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Abstract. Along with record-breaking summer air temperatures at an Antarctic Peninsula meteorological station in February

2020, the Larsen C ice shelf experienced an exceptionally long and extensive 2019/2020 melt season. We use a 40-year time

series of passive and scatterometer satellite microwave data, which is sensitive to the presence of liquid water in the snow pack,

to reveal that the extent and duration of melt observed on the ice shelf in the austral summer of 2019/2020 was the greatest

on record. We find that unusual perturbations to southern hemisphere modes of atmospheric flow, including a persistently5

positive Indian Ocean Dipole in the spring and a very rare southern hemisphere sudden stratospheric warming in September

2019, preceded the exceptionally warm Antarctic Peninsula summer. It is likely that teleconnections between the tropics and

southern high latitudes were able to bring sufficient heat via the atmosphere and ocean to the Antarctic Peninsula to drive the

extreme Larsen C Ice Shelf melt. The record breaking melt of 2019/2020 brought to an end the trend of decreasing melt that

had begun in 1999/2000, will reinitiate earlier thinning of the ice shelf by depletion of the firn air content, and probably affected10

a much greater region than Larsen C Ice Shelf.

1 Introduction

Surface melt and ponding on Antarctic Peninsula (AP) ice shelves has been linked to firn densification (Holland et al., 2011),

surface lowering (Paolo et al., 2015), hydrofracture (Banwell et al., 2013), and eventual collapse (Scambos et al., 2000; van den

Broeke, 2005). Following collapse the glaciers that feed the ice shelves have been observed to speed up (Gudmundsson, 2013),15

discharging more land ice to the oceans and increasing the rate of sea level rise. Larsen C Ice Shelf (LCIS, Fig 1) is the largest

remaining ice shelf on the AP and surface melt and ponding have led to surface lowering, concentrated in the inlets and the

northern parts of the shelf, and to the formation of a large subsurface mass of ice (Hubbard et al., 2016). If LCIS were to

disintegrate, in the same way as Prince Gustav and Larsen A ice shelves in 1995 (Rott et al., 1996) and Larsen B ice shelf

in 2002 (Rott et al., 2002), modelling studies suggest that the dynamic response of the inland ice might be limited owing20

to the small amount of buttressing generated by LCIS (Furst et al., 2016). The potential sea-level contribution might would

only be of the order of millimetres over the next two centuries (Schannwell et al., 2018). However, removal of ice shelves has

consequences other than sea-level rise with potential impacts on ocean circulation and biodiversity (Siegert et al., 2019).

Satellite scatterometer data is sensitive to the presence of water within the snowpack and can be used to monitor melt

on ice shelves (Barrand et al., 2013). Although positive degree days (one indicator of conditions favouring ice shelf surface25

melt) showed long-term increases from 1950 to 2010 (Barrand et al., 2013), between 2000 and 2016, a period dictated by the
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availability of scatterometer data, the number of melt days across the wider parts of LCIS decreased by 1 or 2 days per year

(Bevan et al., 2018). However, spatial and interannual variability in melt is generally high and inlets (embayments adjacent to

land) prone to localised föhn-induced melting (Luckman et al., 2014) continued to experience increasing annual melt.

The negative trend in melt duration on LCIS from 2000 to 2016 was in line with trends in AP air temperatures (Turner et al.,30

2016) and regional atmospheric circulation patterns, and coincided with a thickening and mass gain over most of the ice shelf

(Adusumilli et al., 2018; Smith et al., 2020). In contrast to this trend, during the austral summer of 2019/2020 we observed

a strong widespread fall in microwave backscatter across the shelf measured by Sentinel-1 synthetic aperture radar (SAR)

indicating intense surface melt, and melt ponds could be seen in Cabinet Inlet in rare cloud-free visible imagery (Fig. 1).

