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Abstract: This articles presents a new series of maps showing the climate and environmental vari-
ability of Botswana. Situated in southern Africa, Botswana has an arid to semi-arid climate, which
significantly varies in its different regions: Kalahari Desert, Makgadikgadi Pan and Okavango Delta.
While desert regions are prone to droughts and periods of extreme heat during the summer months,
other regions experience heavy downpours, as well as episodic and unpredictable rains that affect
agricultural activities. Such climatic variations affect social and economic aspects of life in Botswana.
This study aimed to visualise the non-linear correlations between the topography and climate setting
at the country’s scale. Variables included T °C min, T °C max, precipitation, soil moisture, evapo-
transpiration (PET and AET), downward surface shortwave radiation, vapour pressure and vapour
pressure deficit (VPD), wind speed and Palmer Drought Severity Index (PDSI). The dataset was
taken from the TerraClimate source and GEBCO for topographic mapping. The mapping approach
included the use of Generic Mapping Tools (GMT), a console-based scripting toolset, which enables
the use of a scripting method of automated mapping. Several GMT modules were used to derive a
set of climate parameters for Botswana. The data were supplemented with the adjusted cartographic
elements and inspected by the Geospatial Data Abstraction Library (GDAL). The PDSI in Botswana
in 2018 shows stepwise variation with seven areas of drought: (1) —3.7 to —2.2. (extreme); (2) —2.2 to
—0.8 (strong, southern Kalahari); (3) —0.8 to 0.7 (significant, central Kalahari; (4) 0.7 to 2.1 (moderate);
(5) 2.1 to 3.5 (lesser); (6) 3.5 to 4.9 (low); (7) 4.9 to 6.4 (least). The VPD has a general trend towards
the south-western region (Kalahari Desert, up to 3.3), while it is lower in the north-eastern region of
Botswana (up to 1.4). Other values vary respectively, as demonstrated in the presented 12 maps of
climate and environmental inventory in Botswana.

Keywords: Africa; Botswana; cartography; climate; computer science; data science; drought; GMT;
mapping; programming

1. Introduction

Mapping climate parameters using advanced cartographic methods is presently the
subject of intense research. Approaches to image processing [1,2], climate data modelling [3]
and landscape studies [4] have largely converged on the requirements for the importance
of cartographic visualisation for a proper environmental analysis for feature extraction
and evaluation. While standard methods of handling spatial data such as Geographic
Information Systems (GIS) are popular for climate and environmental mapping [5-7],
superior performance has been demonstrated by incorporating advanced scripting solu-
tions for complex cartographic tasks. A large variety of spatial data processing paradigms
have been applied to the problem of cartographic visualisation, including spatial analysis,
data management and simulation, data retrieval from the remote sensing sources, pattern
recognition and data-driven modelling.

One of the most popular GIS-based modelling tools for cartographic data handling is
presented by the commercial software ArcGIS and its open source analogue QGIS. These
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software structure spatial data as visible layers in the Graphical User Interface (GUI) where
layers represent thematically structured and semantically close data types. Such structure
enables connections between spatial variables through the analysis of attributive tables
where metadata are stored in GIS. Thus, the cartographic variables are kept within each
layer so that the parameters of the data are conditionally independent given the semantic
connectivity and identical projection. The factorial nature of these data enables GIS-based
mapping, which forms the basis for the majority of existing maps.

However, both as a data visualisation and mapping tool and especially as a method
for spatial data modelling, GIS-based methods have shown certain drawbacks. The data
processing in GIS is mostly performed using active interaction of the user for traditional
mapping workflow where many handmade operations needed to be performed manually.
Besides a time-consuming workflow for mapping, another drawback of the GIS methods is
that, unlike scripting methods, the complete workflow processing is not automated. At
the same time, automated methods in cartography significantly increase the accuracy and
precision of plotting. As a result, the usual strategies of mapping largely benefit from
applying the programming approach in cartography.

This paper presents the use of scripting cartographic toolset Generic Mapping Tools
(GMT) [8] for a thematic mapping of Botswana. The GMT differs principally from the
traditional GIS approaches. It is defined as a set of commands controlled using embedded
programming language, which defines each cartographic parameters using a line of code.
In such a way, the cartographic processing is being performed by writing and executing a
script, without the need for GUI and the layer-based paradigm of GIS. Such a performance
enables us to finely tune the selected parameters of cartographic plot.

As a technical instrument for mapping, the GMT is interesting in that, like program-
ming languages, e.g., Python or R, its syntax encodes the conditional parameters of visu-
alised objects using built-in language with commands and options while simultaneously
maintaining the simple independent structure of map which does not require creating
layers and a GIS project as such. This underlies the efficient performance of GMT as against
the GIS workflow. Moreover, the GMT effectiveness is accomplished by the flexibility of
data formats, integration with a variety of tools, including Geospatial Data Abstraction
Library (GDAL) and Python and exploiting multi-format data through straightforward
importing and reformatting.

