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Abstract: This study documents the changes in the Land Use/Land Cover (LULC) in the region
of saline lakes in north Tunisia, Sahara Desert. Remote sensing data are a valuable data source in
monitoring LULC in lacustrine landscapes, because variations in the extent of lakes are visible from
space and can be detected on the images. In this study, changes in LULC of the salt pans of Tunisia
were evaluated using a series of 12 Landsat 8-9 Operational Land Imager (OLI) and Thermal Infrared
(TIRS) images. The images were processed with the Geographic Resources Analysis Support System
(GRASS) Geographic Information System (GIS) software. The study area included four salt lakes
of north Tunisia in the two regions of the Gulf of Hammamet and Gulf of Gabes: (1) Sebkhet de
Sidi el Hani (Sousse Governorate), (2) Sebkha de Moknine (Mahdia Governorate), (3) Sebkhet El
Rharra and (4) Sebkhet en Noual (Sfax). A quantitative estimate of the areal extent analysed in this
study is 182 km x 185 km for each Landsat scene in two study areas: Gulf of Hammamet and Gulf
of Gabés. The images were analysed for the period 2017-2023 on months February, April and July
for each year. Spatio-temporal changes in LULC and their climate-environmental driving forces
were analysed. The results were interpreted and the highest changes were detected by accuracy
assessment, computing the class separability matrices, evaluating the means and standard deviation
for each band and plotting the reject probability maps. Multi-temporal changes in LULC classes
are reported for each image. The results demonstrated that changes in salt lakes were determined
for winter/spring /summer months as detected changes in water/land/salt/sand /vegetation areas.
The accuracy of the classified images was evaluated using pixel rejection probability values, which
were filtered out using the 'r.mapcalc’ module of GRASS GIS. The confidence levels were computed
and visualised with a series of maps along with the error matrix and measured convergence level of
classified pixels. This paper contributes to the environmental monitoring of Tunisian landscapes and
analysis of climate effects on LULC in landscapes of north Africa.
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1. Introduction
1.1. Background

Remote sensing (RS) data analysis is a fundamental issue in environmental studies
and ecosystem monitoring. Processing RS data is especially essential for multi-temporal
analysis of land cover changes [1] and application of environmental geomorphology, which
are subject to seasonal changes and shrinkage due to climate effects [2]. Climate effects
can cause desertification [3,4] and threaten the balance of biodiversity [5]. Therefore,
monitoring environmental properties of Saharan landscapes by RS data plays an essential
role in analysis and decision making on environmental sustainability, which results in many
approaches to the effective methods of image processing for environmental tasks [6-8].

The key factors in effective approaches to satellite image processing include the resolu-
tion of data (e.g., 5-30 m/pixel for United States Geological Survey (USGS)/National Aero-
nautics and Space Administration (NASA) Landsat or high resolution with 1-5 m/pixel for
Planet Labs Rapid Eye Satellite) and the functionality of the software [9]. Another important
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factor consists in the quality of image, coverage extent, cloudiness and haze. Major image
types are widely used for effective environmental monitoring and include Landsat [10-12],
Advanced Very High Resolution Radiometer (AVHRR) [13], Google Earth [14], Moderate
Resolution Imaging Spectroradiometer (MODIS) [15,16] and the combinations thereof [17].
Examples of very high resolution data include such images as Quickbird [18], Satellite
Pour I'Observation de la Terre (SPOT) with spatial resolution ranging from 2.5 to 5 m in
panchromatic mode, 10 m in multispectral mode and 20 m on short wave infrared mode,
Sentinel-2 mission with spatial resolution of 10 m in four bands, 20 m in six bands and 60 m
in three bands, and a swath width of 290 km), and Ikonos imagery with spatial resolution
of 0.80 m in panchromatic and 3.2 m in multispectral bands[19]. Certainly, although diverse
images can be used as data sources for environmental monitoring and mapping, the general
approach of image analysis relies on using imagery as Landsat or other existing sensor
types to extract information through image processing [20].

