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Abstract: In the present research, a scripting cartographic technique for the environmental mapping of Ethiopia using 
climate and topographic datasets is developed. The strength of the Generic Mapping Tools (GMT) is employed for the 
effective visualisation of the seven maps using high-resolution data: GEBCO, TerraClimate, WorldClim, CRUTS 4.0 in 
2018 by considering the solutions of map design. The role of topographic characteristics for climate variables 
(evapotranspiration, downward surface shortwave radiation, vapour pressure, vapour pressure deficit and climatic 
water deficit) is explained. Topographic variability of Ethiopia is illustrated for geographically dispersed and 
contrasting environmental setting in its various regions: Afar, Danakil Depression, Ethiopian Highlands, Great Rift 
Valley, lowlands and Ogaden Desert. The relationships between the environmental and topographic variables are 
investigated with aid of literature review and the outcomes are discussed. The maps are demonstrated graphically to 
highlight variables enabling to find correlations between the geographic phenomena, their distribution and intensity. 
The presented maps honor the environmental and topographic data sets within the resolution of the data. Integration 
of these results in the interpretation maps presented here brings new insights into both the variations of selected 
climate variables, and the topography of Ethiopia.  

Keywords: cartography, climatic water deficit, environmental management, Ethiopia, evapotranspiration mapping, 
vapour pressure 

INTRODUCTION 

General demand for agricultural production results in associated 
pressure on natural landscapes in Ethiopia which triggers land 
cover changes. These processes reflect a complicated interplay of 
the anthropogenic activities, landscapes and natural factors, 
including topographic and climate parameters. Sustainable 
agricultural activities in Ethiopia strongly depend on estimating 
climate and environmental parameters indicating the favourable 
areas for plant growth. It can be well reflected in spatial-temporal 
fluctuations in the air temperature and humidity, soil moisture or 
terrain ruggedness. Climate parameters useful for assessment of 
regional suitability of landscapes for vegetation growth include 
water evaporation and transpiration, topography (terrain relief), 
air moisture related to the vapour pressure deficit. More complex 
parameters may be evaluated numerically, for instance, using 

climate water deficit which shows annual evaporative demand 
that exceeds available water. 

A complex interplay of factors affects vegetation, canopy 
and crop health through climate fluctuation [BATÁRY et al. 2015; 
BENAMI et al. 2021]. As a result, agricultural studies require 
modelling, visualisation and detailed analysis of various soil, 
climate and meteorological parameters that affect regional 
environmental sustainability, such as evapotranspiration, down-
ward shortwave radiation, vapour pressure and climatic water 
deficit. Technical cartographic tools, geospatial analytics and data 
visualisation by GIS support such studies by modelling climate 
datasets and mapping information on agricultural parameters. 

The goal of this study is to visualise several environmental 
data related to the agricultural monitoring and local climate 
setting in the country. To achieve this goal, the objective was to 
produce a series of climate maps covering Ethiopia. The technical 
approach was based on the Generic Mapping Tools (GMT) and 
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high-resolution raster datasets in NetCDF format. The visualised 
data and presented maps are based on modelling following 
parameters: downward surface shortwave radiation, vapour 
pressure, vapour pressure deficit, climatic water deficit and 
evapotranspiration. 

The evapotranspiration is a direct function of water 
evaporation and transpiration from a surface area to the atmo-
sphere showing the surface energy balance components [AYENEW 

2003]. It strongly depends on surface elevation and topographic 
ruggedness that control vegetation types dominating on various 
types of landscape patches. Besides evapotranspiration, other 
types of variables provide accurate information for agricultural 
resource monitoring and management [ELBELTAGI et al. 2020]. 
These include, for instance, vapour pressure, air temperature, 
land cover types with specific information on the vegetation types 
(coniferous or broad leafs). Moreover, as previously noted 
(EL MAAYAR and CHEN [2006]), evapotranspiration reflects 
heterogeneities in vegetation, topography and soil texture. 
Therefore, deep analysis of the evaporation variability requires 
integration of several datasets for comparative analysis and 
finding correlations between the climate and environmental data. 

