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Abstract

This paper presents the GRASS GIS-based thematic mapping of Antarctica using
scripting approach and associated datasets on topography and geophysics. The state-of-
the art in cartographic development points at two important aspects. The first one
comprises shell scripting promoted repeatability of the GIS technique, increased automa-
tization in cartographic workflow, and compatibility of GRASS with Python, PROJ and
GDAL libraries which enables advanced geospatial data processing: converting formats,
re-projecting and spatial analysis. The second aspect is that data visualization greatly
influences geologic research through improving the interpretation between the Antarctic
glaciation and surface. This includes the machine learning algorithms of image classifi-
cation enabling to distinguish between glacier and non-glacier surfaces through auto-
matically partitioning data and analysis of various types of surfaces. Presented detailed
maps of Antarctic include visualized datasets from the ETOPO1, GlobSed, EGM96 and
Bedmap2 projects. The grids include bed and surface elevation, ETOPO1-based ba-
thymetry and topography, bed, ice and sediment thickness, grounded bed uncertainty,
subglacial bed elevation, geoid undulations, ice mask grounded and shelves. Data show
the distribution of the present-day glacier, geophysical fields and topographic landforms
for analysis of processes and correlations between the geophysical and geological phe-
nomena. Advances in scripting cartography are significant contributions to the geologi-
cal and glaciological research. Processing high-resolution datasets of Southern Ocean
retrieved by remote sensing methods present new steps in automatization of the digital
mapping, as presented in this research, and promotes comprehensive monitoring of geo-
logical, permafrost and glacial processes in Antarctica. All maps have been plotted using
GRASS GIS version 7.8. with technical details of scripts described and interpreted.
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Introduction

The aim of this paper is to present the-
matic mapping of Antarctica using shell
scripting by GRASS GIS and open high-
resolution datasets. Data visualization is a
key issue in Polar studies which largely in-
clude geologic and glacial research. Effec-
tive mapping is a key tool in Earth sci-
ences as it enables correct interpretation of
the findings, helps to better understand the
correlation between the geological proc-
esses, and points at hydrological and envi-
ronmental issues. The concepts of cartog-
raphy and thematic GIS applications are
ever-evolving with recent advances in au-
tomatization of data visualization which
implies scripting techniques.

The onset of the automatization in car-
tography took place as early as in the
1970s with rapid development of com-
puterization (e.g. Babcock 1978, Williams
1987, Hernandez 1994) and is being con-
tinuously updated along with contempo-
rary advances in GIS and RS and progress
in computational techniques (Kloser et al.
2001, Takeda et al. 2002, Schenke and
Lemenkova 2008, Tedesco 2009, Lemen-
kov and Lemenkova 2021a, Klauco et al.
2013b, 2014, 2017; Ladroit et al. 2020,
Johnson et al. 2020). It was followed
by further methodological development of
geoinformatics which resulted in a com-
bination of spatial analysis with statistical
libraries of the programming languages
(Greene et al. 2017, Lemenkova 2020d,
Brus 2019).

An increasing expectation of scripting
cartography is that new, machine learning
methods contribute to the development of
geospatial visualization through automated
geographical data analysis of big complex
vector and raster datasets. Such automati-
zation delivers faster and more accurate
cartographic results compared to the hand-
made traditional mapping. As a result,
scripting cartographic approaches add to
the geological science new datasets which
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in turn provide new background for da-
ta interpretation. Often, the geological re-
search is based on using traditional GIS
with graphical user interface (GUI) which
often involves a complex process of pre-
paring maps and layouts. The advantages
of scripting methods in cartography con-
sists in repeatability of the code which fas-
tens and smoothens data analysis, and con-
tributes to the dissemination of the new
findings through new maps. This paper
demonstrates the importance of using and
applying scripting based cartographic meth-
ods in topographic and geophysical visu-
alization with a case study of Antarctic.