It was also widely reported that air temperatures on 6 February 2020 reached a record (as yet unverified) 18.4◦C at Esperanza35

on the northern tip of the AP (public.wmo.int/en/media/news/new-record-antarctic-continent-reported). It seemed highly likely

that the record-breaking air temperatures and extensive surface melt on LCIS were both manifestations of some atypical

atmospheric circulation pattern.

In this study we present calculations of the duration and temporal evolution of the melt seasons on LCIS for summer

2019/2020 and the two previous summers, thereby extending published data (Bevan et al., 2018), and compare them with the40

melt seasons of the past 40 years. We then discuss the wider-scale meteorology, including tropical modes of flow and telecon-

nections, during austral spring and summer 2019/2020 in order to investigate why this year may have been so exceptional.

2 Methods and data

2.1 Melt analyses

Previous studies of AP ice-shelf melt have utilised daily enhanced resolution, 2.25 to 4.5 km, scatterometer data from Brigham45

Young University (Barrand et al., 2013; Bevan et al., 2018) where the Scatterometer Image Reconstruction (SIR) algorithm has

been used to improve the spatial resolution of irregularly and oversampled data (Early and Long, 2001; Long and Hicks, 2010).

However, these reconstructed products based on Quick Scatterometer (QuikSCAT, 1999-2009) and Advanced SCATterometer

(ASCAT, 2009–present) data are not immediately available and are at the time of writing available only up to the end of 2018

(e.g. www.scp.byu.edu/data/Ascat/SIR/Ascat_sir.html). We update the SIR QuikSCAT and ASCAT melt estimates at 4.5 km50

resolution after Bevan et al. (2018) to include the 2017/2018 melt season. To continue the record to the present day we also

produce an analysis of 2018/2019 and 2019/2020 over LCIS at a lower spatial resolution using ASCAT GDS Level 1 Sigma0

Swath Grid data from the EUMETSAT archive (archive.eumetsat.int/usc/).

ASCAT instruments currently operate onboard the METOPA, METOPB and METOPC satellites. However, as we want

to derive a consistent melt product for the austral years of 2017/2018, 2018/2019 and 2019/2020 and METOPC was not55

launched until 7 November 2018 so we exclude data from this satellite from the study. The normalised backscatter data have

an approximate spatial resolution of 15–30 km and are delivered on a 12.5 km grid.

The presence of water within the snowpack causes a sharp drop in microwave backscatter compared with cold dry snow.

We record the presence of melt water at a pixel location when the backscatter is more than 2.7 dB below the previous winter
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(June, July, August) mean. This threshold was used in previous studies using SIR ASCAT data (C band, 5.255 GHz) (Ashcraft60

and Long, 2006; Bevan et al., 2018) and was based on empirical comparisons with QuikSCAT derived melt (Ashcraft and

Long, 2006). We have no reason to suspect that Level 1 ASCAT data would require a different threshold and melt patterns and

variability have anyway been found to be insensitive to changing the threshold between 2 and 4 dB (Wismann, 2000). METOPA

and METOPB observations over LCIS are acquired between 0200 and 0600, and between 0600 and 1000 local time, and we

combine all mid-beam observations within a 24 hour period by taking the minimum backscatter value from all observations to65

maximise the chance of detecting melt.

Melt days are then summed over the austral year August to July. We emphasise here that this method detects the presence of

liquid water rather than the process of melting and that subsequent references to melt in the text should also be interpreted to

mean the presence of liquid water.

We extend the analysis back from 1999 to 1979 using passive microwave data from the Scanning Multichannel Microwave70

Radiometer (SMMR, 1979–1987) and the Special Sensor Microwave/Imagers (SSM/I, 1989–2017), selecting the descending

orbit 18.0 GHz and 19.35 GHz horizontally polarized channels, respectively (Picard and Fily, 2006). In a similar way to the

scatterometer method we use a brightness temperature (Tb) threshold relative to the winter mean, which corresponds to the