Selecting a suitable GIS is important for satellite image processing, since its functional-
ity is necessary for data capture and information retrieval from the images. A comprehen-
sive survey is available on the existing free Geographic Information System (GIS) [21,22],
recent trends in the development of cartography [23] and new directions and perspectives
in GIS [24], while this section covers the most relevant GIS applications for environmental
mapping. The efficient solutions for satellite image processing are presented by Earth
Resources Data Analysis System (ERDAS) Imagine with applications of environmental
monitoring [25] with many existing cases due to the functionality and availability of diverse
modules aimed at raster data processing. The Global Mapper GIS, developed by the USGS,
includes a variety of tools including Light Detection and Ranging (LiDAR) handling, 3D
rendering, and watershed delineation to process geological and environmental data. Prob-
ably the most well-known and widely distributed commercial GIS is the ArcGIS, which
processes well both vector and raster data [26], supports satellite images processing [27],
and enables hydrological catchment and basin analysis [28], terrain Digital Elevation Model
(DEM) modelling for geospatial data analysis [29] and spatial data visualisation.

Nevertheless, in order to reduce the uncertainty and increase the effectiveness of
environmental monitoring, a lot of approaches to RS data are proposed as an alternative to
processing climate data, some of them using Landsat products [30] and their integration
with the Google Earth Engine platform [31], or mixed approaches with GIS-based map-
ping [32-34], and some of them using hydrological datasets for evaluating physicochemical
parameters of groundwater in inflow [35]. Other examples include evaluating the content of
soil organic carbon stocks in topsoils using bioclimatic data [36] or monitoring agricultural
and irrigated lands and their behaviour during drought periods [37].

The focus of the present study is salinisation issues in Tunisia, Figure 1. Thus, ap-
proaches to environmental monitoring of saline lakes consist in optimised data modelling
for ecological assessment of the lacustrine environment in an arid landscape. The primary
aim is to highlight correlations between climate and environmental responses [38] and
to evaluate regional hydrogeological processes. Specific soil types in the arid climate of
Sahara desert affect the geochemical composition of groundwater, which, in turn, influences
surface water quality and vegetation patterns in Tunisia [39,40]. At the same time, various
landscapes have different mechanisms of ecosystem functionality controlling the rates
of vegetation response to droughts and reaction in soil materials and phases of dissolu-
tion—precipitation during salinisation [41]. Therefore, understanding the possible causes
and environmental implications, most particularly in Tunisia, relies on proper data analysis.
The aim of data modelling is to derive information regarding the parameters of these
processes, to evaluate the effects of seasonal rise in temperature and soil performance as
a sediment background in saline lakes of Tunisia during heat periods, which is of great
importance for environmental monitoring of Tunisian sector of Sahara. In this regard,
remote sensing techniques present useful tools to monitor at large scale the phenomenon
of environment-climate interactions.
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Recent years have seen an enormous trend to employ new technologies for satellite
image processing and analysis. Advanced GIS software specially designed to process,
model and interpret satellite images enable the display of the landscapes of the Earth
and the mapping the thematic maps on the basis of image classification. At the same
time, a rising pool of the space data obtained from Earth Observation create a demand for
cutting-edge technologies. Up until now, processing satellite images was a task performed
by GIS that employs specialised functions to capture, handle and analysis remote sensing
data. Selected commercial software programs that operate with images are expensive and
complicated to operate. Such restricted access has prevented the spread of such technologies
and thus limited the use of proprietary software. As a response to these needs, the novelty
of this study presents the use of an advanced scripting approach of the open-source GRASS
GIS tool for processing remote sensing data.

In this study, we explore the advanced cartographic approaches to map changes in
saline lakes of Tunisia using satellite images to better evaluate the effects from climate
and seasonal fluctuations in temperature on salinisation of sabkhas in north Sahara. The
success in satellite image processing can be evaluated through classified and mapped
difference in land cover types showing the environmental characteristics of soil types and
land cover categories, which indicate land cover changes [42]. The traditional methods
of such evaluation include fieldwork and topographic measurements. The data obtained
from such surveys can then be overlaid on the existing vector layers using GIS. However,
such methods have drawbacks: the organisation of fieldwork measurements is required
for the whole process of land monitoring, surveying and topographic mapping [43]. This
might be a hard and costly process to implement in such remote areas as the Sahara desert.
Moreover, the traditional geographic fieldwork measurements provide information of land
categories as discrete values measured by technical surveyors without sufficient data on
complex patterns of the landscapes.