In this study, the GMT was used for mapping Botswana using a set of climate and
environmental variables. Botswana is a country situated in southern Africa (Figure 1),
where drought is a reoccurring natural hazard [9]. The interest in the occurrence and
distribution of droughts and climatic extremes in Botswana has been driven by the need to
analyse possible consequences from droughts that affect both social and environmental
aspects of the country. Such issues include, for instance, range degradation [10] and the
evolution and adaptation of agro-pastoral livelihoods to recurrent droughts [11]. Moreover,
land changes results in exposed dryland agricultural landscapes, which in turn involves
expanding bare lands and rocky surfaces [12]. Biochemical analysis includes the evaluation
of the effects from evapotranspiration on the evolution of dissolved inorganic carbon in
the north-western Botswana [13]. Other case includes climate assessment and its effects on
vegetation [14].

A variety of the environmental studies in Botswana are focused on the analysis of
rainfall repeatability, intensity, and consequences in different regions of the country. Such
and similar studies often include the modelling of the meteorological data, which enables
both retrospective assessment and prognostic modelling of climate change variations to
be performed, aiming to predict and mitigate possible effects from climatic extremes. For
instance, previous study [15] performed a retrospective analysis of climate effects in the
arid environment of Botswana to determine changes in rainfall series and to identify
correlations between rainfall and temperature. A prognosis estimating the beginning and
end of summer rainfalls may highlight regional uncertainties in rainfalls [16]. Rainfall
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variability and trends for analysis of their effects on vulnerable dryland agriculture through
climate variation are important for climate risk management in Botswana [17].

Topographic map of Botswana

Digital elevation data: GEBCO/SRTM, 15 arc sec resolution grid
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Figure 1. Topographic map of Botswana. Mapping: GMT. Source: author.

Mapping climate parameters is a challenging task with many applications, such as
environmental risk assessment, agricultural monitoring, and natural resources manage-
ment. A key ingredient to cartographic data visualisation is the design of an effective
workflow and the selection of software tools. A traditional approach to this task is to apply
Geographic Information System (GIS) for spatial data processing. Mapping is then per-
formed by conventional GIS programs with existing Graphical User Interface (GUI). GIS is
a commonly accepted conceptual tool in cartographic data processing, widely documented
in the existing works [18-20]. Existing cartographic methods following the GIS approach
may make use of well-known methods of data modelling and visualisation, as reflected in
a variety of reports [21-25].

To progress beyond the traditional methods of GIS, the current investigation presents
an alternative approach to cartographic data processing using console-based scripts of
GMT [8]. The GMT utilises a modular system of GMT which automatically decomposes
the complete cartographic workflow into a series of continuous piecewise components
of scripts, i.e., lines of code written in GMT syntax. In such a way, the script handles the
complete process of spatial data from data formatting and modelling to generating a final
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layout, presenting a map, and converting the output data. In view of this, in this paper we
study the benefits of exploiting the GMT scripting toolset for mapping environmental and
climate parameters in Botswana.

The goal of the presented research is to demonstrate the functionality of the console-
based scripting in GMT for climate and environmental mapping of Botswana. To contribute
to the existing climate studies of Botswana, this study presented a series of the new maps
based on the open datasets. The maps are made by command line which increased the
speed and accuracy of mapping and represented spatial data of various complexity.

The general objective was to map the variability of environmental and climate parame-
ters of the country using the TerraClimate dataset. The variables in this dataset are designed
such that one can evaluate the GMT approach with respect to various data dimensions
and various parameters over the study area. Specifically for the territory of Botswana,
while mapping the TerraClimate dataset, we address handling and visualising the diverse
extent of values in climate parameters, from small to large ones. This is important, since
difficulties in spatial data processing arise when data have contrasting dimensions, e.g.,
temperature, topography, and PDSI values differ and various colour scales for proper
mapping and effective cartographic visualisation are required, which was managed using
the GMT solutions.

The specific objective was to support the environmental and climate analysis in
Botswana through the advanced cartographic visualisation. It involves the analysis of the
distribution of temperature extremes in Botswana, occurrence of drought events, varia-
tion in the potential and actual evapotranspiration visualised on the maps. The correla-
tions between the soil moisture and precipitation, climate parameters and topographic
landforms can be considered for land management [26-29], crop and vegetation monitor-
ing [30,31], meteorological evaluation [32], nature conservation, and sustainable develop-
ment in Botswana [33,34]. In light of the above, the focus of the presented research is on the
cartographic application of novel programming methods for climate and environmental
assessment of Botswana, which includes the following objectives:

i To produce a series of climatic maps of Botswana and their associated topographic,
environmental, and climate attributes, referenced to the regional and local geospatial
geographic scale of the country;

i To perform script-based mapping techniques, which present a new cartographic
methodology. This includes the demonstrating of the programming approach of
GMT, which differs from the traditional GIS, because it integrates the cartographic
methods and the programming syntax;

iii To apply the open source datasets of GEBCO and TerraClimate with a spatial extent
of Botswana, aimed at addressing and visualising the occurrence, trends and strength
of different climate variables associated with environmental factors;

iv To visualise the climate parameters of Botswana: temperature extremes T},;;, / Tnax,
precipitation, soil moisture, potential evapotranspiration (PET), actual evapotranspi-
ration (AET), downward surface shortwave radiation, vapour pressure (VP), vapour
pressure deficit (VPD), wind speed, Palmer Drought Severity Index (PDSI).