If the data pool is small, the derived information (maps or 
graphs) is insufficient for comparison of variables and assessment 
of the environmental parameters. Therefore, one solution is to 
aggregate various data from open sources: climate data (World-
Clim), topographic data SRTM DEM [DILE et al. 2020; WORKU et al. 
2021], in situ data from weather stations [RODRIGUEZ-DOMINGUEZ 

et al. 2019], sensor data from MERIS [TADESSE et al. 2015], 
biochemical fieldwork measurements of the plant leaves [COLLINGS 

et al. 2019], to mention a few data sources. Although an alternative 
is to avoid areas on the map which have “no-data” status, it is 
always better to search for the open data. Data visualisation 
enables to perform comparative analysis on local- and regional 
scale environmental trends, and to find dependencies and patterns 
[LEMENKOVA 2021a]. One more alternative of effective data 
visualisation is to depict cartographic elements using upscaling 
or downscaling for the areas with small values that otherwise 
become visually insignificant. Finally, manipulating with colour 
palettes, making an accent on the smaller areas, highlighting and 
enlarging areas of interest are one of many cartographic techniques 
that aim at a more effective data visualisation. 

This paper reports a case study of practical application of 
GMT for visualising climate, topographic and environmental data 
as a series of maps showing agricultural parameters in Ethiopia 
and their spatial correlations. The presented methods are 
grounded in a GMT scripting framework for cartographic 
representation [LEMENKOVA 2019c]. The research presents an 
effort designed to find cartographic solutions in visualisation of 
the agricultural maps for demonstrating spatial variability among 
the environmental parameters related to Ethiopia. 

MATERIALS AND METHODS 

GENERAL INFORMATION 

Methods and approaches of the geospatial analysis, data processing, 
modelling and visualisation in Earth sciences are diverse [BEYENE 

et al. 2018; GEBRU, TESFAHUNEGN 2020; KLAUČO et al. 2013; LINDH, 
LEMENKOVA 2021; SCHENKE, LEMENKOVA 2008; SUETOVA et al. 2005; 

VILLARREAL-GUERRERO et al. 2020]. However, the principal differ-
ence of the GMT from the traditional GIS consists in script-based 
philosophy which enables smooth repeatability of the workflow. At 
the same time, mapping environmental high-resolution data from 
the open sources is an important task for ecological monitoring of 
Ethiopia, since it satisfies the need for regularly updated maps that 
reflect actual state of the parameters affecting vegetation and soil 
aimed to reflect the ongoing environmental and climate changes. 
This necessarily requires frequent revisions of maps that could be 
updated as often as necessary. This is possible using GMT 
automated scripting techniques that significantly facilitates map-
ping compared to the traditional GIS-based routine. In view of 
this, this study demonstrated the advantage of using GMT script-
ing tools in cartography for environmental mapping of Ethiopia. 

Various papers have addressed the question of methods of 
mapping agricultural, climate and environmental parameters 
specifically in landscape, environmental and geologic studies 
[ADIMASSU et al. 2014; AHMAD et al. 2020; ANDUALEM, DEMEKE 2019; 
DIODATO et al. 2010; KLAUČO et al. 2017; LEMENKOV, LEMENKOVA 

2021a, b, c; TAMENE et al. 2017]. Although GIS are commonly used 
for data processing and mapping in geospatial studies, scripting 
methods by means of Generic Mapping Toolset (GMT) are more 
effective for plotting cartographic data, as providing more 
accurate and automated solutions for digital agriculture and 
environmental monitoring using diverse datasets. GMT is capable 
to process multi-format data, which is useful when visualising 
data from various sources, such as climate and geographic factors, 
topographic variability of the terrain [COLLINS et al. 2017], 
proximity of crop lands to the rivers, identification of land use or 
land cover types, possibility of droughts (analysis of annual 
temperature), or even social-economic data, for instance, local 
farmer population in Ethiopia. Key parameters may be originally 
present in diverse data formats which requires effective proces-
sing such datasets when quantifying regional climate settings for 
sustainable agroecosystems [PETER et al. 2020]. These can be used 
for agricultural assessment and environmental sustainability in 
Ethiopia. 

