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MAPPING BEAUFORT SEA TOPOGRAPHY AND GEOPHYSICAL
SETTINGS USING HIGH-RESOLUTION GEOSPATIAL DATA AND GMT

Polina Lemenkova
Abstract

The papers presents an integrated processing of the high-resolution
thematic data covering the area of the Beaufort Sea, a marginal sea of the Arctic
Ocean, northern Canada and Alaska. Five thematic maps of the Beaufort Sea,
Arctic Ocean are presented. The cartographic techniques were performed by
Generic Mapping Tools (GMT) scripting toolset. The methodology presents the
integration of the multi-source high-resolution thematic datasets: bathymetric
GEBCO, IBCAO, topographic GLOBE, sediment thickness GlobSed, EGM2008
geoid model, GMT vector layers and geophysical gravity model from CryoSat-2
and Jason-1. There is an agreement with the data by their inspection and analysis
of grids correlation. The bathymetric map demonstrated variations in depths with
rapidly decreasing values in the Mackenzie River coasts, depicting the basin of the
Beaufort Sea, large shelf in the Canadian Arctic Archipelago and western part
bordering the Chukchi Sea. The GDAL inspection shows that the GEBCO-based
topography ranges between -3,973 m to 2,578 m. Gravity data shows that coastal
areas in northern Canada and Alaska have values >20 mGal while the basin of the
Beaufort Sea is dominated by the lower values at -65 to -45 mGal; the data range
is from -155.097 to 366.939 mGal. The marine free-air gravity fields and geoid
data demonstrate correlation with topographic isolines of the region. The data
range for the sediment thickness is from 0.00 to 18064.53 m having maximal data
at the Mackenzie River discharge area. A comprehensive compilation of the data
on the Beaufort Sea visualized using GMT presents more insights into its
bathymetric structure and geophysical fields distribution in context of the
variability of the geological settings.
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Introduction

The study object is the Beaufort Sea, a marginal sea of the Arctic Ocean,
located west off the Canadian Arctic Archipelago and north off Alaska (Map 1).
The topography of the Beaufort Sea varies in its different part in northern Canada
and the U. S. A narrow strip of the coastal area has rather shallower depths (<60 m)
increasing northwards to a few kilometers. Especially shallow areas can be noted
between 180°W and 160°W in the western part of the sea and in the areas between
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numerous islands of the Canadian Archipelago. However, the central part of the
open areas of the sea (purple-colored areas on Map 2) is presented by a large
massive platform, similar to an open ocean basin, which can be noted on Map 2. In
general, the shelf of the Beaufort Sea is much narrower comparing to other shelf
areas of the Arctic Basin. Specifically, off the coast of Alaska the shelf stretches
along the mainland's bedrock. In the eastern area it continues off the northern coast
of Canada among numerous islands of the Canadian Arctic Archipelago.

Map 1: Topographic map of the Northern Canada and the U.S. Alaska based on
GLOBE. Source: author.
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The geological perspectives of the Beaufort Sea exploration is explained by
the mineral resources and reserves of its shelf area including oil and natural gas
(Ayles et al., 2002). However, the discoveries of the drilled offshore wells in the
Mackenzie Delta and beneath the seafloor mostly remain undeveloped among other
Arctic Seas, e.g. the Sverdrup Basin, and offshore Alaska (Gautier et al., 2009).
The geological structure of the seafloor in the Canadian Archipelago region can be
briefly characterized as follows. The crystalline basement surface has uplifts where
numerous islands are located. Various local depressions on the seafloor with depths
of several kilometers are stretching between a series of faults. The most extensive
depressions in the Canadian Arctic are occupied by the Hudson Bay, the Baffin
Bay and the Beaufort Sea. The basin of the Beaufort Sea is rather large in size,
merging with the basin of the Chukchi Sea in the west (Mahoney et al., 2014).
Most of its seafloor bottom is occupied by an abyssal plain with depths at 3800 m.

