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Abstract. Continental-scale land cover information is essential to furthering our understanding of the terrestrial environment,

10 atmosphere and climate change. Several global land cover products have been released in recent years but they typically do
not include Antarctica. The lack of land cover data in Antarctica is concerning because mountain glaciers and icecaps there
have been losing mass at a rate well above the global average, leading to expansion of proglacial regions. Proglacial regions
comprise transient land cover types with high rates of geomorphological activity that delivers sediment into the Southern
Ocean and supports its rich biodiversity. With Antarctic mountain glaciers and icecaps projected to lose more mass in the

15 coming decades, and active layer soils expected to increase in thickness, it is timely to establish a baseline land cover dataset
for Antarctica with which future classifications can be compared. Here, we use Landsat-8 Operational Land Imager (OLI)
images to classify six proglacial regions of Antarctica at 30 m resolution, with an overall accuracy of 77.0 % for proglacial
land classes. We conducted this classification using an unsupervised K-means clustering approach, which circumvented the
need for training data and was highly effective at picking up key land classes, such as vegetation, water, and different

20 sedimentary surfaces. We have highlighted the spatial pattern in land cover and emphasise a need for more and higher quality
field data. The land cover maps produced from this paper are available at: Stringer, C. (2022). Contemporary (2016 - 2020)
land cover classification across West Antarctica and the McMurdo Dry Valleys (Version 1.0) [Data set]. NERC EDS UK Polar
Data Centre. https://doi.org/10.5285/5ASEE38C-E296-48 A2-85D2-E29DB66ESE24

25 1. Introduction

Continental-scale land cover information is essential to furthering our understanding of terrestrial environments, ecological
niches and the atmosphere, especially across sensitive regions of Earth (Ban et al., 2015; Chen et al., 2019; Gong et al., 2020;
Raup et al., 2007). Additionally, land cover maps are a critical resource required to support research of climate change:
particularly those that include information on vegetation coverage (Bojinski et al., 2014). Different types of land cover can

30 change or respond to climatic forcing in different ways, depending on their physical and chemical properties (GCOS, 2010).
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Owing to the frequent return period and extensive areas covered by satellite images, land cover maps are increasingly being
produced using remote-sensing techniques (Brown et al., 2022; Friedl et al., 2010; Loveland et al., 2000; Tateishi et al., 2014).
Several global land cover products have been released in recent years (e.g. Brown et al., 2022) but they typically do not include
Antarctica. Land cover maps are particularly important for Antarctica, owing to its dynamic landscape and rapid environmental
35 change (Davies et al., 2013). Unlike most other regions on Earth, human activities are not the major control on land cover type
in Antarctica, and the footprint of anthropogenic activities is limited to relatively small areas (Tejedo et al., 2016, 2022). Until
the start of the 21% century, the Antarctic Peninsula (AP) was one of the most rapidly warming places on Earth with a
temperature rise of 1.5 °C observed since the 1950s (Bentley et al., 2009; Cannone, 2020; Carrivick et al., 2012; Guglielmin,
2020; Kavan et al., 2017; Mulvaney et al., 2012; Oliva et al., 2016; Vaughan et al., 2003). Following a hiatus in warming at
40 the start of the 21% century, there is evidence that this trend has resumed (Carrasco et al., 2021) and glaciers have continued to
respond to the temperature increases of the 20" century and subsequent warming since 2015 (Engel et al., 2022; Oliva et al.,
2017). Consequently, glacier mass loss has occurred at an enhanced rate, particularly around smaller ice masses on the AP and
on sub-Antarctic islands (Abram et al., 2013; Engel et al., 2022; Oliva et al., 2016, 2017; Rosa et al., 2020). This ice mass loss
has resulted in the enlargement of some of Antarctica’s proglacial regions, and they will continue to expand as both land and
45 marine-terminating glaciers continue to retreat with a warming climate (Nedbalova et al., 2013; Roman et al., 2019). It is,

therefore, essential to have a baseline with which to compare past and future changes in these environments.