Many studies on Polar and marine sys-
tems undertake exploit surveys during the
expeditions and collect datasets by the
multibeam echo-sounders for seafloor map-
ping, data sampling, sorting, processing
and post-processing (Aquilina et al. 2013,
Gauger et al. 2007, Gohl et al. 2006a, b;
Kuhn et al. 2006, Bell et al. 2016, Gales et
al. 2014). Others are often supported by
the statistical analysis and visualization of
the datasets (Lemenkova 2019a, b; 2021a;
Klauco et al. 2013a), or present tectonic
reconstructions based on geochemical anal-
ysis (Leat et al. 2009). However, it should
be pointed out that mapping better presents
graphical summaries of geospatial data dis-
tribution that enable to highlight correla-
tions between the geological and glacial
datasets. The practice, though, is that some
works that do include maps are often
based on previously made maps. Others
include at least mapping based on the tra-
ditional GIS (Suetova et al. 2005, Lemen-
kova 2011, Lemenkova et al. 2012).

Using shell scripts and advanced meth-
ods of data processing (e.g. converting
formats by GDAL library, re-projecting
by PROJ) has revolutionized the contem-
porary cartography. However, in contrast
with the common mapping practice, using
scripting in GIS is less known.
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Fig. 1. Bed topography and bathymetry, Antarctica. GRASS GIS.

At the same time, the advantages of us-
ing shell scripts, such as GMT or GRASS
GIS, machine learning algorithms, and open
datasets in geologic studies are evident and
presented in a variety of papers (e.g. Bec-
ker 2005, Bohoyo et al. 2019, Lemenkova
2020a, b, c¢; Bivand 2019, Jordan et al.
2013, Wessel et al. 2019). It becomes es-
pecially actual nowadays due to the gen-
eral trend of the distance-based research
which requires open datasets and free soft-
ware. This paper aims to fill the gap by
demonstrating the use of scripting ap-
proach of GRASS GIS for plotting the-
matic series of maps of Antarctica us-
ing open datasets. Besides general map
of the study area (Fig. 1), these include
bed topography (Fig. 2), surface eleva-
tions (Fig. 3), geoid model (Fig. 4), ice
mask grounded and shelves (Fig. 5), sedi-
ment thickness (Fig. 6), ETOPOI topogra-
phy (Fig. 7), and grounded bed uncertainty
(Fig. 8).

A motivation for developing these
maps are the advantages presented by the

GRASS GIS that enables to process up-
dated recent data on Antarctica using a
scripting approach with respect to having
a scripting methodology of drawing these
maps that exhibits variations in the ice
sheet according to the modern data: in-
crease, decrease and homogeneous distri-
bution of the ice in various regions of Ant-
arctica and surrounding shelf areas. Sec-
ond, compatible visualization of the geo-
physical, geological, topographic and gla-
ciological data becomes possible due to
versatility and flexibility of the GRASS
GIS syntax in general, as well as open
source availability of the updated datasets
on Antarctic geophysical settings.

There has been a significant amount
of Antarctic research into glacial dynam-
ics (Cook and Vaughan 2010), trends in
tectonic processes (Eagles et al. 2009),
seafloor geomorphology (Camerlenghi et
al. 2001), ice shelf thickness (Griggs and
Bamber 2011) and seabed bathymetry
(Hodgson et al. 2019). However, cartogra-
phy-focused studies into Antarctic map-
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ping are limited (Bamber et al. 2009). A
systematic approach to search in the topo-
graphic and geologic datasets is the first
step in Antarctic research. In this regards,
the Bedmap2 by British Antarctic Survey-
[1] is one of the most comprehensive open
geospatial resources specifically for Ant-
arctica. It presents a set of open grids in-

Background: Study area

The study area is focused on Antarc-
tica, which geology remains mostly un-
known due to the ice sheet covering it
by the layer with thickness reaching up to
3.5 km (Fretwell et al. 2013). The outcrops
of bedrock are only occasional which
makes the study of the continent compli-
cated and requires remote sensing and dig-
ital methods of data processing. Antarctica
is schematically composed of three major
geologic-tectonic structures: 1) East Ant-
arctica; 2) Transantarctic Mountain belt;
3) West Antarctica (Jordan et al. 2017).