The geomorphology of the seafloor relief is notable by a narrow shelf that
quickly drops off into deeper water and complicated by numerous submarine
valleys. The coastal shelf area is narrow, especially near the Alaska. The main
source of the sediment inflow is presented by the Mackenzie River, which is the
longest river in Canada, entering the Beaufort Sea (Stein, 2008). The climate of the
Beaufort Sea is rather severe frozen over the most of the year. As discussed above
and assessed previously (Usher, 2002; Ayles and Snow, 2002), the Beaufort Sea
has a potential in mineral resources and environmental significance (Cobb et al.
2014; Barnes et al. 1984) which explains the actuality of its studies based on the
high-resolution data and advanced cartographic visualization, such as GMT.

Geospatial data

The importance of the geodata for quality and precision of the cartographic
mapping has been discussed (Smith, 1993; Gauger et al. 2007; Lemenkova, 2019a,
2020a). Therefore, the data were taken from a variety of the reliable sources and
included high-resolution raster grids and vector layers selected as the input raw
data. The origin of the topographic map (Map 1) is the GLOBE 30-arc-second (1-
km) gridded, global DEM with the horizontal coordinate system presented as
seconds of lat/lon referenced to WGS84. The GLOBE has been developed by the
GLOBE Task Team, created by the Committee on Earth Observation Satellites
(CEOS), NOAA (Hastings et al., 1999) with detailed technical cartographic
documentation presented by Hastings and Dunbar (1999). The coastal land areas,
shore lines, borders of rivers and national continents were derived from the GMT-
embedded vector layers (Wessel & Smith, 1996).

The bathymetric maps of the seafloor and marine areas (Map 2) was
visualized based on the 15-arc-second General Bathymetric Chart of the Oceans
(GEBCO) developed by GEBCO Compilation Group (2020) and its regional
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implementation International Bathymetric Chart of the Arctic Ocean (IBCAO)
developed by Jakobsson et al. (2008, 2012).

Map 2: Bathymetric map of the Beaufort Sea basin, Arctic. Source: author.
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The marine gravity model (Map 3) is taken from the raster grids at Scripps
Institution of Oceanography (SIO) which are public domain raster grids of the
marine gravity anomalies computed from CryoSat-2 and Jason-1 (Sandwell et al.,
2014). The model showing geoid undulations (Map 4) was based on the Earth
Gravitational Model 2008 (Pavlis et al., 2012). The sediment thickness (Map 5) is
based on the 5-minute resolution data grid from NOAA by the World Data Service
for Geophysics (Straume et al., 2019).

Theoretical-methodical background of GMT

The research has been technically done using the Generic Mapping Tools
(GMT) scripting toolset, which is an alternative way of cartographic tools
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comparing to the traditional GIS, e.g. ArcGIS widely used in geosciences (Suetova
et al. 2005a, 2005b; Klauco et al., 2014, 2017; Lemenkova et al., 2012; Kuhn et al.
2006). The fundamental difference between the GIS and GMT consists in its
console-based approach of mapping and absence of the classic menu-based
Graphical User’s Interface (GUI), which is technically described in the existent
works (Lemenkova, 2019b, 2019c).

Map 3: Marine free-air gravity anomaly in the Beaufort Sea. Source: author.
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A GMT has been developed by Paul Wessel and Walter H. F. Smith in
1988, officially releasing in 1991 (Wessel and Smith, 1991) and is being actively
and continuously developed since then (Wessel et al., 2013). The scripting methods
of GMT provide a high degree of automatization in a cartographic work which
increases both the quality and the precision of mapping due to the machine
learning approach which is progressively applied in geosciences (e.g. Schenke and
Lemenkova, 2008; Lemenkova, 2019e, 2019f).
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GMT modules and scripting approach

The main approach of GMT consists in subdivision of the cartographic
script into several tasks, where every task is being made using a special module.
For instance, a visualization of the GEBCO grid was done using a module
‘grdimage’ by a code: ‘gmt grdimage GEBCO 2019.nc -Cmyocean.cpt -
R180/270/66/83 -JM5.5i -P -1+al5+ne0.75 -Xc -K > $ps’. Within a code, the
‘GEBCO_2019.n¢’ is the name of the file. The color palette was made using
‘makecpt” module by this code: gmt makecpt -Cglobe.cpt -V -T-3973/2578 >
myocean.cpt. Here, the existing color palette ‘globe’ was stretched to the actual z-
range of this map (that is, minimal depth is -3973 m, maximal elevation is 2578
m). The same principle of the GMT syntax is explained in more details
(Lemenkova, 2019d, 2020c).