The majority (99.8 %) of Antarctica is covered by ice, with the remaining 0.2 % characterised as nunataks (i.e. mountain peaks
that penetrate the ice sheet) or as proglacial regions (Burton-Johnson et al., 2016). Proglacial regions are predominantly shaped
50 by the interplay of meltwater from glaciers, which erodes, transports and deposits sediment, and hillslope activity, which
largely acts to supply new sediment into the system during mass transport events. In a warming climate both result in greater
sediment discharge (Klaar et al., 2015; Ballantyne, 2008; Staines et al., 2015; Carrivick and Heckmann, 2017; Carrivick and
Tweed, 2021). In polar regions, where permafrost can be extensive, the active layer is an additional and important water and
sediment source on days where ground temperatures exceed 0 °C (Costa et al., 2018; Humlum et al., 2003; Kavan et al., 2017;
55 Lepkowska and Stachnik, 2018). Understanding the make-up of Antarctica’s proglacial regions is important because they are
a source of water, sediment and solutes. The quantity and spatio-temporal pattern of sediment discharged from Antarctica has
profound effects on the ecosystem of the Southern Ocean and polar lakes, with particular impacts seen in benthic communities
(Friedlander et al., 2020). The majority of sediment enters these ecosystems via rivers (Overeem et al., 2017) and suspended
sediments impact the feeding behaviour of marine and lacustrine organisms. Large quantities of sediment increase the turbidity
60 of the water; this prevents photosynthesis and can lead to organisms ingesting sediment and suffering mechanical damage
(Cloern, 1987; Garcia-Rodriguez et al., 2021; Laspoumaderes et al., 2013; Maat et al., 2019; Sommaruga, 2015). The quantity
of sediment entering polar waters in the summer months is also thought to play a role in the size of phytoplankton blooms
(Arrigo et al., 2017; Garcia-Rodriguez et al., 2021; Leeuwe et al., 2020; Righetti et al., 2019). These factors may alter the
quantity of carbon that is sequestered from the atmosphere by these organisms (Brussaard et al., 2008; Maat et al., 2019).

2
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65  Given the clear importance of land cover, and more specifically sediment dynamics, to the functioning of Antarctic ecosystems,
the aims of this paper are: i) produce a map of land cover across selected proglacial areas of West Antarctica and the Dry

Valleys, and; ii) quantify the overall accuracy of our data and how that accuracy varies spatially.

1.1 Study Sites

There is a notable dearth of literature that seeks to characterise proglacial regions, particularly in Antarctica. Some research
70 has been conducted on individual rivers and catchments, notably on the Onyx River (Chinn and Mason, 2016), James Ross
Island’s Ulu Peninsula (e.g. Davies et al., 2013; Jennings et al., 2021; Kavan, 2021; Kavan et al., 2020, 2017; Nedbalova et
al., 2013) and on other sub-Antarctic islands, such as the South Shetland Islands (Mink et al., 2014; Oliva et al., 2016).
However, these studies have taken varying approaches to characterising landscape compositions, and there is little in way of
a continental scale dataset that characterises the land cover of these proglacial regions in a consistent way. Therefore, we have
75 chosen six sites for analysis in this study that are characterised by their large proglacial area (Fig. 1). Namely, these sites are:
i) the McMurdo Dry Valleys; ii) Alexander Island and west Palmer Land (referred to hereafter as “Alexander Island™); iii)
Deception Island; iv) southern Livingston Island and Snow Island (referred to hereafter as Byers Peninsula); v) James Ross

Archipelago, and; vi) South Georgia.

1.1.1 Climate

80  All of the six study sites have polar climates and comprise both maritime and continental settings. They are positioned along
a latitudinal gradient and so permit an analysis of land cover variability with latitude. The most northern site, South Georgia,
is characterised by its high relief and has a mean annual air temperature (MAAT) of 2.5 °C, as well as receiving over 2000
mm of precipitation per year (Bannister and King, 2015; Strother et al., 2015). Over half of South Georgia is glacierised
(Bannister and King, 2015). The South Shetland Islands are characterised by a polar maritime climate, with air temperatures

85 regularly exceeding 0 °C in summer. The humid environment, due to its maritime location, ice-free seas and regular cyclonic
activity, results in liquid precipitation falling regularly in the summer months (Bafion et al., 2013). The James Ross
Archipelago, to the north-east of the Antarctic Peninsula, has a MAAT of -7 °C and has a semi-arid polar continental climate
(Hrbacek and Uxa, 2020; Martin and Peel, 1978). The two more southerly sites; Alexander Island and The McMurdo Dry
Valleys, are distinctly colder and drier than the more northern sites, with continental climates (Harangozo et al., 1997).

90  Alexander Island, specifically Fossil Bluff, has a MAAT of -9 °C and receives approximately 900 mm of precipitation each
year (Davies et al., 2017; Harangozo et al., 1997). The McMurdo Dry Valleys are hyper-arid due to katabatic winds and have
a MAAT of -17 °C to -20 °C (Doran et al., 1994; Marchant and Head, 2007).
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2. Methods
2.1. Site Selection

95  Our site selection was primarily informed by the British Antarctic Survey’s (BAS) rock outcrop dataset (Gerrish et al., 2020),
allowing us to focus primarily on the non-glacierised landscape. Nunataks in the interior of the ice sheets were excluded
because they were too small to classify at 30 m resolution, and we could assume their classification to be bedrock. Since they
are disconnected from the coastline, they can be assumed largely unimportant as sediment sources to the Southern Ocean.
Fossil Bluff and other coastal regions in Alexander Island and Palmer Land were included and are interesting for their

100 proximity to George VI Sound. These regions will potentially become important sediment sources in the near future, as
exceptional melting in this region has increased the risk of the Georgie VI ice shelf collapsing (Banwell et al., 2021). We
further narrowed the site choices to consider only those regions with cloud-free Landsat-8 Operational Land Imager (OLI)

images.