The automated methods and independent modules of GMT were used to process
climate data showing mapping climate and environmental variables of Botswana. This
included reference to the cartographic workflow of GMT, described in the existing technical
literature with examples of using the program [35-39]. Using a scripting approach, this
paper presents an alternative cartographic algorithm for the stable and accurate mapping
and visualisation of the climate parameters over Botswana in the presence of various
nonlinear effects from topography and climate on the environmental setting of the country,
following the examples in the existing studies [40,41].
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2. Study Area
2.1. Relief

The topography of Botswana has its highest points along the south-east regions of
the country, in the Kalahari Basin. In the rest of the regions, the landscapes are levelled,
which creates unique climate setting. The territory of the country is covered by a diverse
range of landscapes, including a complex mosaic of grass, sands, and savanna [42]. The
Okavango Delta is presented by the alluvial fan of uniform topographic gradient with
complex patterns of vegetation, hydrology, and sedimentation [43].

A notable topographic feature of Botswana is the Kalahari Desert, which occupies
up to 70% of the territory of country. The Kalahari Desert is mostly covered by red sands
and sandstones with quartzose sediments and sandstones. Such biochemical composition
makes it prone to chemical weathering, producing high volumes of clay minerals [44].
Together with the extreme degrees of temperature and occasional fires, the geologic and
soil setting of the Kalahari Desert limits the distribution of vegetation and controls the
types of dominating plants. As a result, the Kalahari is mostly covered by species adapted
to such environmental conditions [45,46].

A contrasting example of landscape is the Makgadikgadi Pan, which is a salt pan with
specific dune, barchan, and crescentic sand landforms, located over the dry savanna in
the north-eastern area of the country and formed as a tectonic surface expression in the
Makgadikgadi Rift Zone [47,48]. Being one of the largest salt flats in the world [49], it
impacts the neighbouring lands through the soil system. Thus, the eolian salts from the
evaporite-covered Makgadikgadi Depression, such as chlorides, sodium, and bicarbonates,
are being transported to the soil in the adjacent regions. These soluble salts are then further
transported down to the ground soil water, which significantly degrades water quality [50].

2.2. Climate

Botswana is a country with dominating semi-arid climate, vast areas lacking surface
water, and high extreme temperatures, as seen in Figures 2 and 3.

Due to the extreme temperatures during the summer period and droughts [51,52],
Botswana is one of the world’s least populated countries. The population of Botswana
needs to adapt to special living setting and adjust their social activities as they are con-
strained by the environmental factors: livestock diseases, human-wildlife conflicts, drought,
water supply deficit, resource scarcity, fragmented landscapes, and bush encroachment of
savannah ecosystems [53-55]. Furthermore, specific environmental and climate conditions
of the country and periods of severe drought contribute to the development of diseases,
such as malaria or cholera. This is proved in several existing studies that analysed a correla-
tion between the distribution of epidemiological diseases and environmental variations in
Botswana: summer rainfalls, mean annual temperatures, and topographic altitude [56-59].
At the same time, extreme temperature varies regionally, according to the distribution of
landforms, which is also influenced by water areas and rivers, see Figure 3.

The links between the topographic structure of the country and climate processes can
be revealed through a regional analysis of the variation of climate parameters with regard to
the topography. For example, a notable landform of Botswana is presented by the Okavango
Delta, which is located in the north-western part of the country (Figure 1). It is one of the
world’s largest inland deltas, losing about 98% of its water through evapotranspiration [60].
The wetlands of the Okavango Delta are notable for the variety of ecosystems present,
with a large biodiversity level in fauna and flora. The region of Okavango provides the
livelihood of the local communities as well as the a tourism destination that substantially
contributes to the revenue of Botswana [61,62].
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Tmin (minimum temperature) in Botswana (2018)
Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 2. T °C minimum (T},,;;,) in Botswana. Mapping: GMT. Source: author.

In such regions, special measures and actions were introduced as state subsidies for
drought relief management aimed at food and nutrition security [63]. The assessment
of social vulnerability to droughts in Botswana acts as a measure for the reduction of
climate and environmental disaster risks [64]. Prevoius study [65] recognised that hy-
drological droughts in Botswana may have several months of lag after the climatological
droughts, which shows a complex and non-linear correlation between the hydrological,
topographic and environmental factors associated with climate variability, which depend
on precipitation pattern, Figure 4.
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Tmax (maximum temperature) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 3. T °C maximum (T},x) in Botswana. Mapping: GMT. Source: author.
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Precipitation in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 4. Precipitation in Botswana (2018). Mapping: GMT. Source: author.