The continental configuration of Ant-
arctica was largely shaped during the
Gondwana breakup, which significantly af-
fected its hydrology, climate settings, cryo-
sphere, and geology (Riley et al. 2020).
The disintegration of Gondwana led to the
isolation of Antarctica in a polar position
(Storey et al. 2013). Thus, the conse-
quences of the Gondwana separation on
the hydrological settings can be illustrated
by opened major oceanic gateways (Law-
ver and Gahagan 2003). These include
Drake Passage and the Tasmanian gateway
separating South America, Australia and
Antarctica, which initiated modern circula-
tion pattern around Antarctica (Bohoyo et
al. 2016). Climate changes significantly
affected glacial settings of Antarctica in-
cluding the geometry and distribution of
the ice sheets (Johnson et al. 2012).

The topography of Antarctica consists
of several blocks which basement was
formed in Precambrian (Dalziel 1992).
West Antarctica includes two distinct large-
sized topographic depressions covered by
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cluding geological, geophysical and topo-
graphic data. Other useful datasets include
ETOPO1, EGM-96, EGM-2008, GEBCO,
GlobSed, SRTM, GLOBE. The British Ant-
arctic Survey includes a variety of data on
such categories as Hydrosphere, Land Sur-
face, Oceans, Paleoclimate, Solid Earth and
more.

ice shelves as West Antarctica basins: 1)
Ross Ice Shelf, a southern depression in
the Ross Sea; and 2) Ronne Ice Shelf, a
northern depression in the Weddell Sea.
The southern basin is considered as one
of the world's largest crustal extensional
areas (Behrendt 2013). The combined ef-
fects of the complex geological and geo-
physical processes resulted in significant
extension of crust and magmatism in West
Antarctica (Cande et al. 2000). The West
Antarctic rift system, one of the largest
active continental rift systems, was formed
during late Mesozoic and Cenozoic ex-
tension of the West and East Antarctica
(Cande et al. 2000). The topography of
East Antarctica includes several ice sheets
located along the coasts of the continents:
Queen Maud Land, Enderby Land, Queen
Mary Land, Wilkes Basin.

Geophysical processes, mechanisms of
the geologic formation are still contro-
versial and bring many disputes into the
publications on Antarctic geology, tectonic
formation, glacial distribution, and hydro-
logical regime. This makes modelling of
the Antarctica using high-resolution data-
sets to be actual contribution to the polar
studies. Since the focus of this study is on
Antarctic mapping by scripting cartogra-
phy, this paper omits the additional details
on tectonic evolution and geologic settings
of Antarctica which can be found in the
studies from last decade (see e.g. Gales et
al. 2016, Leat et al. 2018, Flowerdew et al.
2012, Vaughan et al. 2012, Gibson et al.
2010).



Material and Methods

The maps presented in this research
were made using GRASS GIS (Geo-
graphic Resources Analysis Support Sys-
tem) originally developed by M. Neteler

Data

A range of geospatial data resources are
now available including thematic web-
sites on Antarctic and Polar research,
PANGEA Data Publisher for Earth and
Environmental Science, published datasets
including those on Antarctica, and reposi-
tories with e-journals. The bathymetric da-
ta include GEBCO grid, and topographic
regional improvements (e.g. Graham et al.
2011) of the selected areas in Antarctica
and IBCAO for the North Pole.

The geophysical data include gravity
grids (Smith and Sandwell 1995, Sandwell
and Smith 2005, 2009; Sandwell et al.

MAPPING BY GRASS GIS

(Neteler 2000, Neteler et al. 2008) and
continuously supported by GRASS Devel-
opment Team (2018 - [2]) since then.

