MAR)**® and the Regional Atmospheric Climate
Model (RACMO2.3p2) (refs.20,41,82). The latter has been statistically
downscaled from 5.5 km to 1 km for the GrIS* and from 27 km to 2 km
for the AIS* toimprove the surface mass balance representation, which
arebothused here.

Correlation and regression analyses are performed to investi-
gate the impact of climatic drivers on increased ice sheet meltwater
production. Arctic Oscillation, North Atlantic Oscillation, Greenland

Blocking Index and Nino 3.4 are from the National Oceanic and Atmos-
pheric Administration (NOAA; https://www.noaa.gov/). Atlantic
Multi-decadal Oscillationis available at the National Center for Atmos-
pheric Research®, The Southern Oscillation Index is derived from the
pressure difference between Tahiti and Darwin Stations®*. The SAM s
calculated using the zonal pressure difference between40° Sand 65° S
(ref. 63). Global surface temperature is obtained from the Met Office
Hadley Centre/Climatic Research Unit global surface temperature
anomalies (HadCRUTS) (refs. 85,86). The surface pressure (SP) over
the Weddell Sea (80-50°S, 60° W-60° E) and the TCOl are calculated
using the ERAS climate reanalysis™. Sea-ice extent and concentration
dataare provided by the National Snow and Ice Data Center”.

Intercalibration of Tb records from different platforms

The temporal continuity of the Tb records is affected by the updating
or replacement of passive microwave sensors or satellite platforms.
Despite prior adjustments to the instruments®, substantial local Tb
offsets over both ice sheets were identified, which are significant
for quantitative remote sensing. To obtain a long time series of melt
volume, an intercalibration process is applied to standardize the Tb
observations across different platforms. Intercalibration over bothice
sheets is conducted between Tb observed by DMSP SSM/I-F11, DMSP
SSM/I-F13, DMSP SSMIS-F16, DMSP SSMIS-F17 and DMSP SSMIS-F18
sensors with overlaps for at least one year, and included a complete
cycle of melting and refreezing. SSM/I sensors on earlier platforms
are excluded from this study because DMSP-F10 exhibited significant
variations in the earth incidence angle due to its orbital eccentric-
ity, and the overlapping observation period between DMSP-F11 and
DMSP-FO8is very short, lasting less than two months. Most of the AWS
observations were taken during the operation period of DMSP-F17
whichistherefore set as the calibration reference. The intercalibration
is conducted by calculating individual slopes (m) and intercepts (n)
within the overlapping periods based on alinear regression following
Colosioetal.”:

Tbeay = mTbhy, + 1 2)

where Tb., and Tb,, are the calibrated and observed Tb, respectively.
The regression coefficients in intercalibration are listed in Extended
DataTablel.

Determination of daily freeze/thaw status

Determination of daily ice sheet surface freeze/thaw status is a
prerequisite for the estimation of melt flux. A melting snowpack shows
higher Tb values compared to that of a dry snowpack. Tedesco® and
Colosio etal.”” have proposed adynamic algorithm that shows the best
performancein melt detection when compared with the outputs from
AWS and theregional climate model. In this algorithm, the surface melt
is determined when the horizontally polarized Tb at 37 GHz (Tb,,,,)
exceeds the mean winter value (Tby,,.,) plus an additional value AT.
Theidealized AT can be described as a function of Tb, (ref. 88):

Tb37H > wainter +AT (3)

and

AT = aTbyiner + b 4)

Based on an ensemble of microwave emission model simulations
with varying snow parameters, the surface melt can be determined
with a=-0.52and b =128 K over both Greenland and Antarctica®"®é,

Estimation of daily melt flux from spaceborne radiometer
In the absence of direct in situ melt flux measurements, we use melt
fluxes derived from SEB modelling applied to AWS observations, and
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regard these as ground truth when developing the satellite-based melt
flux retrieval model. Recently, Zheng et al.*® developed amethod that
can quantitatively estimate daily surface melt flux over the GrIS based
on AWS measurements and spaceborne passive microwave observa-
tions with a machine learning model. Melt fluxes are estimated from
SEB modelling based on 26 GrIS AWS observations (14,647 samplesin
total), which are separated into training (70%), validation (15%) and test
(15%) collections. The melt flux retrieval model was established based
onanonlinear back-propagation neural network (BNN) architecture,
with inputs consisting of K- and Ka-bands Tb at both polarizations
(horizontal and vertical) and passes (morning and evening), surface
elevationand day of the melting year (DOY, 1January to 31 December for
the GrIS). The BNN architecture makes the adjusted network capable
of getting the desired output, as each unitin the hidden layer receives
an ‘error feedback’ connection that modifies the weights between the
neurons®. The optimal BNN model shows a root mean square error
of 9.3 mmw.e. day™ and r of 0.83 over the GrIS on independent
testing collection®s,