An alternative approach is presented by the remote sensing (RS) data processing,
which can be used as descriptors of land cover types and partial replacement of the tradi-
tional topographic fieldwork methods. The use of the RS integral assessment of land cover
patterns are possible using satellite images covering a large extent of the study area [44].
The satellite images provide direct information on land categories due to the relationship
between spectral reflectance and the environmental properties of land categories, which
can be derived from the spaceborne images and interpreted using GIS tools [45-47]. As a
general rule, vegetation and water areas can be identified using a combination of Red /NIR
channels since the reflectance in NIR increases for vegetation along with the absorbed signal
in Red bands. This enables discrimination between water and vegetation areas during
image analysis. Such RS properties are widely used for calculation of vegetation indices.

Generally speaking, the RS approach is based on measuring spectral reflectance of
the pixels on the satellite image. Spectral reflectance of pixels in various wavebands of
the multispectral image indicates spectral characteristics of different objects on the Earth
and thus represents diverse land cover types. This fundamental characteristics enable the
use of spaceborne images for detecting land cover types. Moreover, compensating and
correcting the image from atmospheric and air-water effects enable image interpretation
for thematic mapping. Therefore, evaluating land cover changes using satellite images can
be performed using the times series approach. This solution is based on the interpretation
of several satellite images taken on the same target area in different seasons of year or a
sequence of several years.

In this regard, the RS method emerges as a fundamental technique of Earth Obser-
vation in a wide variety of geospatial and environmental applications. The case studies
include landscape mosaics [48], monitoring sedimentation processes [49], dynamics of
sandy dunes in the Sahara [50], geomorphological modelling [51] and monitoring coastal
regions [52,53]. The generic approach of RS and advantages of the use of spaceborne
data have been noted earlier [54]. These include the high sensitivity of satellite images,
which enables the detection of small-size patches of landscapes, regularity of survey by
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various space sensors and flexibility of data coverage. The latter enables images to be finely
adjusted for practically any study area using search criteria in data selection and threshold
parameters, such as cloudiness, or image source.

When applied to a series of images, processing RS data can effectively discover the
environmental properties of landscapes [55-57]. Moreover, RS data processing and satellite
image analysis enable the quantification of landscape patches within the target area through
the interpretation of classes that indicate land categories and vegetation types [58,59].
Furthermore, this approach enables the determination of climate effects in lacustrine or
coastal environments [60]. Finally, other advantages of the RS data processing consist in a
resource- and time-effective approach indicating the dynamics in landscapes through the
evaluation of changes over time.

Inspired by the existing examples of the RS data analysis in environmental monitor-
ing [61-65], this study integrated the advanced methods of the GRASS GIS with applied
techniques of its image processing modules for assessment and mapping of changes in
landscapes of saline lakes in northern Tunisia, Figure 1. The main purpose of this study is
to evaluate the response of land cover types around salt lakes of Tunisia to seasonal fluctua-
tions in temperature and the increase in salinisation. The methodological approach aims at
providing advanced RS and cartographic methods. Importantly, the study presented here
is not intended to suggest that RS data replace the hydrological datasets. In contrast, these
images can supplement the fieldwork survey in the sabkhas and environmental tests on
the saline soil of Tunisia.

In this paper, the integration of an image processing workflow with cartographic and
geologic maps provides an effective approach by which the analysis of environmental
changes can be performed with regard to inter-year and multi-decade meteorological
variations. The goal of using the RS data is to qualitatively evaluate and visualise changes
in land cover types. These changes are caused by seasonal fluctuations in temperature
during winter/spring/summer months and the process of evaporation. In this way, RS data
processing presents an effective means by which the time series of the multispectral images
can be analysed for landscape monitoring. Data obtained from clustering of the Landsat
OLI/TIRS satellite images were used for modelling land cover types using classification.

The cartographic experiments were performed on two study areas in north Tunisia:
(1) the coastal regions of the Gulf of Gabes (salt lake Sebkhet en Noual) and (2) the Gulf
of Hammamet (salt lakes Sebkhet de Sidi el Hani, Sebkha de Moknine and Sebkhet El
Rharra). Using a comparison of several images classified for various seasons and time peri-
ods, this study evaluated the properties of the landscapes using the maximum-likelihood
discriminant analysis classifier of GRASS GIS. The advanced methods of evaluation of
landscape properties are built on the growing demand for time- and cost-effective ap-
proaches to environmental monitoring in the changing climate of Tunisia. This contributes
to saving agricultural resources and making decisions of farmers and environmental plan-
ners. In turn, the effective landscape management enables making use of the renewable
resources in the regions of salt lakes considering the regional and local environmental
settings of Tunisia.