2014), related datasets, such as EGM-96,
EGM-2008, and archiving geophysical
datasets (Hamilton et al. 2019). The sedi-
ment thickness is computed in global grid
(Divins 2003), glacial sediment thickness
grids cover selected regions of the World
ocean (Lindeque et al. 2016, Wobbe et al.
2014) such approaches are used in exist-
ing practical applications (Rosenheim et
al. 2008, Lemenkova 2020e¢). These data
add to the general pool of Earth data re-
sources which can also be used in regional
studies of Antarctica.
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Fig. 2. Map of bed topography of Antarctica. Mapping: GRASS GIS.
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Particularly, the data used in this paper
include the bed grid of the Antarctica
(Lythe et al. 2000, 2001), ETOPO1 global
relief model of Earth's surface that inte-
grates land topography and the ocean
bathymetry with 1 arc-minute resolution
(Amante and Eakins 2009). Other sources

Methods

Various different GRASS GIS modules
have been applied in scripting. The project
was generated in GRASS GIS using fol-
lowing workflow. The folder was created
for all stored files that GRASS used for
creating maps in Polar stereographic pro-
jection. The the directory structure was
assigned by GRASS and consisted from
the main folder (location: Antarctica) and

are sediment thickness from the GlobSed-
5 grid of total sediment thickness in the
World's oceans (Straume et al. 2019), and
geoid dataset available as a part of the
Bedmap? project (Fretwell 2012) which in-
cludes ice thickness, subglacial topographic
model of Antarctica and geophysical data.

subdirectories: mapsets. The mapset 'Per-
manent' was used as an archive for all
maps, while other thematic mapsets were
generated in the respective subdirectories,
e.g.: 'Bathymetry', 'Bedmap', 'Surface To-
pography', 'Geoid', 'Sediment thickness',
'ETOPOL1"). The workflow can be summa-
rized as follows.
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Fig. 3. Surface topography of Antarctica. Mapping: GRASS GIS.

First, the data using the GDAL library (Geospatial Data Abstraction Library - [3])
using a ‘gdalwarp’ utility to convert GeoTIFF file from XY Cartesian to WGS84, from
NetCDF to GeoTIFF by following code (example for ETOPOI1 grid converting):
gdalwarp -t_srs EPSG:4326 a_relief.nc a_relief wgs84.tif -overwrite.
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Second, the data were inspected for the extent, range and origin by metadata using
‘gdalinfo’ utility: gdalinfo a_relief wgs84.tif. The unnecessary data were removed
(those with not suitable spatial coverage or lack of data, such as 'bedmap2_rockmask.tif'
'grav_27.1.img' gravity data) and the following remained in the working folder:
bedmap2 bed.tif, bedmap2 coverage.tif, ETOPO1 Ice g gmt4.grd, bedmap2 grounded
_bed_uncertainty.tif, bedmap2 icemask grounded and shelves.tif, bedmap2_thickness.
tif, bedmap2_surface.tif, gl04c geiod to WGS84.tif. The maps were generated using
these data. The grids shown the extent of the data used for selecting the color palette and
the step in the breaks useful in legends.

Third, the data were re-projected to the Universal Polar Stereographic (UPS) pro-
jection by the following code: ‘gdalwarp -t _srs +proj=ups +south +datum=WGS84'
a relief wgs84.tif a_relief ups.tif -overwrite’ where the ‘+south’ flag means the neces-
sary remark for the South polar aspect, since the projection is suitable for the both poles.

Grounded bed Antarctica
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——T 65535
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- 32767

|- 16383

L—L o Scale: 1:10 000 000

Fig. 4. Geoid undulations, Antarctic region. Mapping: GRASS GIS.

The data were then imported into a project using following code: ‘r.in.gdal
a_relief ups.tif out=a_relief ups title="Antarctic ETOPO1" —overwrite’ and then in-
spected using the code ‘r.info a_relief ups’. The boundary for the geographic region of
Antarctica were defined by the ‘g.region’ module: ‘g.region raster=a_relief ups -p’.

The next step included the preparation of the window for plotting using following
codes: ‘d.erase’, * d.mon wx0’, ‘r.colors a relief ups col=byr’, ‘d.rast a relief ups’.
These commands of GRASS GIS defined the color palette for the map (here: the
topographic map based on the ETOPO1 shown in Fig. 7) and visualization is on the
screen.

73



P. LEMENKOVA

The cartographic elements are essential components of every map. They were plot-
ted using special modules of GRASS GIS, explained as follows. The title was added
using the module ‘d.title’ as follows: d.title map=a_relief ups | d.text text="Antarctic"
color="red" size=3. The legend was added using module ‘d.legend’ as follows: ‘d.legend
raster=a_relief ups range=-7160,4763 -d title=Topography,m title fontsize=8 font=Arial
fontsize=7 -t -b bgcolor=white label step=1000 border color=gray thin=8".