2.2. Land cover classifications

105 In the last decade, medium-resolution satellite data from the Landsat and Sentinel programmes have become open source and
increasingly easy to access. In tandem with improved computational power, such as that provided by cloud-based platforms
like Google Earth Engine, it is now possible to produce land cover maps at a medium spatial resolution (10 m to 30 m) using
openly available data. The Landsat-8 satellite also has the benefit of being part of a continuation programme that has five

decades of images, making inter-decadal comparison possible with images taken as long ago as 1972.

110 2.2.1. Image selection and pre-processing

We classified Landsat-8 OLI images acquired between 2016 and 2020 (see Appendix B for details) in Google Earth Engine
(GEE) and ESRI ArcGIS Pro 2.6.0, primarily using K-means clustering. We chose Landsat imagery, rather than other satellite
image sources (such as Sentinel-2), because of its extensive archive dating back to 1972, making any future comparisons with
our baseline dataset as robust and as seamless as possible. Suitable images had low cloud cover (less than 20 % over land) and
115 limited snow cover, meaning that for some sites we were limited to a single image for analysis. Where more than one image
was available, we mosaicked them taking the most suitable pixels from each, thus minimising the snow and cloud cover across
the unified scene.
To ensure consistency with older Landsat images, we selected six bands representing the visible and infrared wavelengths
(ranging from 0.45 to 2.29 um) from the images for classification. We added three further bands to the image in the form of
120 normalised difference snow index (NDSI, Eq. 1), normalised difference vegetation index (NDVI, Eq. 2), and normalised
difference water index (NDWI, Eq. 3). These aided the classifier in the identification of key land cover types (ice, vegetation,

and water, respectively).
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green — swirl
NDSI = ——— ®
green + swirl
NDVI = nir — red @
" nir + red

green — nir
125 NDWI = ————— 3)
green + nir
Where:
green = band 3 of Landsat 8 OLI, wavelength (1) = 0.53-0.59 um
swirl = shortwave infrared 1, band 6, A = 1.57-1.65 pm
red = band 4, L = 0.64-0.67 um

130  nir = near infrared, band 5, A = 0.85-0.88 um

We topographically corrected the images using the REMA DSM (Reference Elevation Model of Antarctica mosaic Digital
Surface Model) (Howat et al., 2019) at 30m resolution (equivalent to the resolution of Landsat-8 OLI multispectral bands).
South Georgia, which isn’t covered by REMA, was corrected using the SRTM DEM (Shuttle Radar Topography Mission
135 Digital Elevation Model), also at 30m resolution (Farr et al., 2007). Subsequently, we conducted a principal component
analysis of the images in GEE and the first three components, containing 99.6 % (+ 0.3 %) of the data, were selected (Chasmer

et al., 2020; Frohn et al., 2009).

2.2.2. Classification

We used a hierarchical approach to image classification. A first order land classification of “land”, “ice”, and “water” informed
140 the subdivision of each of these classes in a second, more detailed, analysis of the dominant land cover types. To produce these
broad land classes, we used a K-means clustering algorithm in GEE to split each image into 75 (K value = 75) discrete clusters.
This K value was determined through trial and error, and it represents a compromise that minimised both the chance of
misclassification and computation time. The clusters are determined using the spectral information of each image, based on
500,000 randomly selected sampling points. We assigned each of these sections a first order class in ArcGIS by visually
145 inspecting the image they were derived from. In some cases, we could not easily assign a cluster a first order class. This was
usually because a cluster had conflated shadow with dark seawater. To address this, we split these clusters using a slope
threshold of 3°, with pixels <3° being assigned as water. Where this process resulted in obvious misclassification we used a
random forest classifier to differentiate between water, land and ice. Some pixels were covered entirely by very dark shadows
or clouds and, therefore, we could not classify them; these were assigned “No data”.
150
We used this first order land classification to subset each image in GEE accordingly, and then to cluster these resulting images

into 40 discrete groups (K = 40). Using the limited catalogue of published maps and literature available for these areas (see

suoIssnoasiq



https://doi.org/10.5194/essd-2022-250
Preprint. Discussion started: 9 September 2022
(© Author(s) 2022. CC BY 4.0 License.

155

160

165

Open Access

Earth System
Science

Data

Table 1); we interpreted these clusters to manually assign each of them a final land classification. Our first-order land class

was subset into five classes “Bedrock”, “Coarse/wet sediment”, “Fine & dry sediment”, “Vegetation”, and “Land (non-

differentiated)”. The water class subset into “Water” and “Turbid water”, while the ice class subset into “Ice” and “Wet ice”.

In cases where clouds partially obscured land, we assigned pixels to the more general class of “Land (non-differentiated)”.