1.2. Study Area

This study focuses on the salt lakes located in the north Sahara, Tunisia, Figure 1.
Saline lakes in Tunisia are important components of the environment, playing a crucial role
in biodiversity maintenance, habitats for rare species in nearby oases, rare sources of water,
flood and fishery, regulators of temperature, hydrology, and carbon fixation. The salt lakes,
or sabkhas, of Tunisia present a series of saline depressions that are characterised by the
variability of water: during the winter, sebkhas receive rare water inflow from occasional
rains, while, during summer months, the lakes dry out almost completely and become
saline crystallised surfaces [66-68].
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Topographic map of Tunisia
Digital elevation data: SRTM/GEBCO, 15 arc sec resolution grid
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Figure 1. Two segments of the study area on a topographic map of Tunisia: the Gulf of Hammamet
(northern part) and the Gulf of Gabeés (southern part). Yellow dots indicate the locations of the
annotated major cities. Two specific locations studied in this research are contoured by a purple-
coloured rotated square (Gulf of Hammamet) and magenta-coloured rotated square (Gulf of Gabés).
Mapping software: Generic Mapping Tools (GMT).

The physiographic data on Tunisia present moderate hilly terrain with the slope ge-
omorphology ranging from zero m in the coastal areas at water level to the maximum
at 3781 m and mean at 432 m, according to the General Bathymetric Chart of the Oceans
(GEBCO) DEM grid. The geographical location of these sebkhas is related to the envi-
ronmental historical development of north Sahara with related aeolian and fluvial pro-
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cesses [69,70]. Located in the arid environment of north Africa, saline lakes and surrounding
landscapes experience changes in volume and extent due to the extreme temperatures:
during the summer heat period, lakes dry out almost entirely and become a crust of salt
and minerals due to the evaporated moisture. Gradual deflation and geomorphic erosion
lead to the formation of low individual basins and pans where current salt lakes are located
on specific soil types typical for an arid environment [71]. Soil classification in Tunisia
include the following types of soil according to the French system: podzols, vertisol, red
Mediterranean, calcium-magnesium, brown, saline and hydromorphic very acidic soil, and
poorly evolved soils. Of these, the dominant type is the calcium-magnesium soils due to
the influence of the arid environment and the Sahara desert.

The sabkhas are mostly located in topographic depressions which remain as geomor-
phic landforms from the earlier palaeolacustrine basins, palaeodrainages, interdunes and
coastal plains [72]. The formation of these depressions is strongly connected to the tectonic
movements in Quaternary, which shaped the present morphology of sebkhas [73-75]. The
lagoon facies of the selected lakes evidence the stratigraphic distribution of gypsum clays
and laminated gypsum lithofacies from the Neogene period (Mio—Pliocene and Quater-
nary evaporites) and Cretaceous sediments [76,77]. This supports the hypothesis of the
earlier existence of the Sahara Sea with endorheic basins that nowadays become a series of
depressions of the saline lakes in north Africa [78].

The effects of climate and seasonal meteorological fluctuations on the soil and vegeta-
tion setting of the Saharan landscapes are explained by changes in temperature that trigger
processes of evaporation, i.e., the transform of liquid water in lakes and ephemeral river
flows into gaseous vapour [79]. Although data on rainfall vary significantly by regions of
Tunisia, the average annual rainfall estimates at 158 mm/yr at the country level, with less
than 100 mm/yr close to the Sahara desert and over 700 mm/yr in the coastal areas. Natural
factors are augmented by the anthropogenic activities that increase the intensity of land
cover changes [80]. Moreover, the existing studies show the gradual increase in agricultural
intensity in Tunisian ecosystems, which have affected the ecology of the lakes in Tunisia
through the increased sedimentation and changes in land and vegetation patterns [81]. The
combination of natural climate and anthropogenic factors results in diversified land cover
types classification in Tunisia. Thus, major land cover types include rangelands, riparian
vegetation, wastelands, water areas, wetlands and lacustrine areas, artificial and urban
areas, and cultivated lands and plantations. High evaporation during the summer months
results in a total desiccation of these ephemeral lakes and lead to a formation of the thick
layer of minerals and salt on the bottom of the lake basins [82].