Map 4: Geoid regional model of the Beaufort Sea basin. Source: author.

Geoid regional model: Beaufort Sea, Arctic Ocean
World geoid image 2,5 minute resolution, EGM2008-WGS 84
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Data format conversion and inspection
Plotting GLOBE grid (Map 1) requires some additional explanation. Because the
original data were in gridded binary files with the elevation stored as 16-bit signed
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integer numbers, the initial step consisted in converting this file to the ‘xyz’
format, that is, a GMT *.grd extension. The conversion was done using a GMT
module ‘xyz2grd’ by the following code: ‘xyz2grd alOg -GalOGLOBE.grd -R-
180/-90/50/90 -130c -N-9999 -V -F -ZTLh’. As a result, the original file ‘al0g’
from the GLOBE tiles was converted to a GMT file with a .grd extension
‘al0GLOBE.grd’. The actual range of the topographic elevations was checked up
by the Geospatial Data Abstraction Library (GDAL), a library supporting various
tasks in processing spatial datasets (GDAL/OGR contributors 2020).

Map 5: Sediment thickness in the Beaufort Sea basin, Arctic. Source: author.
Sediment thickness in the Beaufort Sea, Arctic Ocean
GlobSed 5 arc minute grid Version 3 by NOAA World Data Service for Geophysics
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GDAL handles raster data by supporting ca. 100 raster formats. A gdalinfo
utility of GDAL was applied using the code ‘gdalinfo grid textGLOBE.grd -stats’
to check up the data range. The GLOBE is a topographic grid (without detailed
bathymetry), therefore, the actual z-data are noted as actual_range={-500,6098}.
The visualization is done using a ‘grdimage’ GMT module. The script was made
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using a combination of the GMT modules (grdimage, psscale, grdcontour,
psbasemap, pscoast, pstext, gmtlogo, psconvert) by the principle explained above.

Cartographic projections

Cartographic projections were set up by the ‘grdimage’ module. The
topographic map (Map 1) was plotted using Lambert Azimuthal projection which
was set up using commands ‘-R220/50/270/80r" (here, small ‘r’ letter means that
the extent of the map is specified by the lower left and upper right coordinates) and
then ‘-JA260/60/5.51’, which defines the standard meridian and parallel of the
coordinate grid and layout extension (5.5 inches). For other maps, the ‘-
R180/270/66/83" flag means selected region with coordinates in WESN
convention, the ‘-JM5.51” flag means visualizing a map in Mercator projection. The
extents of the geophysical maps (Map 3 and Map 4) are given until 80°N due to the
original limits of the raw data.

Data interpolation

The map of the sediment thickness (Map 5) was visualized using the
GlobSed original grid by GMT. The continuous field of the sediment thickness was
plotted using the interpolation technique, to estimate the values at the locations
where direct observations are not available. The existing locations of the original
grid GlobSed has an accurate measure at the 5 arc-minute resolution with each
node as an observation point of the sediment thickness. Knowing the coordinates
and values of the sediment thickness, these data were interpolated using
‘grdcontour' module: 'gmt grdcontour ¢cs_sed.nc -R -J -C500 -Wthinnest,gray -O -K
>> $ps'. Here, the isolines were plotted via every 500 m showing the continuous
field. Using this technique, the unknown values of the sediments at other locations
were estimated and isolines plotted. An advantage of the interpolation technique
consists in the visualized isolines on the thematic maps where a set of contour lines
is plotted to connect locations with the same values (e.g. topographic and
bathymetric showing elevation, marine free-air gravity maps and geoid).