The BNN model does not perform well when applied to the AIS.
Thisis because many fewer in situ measurements (3,619 samples from
16 AWS in total) are available for model training over a much larger
ice sheet with a shorter melt season. Overfitting may occur in neural
networks with small sample sizes for training. Instead, the support
vectorregression (SVR) is used to estimate daily meltwater production
over the AIS. The SVR modelis trained based on the risk minimization
principleinstatistical learning®, and can prevent overfitting even when
dealing with few datain very high-dimensional spaces’’. SVR transforms
the input vector (X) into a high-dimensional feature space by using a
kernel function @ that can describe nonlinear relationships:

M = WTO(X) + b, with X

= [TbEl‘)V’ Tle‘)V* TbE19H’ TbM19H ’ TbE37Vs TbM37V’ TbE37H! TbM37H ’ DOY]
&)

where W™ and b are the weight vector and offset of the equation, and
@ is the kernel function. The input matrix is comprised of the K- and
Ka-bands Tb at both polarizations (horizontal and vertical) and passes
(morningand evening), as wellas DOY (1July to 30 June for the AIS).In
the training of the SVR model, 85% of the samples are employed using
tenfold cross-validation. The remaining 15% of the samples are used
in independent testing. A Gaussian kernel function shows the best
performance in the tried-and-tested experiments, with a root mean
square error of 2.45 mm w.e. day™ and an r of 0.80 on the indepen-
denttesting collection (Extended Data Fig. 8). To save computational
resources, the SVR model is only applied at elevations below 2,000 m
since melt does not typically occur at higher elevations over the AIS*%.

Uncertainties in satellite-derived melt flux stem from several
sources. The resolution enhancement algorithm provides improved
resolution of satellite observations at the expense of an increased
noise level, but the multiple passes in polar regions allow for alow-level
noise®’®, Weacknowledge that model uncertainties may arise in regions
with limited in situ melt flux data. Future expansion of in situ measure-
ments in the north Greenland, the Wilkes and Adélie Lands in the AIS
willenhance thereliability of remote sensing estimates. Apart from the
melt flux retrieval model, uncertainty also stems from the observed
melt flux whichis regarded asground truth in BNN and SVR model train-
ing, neglecting observational errors and the necessary simplification
assumptions made in the SEB model**®. Snow density changes spatially
and temporally on the ice sheet, but is set to a constant value in the
calculation of subsurface heat flux. Nevertheless, the effect is almost
negligible because the subsurface heat fluxis very small compared with
other components and is sometimes ignored*®. The coefficients used
inthe surface melt detection algorithm are determined based on aset
ofideal model experiments for a5 cm homogeneous snow layer witha
liquid water content of 0.2%. Though this method works well for both

ice sheets”*%, melt signals may be misidentified as snow properties can

certainly be much more complex. In addition, melt detection methods
witha constant threshold may also miss weak melt events®, The calving
fronts of the Antarcticice shelves and Greenland outlet glaciers could
also lead to great variations in Tb, which may be mistaken for melt
events and disturb melt flux estimation.

Data availability

The SSM/I and SSMIS passive microwave observations are provided
by the National Snow and Ice Data Center (https://nsidc.org/data/
nsidc-0630/versions/1). AWS daily melt flux over the GrIS is avail-
ableviaFigshare at https://doi.org/10.6084/m9.figshare.17324009.v1
(ref. 48). The AIS benchmark AWS daily melt fluxes were provided by
C.L.Jakobs” and the melt flux data from additional AWS are avail-
ableviaFigshare at https://doi.org/10.6084/m9.figshare.28052417.v2
(ref. 94). Satellite-derived melt flux and meltwater volume over
both ice sheets generated in this study can be found via Figshare at
https://doi.org/10.6084/m9.figshare.24310153.v1 (ref. 95).