Tb-M method described in Ashcraft and Long (2006). Melt is detected when the daily Tb is more than 30 K above the previous

winter mean (Picard and Fily, 2006). Time of day of overpass has been shown to have an impact on melt detection but the effect75

is not significant on the Antarctic Peninsula where melt is common and persistent. Choosing the descending passes for SMMR

and SSMI minimizes the impact of instrument change (Picard and Fily, 2006) even if the overpass times are not at peak melt,

and matches the ASCAT times more closely. Bevan et al. (2018) discussed the impact of acquisition time of day with respect

to differences between SIR QuikSCAT and ASCAT melt detection on LCIS. The 2008/2009 year of overlap showed that MI

based on the QuikSCAT morning data was 3.3× 106 melt days km2 and MI based on ASCAT was 3.4× 106 melt days km2.80

We use the detection of melt to calculate three measures. First, we calculate annual maps of melt duration by accumulating

the total number of days of melt per year for each pixel. These datasets are then resampled to a 2 km grid and masked to the

ice-shelf area which includes Larsen D but excludes the Larsen C area that calved in July 2017. Second, we calculate the total

area of ice shelf melt per day, and third we calculate melt indices to enable a quantitative interannual comparison of melt over

the whole ice shelf. The melt index is the product of the number of melt days per pixel times the pixel area, summed over the85

area of LCIS.

There are two periods of Level 1 ASCAT data missing in the newly analysed period: 22 days from 12/12/2017 to 02/01/2018,

and 30 days from 17/12/2018 to 15/01/2019. We assess how much the data gaps might lead to underestimates of melt by

calculating the melt indices for these short periods using the SIR ASCAT data for the equivalent periods in 2017/2018.

2.2 Atmospheric circulation90

The evolution of the atmospheric circulation during austral spring-summer 2019-2020 and a comparison to historical variabil-

ity are described using the ERA5 reanalyses (Copernicus Climate Change Service (C3S) (2017): ERA5: Fifth generation of

ECMWF atmospheric reanalyses of the global climate. cds.climate.copernicus.eu/cdsapp#!/home). These data are available on
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∼30 km grid and cover the period January 1979–March 2020. Sea ice concentrations were downloaded from the National Snow

and Ice Data Center (NSIDC, Cavalieri et al., 1996) and are available as monthly means on a 25 km grid for January 1981–95

March 2020. Sea surface temperatures (SSTs) are the NOAA Optimal Interpolation SST v2 data (Reynolds et al., 2002). These

data are available as weekly means on a 1 degree grid and are available January 1982–March 2020.

We monitor the latitudinal position of the high-latitude westerly jet using the Southern Annular Mode index (Marshall, 2003).

The SAM index is the difference in zonal mean surface pressure at 40◦S and 65◦S. A positive value of the index indicates a

strengthened and poleward-shifted westerly jet while a negative value indicates a weakened and equatorward-shifted westerly100

jet. Historically, high SAM (southward displacement of the westerly jet) is associated with warming on the east (leeward) side

of the Antarctic Peninsula (Marshall et al., 2006) due to föhn winds and local southward advection of warmer air from the

north.

The El Niño Southern Oscillation (ENSO), or its atmospheric component the Southern Oscillation Index (SOI), is often

considered as an indicator of how tropical weather patterns are affecting the high southern latitudes and Antarctic melt (Tedesco105

and Monaghan, 2009; Trusel et al., 2012; Barrand et al., 2013). ENSO has generally been found to be inversely correlated with

Antarctic surface temperature and with melt, but regionally, and particularly on the AP, the impact can depend on the combined

phases of ENSO and SAM (Nicolas and Bromwich, 2014; Clem et al., 2016).

Alternatively, the Indian Ocean Dipole (IOD) is the Indian Ocean equivalent of an El Niño and its phase (Dipole Model

Index, DMI) is calculated as the difference in SST anomalies between two regions of the Indian Ocean (Wang et al., 2019). We110

also therefore investigate DMI to indicate how tropical weather patterns were having an effect on higher latitudes.