Results of the data correlation and comparative analysis

The compiled visualization of the several thematic datasets attempts to
determine the structural trends in the central basin of the Beaufort Sea. The
integration of data on topography, bathymetry, marine free-air gravity and geoid
shows that gravity anomalies correlate with geological lineaments, crustal
structure, and seismicity at the subduction zones of the tectonic plates, which is
supported by previous studies (Bassett and Watts, 2015).

Gravity data has been used for cartographic modelling showing main field
trends of the study area: the coastal areas of the northern Canada and Alaska have
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values above 20 mGal (orange to red colored areas on Map 3) while the basin of
the Beaufort Sea is dominated by the lower values at -65 to -45 mGal (blue
colored, Map 3) and -45 to 15 (cyan to light green areas, Map 3). Selected areas
have slightly positive values from 0 to 20 mGal (yellow colors, Map 3).
Comparing the bathymetric map with the marine free-air gravity and geoid (Map 2
to 3 and 4) one can see that the isolines of the shelf areas of the Beaufort Sea are
corresponding to those of the geoid and gravity fields depicting the basin of the
sea. According to the GDAL check (gdalinfo bs_relief.nc -stats), the bathymetry
and topography in the study area ranges between -3,973 m to 2,578 m.

The map of the geoid undulations of the Beaufort Sea (Map 4) shows that
central part of the sea has values at -10 to 5 m contrasting with the southeastern
part of the study area (blue-colored region southward off Victoria Island in the
Canada Archipelago). Values of geoid undulations show the distance between the
geoid and ellipsoid where the geoid is a model of the global mean sea level to
measure precise Earth’s surface elevations analyzed to determine the depth to the
basement surface.

The values obtained from the gravity data control points in the gravity
modelling (EGM2008). The comparison of the relief map from topographic data,
gravity and geoid models and sediment thickness has been performed. The depths
at the Beaufort Sea rapidly increase from the shelf areas northwards (open Arctic
Ocean). Besides, a large shelf areas can be seen on the west part of the study area
(northward of Alaska) and in the eastern areas between the islands of the Canadian
Archipelago. The sedimentary cover has a thickness at about 1.5-2 km in the
southern part and increases to more than 4 km in the northeastern and western parts
and changes gradually in the other parts of the study area. The total data range lies
between 0 (no sediments) to 18,064 m (very thick layer) in the southern shelf areas
near the mouth of the Mackenzie River, according to the GDAL data inspection of
the NetCDF file (gdalinfo bs_sed.nc -stats).

The results of the structural trend analysis indicate that study area is
greatly affected by the two structural trends: 1) ‘south-north’ indicates shelf areas
contrasting to the open Arctic Ocean; 2) ‘east—center—west’ trend indicates
contrasting areas of shelf northward of Alaska, central part of the basin and
Canadian Archipelago. These trends are associated with the topographic variations
of the sea that in turn are caused by the geologic structure of the underlying rocks
that build it (lithology, facies, age) and specifics of the regional tectonics,
including faults and lineaments, out-of-sequence dislocations, and thrusts
(Lemenkova, 2020b, 2018).

The ‘south—north” and ‘east—center—west” topographic subdivisions can be
traced on the topographic and bathymetric maps (Map 1 and Map 2).
Topographically, this region presents a highly fragmented continental margin. The
islands of the Canadian Arctic Archipelago are presented by the uplifted blocks.
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The straits between the islands correspond to the zones of linear deflections limited
by faults.

The dominating directions of the topographic trends are meridional and
latitudinal strikes of the local minor troughs and straits. The transverse troughs
formed by straits and large fjords dissect the outer shelf of the Canadian Arctic
Archipelago in a number of the shallow banks where depths are less than 200 m,
while depths in the troughs may reach up to 300-500 m (Map 2). The connection of
the topography with geological structure can be illustrated by the crystalline
basement surface in the Canadian Arctic Archipelago which has a stepped-block
topography formed by the uplifts where numerous islands and their structural cores
are located. Other topographic forms include depressions along a series of faults
where depths reach up to several kilometers. The depression in the Beaufort Sea is
rather large in size, bordering the basin of the Chukchi Sea.