3. Data

This study used a TerraClimate, a free global climate dataset [66], with publicly avail-
able data: https:/ /climate.northwestknowledge.net/ TERRACLIMATE (accessed date: 21
August 2022). The TerraClimate includes several variables showing climate and environ-
mental parameters, based on regular measurements of relevant data. These include the
following key parameters: extreme air temperatures (minimum/maximum), precipitation,
climatic water deficit, soil water equivalent, runoff, soil moisture, Palmer Drought Severity
Index (PDSI), reference (potential) precipitation based on theoretical computations, actual
evapotranspiration based on real measurements using remote sensing data, downward
shortwave radiation at the surface (SRAD), vapour pressure (vap), vapour pressure deficit
(vpd) and wind speed.

The TerraClimate dataset presents reference data for investigation of hydrological
and climatic changes, which can be applied for agricultural modelling, such as crop water
demand estimates, agricultural plant zoning, and natural resource management. To anal-
yse the behaviour of these variables and variability over the territory of Botswana. The
hydrological applications of TerraClimate include, for instance, surface runoff simulation
and estimation of basin budget. Further applications of TerraClimate can be applied to the
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modelling vegetation health and forest monitoring using correlations between the severity
of droughts, hydrological and temperature regime and mapping soil moisture, Figure 5.

Soil moisture map Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24%)
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Figure 5. Soil moisture in Botswana. Mapping: GMT. Source: author.

The important part of terraClimate variables is presented by the Palmer Drought
Severity Index (PDSI) which was used for visualising the strength of drought over the terri-
tory of Botswana. Besides the PDSI, there are other types of indices used for meteorological
and climate research, for instance: Standardized Precipitation Index (SPI), Standardized
Precipitation Evapotranspiration Index (SPEI) [67,68] or drought models [69,70]. However,
the PDSI was chosen due to its availability in TerraClimate dataset. Additionally, it is a
reliable and reputable index, known since its development [71]. The PDSI is based on the
measurement of dryness using data on precipitation and temperature.

The topographic mapping was based on the GEBCO dataset covering the Earth’s
surface, https://www.gebco.net/ [72,73]. GEBCO has two significant advantages as a to-
pographic data source: it is open source and publicly available and has an unprecedentedly
high resolution (15 arc-second). Its high topographic precision is inherently influenced by
the algorithms of data capture, processing and modelling [74-76]. The GEBCO data is well
suited to reliably visualise the topography and geomorphic structures in the processed
maps, due to its high resolution, accuracy, and precision [77-81].
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4. Methodology

The methodology of recent environmental studies is mostly focused on utilising the tra-
ditional approaches of data modelling associated with the GUI-based GIS
software [82-92]. In contrast, this study is inspired by the approach of GMT [8], which
performs illustrative mapping through running the scripts via the command line from the
console, e.g., Figure 6. This yields print-quality maps based on the raster and vector layers
processed using a combination of various GMT modules, as required in scripting.

PET (Potential Evapotranspiration) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 6. Potential evapotranspiration (PET). Data: WorldClim. Mapping: GMT. Source: author.

GMT has gained popularity in topographic, marine geologic and geophysical map-
ping where highly detailed and accurate data for modelling the phenomena of the Earth
processes and structures are essential [93-99].

The 12 GMT scripts used for plotting maps presented in this manuscript are publicly
availably in the open GitHub repository of the author with a full access to the GMT codes:
https:/ /github.com /paulinelemenkova/Mapping_Botswana_GMT_Scripts. In contrast
to classical GIS where only the GUI-based data processing with pre-defined functions
can be performed, in a GMT scenario much more geo-information can be adjusted using
flexible functionality of the code syntax: layout, design, inserted maps, added cartographic
elements, scale, etc. In particular, the screen position of the legend map in the final layout
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can be modified individually, either horizontally or vertically, for each map using a special
module ‘psscale’, Figure 5.

The ability of GMT to visualise either the cartographic elements or apply the pre-
defined colour palettes to the raster image surfaces is dependent on the adjusted settings
(‘flags’) of that particular module [100]. Adding cartographic elements can be a monotonous
workflow that requires time and might involve possible errors by handmade drawing. A
possibility provided by GMT in such a case is to plot all these elements using specially
designed modules, e.g., ‘grdimage’ for visualising raster image, ‘grdcontour”’ for adding
isolines, ‘psscale’ for adding colour legend, ‘psbasemap’ for adding scale bar, directional
rose. This reduces the plotting errors while keeping the mapping time reasonable to render
fewer time-consuming trials for each map layout.

GMT is capable of visualising raster and vector data with each parameter adjusted
in a line of the code written using GMT syntax. Automation of mapping by GMT will
always result in a significant improvement of workflow, increase of mapping accuracy and
reduction of possible faults. Thus, the cornerstone of the GMT approach is to automate
cartographic workflow by applying separate modules for each task using embedded syntax.