Lakes in Tunisia are important components of the dryland environment of the Sa-
hara with high climatic, hydraulic and biogeochemical features. Tunisian lakes present
diverse habitats for productive ecosystems and bio-resources such as waterbirds and water
plants [83]. At the same time, the balance of the ecosystems in the Tunisian lakes strongly
depend on climate factors such as temperature fluctuations. The annual temperature av-
erage in Tunisia reaches its peak between June and September, when it exceeds 40 °C in
southern regions of the country, and it has low values at 11.5 °C during the coldest period
in January. Hence, salt lakes are rare sources of water, flood and fishery, they serve as
regulators of temperature and hydrology, and they support carbon fixation for environmen-
tal sustainability [84]. Moreover, they play a crucial role in maintaining biodiversity [85],
serving as habitats for rare African species and birds in nearby oases [86-88] and habitats
for halophilic species [89]. Such phenomena were revealed in studies on environmen-
tal monitoring that evaluated landscape changes in Tunisia. For instance, the reaction
of landscapes and vegetation responses to droughts were modelled with regard to the
temperature fluctuations and climatic effects in the Sahara [90-92]. At the same time, the
increase in temperature and reduced precipitation observed during the heat of the summer
months lead to a lack of surface water, which is the primary factor of desertification and
aridification of landscapes in the Sahara [93,94].



Land 2023, 12, 1995

7 of 24

2. Materials and Methods
2.1. Data

The materials include the 12 Landsat 8-9 OLI/TIRS images collected from the USGS
Earth Explorer repository. The USGS Identifier (ID) of the scenes of the satellite images
are summarised in Table 1. Within the dataset, 6 images cover the region of the Gulf of
Hammamet and 6 images cover the area of the Gulf of Gabés. The two segments of study
area were chosen to illustrate the difference in the northern and southern environmental
setting of the regions surrounding salt lakes in different geographic regions: the northern
segment was selected for the Gulf of Hammamet, and the southern segment was selected
for the Gulf of Gabés. Both study areas are reasonably representative for the illustration
of the Tunisian geographic setting. The two segments cover the area where potential
environmental and climate impacts are most likely from the effects of the Sahara (in
southern segment) and the milder climate of the coastal area (in the northern segment). The
northern segment is also the region with high intensity of agricultural uses, which contrasts
with the southern area which is located closer to the Sahara desert. The comparative
analysis of two diverse segments of Tunisia represents the environmental processes related
to the coastal zone in the north and the arid climate of the Sahara in the south. The images
were captured from the United States Geological Survey (USGS) repository, EarthExplorer.

Table 1. Scene IDs of the 12 Landsat 8-9 OLI/TIRS images in the EarthExplorer USGS repository.

Date Scene ID

Gulf of Hammamet region

15 July 2023 LC91910352023196LGNO00
10 April 2023 LC91910352023100LGN00
21 February 2023 LC91910352023052LGNO01
06 July 2017 LC81910352017187LGNO00
01 April 2017 LC81910352017091LGN00
28 February 2017 LC81910352017059LGN00
Gulf of Gabes region

15 July 2023 LC91910362023196LGN00
10 April 2023 LC91910362023100LGNO00
21 February 2023 LC91910362023052L.GNO01
22 July 2017 LC81910362017203LGN00
01 April 2017 LC81910362017091LGNO0
28 February 2017 LC81910362017059LGN00

All images were selected on the three key control periods: winter with the highest
water level (February), spring with the transitional period and rains (April), and summer
with the peak heat (July). The metadata in the images are listed in the tables in the submitted
auxiliary data. It is widely accepted that cloudiness and haze have a key impact on the
image properties. Therefore, in this study, we used 10% cloud coverage for all images. The
tested images included spectral bands in visible, Short-wave infrared (SWIR)-1, SWIR2 and
Near-infrared (NIR) channels obtained from the OLI sensor. The topographic maps showing
the two study areas within the country and their enlarged fragments were generated with
the Generic Mapping Tools (GMT) software, version 6.1.1 [95] using the existing scripting
techniques reported earlier [96-98].

2.2. Methods

The general scheme of the data and methods applied in this study is presented schemat-
ically in a flowchart in Figure 2. The Landsat 8-9 OLI/TIRS satellite images were processed
with the Geographic Resources Analysis Support System (GRASS) GIS software. Com-
pared to the existing GIS, GRASS GIS presents a more advanced method of geographic
visualisation through the use of scripts which optimise computer memory and computation
resources. Moreover, the increase in the open spatial data raises the question of the effective
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tools for their processing. Since GIS has restricted functionality, the modern approach of
GRASS GIS presents a powerful alternative through scripting, which is a principally new
paradigm for cartographic data processing and satellite image analysis. Motivated by such
powerful functionality of GRASS GIS and its modules for image processing, this study
presents a case of the processing remote sensing data by the GRASS GIS scripts.