Code availability

The MATLAB scripts used to estimate melt flux from remote sensing
observations and to draw the main figures are available via Figshare
at https://doi.org/10.6084/m9.figshare.25909720.v2 (ref. 96).

References

78. Long, D. G. & Daum, D. L. Spatial resolution enhancement of
SSM/| data. IEEE Trans. Geosci. Remote Sens. 36, 407-417
(1998).

79. Haran, T., Bohlander, J., Scambos, T., Painter, T. & Fahnestock, M.
MEaSUREs MODIS Mosaic of Greenland (MOG) 2005, 2010, and
2015 Image Maps v. 2 (NASA National Snow and Ice Data Center,
2018); https://nsidc.org/data/nsidc-0547/versions/2

80. Howat, I. M., Negrete, A. & Smith, B. E. The Greenland Ice
Mapping Project (GIMP) land classification and surface elevation
datasets. Cryosphere 8, 1509-1518 (2014).

81. Dethinne, T. et al. Sensitivity of the MAR regional climate
model snowpack to the parameterization of the assimilation of
satellite-derived wet-snow masks on the Antarctic Peninsula.
Cryosphere 17, 4267-4288 (2023).

82. Noél, B. et al. A daily, Tkm resolution data set of downscaled
Greenland ice sheet surface mass balance (1958-2015).
Cryosphere 10, 2361-2377 (2016).

83. Schneider, D. P, Deser, C., Fasullo, J. & Trenberth, K. E. Climate
data guide spurs discovery and understanding. Eos Trans. AGU
94, 121-122 (2013).

84. Ropelewski, C. F. & Jones, P. D. An extension of the Tahiti-Darwin
Southern Oscillation Index. Mon. Weather Rev. 115, 2161-2165
(1987).

85. Morice, C. P. et al. An updated assessment of near-surface
temperature change from 1850: the HadCRUTS5 data set.

J. Geophys. Res. Atmos. 126, €2019JD032361 (2019).

86. Osborn, T. J. & Jones, P. D. The CRUTEM4 land-surface air
temperature data set: construction, previous versions and
dissemination via Google earth. Earth Syst. Sci. Data 6, 61-68
(2014).

87. Berg, W., Kroodsma, R., Kummerow, C. D. & McKague, D. S.
Fundamental climate data records of microwave brightness
temperatures. Remote Sens. 10, 1306 (2018).

88. Tedesco, M. Assessment and development of snowmelt retrieval
algorithms over Antarctica from K-band spaceborne brightness
temperature (1979-2008). Remote Sens. Environ. 113, 979-997
(2009).

89. Hecht-Nielsen, R. Theory of the backpropagation neural network.
In Proc. International 1989 Joint Conference on Neural Networks
593-605 (IEEE, 1989); https://doi.org/10.1109/ijcnn.1989.118638

Nature Climate Change


http://www.nature.com/natureclimatechange
https://nsidc.org/data/nsidc-0630/versions/1
https://nsidc.org/data/nsidc-0630/versions/1
https://doi.org/10.6084/m9.figshare.17324009.v1
https://doi.org/10.6084/m9.figshare.28052417.v2
https://doi.org/10.6084/m9.figshare.24310153.v1
https://doi.org/10.6084/m9.figshare.25909720.v2
https://nsidc.org/data/nsidc-0547/versions/2
https://doi.org/10.1109/ijcnn.1989.118638

Article

https://doi.org/10.1038/s41558-025-02364-4

90. Vapnik, V., Golowich, S. E. & Smola, A. Support vector method
for function approximation, regression estimation, and signal
processing. In Proc. 10th International Conference on Neural
Information Processing Systems (eds Mozer, M. C. et al.) 281-287
(1996).

91. Smola, A. J. & Schdlkopf, B. A tutorial on support vector
regression. Stat. Comput. 14, 199-222 (2004).

92. Tedesco, M., Abdalati, W. & Zwally, H. J. Persistent surface
snowmelt over Antarctica (1987-2006) from 19.35 GHz brightness
temperatures. Geophys. Res. Lett. 34, L18504 (2007).

93. Jakobs, C. L. et al. A benchmark dataset of in situ Antarctic
surface melt rates and energy balance. J. Glaciol. 66, 291-302
(2020).