Comparing GMT approach instead of GIS, the GMT has three advantages. First, it
rapidly plots files with very large size (over 500 MB). Second, it can manipulate simultane-
ously multiple layers of bitmap or vector data as cartographic layers using separate lines of
code in a sript for each layer. Third, it process effectively multi-format raster data (NetCDF,
geo-TIFE, IMG, etc). Further, files can be visualised in either embedded GMT-based colour
palettes or using imported ones. Finally, the georeferenced data can be reprojected using
a variety of projection libraries, available in GMT. Likewise, annotating the ticks can be
adjusted using default GMT setting, e.g., MAP_FRAME_AXES = wESN for ignoring the
western annotations.

To be more illustrative, examples of the code snippets are provided below with
explanations. Figure 1 shows the topographic map of Botswana. Its visualisation has been
made using a sequence of the GMT codes, of which the most important and essential lines
of code are the following;:

1.  Making background raster grid with 50% translucency: ‘gmtgrdimagebw,elief .nc —
Cpauline.cpt — R19.5/29.5/ — 27/ —17.5 — [M6.5i — [ + al5 + ne0.75 — t50 — Xc —
P—K > $ps’

2. Adding isolines: ‘gmtgrdcontourbw,eliefl1.nc — R — | — C200 — A200 + f7p, 26,
darkbrown — Wthinner, darkbrown — O — K >> $ps’

3. Adding coastlines, country borders and rivers: ‘gmtpscoast — R — | — la/thinner, blue —
Na — N1/thicker,red — W0.1p — Df — O — K >> $ps’

4. Adding text for cities: ‘gmtpstext —R—] — N —O — K —F + f13p,0, black + jLB —
Gwhite@60 >> $ps << EOF25.0 — 24.57GaboroneEOF’, where the plotted text is
located between the two EOF (a common abbreviation for the End Of File expression).

5.  Changing text parameters: 'gmtpstext — R — ] — N — O — K — F + f10p, 23, blue2 +

jLB >> $ps << EOF24.5 — 20.45Makgadikgadi24.6 — 20.62(saltpans)EOF’.

Adding a GMT logo: ‘gmtlogo — Dx7.3/ — 2.8 + 00.1i/0.1i + w2c — O — K >> $ps’

7. Adding a subtitle: ‘gmtpstext — R0/10/0/15 — JX10/10 — X0.5c — Y11.8¢c — N — O —
F + f10p,0,black + jLB >> $ps << EOF2.09.0Digitalelevationdata :
GEBCO/SRTM, 15arcsec(ca.450m)resolutiongrid EOF’.

8.  Plotting the insert map (round globe in the lower right bottom corner of the map
in Figure 1 showing the country’s location with the map of Africa): ‘gmtpscoast —
—MAP_GRID_PEN_PRIMARY = thinnest, white — Rg — [|G28.0/ —2.0S/$w — Da —
Glightgoldenrodl — A5000 — Bga — W faint — EBW + gred — Sdodgerblue — O — K —
X$x0 — Y$y0 >> $ps’. This code utilises the ‘BW” abbreviation of Botswana from the
ISO 3166-1 alpha-2 countries codes.

9.  Specifying the location of the insert map on the main map in Figure 1: ‘gmtpsbasemap —
R—]J—0O—-K—DjBR+ w34c+0—02c/ —0.2c+ stmp >> $ps’. Here the ‘BR’ sig-
nifies the ‘bottom right’ specification for the insert globe map plotting.

o
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10.
11.

‘readx0yOwh < tmp’: here, the temporary file with the data is created.

‘gmtpsxy —R—]—O—K—T—X—$x0—Y —$y0 >> $ps’: here, the plotting is
finished, this part of the script is ready, and "-O -K’ signifies the overlay and code
continuation.

Using the same approach of scripting presented above, all the other climate maps have

been plotted using the TerraClimate open source dataset for the year 2018, Figures 7 and 8.

18°S

22°S

24°5

26°S
m

Ei!a 2022 Aug 21 15:00:29

AET (Actual Evapotranspiration) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°%)
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Figure 7. Actual evapotranspiration (AET) in Botswana. Mapping: GMT. Source: author.

The most essential code snippets used for plotting climate maps are as follows:

Extracting a subset of AET for Botswana: ‘gmtgrdcutTerraClimate_aet,018.nc
—R19.5/29.5/ — 27/ — 17.5 — Gbw_aet.nc’.

Adding grids for all the maps:  — Bpxg1f0.5a1 — Bpyg1f0.5a1 — Bsxg1 — Bsyg1l’. Here,
the ‘f” stands for the frequency of minor ticks, ‘g” for major, and ‘a’ for annotations.
Converting PostScript file to the image JPG file with 720 dpi resolution using GhostScript
(PET of Botswana): ‘gmtpsconvertBWpET.ps — A0.5c — E720 — Tj —