3 Results

Comparing the maps of melt on LCIS (Fig. 2) we can see that the 2017/2018 melt based on Level 1 ASCAT data (Fig. 2b)

compares well with the SIR data (Fig. 2a). Melt in 2018/2019 is very low in contrast to melt in 2019/2020 which appears

to be particularly intense with up to 139 melt days in the south-west inlets. Melt distribution follows the typical pattern of115

enhanced melt in the inlets close to the mountains superimposed on a general south to north gradient of increasing melt (Bevan

et al. (2018, Fig. 6) and Fig. A1). Inspection of daily images of backscatter (not presented) shows that patches of melt, mostly

focussed on the inlets close to the mountains begins in October 2019, but from January 2020 through February and into March

the entire ice shelf has very low backscatter indicating the persistent presence of liquid water.

The temporal evolution of melt area shows intermittent melt episodes during the last 4 months of 2019, not dissimilar to120

previous years, followed by a steep increase from early January 2020 that persisted until the end of March (Fig. 3). This

persistence of large areas of melt is very unusual in comparison with the previous 20 years with the exception of 2002/2003

(highlighted in blue in Fig. 3).

The time series of melt indices (Fig. 4) shows good agreement between the passive radiometer (SMMR and SSM/I) and scat-

terometer methods of detecting melt. The series confirms the exceptional nature of 2019/2020 — the melt index in 2019/2020125

at 6.0× 106 melt days km2 is the highest in the record. Based on the SIR ASCAT data for 2017/2018 the melt indices for
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the short 22- and 30-day periods when Level 1 ASCAT data in 2017/2018 and 2018/2019 are missing, are only 0.17 and

0.34× 106 melt days km2, respectively. ie. the majority of melt happens later in summer. The 22-day figure suggests that the

melt index for 2017/2018 based on Level 1 ASCAT data of 0.80× 106 melt days km2 is not greatly underestimated because

of the missing data, and the good agreement between SIR and Level 1 melt indices shown in Fig. 4 can be trusted. The 30 day130

figure, whilst for the previous year, suggests that the low melt index for 2018/2019 of 0.22× 106 melt days km2 may be as

high as 0.56× 106 melt days km2 which would still be the lowest on record.

The ERA5 2 m air temperatures (Fig. 5) show repeated intervals of anomalously warm air over the ice shelf but that it was

not until late December or early January 2020 that air temperatures were consistently above -2◦C and anomalously warm. Melt

is able to occur and persist above -2◦C as surface energy budget calculations on LCIS have shown that surface temperatures135

can exceed 2 m temperatures by up to 2◦C under calm cloudy conditions (Kuipers Munneke et al., 2012). In addition Fig. 5

shows the mean daily temperature, it is very likely that temperatures were higher for a large part of the day.

Turning to the indices of atmospheric flow, while there was only a weak positive El Niño (https://origin.cpc.ncep.noaa.gov/

products/analysis_monitoring/ensostuff/ONI_v5.php) toward the end of 2019 and into 2020, a very strong positive IOD began

in winter and was matured during austral spring (August–November 2019), peaking at over 3 standard deviations above the140

mean in October 2019, making it one of the strongest IODs on record (Fig. 6). Monthly SAM indices for October 2019 to

December 2019 were strongly negative at -1.97, -4.42, -1.78, but in January, February and March increased to 0.57, -0.36 and

2.05.

4 Discussion

The Level 1 ASCAT data have allowed a rapid but robust assessment of the two most recent LCIS 2019/2020 melt seasons,145

with the SIR/Level 1 overlap period of 2017/2018 allowing a validation of the duration and location of melt derived from