Therefore, we produced ten land classes that describe eight distinct surface types, plus partially obscured land (Land (non-

differentiated)), and surfaces totally obscured by clouds or shadows (No data). The largest of these examples are on South

Georgia and James Ross Island. To the northwest of South Georgia (Cape Alexandra and Bird Island), we classified a large

area of land as “no data”, since it was entirely obscured by thick clouds in images. Similarly, we classified the southeast of

James Ross Island (the largest island in the James Ross Archipelago) as “land (undifferentiated)”. This region was covered by

thin clouds in the imagery, which allowed us to differentiate land from ice and water, but it meant that we could not assign the

land a second-order class with any confidence.

Table 1: Resources used to interpret clusters and assign them to a land class

Location

James Ross Island

Dry Valleys

Alexander Island

Deception Island

Resources

Geomorphology map, Jennings et al. (2021)
Geomorphology map, Davies et al. (2013)

Geological map (British Antarctic Survey), Smellie et
al. (2013)

Geological map (Czech Geological Survey) (Ml¢och et
al., 2020)

Vegetation map (Bartak et al., 2015)

Interactive geological map (SCAR) (Cox et al., 2019)

Geological map of Alexander Island (British Antarctic
Survey, 1981)

Geology and geomorphology Map (BAS) (Smellie ef
al., 2002)

ASPA 140: Parts of Deception Island, South Shetland
Islands (Secretariat of the Antarctic Treaty, 2022)
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Livingston Island Geomorphological map of Byers Peninsula,

Livingston Island (Lopez-Martinez et al., 1996)

South Georgia Geomorphology of the Stromness Bay-Cumberland
Bay area, South Georgia (Clapperton, 1971)

2.3. Accuracy Assessment

Having used the limited pre-existing land cover data to inform our interpretation of the K-means clusters, we had to depend
170  on finer-resolution imagery as the primary independent validation source. Although we could not find alternative land cover
data, we still used the methods of best practice described by Olofsson et al. (2013, 2014) to ensure our accuracy assessment
was robust. Therefore, we generated 3000 random points, stratified by the area of each land class, and visually compared them
to 10 m resolution Sentinel-2 MultiSpectral Instrument (MSI) images. Given the dominance of the ice class in our
classification, this meant most of the stratified sample points landed on ice. We conducted a second level of accuracy

175 assessment with 1000 points on just the proglacial classes to ensure their accuracy was adequately calculated.

The classes of turbid water and wet ice were particularly problematic because they typically comprised episodic sediment
plumes and snow/ice melt. Therefore, we combined these classes with water and ice respectively for the purposes of accuracy
assessment. We produced a 10 km resolution grid to display the spatial variability in the accuracy of this classification (as a

180 proxy for confidence), with each cell colour coded according to the percentage of accurate assessment points within it.

2.4. Code availability

The codes used in these methods are available at:
Christopher D Stringer. (2022). Contemporary (2016-2020) land cover across West Antarctica and the McMurdo Dry Valleys
[Code] (Version 1). Zenodo. https://doi.org/10.5281/zenodo.672005 1

185 3. Results and Discussion
3.1. Land cover classifications
3.1.1. The land classes

The largest land class at our sites is ice; the large ice sheets and glaciers at all sites have been successfully mapped, making
this dataset a particularly useful resource to look at the small, land-terminating glaciers in Antarctica (Fig. 3). Of the proglacial

190 Iland classes, the two sedimentary classes (coarse/wet sediment and fine and dry sediment) are the dominant land classes (Fig.
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3). During the clustering process, we created two different sedimentary classes because we found that pixels containing wet
sediments (such as rivers) or blocky superficial sediments, such as scree, clustered distinctly from those pixels that contain
sediments smaller than cobbles in size and fissile sedimentary rocks. This grain size threshold was derived from information
on geomorphological maps for the region (Jennings et al., 2021), and observations made on James Ross Island during the 2022
195 field season. We emphasise that the first of these two classes describes pixels that contain sediment that may be coarse, wet,

or both. The second of these classes describes surfaces with fine sediments with minimal water content.

Of these sedimentary classes, coarse and wet sediment is the predominant land class at four of the six sites, particularly on
South Georgia and Byers Peninsula, where it represents the majority (57 % and 56 % respectively) of the proglacial land cover
200 (Fig. 4). This land class includes the drainage networks of Antarctica, and this is particularly notable on James Ross Island
(Fig. 2) and in the McMurdo Dry Valleys, where it accurately depicts major rivers; the Bohemian Stream, Abernethy River
and Onyx River are particularly clear. The fine and dry sediment class is dependent upon the quantity of coarse/wet sediment;
where there is a greater proportion of coarse/wet sediment there is less fine and dry sediment and vice versa. For example, on
South Georgia, the 57 % coverage of coarse sediment is in comparison to a 33 % coverage of fine and dry sediment. On
205 Deception Island, where fine and dry sediments are the dominant land class (53 %), there is only 26 % coverage of coarse/wet

sediment (Fig. 4). At all of the sites, between 70 % and 80 % of the proglacial surface is covered by sediment.