94. Zheng, L. & Wu, J. Daily melt flux estimated from Antarctic
automatic weather station data. figshare https://doi.org/10.6084/
m9.figshare.28052417.v2 (2024).

95. Zheng, L. Melt flux and meltwater volume over polar ice
sheets from satellite passive microwave observations. figshare
https://doi.org/10.6084/m9.figshare.24310153.v1 (2024).

96. Zheng, L. Codes to estimate melt flux from passive microwave
brightness temperature, and to display the melt distribution,
trends and climatic linkages. figshare https://doi.org/10.6084/
m9.figshare.25909720.v2 (2024).

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (grant nos. 42422606, 41925027 and 42006192), the
Innovation Group Project of Southern Marine Science and Engineering
Guangdong Laboratory (Zhuhai) (grant no. 311024008). M.R.v.d.B.
acknowledges funding from the Netherlands Earth System Science
Center. B.N. is a research associate of the Fonds de la Recherche
Scientifique de Belgique (F.R.S.-FNRS). Computational resources

for running the MAR model were provided by the Consortium des
Equipements de Calcul Intensif, funded by the F.R.S.-FNRS under
grant no. 2.5020.11, the Walloon Region, and the Tier-1 supercomputer
(Lucia) infrastructure, funded by the Walloon Region under grant
agreement no. 1910247. We thank S. Wang and B. Huai for their

helpful discussion and suggestions. We also thank H. de Verteuil for
the English editing.

Author contributions

L.Z. and X.C. had primary responsibility for study design. L.Z. built
the melt flux retrieval models, produced the melt products, analysed
the data and wrote the paper. X.S. preprocessed the passive micro-
wave brightness temperature data and assisted in developing the
methodology. M.R.v.d.B. and B.N. provided the RACMO2.3p2 dataset,
and assisted in interpreting the results and revising the paper.

X.L. assisted in interpreting and discussing the results. X.F. provided
the MARS3.12 and MAR3.14 datasets and contributed to refining the
paper. Q.L. and KW. helped with statistical analyses. J.L. assisted

in interpreting the results and revising the paper. X.C. acquired the
funding and provided supervision. All authors commented on the
paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41558-025-02364-4.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41558-025-02364-4.

Correspondence and requests for materials should be addressed to
Xiao Cheng.

Peer review information Nature Climate Change thanks the
anonymous reviewers for their contribution to the peer review of
this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.6084/m9.figshare.28052417.v2
https://doi.org/10.6084/m9.figshare.28052417.v2
https://doi.org/10.6084/m9.figshare.24310153.v1
https://doi.org/10.6084/m9.figshare.25909720.v2
https://doi.org/10.6084/m9.figshare.25909720.v2
https://doi.org/10.1038/s41558-025-02364-4
https://doi.org/10.1038/s41558-025-02364-4
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41558-025-02364-4

Daily meltwater volume over polar ice sheets

a N N N Y N Y Y N R TR S

x10%
I N R N Y

GrlS daily meltwater volume

AIS daily meltwater volume

GrIS cumulative meltwater volume
AIS cumulative meltwater volume

[N}
o
I

N
o
|

Daily meltwater volume (Gt day'1)

Cumulative meltwater volume (Gt)

= 0.5
VT
0 0
N N N N N N N N N N N N N N N N
q’ﬁ\\ qb(\\\ q@\\\ S ®>\\ S Q\\\ qu\\ ng\\ g@\\\ Q)\»\\ R Q\\\ ,\q}'\\ \b(\\\ ,\b\\\ '33\\\ (19\\\ rl:]X\\
N N N N P P P P P P P P P P P P
Date
b GrlS daily mean meltwater volume over 1992-2022
FA 25 T T T T T T T 1000 —
§ e e poroe
L th an percentiles i
@ 20 Daily means 800 :-;
) 2
IS L 4
515 600 g
S =
< 5
L 10 y 400 *=
Y =
2 0]
D €
£ 5 7 200 &
% 2
(3 0 L 1 1 1 L 0 2
Mar-1 Apr-1 May-1 Jun-1 Jul-1 Aug-1 Sep-1 Oct-1 Nov-1
Date
d : AIS daily mean meltwater volume over 1992-2023 € AIS annual mean melt flux over 1992-2023 .
—_ T T T T T T —
~ .
%‘ Daily ranges 3
© 25th and 75th percentiles %§ ¢ 800 >
D 6} Daily means i S 1t o
?u/ 3 2
g 600 E
O 4} i =
z 3
o 400 E
] =
= (]
3 2 : il 2 =
1S 2] 200 m
() ~170°S, <
< , M ! | L ) s <
Sep-1 Oct-1 Nov-1 Dec-1 Jan-1 Feb-1 Mar-1 Apr-1 May-1 6‘019 180°
Date