Firstly, the images were processed by scripts using clustering using “i.cluster’ module
and continued with classification by the “i.maxlik’ module. The scenes were analysed for
five recent years from 2017 to 2023 using the maximum-likelihood discriminant analysis
classifier. The classification approach is based on the automatic data clustering, which
partitions the image at pixel level. The pixels are equally distributed throughout space and
are grouped into clusters based on the similarity of their spectral reflectance values. Using
such approach, spatio-temporal changes in water level and salinisation were analysed over
the target area of salt lakes in Tunisia.

Gulf of | Gulf of
Hammamet | Gabes
= e - 7 — < -
Landsat images Landsat images Landsat images Landsat images
2017 2023 S H 2017 2023
12 = < . AT 2 17 X -
February February \ { February February
LC81910352017059LGN0OO LC91910352023052LGNO1 LC81910362017059LGN0OO LC91910362023052LGNO1
/ 4
N N L P T L] &
April April Apri April
LC81910352017091LGN0O0O LC91910352023100LGNOO LC81910362017091LGN0OO LC91910362023100LGNOO
, T 14 ' Y ' v 4
July July July July
LC81910352017187LGNOO LC91910352023196LGNO0 LC81910362017203LGNO0O LC91910362023196LGNOO
I
() L
Data
preprocessing
GDAL
GRASS GIS

import to
[GRASS GIS

Data processing

GRASS GIS

= - v — =
5. Cartographic visualization 3. Classification
mapping 4. Accuracy k-means 2. Clustering 1. Grouping

d.rast, d.legend modules assessment . maxlik module i.cluster module i.group module

Figure 2. Flowchart summarising the workflow. Software: R. Diagram source: author.

The detection of the saline lakes is possible using spectral properties of the images that
enable the distinction of the highly reflective cyan-coloured areas of the lakes against the
beige-coloured sands and bare land. The images were uploaded as Red Green Blue (RGB)
triplets with varying intensities of components of the selected colors, which enabled the
visualisation of these aspects. Thus, spectral properties of the RS data were evaluated by
various GRASS GIS modules and scripting techniques with regard to the water/land /salt
discrimination, and this demonstrated the robust approach to image analysis.

2.2.1. Data Preprocessing

Firstly, the images were preprocessed by the ‘i.landsat.toar” module of GRASS GIS
using properties of the image and information on sun elevation level to evaluate the
reflectance in pixels and calculation of the top-of-atmosphere radiance and temperature
for all the Landsat OLI scenes, Figures 3 and 4. The snippets of GRASS GIS code are
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concatenated into longer scripts which perform the complete task of mapping. Such
partition of the workflow enables the machine to perform selected tasks of image processing
in a distributed way. This decreases the possibility of errors and misclassification of
the pixels and supports the processing of the large datasets due to a significant level
of automation.

(a) 28 February 2017

(b) 1 April 2017 (c) 6 July 2017

(d) 21 February 2023

(e) 10 April 2023 (f) 15 July 2023

Figure 3. Landsat images of the Gulf of Hammamet region (northern segment) showing the increase in
salt (bright cyan colour) from the winter to summer months in sabkhas Sebkhet de Sidi el Hani (Sousse
Governorate), Sebkha de Moknine (Mahdia Governorate) and Sebkhet El Rharra (Sfax Governorate):
(a): 28 February 2017; (b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023; (e): 10 April 2023;
(f): 15 July 2023. The images are shown in natural colour composite of Landsat 8 OLI/TIRS based on
a band combination of Red (4), Green (3) and Blue (2). Such composite shows healthy vegetation in
green, salt lakes in cyan, while soils and bare land in brown.