Level 1 data. The analysis shows that melt durations in 2018/2019 and 2019/2020 were at the extreme ends of that observed

on LCIS since 1979. In 2018/2019, melt appears to continue the general trend of decreasing melt that began in the early 2000s

and the melt index was the lowest on record. In 2019/2020 intense and widespread melt covered the ice shelf, in a manner not

observed since 2002/2003 (Bevan et al., 2018).150

The large-scale atmospheric flow leading up to and through the extreme melt season in 2019/2020 consists of a sequence

of unusual events. A very strong IOD developed in winter and persisted through early summer 2019 (Fig. 6). Historically, a

positive IOD during austral spring acts to excite a stationary Rossby wave train into the Southern Hemisphere extratropics,

which places an anticyclone to the south-west of Cape Horn (Fig. A2d). The associated southerly surface winds near and to the

east of the AP produce colder than normal air temperatures (Fig. A3d) and an increase in sea ice concentration in the Weddell155

Sea (Fig. A4d). Similarly, to the west of the Peninsula, the positive IOD typically acts to drive northerly surface winds that

act to warm the surface and decrease sea ice in the Bellingshausen Sea. The observed anomalies of circulation in the lower

troposphere, and the air temperatures and sea ice concentration during August–September 2019 (Figs. A2a, A3a, and A4a)

match well with what typically occurs during a positive IOD event.
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Then, in early September 2019, a sudden stratospheric warming (SSW) occurred, which was historically early and of compa-160

rable magnitude to the only previous major southern-hemisphere sudden stratospheric warming that occurred in late September

2002 (Lim et al. 2020, SPARC, 2019: SPARC Newsletter No. 54, January 2020, 48 pp., available at www.sparc-climate.org/

publications/newsletter) when, intriguingly, the summer melt on LCIS was also exceptionally high (Figs. 3 and 4). SSWs

weaken or even completely reverse the westerly stratospheric polar jets and generate extreme weather events throughout the

polar and subpolar regions of the Southern Hemisphere in the following months as the weakened or reversed vortex descends165

to the surface resulting in low SAM. The coupling of the 2019 SSW to the surface triggered persistent record negative SAM

from the 3rd week of October through the end of December.

As a result of the SSW and development of negative SAM, we might have anticipated a further increase of sea ice and

strengthening of the cold conditions on and east of the AP during November and December that had been generated earlier by

the positive IOD. However, the swing to negative SAM altered the mean flow through which the IOD-forced stationary Rossby170

wave train was propagating. The easterly anomalies in the high latitudes acted to more strongly refract the IOD-forced Rossby

wave train back to the Tropics (Fig. A2b). The net effect is that from late October through to the end of December, while

the IOD event was, unusually, persisting and the SAM was strongly negative, a cyclone replaced the anticyclone to the west

of the AP (Fig. A2b). The resulting northwesterly and northeasterly flow on either side of the AP acted to warm the surface,

remove the enhanced sea ice in the Weddell sea (Fig. A4b), and drive southward Ekman transport of warm SSTs towards the175

AP (Fig. A5b and c).

In contrast, it is unlikely that the weak warm El Niño of the 2019/2020 summer was a trigger for the melt event because

the Pacific South American (PSA) wave train signature of stationary Rossby waves excited by a warm El Niño (Karoly, 1989)

would normally manifest as anomalously high pressure over the Amundsen Sea to the west of the AP (Mo and Higgins, 1998).

This anomaly is not apparent in Figs. A2b and c and the wave-path latitude in Figs. A2a–c is shifted south by about 10◦ in the180

Pacific sector compared with that associated with a PSA wave train.

The preceding events were undoubtedly unusual and by delivering broad-scale ocean heat to the region by the end of

December were likely to have acted as important precursors to the anomalously high presence of melt during January and