The isolines were modeled from the raster grid every 2,000 meters using the
‘r.contour’ GRASS GIS module which plots a vector contour lines from a raster map, as
follows: ‘r.contour a relief ups out=reliefAnt step=2000 —overwrite’. Then, the visu-
alization was done (as additional elements) on the map by ‘d.vect’ module: ‘d.vect
reliefAnt color='100:93:134"' width=0". The text annotations were added using following
commands (here, the example of Scotia Sea): ‘d.text text="Scotia Sea" color=blue
size=2.0 font="Trebuchet MS" rotation=45".

Icemask grounded Antarctica
and shelves

Bedmap2

Scale: 1:10 000 000

Fig. 5. Ice mask grounded and shelves in Antarctica. GRASS GIS.

Such technical cartographic approach of GRASS GIS syntax was followed for
plotting of all the presented eight maps in this study. It should be pointed out that
scripting techniques enable to reuse the script for the data processing which largely
automates the workflow of the cartographer. Specifically, the machine and deep learning
solutions of GRASS GIS enable to easy use of open source code to plot maps as smarter
and faster Earth science workflow. Due to the automatization of the code, the shell script
listings of the GRASS GIS can be reused for plotting similar maps, which makes the
process of mapping more effective and fast. Along with open source availability and
integration with GDAL/PROJ libraries and Python, it is one of the serious advantages of
the GRASS GIS over the traditional commercial GIS.
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Results and Discussion

The topographic and ice shelve maps
were visualized using GRASS GIS for in-
vestigation of the geophysical settings of
the region using scripting cartographic ap-
proach. Existing maps from previous stud-
ies played a critical role in visualizing Ant-
arctic geology and geomorphic landforms,
geologic modeling (e.g. basal ice age) and
study of hydrosphere and cryosphere of
the Southern Pole. However, the novelty
of the present study is the new technical
approach in GIS mapping by shell script
without GUI. Such approach improved the
methodological techniques of GIS, intend-
ed to contribute to the existing studies and
add new results by visualizing thematic
maps by high-resolution datasets on geo-

MAPPING BY GRASS GIS

physical, geological (sediments), topo-
graphic and glaciological data.

The inspection of the data demonstrates
following findings. The grid visualizing
bed topography in Fig. 1 (r.info bedmap2
bed) shows the data range from -7,054 up
to 3,972 including both bathymetric and
topographic values. The complexity of the
topographic settings formed as a result of
long-term geologic and tectonic evolution
of the continent is well reflected in its
modern relief. The topographic elevations
in Antarctica are largely controlled by the
tectonic plate dynamics and the processes
of their subduction and mass distribution.
Fig. 1 shows the modern relief map of the
Antarctica.
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Fig. 6. Sediment thickness in Antarctic region. Mapping: GRASS GIS.

The map of the bed topography in Fig.
2 shows data distribution from 0 to 4,621
m which shows a subglacial topographic
model of Antarctica. The inspection of
grid showing surface topography in Fig. 3
(r.info bedmap2_surface) shows the data

range from 1 to 4,082 m heights. There-
fore, the asymmetric distribution of the
topography in West and East Antarctica
mirrors general distribution of the conti-
nental and oceanic lithosphere types. East
Antarctica and the Transantarctic Moun-
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tain belt have higher elevation values while
West Antarctica is notable by lower topo-
graphic heights, as can be noted in Fig. 3.
The bed map uncertainty in Fig. 8 re-
veals the unknown information on bed
map data distribution and data coverage
(certainty/uncertainty) corresponding to
the grid of the Bedmap2 project (m). The
ice shelves mask data distribution in Fig. 5
shows the present-day high-resolution ice
map of the Antarctic ice sheet in the shelve
arcas with defined three data types:
O=grounded, 1=ice shelf, and the rest is the
ocean. The isolines shown in grey refer to
the elevations of the topographic relief.
The map of sediment thickness in Ant-
arctic in Fig. 6 reveals the significant in-
crease of the sediments in the Weddell Sea