Generating colour palette and adjusting it for the extent of values in PDSI map of
Botswana: ‘gmtmakecpt — Cqual — mixed — 12.cpt —V — T — 5.1/12.1 > pauline.cpt’.
Using the Geospatial Data Abstraction Library (GDAL) library for analysis of the
statistics for T},;, raster grid of Botswana: ‘gdalinfo — statsbw_tim.nc’.
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The general climate maps included following parameters plotted on the maps:
Tyin/ Timax, soil moisture, precipitation, downward surface shortwave radiation, vapour
pressure, vapour pressure deficit, and wind speed, and the derived reference indices (PDSI,
PET, AET). All the maps were plotted using Mercator projection for compatibility reasons,
in order to achieve relevant matching coordinate reference grid at the identical spatial
extent and congruent resolution in each map for the compatibility and agreement of the
map series. The maps were adjusted for the extent of the territory of Botswana and the
surrounding regions (neighbouring countries) by subtracting the grids from the corre-
sponding NetCDF files using ‘-R’ module, e.g.,: 'gmtgrdcutTerraClimate_tmin_2018.nc —
R19.5/295/ —27/ —17.5 — Gbw_tim.nc'. Here, ’—R19.5/29.5/ —27/—17.5’ stands for the
coordinates in WESN (West-East-South-North) convention with coordinates of the south-

ern hemisphere as negative values (here, the example is provided for the downward surface
shortwave radiation map in Figure 8.

Downward Surface Shortwave Radiation in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 8. Downward surface shortwave radiation. Mapping: GMT. Source: author.

The implementation of the GMT algorithm for cartographic data processing is straight-
forward. In addition to the parameters of modules needed to plot the maps, the optimising
setup of general GMT parameters was done. This included, for instance, the annotation
offset, which is required to tightly plot the auxiliary texts, using the following expression:
MAP_ANNOT_OFFSETO0.2c. Based on the preceding observations of the layouts of maps,
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the width and colour of map countours was defined using following expression and pa-
rameters: MAP_TICK_PEN_PRIMARYthinner, dimgray, which overwrote the previous
parameters while disregarding the earlier settings, see Figure 9.

Effectively, we applied similar parameters for the cartographic grid using the ex-
pression MAP_GRID_PENthinnest,dimgray, in order to keep the grid visualised yet
not disturb the main content of maps. Furthermore, we introduce the template of the
output geographical coordinate of the maps by formatting each layout using the fol-
lowing command: gmtsetFORMAT_GEO_MAP = dddF. In these parameters, the goal
is to adjust the same parameters of plotting for all the maps from the map series, to
make them consistently designed for comparative analysis. Using similar approach, the
script initialised using the expression ps = Topo_BW.ps where all the commands exe-
cuted by modules were inserted. In the end of script, it was followed the by command
gmtpsconvertTopopW.ps — A0.2c — E720 — Tj — Z for data conversion.

VAP (Vapor Pressure) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°%)
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Figure 9. Vapor pressure in Botswana (2018). Mapping: GMT. Source: author.
5. Results

The analysis of the distribution of the temperature extremes over Botswana (Figures 2
and 3) is important to understand the distribution of PDSI values since these two parameters
are linked. So, as can be seen in Figure 2 (T},;, in Botswana in 2018), the minimal values
over the country are recorded in the south-eatsern and southern regions of the country, in
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the proximity of the Lobatse city and the Limpopo river valley, where values are lower and
reach +16.5 °C and further to the east (region of South Africa). The maximal temperature
(Tmax) in Botswana in 2018 is shown in Figure 3.

An important aspect of the Ty;qy distribution over Botswana depicted in Figure 3 is that
the highest values of the T}, are in the southern region of Kalahari (up to +38 °C, bright red
colour in Figure 3). This is partially caused by the typical hydrological and meteorological
process of the evaporation due to the a lack of water as that all of the absorbed light goes
into raising the surface temperature in the Kalahari Desert. The precipitation map (Figure 4)
exhibited a certain degree of spatially dependent distribution of rainfalls, which generally
increases to the north. However, the isolines demonstrate the rather wedge-shaped sharp
decrease of that values that reach the maximum between the 21°and 22° E in the centre of
the Kalahari Desert.

The Okavango Delta shows the transitional values between 80 and 111 mm (lilac and
red colours in Figure 4). The Ngotwane and Marico basins have values of 38 to 48 mm and
the Makgadikgadi Pan has dominating values of 80 to 95 mm. If we compare these values
to the different regions of Botswana, it becomes clear that the precipitation is higher in the
northern regions of the country, and in the southern along the river of Limpopo. The study
of soil properties is important for environmental and landscape research [101-105], as soil
systems directly affects the plant health through linked interactions. Thus, the variations
in soil moisture indicate the environmental health of the ecosystems and dynamics in
land cover types. Figure 5 illustrates the variations in soil moisture which show the least
moisture in the Kalahari Desert (0-1 mm/m, i.e., extreme dry, yellow colour in Figure 5)
with a slight increase in the NW and selected central districts of Kalahari (1-2 mm/m,
beige), Figure 5.

Further gradual increase in soil moisture (2 to 5 mm/m, green colours) is notable in
the north-western region of the country, specifically in the Okawanga Delta and on the
border with Namibia. Moderate variations (up to 10 mm/m) are also notable around the
Sehithwa village (Figure 5). The north-western bias in the trend of data distribution is
notable in the north of the country owing to the precipitation, which increases northwards.
At the same time, the temperature decrease is associated with climate effects in Botswana
and direct impact from the Kalahari Desert in the southern region of the country, Figure 10.