The bedrock class, which primarily describes igneous and metamorphic rock surfaces, is most abundant on Deception Island,
covering 14 % of its proglacial areas (Fig. 4). In the Dry Valleys, bedrock covers 13 % of the area and the performance of the
210 classification is particularly notable for its ability to pick out an exposed basement sill (Petford and Mirhadizadeh, 2017) in
Wright Valley. In other studies (e.g. Jennings et al., 2021), bedrock classes are often over-represented (Fig. 2), because the
aim of the study is to map geomorphology or geology, rather than surface characteristics such as physical weathering and in
situ production of block fields. Moreover, field observations show that boulders and other glacigenic sediments overlie many
of the large igneous extrusions. Therefore, our classification gives a better sense of the surface extent of exposed solid bedrock.
215
The classes relating to water (water, turbid water, wet ice) are of varying quantities across all of the sites. The wet-ice class
proved to be a little ambiguous to interpret from clusters, and represents saturated firn and ‘slush’ ice (i.e. partially melted ice
or partially frozen water). Wet ice is most abundant on Alexander Island, with 17 % coverage (Fig. 4), and highlights the
record-high surface melt observed around the King George VI Ice Shelf in late 2019 (Banwell et al., 2021). This large amount
220 of wet ice is comparable to James Ross Archipelago (15 %), where a large proportion of wet ice is accounted for by a melt
event that resulted in a large area of saturated firn on Snow Hill Island (Fig. 5). This transient nature of wet ice is also seen

with the turbid water class, which can pick out sediment plumes (Fig. 5).
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Our land classification also provides the first large-scale map of vegetation in Antarctica. Notably, this includes the large fields
225 of vegetation on South Georgia, which we have calculated to cover 8 % of its proglacial surface and are clearly identifiable in
satellite images (Fig. 4). We have also identified several sites of vegetation on the South Shetland Islands; especially those on
Deception Island (total 1 % surface coverage, Fig. 4) within ASPA 140 (sub site B) on Deception Island (Secretariat of the
Antarctic Treaty, 2022). In some cases, we have even been able to identify very small areas of vegetation such as those that

we identified on James Ross Island that were verified in the field (Fig. 2).

230  3.1.2. Spatial variations

We observe a spatial variation in land cover between the sites (Fig. 4). There is typically more coarse/wet sediment at sites
further away from the pole; this is offset by a general decrease in fine and dry sediments. However, the Dry Valleys are an
exception to this, with 44 % of the land covered by coarse or wet sediments. The second most southern site, Alexander Island,
has 0 % of its proglacial surface covered by coarse/wet sediment, compared with 57 % on South Georgia.

235
Unlike other land classes, the proportion of the water and wet ice classes appears to be more evenly spread across the sites.
There is a slight apparent latitudinal trend in these data, with more water at the sites further to the north, and a variability
between the east and west (i.e. when comparing the South Shetland Islands with James Ross Archipelago, Fig. 4). South
Georgia and Byers’ Peninsula have the largest amount of liquid water present (when joining the water and turbid water classes

240 together), around 3 %. James Ross Archipelago has significantly less (1 %) and Alexander Island has 1% of its surfaces
classified as water, owing to a large amount of supraglacial water at the time of image acquisition. We classified some of this
melt as water, rather than wet ice, as it was unambiguously liquid when we inspected and interpreted the clusters. The bedrock
class does not show a clear latitudinal trend, and is most abundant in Deception Island (14 %) and the McMurdo Dry Valleys
(13 %).

245
The most northern site of South Georgia had significantly more vegetation than any other site (7 % of the proglacial regions
are covered by vegetation, Fig. 4), while the McMurdo Dry Valleys and Alexander Island have no detectable vegetation
coverage. James Ross Island has very little vegetation cover (< 1 %), while the South Shetland Islands show 2 % coverage on

Byer’s Peninsula and 1 % on Deception Island.

250 3.1.3. Potential drivers of variability

The trends in sedimentary classes are consistent with the expectation that greater runoff should occur in polar regions with
higher temperatures (Syvitski, 2002). Increased runoff would result in a greater proportion of the surface being covered by the
coarse/wet land class. However, the Dry Valleys are an exception to this, with 44 % of the land covered by coarse or wet
sediments (Fig. 4). This is likely due to the high relief of the region, allowing for greater mass movement and scree formation

255 (Doran et al., 2002; Kirkby and Statham, 1975), and consistent solar radiation during the austral summer facilitating glacier

9
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melt and the formation of large rivers such as the Onyx River (Conovitz et al., 2013; Gooseff et al., 2011). We did not identify
any coarse sediment on Alexander Island. The reasoning for this is two-fold: i) an apparent lack of major drainage networks,
and; ii) the scree slopes in this region appear to be small and thin. When viewed from Sentinel-2 images, we could identify
only small-size scree slopes and very few streams, consistent with observations made by Heywood et al. (1977), who noted
260  that many scree slopes were composed of fine sediments. Alexander Island, in particular, was difficult to classify due to a lack
of supporting material to aid our cluster interpretations; the most recent geological map is from 1981 (British Antarctic Survey,
1981) and only limited geomorphological maps of the region exist (e.g. Salvatore, 2001). This site highlights the need to collect
more high-quality ground data in Antarctica, in order to improve our wider understanding of proglacial environment in the
southernmost continent. Even projects to map small areas of these remote regions would improve the performance of remote

265 techniques, such as those described in this study.