February. Although the influence of the IOD and SSW on the circulation disappeared by the end of December, during late

summer an anticyclone was established over the AP (positive 500 hPa geopotential height anomaly, Fig. A2c) resulting in185

poleward surface flow that tapped into the ocean heat, keeping air temperatures high on the AP (Fig. 5). Two factors will have

contributed to the continued detection of surface melt into March 2020. Firstly, during summer, short wave radiation is able to

penetrate the snow pack, particularly when the surface is at or near melting (Kuipers Munneke et al., 2012), causing subsurface

melt. Secondly, microwaves are also able to penetrate the snow pack so that reductions in backscatter due to absorption are

sensitive to subsurface as well as surface liquid water. In other words, the persistence of subsurface melt water following190

extreme and prolonged surface melt will have contributed to the scatterometer derived melt area (Bevan et al., 2018). This

effect is what reduces the impact of the less than optimal overpass times for the passive microwave and ASCAT observations

of melt on LCIS.
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This record ice-shelf wide melt following a period of low SAM indices and weakened westerlies at first seems to contradict

observations that strong westerlies enhance melt on eastern AP ice shelves via föhn warming. However, we note that in extreme195

melt years such as 2019/2020 the melt extends across the full width of the shelf, but that the deep föhn events required

to produce melt this far from the mountains (Elvidge et al., 2015) are relatively rare (Cape et al., 2015). In addition, the

temperature anomalies produced by föhn events are much smaller during the summer than other seasons (Kuipers Munneke

et al., 2018; Wiesenekker et al., 2018) and account for a smaller proportion of melt. The fact that the 2019/2020 melt is linked

to regional warm advection rather than local föhn warming means that it is likely to have affected a wider region than just200

LCIS.

Increasingly strong SAM (Arblaster and Meehl, 2006) and more extreme positive IODs (Cai et al., 2014) predicted under

high greenhouse gas emission scenarios may act in opposition with regard to AP warming as they decrease or increase sea

ice over the Weddell Sea, respectively. As we have revealed in this study the implications for eastern AP ice-shelf melt are

further complicated by southern-hemisphere SSWs, and it is not yet understood how global warming will affect the occurrence205

or intensity of SSWs in either hemisphere, indeed there is not yet a consensus on the best way to define an SSW (Butler et al.,

2015).

5 Conclusions

The 2019/2020 LCIS melt season was longer and more intense than any observed over the last 40 years, bringing to an abrupt

halt the apparent 21st century decline in surface melt. The extreme melt through the summer of 2020 is likely to have reinitiated210

thinning of the entire ice shelf through loss of firn air content. Although late winter and early spring 2019 were cold on and

around the AP as expected under a strong positive IOD, this was interrupted by an SSW which caused the ongoing IOD to bring

warmth to the region in December and into January when normally the low SAM indices would have meant cold conditions.

The majority of the 2019/2020 melt was detected in January to March 2020 probably as a result of anticyclonic conditions over

the shelf drawing on abnormally warm and ice-free surrounding oceans. Even once the actual process of melt had ceased, the215

liquid water was likely able to persist within suburface layers and hence be detected by scatterometer.

These atypical atmospheric phenomena are indications of how tropical and extratropical weather patterns can impact high

latitudes. Further investigation into these teleconnections and the implications for future ice-shelf stability is an important area

for continued research. Surface energy budget modelling on LCIS would also be able to shed light on the exact balance of

fluxes contributing to the melt.220

Data availability. The NERC Polar Data Centre hosts Geotiffs of melt duration based on the SIR QuikSCAT/ASCAT and Level 1 ASCAT

data (doi.org/10.5285/e3616d28-759e-4cca-8fae-fe398f9552ba (Bevan and Luckman, 2018),

and doi.org/10.5285/cfa4cc5d-3ea9-4c3c-8d6b-6b92a81bb2af (Bevan and Luckman, 2020), respectively).
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Figure 1. Copernicus Sentinel-1 synthetic aperture radar (SAR) image (processed by the European Space Agency) showing widespread low

backscatter on Larsen C Ice Shelf and (inset) melt ponds in Cabinet Inlet visible in a Landsat 8 image (courtesy of the U.S. Geological

Survey). Coastline and grounding line were obtained from the NSIDC (Haran et al., 2014).
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Figure 2. Number of melt days in a) 2017/2018 based on SIR ASCAT data, b) 2017/2018 based on Level 1 ASCAT data, c) 2018/2019

based on Level 1 ASCAT data, and d) 2019/2020 based on Level 1 ASCAT data. The background image is Copernicus Sentinel-1 2019 mean

backscatter.
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Figure 3. Ice shelf melt area. The 1999-2019 curves are based on the three sets of scatterometer data, QuikSCAT, SIR ASCAT and Level 1

ASCAT.