which can be explained by the presence of
the Ronne Ice Shelf largely contributing to
the sediment accumulation and re-distribu-
tion in the shelf zone. Compared to other
data from the published studies, analysis
of the sediment distribution enables to bet-
ter understand the ice sheet evolution and
sedimentation history in Antarctica. Thus,
total sediment volume in the Weddell Sea
deep-sea basin is estimated by Lindeque
et al. (2013) at 3.3-3.9x106 km®. Accord-
ing to findings of Rogenhagen and Jokat
(2000), sediment thickness in the west-
ern Weddell Sea ranges from 4.84+0.3 to
7.3+0.3 km, but is rather uniform in the
eastern continental margin of the Antarctic
Peninsula (ca. 52° — 35°W).

Topography
1 arc minute grid
ETOPO1

Topography,m

Histogram

Scale: 1:10 000 000

Antarctica

Fig. 7. ETOPOI1 topography in Antarctic region. Mapping: GRASS GIS.

Previous studies also proved that the
unique sedimentation environment of the
SE Weddell Sea is explained by a large
catchment area and fast paleo-ice streams
that feed the Filchner Ronne Ice Shelf
(Huang and Jokat 2016, Lemenkova
2021b). Other factors include turbidity/bot-
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tom currents and sea level changes. They
furthermore detected the sinuous, NE-SW-
oriented turbidity-contourites that correlate
with bathymetric highs over 150 km wide,
700 km long, and sediment thickness of
up to 2 km. The Cretaceous proto-Weddell
Gyre bottom current contributed to the sed-



iment accumulation as detected by the
thick (up to 1130 m) pre-glacial seismic
units which form a mound in the central
Weddell Sea basin and in conjunction with
the eroded flank geometry (Lindeque et al.
2013).

Sediment thickness and sedimentation
rates are calculated and gridded using
multichannel seismic reflection transects
by Huang et al. (2014). They shown that

MAPPING BY GRASS GIS

the pre-glacial deposition with thicknesses
of up to 5 km was controlled by the tec-
tonic evolution and seafloor spreading be-
sides the terrigenous sediment supply. The
data shown a high sedimentation rate in
the Weddell Sea with thicknesses of up to
3 km. This may be caused by the forma-
tion of the East Antarctic Ice Sheet, which
moved to the coast or inner Antarctic shelf
(Huang et al. 2014).

glo4c_geiod_to_WGS84
Y,
Geoid

Undulations

Scale: 1:10 000 000

Antarctica

Fig. 8. Grounded bed uncertainty in Antarctica. Mapping: GRASS GIS.

The maximal values here reach up to
14,000 m of thickness according to the
GlobSed5 project. The Ross Sea shows
lesser amount of sediments though con-
siderably higher comparing to the oth-
er seas of the Southern Ocean with the
maximal values reaching 9,000 m. Both
depressions of the Ross and Weddell
seas have been isostatically readjusted
and filled with deposited sediments which
proves correlation between the topo-
graphic patterns affecting sediment distri-
bution along with regional glacial settings.

The topographic map of Antarctic shown
in Fig. 7 is based on the ETOPOI1 project

with 1 arc min resolution grid. It is plotted
using the modeled data of known to-
pography and bathymetry, based on the
ETOPO1 topographic compilation (Aman-
te and Eakins 2009). The maps show the
Antarctic topography with the isolines
plotted every 2000 m and sidewise histo-
gram on data distribution. The map of
geoid undulations in Fig. 4 depicts the
geophysical measurements performed in
Antarctica and compiled in the Bedmap2
project. It is based on the high-resolution
global mean gravity field model of the
EIGEN-GL04C, derived from the combi-
nation of satellite tracking and surface data.
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The model shows a combination of
GRACE (Gravity Recovery and Climate
Experiment, a joint mission of NASA and
the German DLR) and LAGEOS (Laser
Geodynamic Satellite) mission, gravimetry
and altimetry surface data. The data show
the rough sub-division of Antarctica into
two large regions: the region with higher
values from -15 to 35 m (corresponds to
the northern part of Antarctica, Weddell