DATA COLLECTION AND COMPILATION 

In this study, data were merged from numerous sources that vary 
in scale, geographic extent, formats and resolution. The materials 
include qualitative and quantitative data retrieved from the 
TerraClimate [ABATZOGLOU et al. 2018], WorldClim [FICK, HIJMANS 

2017], CRUTS (Climatic Research Unit) version 4.0 [HARRIS et al. 
2020]. Open source climate and meteorological data were 
compiled to support environmental mapping of Ethiopia. The 
GEBCO data [GEBCO Compilation Group 2020] were used for 
topographic mapping and clipped using the Digital Chart of the 
World (DCW) vector layer. The GEBCO is a 15 arc-second raster 
grid showing the most competent and detailed topography and 
bathymetry data of the Earth, widely used in geosciences [GAUGER 

et al. 2007; LEMENKOVA 2020a, b]. The data were integrated to 
produce the compatibility across the map series. 

MAPPING IN GMT 

The cartographic visualisation and mapping were performed by 
methods of spatial data processing using GMT scripting toolset 
[WESSEL et al. 2019]. GMT smoothly combines the advanced 
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technical scripting methods and recognises the majority of spatial 
data formats that can be imported and processed. In this study, 
several modules of GMT were used by existing technique 
[LEMENKOVA 2019a, b; 2021b]: grdcut, makecpt, grdimage, 
psbasemap, pscoast, psclip, grdcontour, pstext, psconvert. Cli-
matic water deficit estimation was visualised to assess irrigation 
demand and landscape stress in Ethiopia. This parameter shows 
the estimated amount of water plants that would be used if it were 
available [FLINT et al. 2015]. Since the maps aim to demonstrate 
the variability of the environmental parameters, the projection 
was defined identical for all the maps for compatibility reasons. 

Map annotations were added using the “pstext” module of 
GMT by manual editing of the coordinates and the annotated 
text. For example, it can be seen in following code snippet for the 
subtitle in Figure 7 (Climatic Water Deficit): “gmt pstext -R0/10/ 
0/15 -JX10/10 -X0.1c -Y8.0c -N -O -F+f11p,13,black+jLB >> $ps 
<< EOF 0.0 9.0 Dataset: TerraClimate. Input Data WorldClim, 
CRUTS4.0. Spatial resolution: 4 km (1/24\232) EOF”. The colour 
palettes were selected for the most effective visualisation, to 
highlight the extremal values, and to make maps compatible with 
others in the series. Those were defined using the GMT command 
“gmt makecpt”. To adjust existing colour palettes to the actual 
data range, stretching was used for the following colour palettes: 
“elevation”, “panoply”, “jet”, “cyclic”, “turbo”, “inferno” and 
“wysiwyg”. The contrast hues and colour palette solutions, the 
variations of the fonts and relationships in hierarchies of the 
annotations have been maintained persistently among the maps 
and among elements such as country boundaries, river network, 
colour scale, clipped country map and an insert global map. The 
maps present raster files plotted by GMT with regulated 
transparency. 

RESULTS AND DISCUSSION 

The results are presented as seven new maps of Ethiopia 
demonstrating changes of the selected climate and environmental 
variables in the topographic and geological context: Afar Triangle 
and Danakil Depression, Ethiopian Highlands, Great Rift Valley, 
lowlands and Ogaden Desert. 

Gradual changes in values of the environmental variables 
show correspondence with local and regional relief and trends in 
climate parameters. The results include a set of new medium- 
scaled maps of Ethiopia produced using GMT for each of the 
environmental parameters. The maps are based on the high- 
resolution datasets derived and interpreted from the open 
sources: GEBCO, TerraClimate, WorldClim, CRUTS 4.0. The 
maps can be used in relevant similar studies on Ethiopia. 