The trends in the wet ice, water and turbid water classes show more water at the sites further to the north, and a variability
between the east and west, likely due to climatic conditions favouring liquid water on the South Shetland Islands and South
Georgia. The disproportionately large amount of water and wet ice on Alexander Island and the James Ross Archipelago
270 relates to the high melt in these areas at the time of image acquisition, as previously discussed. The bedrock class is most
abundant on Deception Island and McMurdo Dry Valleys, owing to ongoing volcanism on Deception Island (Rosado et al.,
2019; Smellie et al., 2002) and extensive volcanic history of the McMurdo Dry Valleys (Petford and Mirhadizadeh, 2017,
Smellie and Martin, 2021). This class is also associated with volcanic rocks on James Ross Island (Jennings et al., 2021;
Mlcoch et al., 2020), Byers Peninsula (Gao et al., 2018) and metamorphic rocks outcrops on Alexander Island (British Antarctic
275  Survey, 1981).

We noted a latitudinal trend in the presence of vegetation, with the largest proportions of vegetation coverage observed on
South Georgia and the South Shetland Islands, and no coverage on Alexander Island or the McMurdo Dry Valleys. This is
consistent with observation made in Arctic regions, where regions closer to the poles have significantly less vegetation
280 coverage (Walker et al., 2018). Although no vegetation was detected in Alexander Island or the McMurdo Dry Valleys, small
areas of vegetation have previously been described (Heywood et al., 1977; Pannewitz et al., 2003), though they are typically
below the scale of our classification. Latitude is not the only indicator of vegetation coverage, though. The sparse vegetation
coverage on James Ross Island, despite its relatively low latitude, is consistent with field observations and is logical given its
semi-arid climate and high wind-speeds (Bartak et al., 2015; Davies et al., 2013; Hrbacek and Uxa, 2020; Knazkova et al.,
285 2021; Martin and Peel, 1978; Nyvlt et al., 2016). Deception Island has less vegetation than the neighbouring Byers’ Peninsula,
perhaps due to the impact of ongoing volcanic activity on the island and relatively recent eruptions resulting in unfavourable

conditions (Collins, 1969; Smith, 1988, 2005).
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3.2. Data accuracy
3.2.1. Overall accuracy

290 The overall accuracy of our land classification is 95.9 %. However, this overall value should be taken with caution, since a
large proportion of our areas of analysis are covered by ice. This high accuracy represents the fact that our model is very
effective at differentiating ice from land and water. The accuracy of each land class individually provides a more informative
assessment of this model. We find that each proglacial land class has a relatively large standard error, owing to the small
numbers of pixels that we checked (Table 2).

295

Table 2: Accuracy assessment of all land classes. NB: n<3000 as several points landed on cloud-covered parts of the reference
images. % error refers to the size of the 95% confidence bounds, relative to the error adjusted area.

Error adjusted area 95% confidence
Class % Area % error n
(km?) (km?)
Water 99.1 45.5 0.2 45.9 9
Ice 44 001.5 219.6 92.2 0.5 2595
Fine & dry sediment 2131.5 195.9 4.5 9.2 134
Coarse/wet sediment 1156.6 174.2 2.4 15.1 114
Vegetation 115.7 56.4 0.2 48.8 10

The overall accuracy of the proglacial component of the classification is 77.0%, with the greatest percentage uncertainty in the
300 smaller sized land classes (water and vegetation). While this overall accuracy is slightly lower than some products (e.g. Pazir
et al., 2022; Malinowski et al., 2020) , it should be noted that we achieved this without extensive training data, making it more
comparable with the more moderate accuracies achieved by Chen et al., 2015, for example. The sediment classes typically

perform well, with relatively small percentage errors (Table 3). The accuracy matrices can be found in Appendix A.

305 Since we were unable to assess the accuracy of the turbid and wet ice classes, we have provided an example of a classification

of each land class, to allow for qualitative assessment of its accuracy (Fig. 7).