Hence, the images were corrected and added into the GRASS environment using the
rimport’ module. After the import procedure, the images with all the multispectral bands
were grouped in the working directory using ‘i.group’ module, which was used to select the
necessary bands, and their data were checked using ‘g.list’ module. The ‘i.group’ module
of the GRASS GIS was used for processing the structures of the spatial data and grouping
them into classes using the k-means algorithm. The new contributions of such scripting
algorithms of GRASS GIS to image processing are as follows:

0

¢ Inherent modules for image processing, analysis, spatial modelling, and visualization,
graphical plotting and maps production;

¢  Streamlining and automating a series of duplicated tasks through scripts for iterated
processing of different images as a time series of Landsat 8-9 OLI/TIRS data;

* Diversified process of segmented data handling through a programming approach
that enables the breakdown of the workflow into a set of individual commands and
the catching and cleaning of data errors before mapping.
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(a) 28 February 2017

(d) 21 February 2023

In this way, the advantages of the automation achieved through the implemented
algorithms of GRASS GIS save time when processing a series of Landsat images, reduce
data mistake and upscale or downscale the tasks to various regions, accordingly.

(e) 10 April 2023 (f) 15 July 2023

Figure 4. Landsat images of the Gulf of Gabés region (southern segment) showing the increase in
salt (bright cyan colour) from the winter to summer months in sabkhas Sebkhet en Noual (Sfax
Governorate): (a): 28 February 2017; (b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023;
(e): 10 April 2023; (f): 15 July 2023.

The metadata of the images were checked using relevant modules of the GRASS
GIS. In particular, the techniques of image processing in GRASS GIS include the auxiliary
functions of ‘g.list rast’ and ‘rinfo” acting on imported raster bands and showing the
identified parameters of images as attributes and a given set of identifiers of the technical
specifications of the multispectral images: resolution, minimal and maximal values, and
the coordinate system. After the image preprocessing, the ‘i.group’ module was used
to group the bands before the classification of the Landsat 8-9 OLI-TIRS images. This
approach partitions the image using the embedded algorithm of discriminating the pixels
on the images that represent various land cover types in the target area using their spectral
reflectances. Afterwards, they were clustered using the k-means algorithm embedded in
the GRASS GIS, which was implemented by the “i.cluster’ module. Such sequential use of
modules is beneficial for creating an automated workflow of image processing, whereas
the straightforward traditional method would take more time and effort, which is a fail in
the automation aspect.

2.2.2. Data Clustering

During clustering, the ‘signature file’ was created and used in the next step to sort
pixels into land cover classes using the ‘i.cluster”’ module of the GRASS GIS, which creates
cluster and covariance matrices. This classification algorithm partitions the image into
clusters and assigns pixels into each land cover category. All these classes contained pixels
with approximately the same level of spectral reflectance, which were automatically evalu-
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ated by the machine-based analysis of the GRASS GIS. Such technique differentiates the
number of pixels within each class and thus assigns the extent of the landscape categories
in each case. This enables us to evaluate the landscape patches and their distribution
within the scenes under the effects of various seasons on development of salinisation in
sabkhas. Moreover, the images located in the Gulf of Gabés contained more sandy desert
areas compared to the northern segment of the study areas in the Gulf of Hammamet,
which allowed for the comparison of the effects from the geographic distribution of the
saline lakes with higher coverage of mixed vegetation in the more temperate climate of
north compared with the southern region, which is more impacted by the arid climate of
the Sahara.

2.2.3. Image Classification

Theoretically, the essential principle of the land cover type classification is based on
the fundamental properties of RS, which consist in the measurement of spectral reflectance
as a reflection of light from the Earth’s surface, as can be visible on the scenes in Figure 4.
Spectral reflectance signatures of various land cover types (land, water, salt soils, vegetation,
urban areas, etc) differ significantly. This is because of the different emitted radiation from
these these objects, which notably varies. The Landsat 8-9 OLI/TIRS sensor continuously
measures the spectral reflectance of the objects on the Earth, which are identified as various
land cover types. Hence, the performed measurements indicate different bodies and objects
on the Earth using their spectral reflectance visible on the spaceborne satellite images
in selected band combinations. Consequently, since measured land cover types vary, it
enables the classification of the land cover types using the RS data processing method,
followed by cartographic visualisation and interpretation.