Extended DataFig. 1| Satellite-derived surface melt over the Greenland Ice
Sheet and AntarcticIce Sheet during 1992-2022/2023. (a) Daily meltwater
volume and cumulative meltwater volume over the GrlS (blue lines) and AIS
(blacklines). (b) and (d) show daily mean meltwater volume over the GrIS and
AIS, with blue shadows indicating the ranges and gray shadows indicating the

25th and 75th percentiles. (c) and (e) show maps of the annual mean surface melt
rate over the GrIS and AlS, respectively. Black lines in (c) and (e) delineate the
boundaries of the respective basins adopted from Rignot and Mouginot’*and
Zwally etal.”, respectively.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02364-4

600

QL

)]
o
(=)

400

300

200

100

GrlS meltwater volume (Gt month'1)

160

(op

140

120

100

80

60

AlIS meltwater volume (Gt month'1)

20

40 -

T T T T
0.23 + 0.38 Gt month™" year™! , +54.36% = : = yay
o = &= ne
| 1.60#1.22 Gtmonth™' year'" , +40,24% ey |
1.66 % 1.84 Gt month™" year™ , +17.53% - -® - August
0.95 + 1.55 Gt month™! year! , +18,33% ® =@ = Seplemmie
- 0.10%0.51 Gtmonth™ year", +10.19% - .
[ ] \
. /7
i / ®-
. / 7 . , .
L /. /. ‘ * II ./ \‘ .—. /. \ / \. // -
Al /! . \." \ 4 \‘
/I \.—. e ,.\ .~.I
.’ o (% ’ AERY
- . . .\ -
’ \ // ".’.\ ./, ’\ /,\‘/\b/‘\‘/ \\ /7 ‘/.\
,\ ’ \ N ) [ 8 v o) i '-. Q)
/ "‘. \ .’ \ / .\ AW o [5] i ! '7 Ny S
’ | & Py o % Y 3 ¢ \ ‘ b/ LA ® [ ]
= . ._. \\ - . \. ‘ . -
/7 /
® o 9 g 3 . o ®
P VRN -9 - .—.\ ,‘-.’.\ ,.\ ’ \._ 2
—3;‘; o8 o~3#$3‘u—31 et E 800090 g 8"
1995 2000 2005 2010 2015 2020
Year
T T T T
0.01 +0.05 Gt month™ year ' , +25.68% - -® - November
- -0.04%0.25 Gtmonth™! year™, -9.48% - ?:ﬁf;“rser 1
0.44 £ 0.82 Gt month'1 year'1 , +19.84% - -® - February
- 0.36%0.69 Gtmonth™ year", +21.64% - @ - March |
-0.03 £ 0.16 Gt month™" year™ , -12.35% ® °
L ® bl I:\‘ |
. PY /I \\ ,\ ° ,’, .\ '1 \‘
x \
(.8 /.‘ 3 .“ ® Q II ‘\ "' : \‘ ./.\ "“\ ]
.“ ,.\\ 7 I’ \\ L. ! 5 /,’ \\ // ¢ \. l’l 1y
~ ! \
R Y At AP
"\ i ] i v N : /! X e o
WA TIPS T I PR I
v R Ve o} o -
" "\z < ¢«
@ ! ]
o % o 2 ® o .2
W ST A ks 1 P P e