The potential evapotranspiration (PET) (Figure 6) values are visualised continuously
from the data extracted for Botswana. Here the data are ranging from a minimum of 133 mm
to a maximum of 250 mm. Basic statistical inspection shows the mean of 196.048 mm and
the standard deviation of 26.166 mm. The maximal is clearly visible in the lower region
of Kalahari region (over 240 mm). Using the GDAL inspection by ‘gdalinfo’, the actual
evapotranspiration (AET) Figure 7) was analysed and the data variations is shown as
follows: a minimum of 13 mm, a maximum of 148 mm, a mean of 73.225 mm, and the
standard deviation of 28.295 mm. Here, the minimal values correspond to the location of
the Kalahari Desert in southern Botswana (values 0 to 50 mm). The gradients of isolines
decrease (become less curved) in the northward direction towards the Okavango Delta,
where the values reach up to 120 mm.

The curves of the continuous fields showing the downward surface shortwave radia-
tion are illustrated in Figure 8, which reflects the total amount of shortwave radiation, both
direct and diffuse, that reaches the Earth’s surface over the area in Botswana. The overall
increase in the values can be noticed as increasing towards the southern region of Kalahari
where the values reach up to 326 Wm =2 (bright red colours in Figure 8) from the lowest in
the northern region with the minimal values of 234 Wm—?2 (light beige colours in Figure 8).
The vapour pressure (Figure 9) and vapour pressure deficit (Figure 10) correlate in general
trend increasing towards the southern regions of Kalahari Desert and reaching values of
2.56 atm from the minimal of 1.17 atm in the north of the country for vapour pressure.
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VPD (Vapor Pressure Deficit) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 10. Vapor pressure deficit in Botswana. Mapping: GMT. Source: author.

As shown in Figure 10 (Vapour Pressure Deficit, VPD of Botswana), there is a general
trend for vapour pressure to be higher in the SW (Kalahari Desert with the highest values
of 3.3, bright yellow colour) and lower in the NE of Botswana (up to 1.4, purple colours in
Figure 10). The VPD shows the deficit between the practical (real) value of the moisture
in the air and the theoretical amount of moisture that the air can contain when saturated.
The measured wind speed (Figure 11) reaches the maximal values in the area of Jwaneng
eastward of Kalahari. The inspection of data gives the following data range: minimum
at 1.8 m/s, maximum at 3.4 m/s, mean at 2.587 m/s, and standard deviation of values at

0.352 m/s (Figure 11).
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WS (Wind speed) in Botswana (2018)

Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 11. Wind speed in Botswana. Mapping: GMT. Source: author.

In general, the PDSI drought levels in Botswana in 2018 (Figure 12) show stepwise
variation of index with roughly seven areas: (1) —3.7 to —2.2. (extreme drought); (2) —2.2
to —0.8 (strong drought, southern Kalahari); (3) —0.8 to 0.7 (significant drought): central
Kalahari; (4) 0.7 to 2.1 (moderate drought); (5) 2.1 to 3.5 (lesser drought); (6) 3.5 to 4.9 (low
drought); (7) 4.9 to 6.4 (least drought), Figure 12. The zero level is highlighted by the thick
white isoline for the convenience of the classification (Figure 12). One possibility to explain
the PDSI values (Figure 12) showing the minimal values , i.e., extreme drought with values
—2.2 to —3.8), is that the minimal temperatures are recorded as the deepest area around the
Lobaste, which is situated in the southern region of the country (Figure 2). Furthermore,
this also corresponds to the low precipitation level in this region, compare with Figure 4, 35
to 61 mm, green colours: region of Jwaneng, Gaborone, area southwards of Kalahari.

In this region, the Downward Shortwave Surface Radiation (DSSR) is the highest, with
values exceeding 318 Wm ™2 (compare Figure 12 with Figure 8). The next (lesser) level of
drought severity with values of —0.8 to —2.2 (light plum colour in Figure 12) was examined
with map of the vapour pressure having consecutively decreasing values southwards of
Kalahari (1.6 to 1.2) correlating to the second level of drought of Botswana (—0.8 to —2.2).
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PDSI (Palmer Drought Severity Index) in Botswana (2018)
Dataset: TerraClimate. Input Data WorldClim, CRUTS4.0. Spatial resolution: 4 km (1/24°)
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Figure 12. PDSI in Botswana. Mapping: GMT. Source: author.