Figure 4. Melt index time series based on brightness temperatures from SMMR and SSMI, SIR QuikSCAT and ASCAT data, and Level 1

ASCAT data.
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Figure 5. Mean daily and 1979–2019 mean ERA5 2 m air temperatures averaged over the area 60 to 65◦W, −65 to −70◦N. Positive

(negative) anomalies are shaded red (blue).
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Figure 6. Standardized time series of the Dipole Mode Index (difference between the SST averaged in the western equa-

torial Indian Ocean (50◦E–70◦E and 10◦S–10◦N) and the south eastern equatorial Indian Ocean (90◦E–110◦E and 10◦S–

0◦N) based on Extended Reconstructed Sea Surface Temperature data (ERSST, www.ncdc.noaa.gov/data-access/marineocean-data/

extended-reconstructed-sea-surface-temperature-ersst-v5).
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Figure A1. Time sequence of annual melt duration based on passive microwave data(SMMR, 1979–1987 and SSM/I, 1989–2017). Summers

1987/1988 and 1988/1989 are missing due to data unavailability.
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Figure A2. Left panels: Anomalies in ERA5 500 hPa geopotential height relative to the 1982—2019 climatological mean based on daily

data for a) 1 August to 15 October 2019, b) 17 October to 31 December 2019, and c) 1 January to 15 March 2020. The averaging periods

were shifted slightly to maximize the signal of the Indian Ocean Dipole (IOD) during August through mid-October and then the abrupt

appearance of negative Southern Annular Mode (SAM) as a result of the coupling of the polar stratospheric warming down to the surface

that occurred beginning around 17 October 2019 and lasting through the end of December 2019. Both the IOD and the negative SAM

disappeared during January to mid March 2020. Shading indicates where the magnitude of the anomalies are larger than 1.6 standard

deviations, thus indicating where the positive anomalies fall above the 95th percentile and the negative anomalies below the 5th percentile.

Right panels: Linear regression of the 500 hPa geopotential height anomaly onto the Dipole Mode Index (DMI) for the equivalent period

based on monthly data from 1982 to 2019. Shading indicates regression is significant at p<0.10. The regression coefficients are scaled by

1 standard deviation of the DMI so that the maps represent the height anomaly that would be accounted for by 1 standard deviation in

DMI for d) August to October, e) November to December, f) January to February. The blue arrows depict idealized Rossby wave-train ray

paths and highlight the shortening of the Rossby wavelength in November/December 2019. The regressions were computed using the Royal

Netherlands Meteorological Institute (KNMI) Climate Explorer (see climexp.knmi.nl, Oldenborgh and Burgers, 2005).
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Figure A3. As for Fig. A2 but for ERA5 2 m air temperatures.
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Figure A4. Left panels: Anomalies in sea ice concentration relative to the 1982-–2019 climatological mean for a) August, September and

October 2019, b) November and December 2019, c) January and February 2020. Shading is as in Fig. A2. Right panels: Linear regression

of sea ice concentration anomaly onto the Dipole Mode Index (DMI) for the equivalent period based on data from 1982 to 2019. Shading

indicates regression is significant at p<0.10. The regression coefficients are scaled by 1 standard deviation of the DMI so that the maps

represent the anomaly that would be accounted for by 1 standard deviation in DMI for d) August to October, e) November to December, f)

January to February. The regressions were computed using the Royal Netherlands Meteorological Institute (KNMI) Climate Explorer (see

climexp.knmi.nl, Oldenborgh and Burgers, 2005).
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Figure A5. Sea surface temperature (SST) anomalies relative to 1982–2019 mean for a) September and October 2019, b) November and

December 2019, c) January and February 2020. SST data are NOAA OI v2.
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