The cartographic visualisation of the data is presented 
through the GMT-based mapping to demonstrate variability and 
correlation of the given parameters in details over the contrasting 
geographic units annotated in the topographic map (Fig. 1): the 
Ethiopian Highlands, with dominated cool climate, and the 
lowlands (Afar, Danakil Depression) with dominated arid 
climate. The comparison of maps is necessary for the analysis 
of the heterogeneous patterns of climate variables in such 
drought-prone regions as Ethiopia. This can assist in agricultural 
monitoring which requires advanced mapping techniques and 
cartographic visualisation of high-resolution data. When compar-
ing maps (Figs. 1–2), it can be seen that downward surface 
shortwave radiation in Ethiopia (Fig. 2) shown the highest values 
(over 271 W∙m–2) in the southern region of the country (bright 
red colours), while the lowest ones (<235 W∙m–2) are dominating 
in the Danakil Depression and Afar (blue colours areas in Fig. 2). 

Fig. 1. Topographic map of Ethiopia; digital elevation data: SRTM/GEBCO, 15 arc sec resolution grid; mapping: 
GMT; source: own study 
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Using GMT-based maps for detecting arid regions not 
suitable for agricultural activities together with other cartographic 
methods assists in advanced environmental analysis by comparative 
analysis. For instance, comparing water pressure (Fig. 3) with 
topographic map (Fig. 1) demonstrates the effects of the relief and 
topographic variations on water pressure. The vapour pressure 
deficit (VPD), shows negative difference, or deficit, between the 
actual air moisture and the theoretical amount of moisture that the 
air could hold once saturated. In the conditions of the saturated air, 
water condense out forming water over leaves, which is ultimately 
a limiting factor in plant growth rates across the ecosystems 
[NOVICK et al. 2016]. Therefore, a comparison between the vapour 
pressure deficit (Fig. 4) and the topography (Fig. 1) shows their 
potential interactions reflected as a correspondence between the 
isolines and contours of the Great Rift Valley clearly depicted on 
the both maps. The lowest values (from –1 to 1, blue colours in 
Fig. 4) are typical for the Ethiopian Highlands while higher values 
are clearly visible in the Danakil Depression and Afar reaching 
values 3.5 (yellow colour) up to 6 (bright red). Climatic water 
deficit is higher in the coastal areas and the Afar Triangle (110– 
145), while higher (60–100) in the Ethiopian Highlands. Vapour 
pressure (VAP) is the highest in the coastal areas (VAP values from 
3 to 6) while low values in the Ethiopian Highlands (VAP from 
0 to 2). The correlation of the vapour pressure with relief is 
illustrated by the isolines and colour schemes remarkably corres-
ponding to the contours of the Afar and the Great Rift Valley. 

As demonstrated on these maps, the GMT develops a data- 
driven technique that can visualise spatial data accurately and 
rapidly. Such a principle differs significantly from the existing 
traditional GUI-based GIS. For instance, GMT employs data 
capture and processes various formats including raster and vector 

files. Due to the accurate data visualisation, GMT assists in 
information retrieval and more complex interpreting. 

However, the GMT-based maps can be coupled with 
cartographic visualisation made using GIS. Such an integrated 
approach combining different maps can assists in decision- 
making for agricultural monitoring of Ethiopia, spatial environ-
mental analysis and data modelling. The advantages of the 
integrated studies consist in processing multiple variables (e.g. 
vapour deficit, evapotranspiration, climate water deficit and many 
more) that may be used for indicating suitability of the selected 
regions for arable lands or as a basis parameters in more complex 
environmental estimations and modelling. 