6. Discussion

The proposed framework of the GMT-based mapping produces a series of accurate
maps through the efficient cartographic workflow. The speed of running the scripts is
only several seconds for even complex data handling, which ensures the effectiveness
of the cartographic workflow and reduces the human-based routine. Another important
difference between the GIS and GMT is that each script is technically defined in the lines of
code. This guarantees plotted map to be resulted as designed, in contrast to the hidden
flaws and occasional errors of GIS interface. In other words, both the data processing and
data visualisation in GMT are defined from a fixed commands of code lines that handle the
data in a straightforward way and results in the programmed output. Using the presented
map of PDSI, the results can be further evaluated for the analysis of four types of drought
classification according to the regional setting of Botswana:

—  Meteorological drought (dominating dry weather conditions);
— Hydrological drought (noticeable low water supply);

—  Agricultural drought (crops are being affected);

—  Socioeconomic drought.
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Here, the fourth type affects the social system and well-being of the population the
most. These results continue the existing investigations on the complex interrelationships
between climate, environmental, and topographic factors in Botswana [106-108].

The maps can be used as a background for a more complex analysis of climate and
environmental effects on social well-being [109-112]. This includes the Kalahari Desert,
Makgadikgadi Pan, and Okavango Delta as the most important regions and landforms of
Botswana, for determination of the possibility of droughts appearance in Botswana, using
several multi-temporal climate datasets for different years and decades.

7. Conclusions

With ever-expanding geospatial data collection, the analysis of the geo-information
is becoming a fundamental research issue for many applications in Earth sciences. These
include a wide variety of cases starting from data visualisation for detecting environmental
trends, or data processing for climate change analysis, to more complex tasks of climate
modelling, including prognosis and forecasting. Mapping spatial data aims to visualise
environmental parameters in the most effective way in order to highlight variations in
parameters of topography, temperature, soil moisture, land use dynamic,s and many
more [113-117]. To this end, cartographic visualisation has to bridge the gap between
technical issues of spatial data processing and semantic interpretation of geo-information
as a source of knowledge in environmental and Earth science.

The conceptual approach of data handling in GIS includes data semantics, such as
points, lines, and polygons in vector types, and pixels in raster types, which can be read and
processed by a variety of functions and modules existing in various GIS [118-120]. With
enough functionality and robust data, such methods can be used for data visualisation and
modelling. However, obtaining higher automation and speed of data processing becomes
more difficult in traditional GIS. This is caused due to subjective misclassification and errors
originating from manual data handling. Processing large spatial datasets increases the need
for automation to avoid repetitive cartographic operations and ensure quick and seamless
data formatting. Moreover, while GIS methods are more or less capable of handling spatial
data as objects, including surface modelling, they are often more sensitive to visualisation
and mapping. In many cases, preparing final graphical map layouts in GIS remains a
handmade process that requires optimisation and automation.

Currently, most geospatial data processing tasks and the analysis of geo-information
require that spatial features and objects plotted on the maps are extracted from the raw
datasets effectively and rapidly, to produce the reliable and readable maps. The GMT
method works in a unified framework which can jointly optimise technical data processing
and produce the aesthetically adjusted maps. Compared to the traditional GIS, applying the
scripting approach of GMT benefits from being a simple and straightforward approach. It is
based on the programming approach of GMT efficient optimisation of geodata processing
where each cartographic operation is processed by a single module with various finely
adjusted options through the extended functionality. Once written, scripts are easily
amenable and adjustable to repetitive data processing that require similar tasks. However,
it also requires certain skills in programming for writing and executing the scripts.

This study presented the new series of climate and environmental inventory maps of
Botswana for 2018 using GMT scripting based on the TerraClimate and GEBCO datasets.
The main contribution of this paper is to demonstrate that a straightforward programming
method of modern cartography can be used to represent climate and environmental param-
eters accurately and effectively without requiring additional commercial GIS. The presented
maps can be used as a background for further regional climate studies of Botswana. Usually
based on processing a variety of thematic datasets, environmental and applied geological
studies depict spatio-temporal trends in ecosystems related to the Earth’s surface and
processes using topographic, climate, and environmental datasets [121-127]. Practical
application of the presented maps includes environmental assessment and agricultural
analysis in Botswana, as it is strongly affected by climate variability and characteristics,
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such as periods of drought, extreme temperatures and vapour pressure, as well as seasonal
changes in rainfalls [128-131].

Advances in the data processing can be recommended for future studies, including
the assessment of correlation between the selected environmental and climate variables
and their location and spatio-temporal variations. Among others, climate parameters
can be used as datasets: PDSI, AET, PET, Ty0x / Tpin, soil moisture, precipitation intensity
and repeatability with respect to local topography. Furthermore, as a direction for future
research, one may also consider statistical data analysis, which is possible in GMT, besides
mapping. For instance, plotting histograms of data distribution for climatic and topographic
indicators can be performed using module "pshistogram’.
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DSSR Downward Shortwave Surface Radiation
GDAL Geospatial Data Abstraction Library
GEBCO  General Bathymetric Chart of the Oceans

GIS Geographic Information System
GMT Generic Mapping Tools

GUI Graphical User Interface

NetCDF  Network Common Data Form
PDSI Palmer Drought Severity Index
PET Potential Evapotranspiration
SRTM Shuttle Radar Topography Mission
SPI Standardized Precipitation Index
SPEI Standardized Precipitation Evapotranspiration Index
VPD Vapor Pressure Deficit

vp Vapor Pressure
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