Table 3: Accuracy assessment of proglacial classes. NB: n<1000 as several points landed on cloud-covered parts of the reference
images. % error refers to the size of the 95% confidence bounds, relative to the error adjusted area.
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Error adjusted area 95% confidence
Class % Area % error n
(k) (km?)
Water 85.7 26.4 2.0 30.9 15
Bedrock 285.5 56.7 6.6 19.9 45
Fine & dry sediment 23755 106.9 54.7 4.5 371
Coarse/wet sediment 14447 108.8 333 7.5 257
Vegetation 148.5 40.1 3.4 27.0 34

310

3.2.2. Spatial confidence

We produced a map to represent the confidence of our dataset (Fig. 8), which is notable for its spatial homogeneity; no
individual site appears to be more or less accurate than any other. The McMurdo Dry Valleys have the most “very low
confidence” cells, but this is a function of it being the second largest site analysed, with the largest extent of proglacial land
315 cover. Since proglacial classes are less accurate than ice (Table 2 and Table 3), it is to be expected that the greatest amount of
“very low confidence” cells would be present here. We also observed that many of these “very low confidence” cells contain
only one or two assessment points. This means that just one inaccurate point may result in the cell being classified as “very
low confidence”, when in fact further analysis may reveal it performs better than is represented here.
We also note that the highest accuracy, i.e. the regions with the highest density of “very high confidence” cells, are within the
320 1ice sheets at each site, which is consistent with the analysis (Table 2). This is particularly clear on South Georgia and Alexander
Island. The regions with “no points” are primarily over the large ice sheets, particularly to the centre of James Ross Island,
Alexander Island and the Dry Valleys. Because of the large extent of ice, many cells were not checked during the accuracy
assessment because the random points algorithm in GEE did not assign a point to each cell. However, in reality, we are highly
confident of cells within the centre of ice sheets: they are clearly ice when inspected and the 92.4% accuracy of the ice class

325 (Table 2) suggests they are very likely to be accurate.

3.3. Data availability

The data used to produce these results, alongside the sampling points for the accuracy assessment and the spatial map of

confidence, are available as TIFs and shapefiles at:

Stringer, C. (2022). Contemporary (2016 - 2020) land cover classification across West Antarctica and the McMurdo Dry
330 Valleys (Version 1.0) [Data set]. NERC EDS UK Polar Data Centre. https://doi.org/10.5285/5SASEE38C-E296-48A2-85D2-

E29DB66ESE24
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4. Summary and conclusions

In this study, we have documented the first continental scale land cover map of largely non-glacierised areas of West Antarctica
335 and the McMurdo Dry Valleys and we have achieved this using an unsupervised K-means clustering approach in Google Earth
Engine at 30 m resolution. Our chosen sites comprise the largest proglacial regions across Antarctica and we have produced
these data to further research in a number of disciplines, particularly those projects in ecology, environmental sciences and
atmospheric sciences. We present information on the extent of several land cover types, notably vegetation, water, and
sedimentary surfaces. We have mapped 10 land classes at 30 m resolution that describe eight distinct surfaces at an accuracy
340 of 77.0 % for proglacial classes, and 92.2% for ice. We have also highlighted the spatial variability in land classes, notably in
vegetation and coarse/wet sediment, which are typically more abundant in sites that are more northerly located. Our research

has also highlighted the need for greater ground-verified data to improve the accuracy of future Antarctic land classifications.
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Appendices
Appendix A: Accuracy matrices