Climate and environmental changes create challenges for 
landscapes and vegetation coverage. These are well reflected in 
landscape dynamics that results in new land cover types and 
affected biodiversity. Landscape variability and dynamics is 
largely affected by regional climate setting and variations in local 
parameters that in turn are controlled by the atmosphere-soil 
interactions. For instance, water from the soil is being transported 
upward to the atmosphere, which is caused by the evaporation 
from the soil surface and transpiration from plants. As 
a consequence, the evapotranspiration can indicate on more or 
less favourable regions for vegetation growth and intensity of the 
vegetation coverage (sparse or dense). Such an analysis can assist 
in decision making regarding the sustainable agriculture and 
environmental land management. 

The evapotranspiration reflects biophysical processes of the 
evaporation and transpiration of plants that are useful for 
environmental and ecological assessment. This can indirectly 
show how local and regional landscapes are controlled by climate 
and topography reflected in vegetation health and canopy 

Fig. 2. Downward surface shortwave radiation in Ethiopia (2018) visualised using TerraClimate WorldClim, 
CRUTS v4.01 data variables; spatial resolution: 4 km (1/24°); mapping: GMT; source: own study 
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coverage. For example, the potential evapotranspiration (Fig. 5) 
well correlates with the topographic patterns and shows the lowest 
values (<120 mm) in the Ethiopian Highlands and the highest 
values (>220 mm) in the south, which demonstrates general 

zoning of the area with respect to the relief of the country. The 
actual evapotranspiration (Fig. 6) reaches its highest values (over 
120 mm) in the north-eastern region of the country (39.5°E, 14.3° 
N) following by the areal in the west (over 120 mm, 35°E, 8°N). 

Fig. 3. Vapour pressure (VAP) in Ethiopia (2018); Dataset: TerraClimate, WorldClim, CRUTS v4.01; spatial 
resolution: 4 km (1/24°); mapping: GMT; source: own study 

Fig. 4. Vapour pressure deficit (VPD) in Ethiopia (2018); dataset: TerraClimate, WorldClim, CRUTS v4.01; 
spatial resolution: 4 km (1/24°); mapping: GMT; source: own study 
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Random selection of the enlarged patches, grouping and 
hierarchical comparison of the selected fragments for landscape 
analysis may assist in the multi-scale evaluation of the potentially 
suitable areas for the crop fields with different patch sizes in 

Ethiopia. For instance, regional location of the Danakil Depres-
sion well correlates with the lowest values of the climatic water 
deficit (<10 mm) which accentuated topographic locations of 
various landscapes type sites in Ethiopia through pairwise 

Fig. 5. Potential evapotranspiration (PET) in Ethiopia (2018); dataset: TerraClimate, WorldClim, CRUTS 
v4.01; spatial resolution: 4 km (1/24°); mapping: GMT; source: own study 

Fig. 6. Actual evapotranspiration (AET) in Ethiopia (2018); Dataset: TerraClimate, WorldClim, CRUTS v4.01; 
Spatial resolution: 4 km (1/24°); mapping: GMT; source: own study 
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comparative analysis of the two geographic datasets. On the 
contrary, the highest values (>220 mm, pink rose colour in Fig. 7) 
are notable for the mountainous areas in the south of the country. 

Besides the demonstrated methodological application of 
GMT, this study proposed an environmental framework of 
mapping Ethiopia that may assist in agricultural policy makers 
and optimise crop monitoring based on the advanced geospatial 
data processing. The scripting techniques of GMT have been 
recognised as an effective tools for automatic processing of the 
spatial data which can also be applied in crop data analysis, 
landscape studies and land cover use monitoring. The advantage 
of the GMT application in geospatial studies of Africa is that it 
enables to produce accurate and robust print-quality maps by 
providing a time-efficient workflow of data processing through 
the automated workflow which is achieved by scripts. For 
instance, GMT scripts enable to plot maps based on the 
automated mapping which significantly accelerates the workflow 
of mapping. This is applicable for the environmental and climate 
studies of Ethiopia enabling to improve mapping and assist in 
estimation of environmental and climate setting. 