1995/1996  2000/2001 2005/2006  2010/201

Year

1

2015/2016

2020/2021

Extended Data Fig. 2| Time series of monthly meltwater volume throughout the melt season. (a) and (b) show the statistics in Greenland and Antarctica,
respectively. Uncertainties of trends are estimated at a 95% confidence level (two-tailed t-test). Relative changes are calculated by referring to the annual average

over the study period.
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Extended DataFig. 3 | Changes in satellite-derived Greenland annual meltwater volume at different elevations during the study period. Trend and relative change
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Extended DataFig. 5| Linkages between ice sheet meltwater volume and
climateindices. (a) Correlations between GrlS annual meltwater volume and
climate indices during1992-2022. (b) Correlations between AIS annual meltwater
volume and climate indices during 1992-2023. The climatic indices investigated
include global surface temperature, the Arctic Oscillation (AO), North Atlantic
Oscillation (NAO), Greenland Blocking Index (GBI), Atlantic Multi-decadal
Oscillation (AMO), Nino 3.4, Southern Oscillation Index (SOI), South Annular
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Mode (SAM), surface pressure (SP) over the Weddell Sea (80°S-50°S, 60°W-60°E)
and the Total Column Ozone Index (TCOI, normalized October column zone
south of 60°S). Climate indices are averaged over the summer months (JJA) for
the GrlS, and over the austral summer months (DJF), with the exception of the
TCOIL. Stars in the map indicate the correlations are significant at 90% (*), 95% (**)
and 99% (***) confidence levels (two-tailed t-test).
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Extended Data Fig. 6 | Relation between Baffin Bay sea ice and western
Greenland surface melt. Singular value decomposition (SVD) analysis between
seaicein Baffin Bay (55°N-75°N, 75°W-50°W) and surface meltin western
Greenland. (a) Trend in summer sea ice concentration (SIC)” during1992-2022.
(b) Heterogeneous correlation between GrlS surface melt flux and the associated
expansion coefficient (EC) of leading SVD mode for sea ice concentration

(ECl,c) in Baffin Bay. Black points indicate the correlations are significant ata
99% confidence level (two-tailed t-test). Black lines are the boundaries of GrIS
basins’. (c) Comparison between Baffin Bay EClgc and normalized west GrIS
(including NW, CW, SW Basins) meltwater volume. Significance of the correlation
is calculated from a two-tailed t-test.
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Extended Data Table 1| Inter-calibration of Special Sensor Microwave Imager (SSM/I) and Special Sensor Microwave
Imager/Sounder (SSMIS) observations

SSM/I F11 to SSM/I F13 to SSMIS F16 to SSMIS F18 to
Region Channels SSMIS F17 SSMIS F17 SSMIS F17 SSMIS F17

m n (K) m n (K) m n (K) m n (K)
Tbrs7n 1.007 -1.198 0.997 0.411 0.991 0.715 0.975 2.968
Tbms7n 1.000 -0.042 0.988 1.810 0.953 6.879 0.972 3.437
Tbrs7v 1.008 -2.211 0.998 -0.048 1.013 -2.758 0.995 0.230
. Tbms7v 1.007 -2.362 0.996 0.118 0.973 4.931 0.996 -0.072
5 Tbeion 0.992 0.663 0.989 1.084 0.998 0.621 0.985 1.715
Tbmion 0.980 2.444 0.979 2.479 0.983 3.128 0.980 2.377
Tbeiov 0.999 -0.039 0.994 1.022 1.002 -0.629 0.996 -0.028
Tbmiov 0.993 0.953 0.990 1.704 0.983 3.042 0.993 0.513
Tbes7u 1.012 -1.969 0.995 0.851 0.971 4.054 0.989 0.432
Tbma7n 0.970 5.285 0.970 5.186 0.969 4.480 0.954 6.122
Tbes7v 1.020 -4.188 1.003 -0.795 0.988 1.747 1.011 -2.720
" Tbmz7v 0.991 1.323 0.984 2.847 0.995 0.398 0.975 4.223
< Tbeion 0.986 2.001 0.980 2.775 0.993 1.004 0.991 0.931
Tbmion 0.970 4.532 0.971 4.219 0.989 1.727 0.975 3.362
Tbeiov 0.991 2.038 0.982 4.050 0.994 0.539 0.999 -0.398
Tbmiov 0.974 5.747 0.970 6.678 0.991 1.208 0.983 2.857

Slopes (m) and intercepts (n) in Eqg. 2 for the inter-calibration of Special Sensor Microwave Imager (SSM/I) and Special Sensor Microwave Imager/Sounder (SSMIS) observations. Note that
DMSP-F17 is the calibration reference.
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