Al: Accuracy matrix for all land cover types

Reference classes
Class Water (1) Ice (4) Bedrock (6) Coarse Sed (7) Fine Sed (8) Veg (9)] Total (ni)| Total area (km2) Wi Wi2
Water 5 3 0 0 0 1 9 9E+01 2E-03 |4E-06
Ice 1 2588 0 4 2 0 2595 4E+04 9E-01 |8E-01
Bedrock 0 4 11 4 7 1 27 2E+02 5E-03 |2E-05
Coarse Sed 0 48 0 55 11 0 114 1E+03 3E-02 |9E-04
Fine Sed 0 20 3 4 107 0 134 2E+03 5E-02 |3E-03
Veg 0 0 0 3 2 5 10 2E+02 3E-03 |1E-05
Total (nj) 6 2663 14 70 129 7 2889 47735.7975
No data 0 65 1 22 22 3
Class Water Ice Bedrock Coarse Fine Veg |Total (pi) Ui pj
Water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.83
Turbid 0.00 0.90 0.00 0.00 0.00 0.00 0.90 1.00 0.97
Bedrock 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.41 0.79
Fine Sed 0.00 0.02 0.00 0.02 0.00 0.00 0.04 0.48 0.79
Coarse Sed 0.00 0.01 0.00 0.00 0.04 0.00 0.05 0.80 0.83
Veg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.71
Total (pj) 0.00 0.92 0.00 0.02 0.04 0.00 1.00 3.74 4.92
Class Error adjusted area 95% confidence % Area % error n [ Overall accuracy  [95.92%|
Water 99 46 0.21% 45.92% 9
Ice 44,002 220 92.18% 0.50% 2,595
Bedrock 231 174 0.48% 75.32% 27
Fine Sed 2,132 196 4.47% 9.19% 134
Coarse Sed 1,157 174 2.42% 15.06% 114
Veg 116 56 0.24% 48.76% 10
610 Total 47,735.80 |
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A2: Accuracy matrix of proglacial classes
Reference classes
Class Water (1) Ice (4) Bedrock (6) Coarse Sed (7) Fine Sed (8) Veg (9)| Total (ni)| Total area (km2)] Wi [ Wi2
Water 11 0 0 1 2 1 15 9.17E+01 0.02 [0.00
Ice 2 0 3 16 16 1 38 0.00E+00 0.00 [0.00
Bedrock 0 0 30 12 3 0 45 2.36E+02 0.05 |0.00
Coarse Sed 2 0 14 190 51 0 257 1.46E+03 0.34 |0.11
Fine Sed 0 0 3 28 335 5 371 2.40E+03 0.55 [0.31
Veg 0 0 0 6 9 19 34 1.53E+02 0.04 |0.00
Total (nj) 15 0 50 253 416 26 760 4339.899
No data 7 5 84 197 10
Class Water Ice Bedrock Coarse Fine Veg |[Total (pi) Ui pi
Water 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.73 0.73
Ice 0.00 0.00 0.00 0.02 0.02 0.00 0.05 0.00 0.00
Bedrock 0.00 0.00 0.04 0.02 0.00 0.00 0.06 0.67 0.60
Fine Sed 0.00 0.00 0.02 0.25 0.07 0.00 0.34 0.74 0.75
Coarse Sed 0.00 0.00 0.00 0.04 0.44 0.01 0.49 0.90 0.81
Veg 0.00 0.00 0.00 0.01 0.01 0.03 0.04 0.56 0.73
Total (pj) 0.02 0.00 0.07 0.33 0.55 0.03 1.00 3.60 3.62
Class Error adjusted area 95% confidence % Area % error n |Overa|| accuracy|76.97%|
Water 86 26 1.97% 30.87% 15
Bedrock 286 57 6.58% 19.86% 45
Fine Sed 2,376 107 54.74% 4.50% 371
Coarse Sed 1,445 109  33.29% 7.53% 257
Veg 148 40 3.42% 26.99% 34
Total 4,340 |
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Appendix B: Images used in analysis

B1: Images used during the analysis, including the date of image acquisition and overall cloud cover

Image ID | Date [Overall % cloud cover
James Ross Island
LANDSAT/LCO08/C01/T2_TOA/LC08_215105_20170204 [04/02/2017 12.66
LANDSAT/LC08/C01/T2_TOA/LC08 215105_20160202 [02/02/2016 5.8
Dry Valleys

LANDSAT/LCO08/C01/T2_TOA/LC08_056116_20191115 [15/11/2019 0.08
LANDSAT/LC08/C01/T2_TOA/LC08_061115_20191118 [18/11/2019 0.14
LANDSAT/LCO08/C01/T2_TOA/LC08_061114_ 20191102 [02/11/2019 0.07

Alexander Island
LANDSAT/LC08/C01/T2_TOA/LC08_217110_20191209 (09/12/2019 0.47
LANDSAT/LCO08/C01/T2_TOA/LC08_217111_20191107 [07/11/2019 0.64
LANDSAT/LC08/C01/T2_TOA/LC08 216110_20191218 [18/12/2019 0.22

Deception Island
LANDSAT/LC08/C01/T2_TOA/LC08_219104_20200209 |09/02/2020] 20.74

Byers Peninsula
LANDSAT/LC08/C01/T2_TOA/LC08_219104_20200209 [09/02/2020] 20.74

South Georgia

LANDSAT/LCO08/C01/T1_TOA/LC08_205098_20180116 |28/03/2018 2.45
LANDSAT/LC08/C01/T1_TOA/LC08_207098_20180404 [04/04/2018 46.98
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Figure 1: A map of our study sites. The areas analysed have been highlighted in red, with
their latitude and longitude displayed to highlight the latitudinal gradient of the selected

sites
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Figure 2: Two classifications of the Ulu Peninsula on James Ross Island, a) A classification of the Ulu Peninsula, produced in this
study; b) a map adapted from Jennings et al. (2021), displaying data collected through remote sensing and fieldwork. Vegetation
locations as collected by Jan Kavan (of CARP) in 2021 are also displayed. Note the similarities in the ice class, locations of river
systems, and scree slopes. NB: the colours in panel b have been adapted to allow a more direct comparison with the map produced
in this study (a).
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Figure 4: Percentage land cover values (excluding ice, no data and land (undifferentiated)) for each
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95% confidence intervals.
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Figure 5: How the wet ice and turbid water classes compare to the images they are derived from, with a large area of saturated
firn on Snow Hill Island, and a sediment plume off the coast of Vega Island
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Figure 6: Maps of each site indicating the spatial variability in confidence. Very low confidence = <20%
of points were accurate; low confidence = 21 to 40%; medium confidence = 41 to 60%; high confidence
=61% to 80%; very high confidence = >80%
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