The analysis of the thematic maps of the Beaufort Sea shows general
distribution of the geophysical patterns according to their shape and amplitude and
trends of the gravity and geoid anomalies in the Canadian Arctic Archipelago. The
character of data distribution in the marine free-air gravity anomaly zones (Map 3),
geoid undulations (Map 4) and bathymetry (Map 2) mirrors geological variations
in the crystalline basement structure and rocks properties beneath the seafloor. The
sediment thickness shows clear correlation with the shelf area in general: higher
values are dominating near the coast and especially Mackenzie River, and, on the
contrary, lower values are notable in the open sea (Map 5).

Conclusion

A comprehensive compilation of the data on the Beaufort Sea visualized
using the GMT toolset presents more insights into its topographic structure and
distribution of the geophysical fields in context of the variability of the geological
settings. An integrated multi-source thematic raster data including GEBCO,
GLOBE, EGM2008, IBCAO, GlobSed and marine free-air gravity anomalies has
not been available yet in the existing literature. This paper aimed to fill in this gap
by presenting the possibilities of the data integration using scripting technologies
of GMT for visualizations of one of the Arctic Ocean regions, the Beaufort Sea.

The GMT-based interpretation of the map series (topography, bathymetry,
geophysical grids of gravity and geoid, geology, sediment thickness) included
qualitative cartographic analysis of their isolines, inspection of the geometric forms
of the geoid fields and trends in marine free-air gravity anomalies over the region
of the Beaufort Sea. The links between the different variables, visualized on the
maps, allow to perform a complex analysis and find new correlations in a spatial
analysis. Thus, the identification of the linear trends and isolines enables to find
out a correlation between the features of the geophysical phenomena (Grant &
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West, 1990): geographic locations and amplitudes of positive and negative values
within the datasets (GDAL), topographic patterns, regional extent of the isolines,
amplitude of the anomalies (marked by color palettes in the geoid or gravity grids).

A hybrid use of the thematic datasets of raster and vector formats are used
using the GMT scripting toolset. The advantage of the GMT over the traditional
GIS, such as Maplinfo, ArcGIS, QGIS or programming approaches (e.g. Klauco et
al. 2013; Lemenkova, 2020d) consists in its relational and flexible approach to the
data handling: a GMT based mapping does not require creating a GIS-project or
operating with GUI. In contrast, all the maps can be plotted using a shell script.
The GMT handles both types of formats (vector or raster) and is very useful in a
project with rapidly changing cartographic demands: projections, map extent,
adding new elements on a layout, modifying graphical elements: transparency,
fonts, symbols, converting data formats, queries via GDAL, plotting complex
legends, automatic adding a time stamp of map production, to mention a few.

Besides cartographic flexibility and open access, the scripting approach of
the GMT increases automatization of the mapping, the degree of machine learning
instead of handmade routine, speed and precision of mapping. The elements
plotted on a map are stored in a script using a GMT syntax. The scripting
principle allows to reuse the codes applied for a new map by adding variables into
the code lines and changing a regional extent. The integrated solution for the data
handling by GMT acts as a gateway between the multi-source data, format
conversion and visualization output. This paper demonstrated handling of high-
resolution data from different sources and origins processed by GMT and
presented as a series of maps: GEBCO, IBCAO, GLOBE, GlobSed, EGM2008,
GMT vector layers and gravity model from CryoSat-2 and Jason-1. Combining
such diverse datasets was made possible on a regional scale (the Beaufort Sea,
northern Canada and Alaska) through the subset of AOI from the global grids and
reformatting the original formats to a NetCDF, compatible with GMT. Besides
data aggregation, technical possibilities of GMT accelerated cartographic
workflow through automatization and simplified the process of data extraction
and visualization of geoinformation.
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