Conclusions

This paper presented an example of
plotting series of the thematic maps of
Antarctica using GRASS GIS based on
open geophysical and topographic datasets.
The compilation of the high-resolution
datasets provides new insights into the
topographic structure of Antarctica. It fur-
thermore shows that a new approach of
scripting cartographic workflow performs
more effective to create a series of maps
than using traditional commercial GUI-
based GIS with often perplexed interface.
The scripting based cartography has a
straightforward syntax which is user-ori-
ented and direct in mapping techniques.

The attempts of combining logic of pro-
gramming languages and machine learning
approaches to cartography resulted in sev-
eral outputs such as e.g. combination of
machine learning classifiers along with
GIS techniques (Motta et al. 2021), AWK
language for processing tables from geo-
data through conversion and formatting
(Lemenkova 2019¢), modeling links be-
tween environmental, biodiversity and cli-
mate change impacts (Walther and Huett-
mann 2021), integration of GRASS GIS,
Python, TeX language, or artificial neural
networks for geological engineering mod-
eling (Bragagnolo et al. 2020, Lemenkov
and Lemenkova 2021b), to mention a few
of them.

Moreover, the use of coding marks
the onset of scripting era in cartography
that significantly facilitate mapping proc-
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Sea and the south Atlantic Ocean, compare
Fig. 1 and Fig. 4) and a region with lower
values from -15 to -65 which corresponds
to the very low negative values of geoid.
This region includes the Ross Sea, South
Pacific Ocean and south Indian Ocean.
The variations in the data can be explained
by the geophysical settings of the gravity
anomalies in South Pole.

ess through fasten coding and absence of
complex GUI with often useless and very
specific functionality as in traditional GIS
software. The main advantage of the shell
scripts in cartography consists in their
flexibility which is achieved in controlling
utilities, using modules with their attrib-
utes (set up as 'flags'). The combination of
the GRASS GIS codes in a script results in
an effective and smooth mapping process
that can be repeated for any other ter-
ritories using flexible move of the co-
ordinates and projecting transformations.
A command syntax embedded in GRASS
GIS offers a uniform shell programming
structure within applications in a variety
of tools in geospatial analysis, as demon-
strated in this paper with a case study of
Antarctica.

The high-resolution data from available
sources (Bedmap2, efc) were processed
and visualized to plot detailed maps of ice
thickness and bed subglacial topography
of Antarctica. The presented maps are ac-
companied with the scripts developed in
GRASS GIS and described in Method-
ology section in detailed for repeatability.
New cartographic visualization helps to
gain a better understanding of the surface
of the Antarctic topography in the regional
studies on polar research, as well as the
geophysical and glacial studies of the sur-
rounding area which include sea of Ant-
arctica.



Overall, the evolution of the Antarctic
ice sheet thickness was fluctuating and
mostly controlled by climatic drivers such
as CO,, and sea level forces with a period
of ca. 100,000 yr. However, changes in ice
sheet volume include a complex interplay
of global and local, climatic, environmen-
tal and tectonic factors in Late Quaternary
Antarctic ice sheet evolution (Tigchelaar
et al. 2018, Beltran et al. 2020, Halberstadt
et al. 2021). Recently, the Antarctic ice
sheet has been experiencing retreat and
thaw. For example, the Reedy Glacier
(southern Transantarctic Mountains) was
significantly thicker multiple times during
the mid-to-late Cenozoic, and the West
Antarctic Ice Sheet was at least 500 m
higher than today, as reported by Bromley
et al. (2010). Furthermore, as reported
by Hogg et al. (2017), the Antarctic ice
shelves have retreated and suffered col-
lapse in the period of 2010 to 2017.
However, comparison of spatial variations
shown that ice losses from West Antarc-
tica are compensated by ice gains in East
Antarctica. This resulted in the thickening
of the ice shelves in Antarctica by an av-
erage of 1.3 m in the past two decades
(Hogg et al. 2021).

This study demonstrated the ice sheet
current view using recent data and modern
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