The presented series of maps aims to examine local climate 
variations over Ethiopia that affect vegetation health and 
conditions of growth. The methodology included using scripting 
methods of GMT by analysing TerraClimate datasets covering 
Ethiopia. The environmental and climate mapping has an 
ultimate goal of assisting agricultural needs. Therefore, it requires 
operative monitoring of climate datasets using open sources, such 
as TerraClimate. Such data can also be used for comparative 
analysis by years that enables time series analysis or retrospective 
mapping. 

Mapping environmental and climate parameters benefits 
from the automated scripting methods, since it increases accuracy 
and speed of mapping workflow. As a response to these needs, 

GMT presents excellent solutions for environmental mapping of 
Ethiopia by ensuring cartographic quality for environmental data 
analysis. 

CONCLUSIONS 

Based on the identified research limitations in the existing 
literature on Ethiopia, this study applied algorithms of GMT 
scripting techniques for advanced geospatial data processing for 
mapping climatic and environmental variables. The geospatial 
data have been used from the open sources for mapping selected 
climate variables of Ethiopia. For example, this include variations 
of vapour pressure (VAP) and vapour pressure deficit (VPD), 
actual and potential evapotranspiration (AET and PET) and 
climate water deficit (DEF) compared to the topography of the 
country. 

In this way, the paper presents a challenging task of 
supportive environmental mapping of Ethiopia. In turn, water 
resource management and land monitoring opens up opportu-
nities for agricultural development and vegetation monitoring in 
the country. The design of the map series regulated hierarchical 
composition and relationship between the elements on maps 
showing different data (climate and topographic). The visualisa-
tion of these data has been performed using a variety of GMT 
colour palettes and innovative application of the continuous hue 
colour schemes (see Figs. 1–7). Effective cartographic visualisa-

Fig. 7. Climatic water deficit (DEF) in Ethiopia in 2018; dataset: TerraClimate, WorldClim, CRUTS v4.01; spatial 
resolution: 4 km (1/24°); mapping: GMT; source: own study 
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tion of the climate and environmental parameters by GMT 
contributes to the ecological monitoring of Ethiopia to ensure 
that its unique and topographically diverse landscapes are 
accurately monitored using advanced methods. 

Interpolated colouring and contouring of the continuous 
fields of the meteorological variables visualised on the maps 
(evapotranspiration in actual and potential computations, vapour 
pressure deficit, climatic water deficit) highlighted correlations 
between the environmental categories and the topography of 
Ethiopia which includes such complex landforms and geological 
units as Afar Triple Junction, Danakil Depression, Ethiopian 
Highlands, Great Rift Valley, lowlands and Ogaden Desert. Thus, 
the maps emphasised logical, physical and hierarchical relations 
between the climate, topographic and meteorological parameters 
that strongly affect soil setting and, as a consequence, control 
vegetation growth. The topographic relief around the selected 
regions of the country in extremal values (depressions and 
highlands) can be visible at the cross-correlation analysis and 
pairwise comparison of the maps. 

The GIS-based visualisation for georeferenced data is a topic 
that has received increasing attention in publications over the last 
decades. These include, for instance, quality visualisation of the 
geospatial data, cartographic algorithms of data modelling, open 
sources for public geographic repositories, to mention a few. To 
contribute to the existing environmental studies on Ethiopia and 
to increase the existing information of the climate and 
environment variability of the country, this paper presented 
a thematic series of the seven new maps covering Ethiopia. The 
maps demonstrated spatial variations of the selected climate and 
ecological parameters that correlate with topographic setting of 
the country. In this way, the study aimed to contribute to the 
environmental analysis of Ethiopia. 

As a recommendation for future studies extended use of the 
programming languages and application of machine learning 
algorithms can improve techniques of mapping along with other 
datasets used for more detailed environmental analysis. The 
present study intended to provide a framework for thematic 
environmental mapping of Ethiopia using GMT for mapping 
climate variables related to droughts. Such an analysis may be 
used for assessment of crop health in agricultural monitoring of 
the country, as well as a background for hydrological and 
environmental mapping of Ethiopia. 
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