Practically, the information on spectral reflectance is used for the classification pro-
cedure. In this study, the method included a machine learning technique that is based
on a fully automated approach that is independent from human-based sampling. In this
case, the partition of the image relied on computer vision algorithms, which determined
the sampling categories and assigned pixels to classes automatically using programmed
“i.cluster” module of GRASS GIS. This approach differs significantly from the traditional
supervised classification, which is based on training samples. Thus, after clustering, the
images were processed using a special module of the GRASS GIS which performs unsu-
pervised automatic classification of the satellite images. The advanced methods of GRASS
GIS present effective instruments for classification—the ‘i.maxlik’, originally developed by
M. Shapiro and T. Wen, and supported with the additional module by M. Nartiss. The use
of the ‘i.maxlik” only required to specify the parameters of the signature file and related
information on groups and subgroups of spectral bands during data partition, and to
assign pixels into each land cover class according to the records of the spectral reflectance
in binary format.

After the number of the defined classes was set up, the Landsat images were prepared
for classification. The program identified land cover classes based on the cluster analysis
that separated areas of contrast in a colour composite of image scenes and recognised the
pixels that belong to this particular class. As a result, land cover classes were identified
for which the appropriate pixels were assigned. The spectral reflectance of wavelengths
which develops proportionally with internal gain in strength in brightness of land cover
types were identified from space by the sensor. The technical characteristics of this module
included two steps: the preceding clustering and following classification. The module was
designed for the multispectral images, such as Landsat, using the spectral signatures of
the pixels.

The classification procedure was performed with different images (6 scenes for the
study area 1 in the Gulf of Gabes, and 6 images for the study area 2 for the Gulf of Ham-
mamet). The aim of the classification was to identify cells in the classified image and to
group them into classes according to the similarity of spectral reflectance in each given
group (class). This was achieved using the estimated spectral reflectance values by means



Land 2023, 12, 1995

12 of 24

of the automatic algorithm of image analysis. As for comparison of the several images
taken on various seasons and years with the six-year time span, the main objective was to
compare the effects of climate, the impact from the Sahara desert and the seasonal meteo-
rological fluctuations on the increase in salinisation in the sabkhas of Tunisia. Therefore,
the experiments with images were implemented with different calendar seasons and in
spatially distinct regions (central/southern) of Tunisia.

2.2.4. Accuracy Analysis

The images were evaluated for accuracy and pixels with high level of rejection were
filtered out using ‘rmapcalc’ module of GRASS GIS. The rejection probability values, i.e.,
the pixel classification confidence levels were computed and visualised with a series of
maps. The error matrix and the convergence level of classified pixels were measured using
the ‘i.cluster’ module that included accuracy assessment of classification results in tabular
format. After that, the classification was performed and the results of the clustering were
exported as a series of matrices in Comma-Separated Values (CSV) format for each images,
and the results are reported in the tables in the auxiliary materials supporting this study.
The separability indicating was based on the spectral reflectance properties of a pixel’s
characteristics. The pixels on the image were assigned to categories of land cover types
using threshold values which belong to this particular class and all other pixels assigned to
other classes for the automated detection of landscape patches.

Because the GRASS GIS classifies remote sensing data based on their spectral char-
acteristics and separability of land cover classes according to their categories, the quality
of original images may affect the automatic recognition and interpretation of land and
vegetation classes. Therefore, images were selected based on low cloudiness and being free
of atmosphere influence. The classified satellite scenes were verified and the class separa-
bility matrix was computed for each of the 12 images. The accuracy of the classification
was measured and is summarised in the tables with a convergence level of classified pixels
above 98% of points stable. Such approach to analyse the accuracy of image processing
provided data to evaluate the obtained values of land cover classes at each image of the
processed time series.

2.2.5. Mapping

The environmental properties of the landscapes were evaluated using cartographic
methods and image processing and were then visualised on the thematic maps. The aim
was to analyse the seasonal effects of climate, that is, the increase in temperature and
evaporation on the behaviour of salt lakes. The complete cartographic workflow used in
this study included a sequence of the following modules of GRASS GIS:

¢ ‘rimport’ used for data import via the embedded GDAL library; the extent and
resolution were adjusted to the region of the Landsat scenes;

e ’glist’ for listing imported raster data type by the search pattern of GRASS GIS;

¢ ‘gregion’ for defining the computational extent of the region to match the scenes;

*  ‘icluster’ for clustering the raster Landsat images using k-means algorithm;

* ‘imaxlik’ for unsupervised image classification using maximum likelihood method;

¢ ’‘d.mon’ for displaying visualisation and cartographic plotting;

*  ‘rcolors’ for adjusting the colour palette according to the land cover types;

* ’drast’ for mapping the image in the active graphics frame;

* ‘d.legend’ for adding the colour legend with textual notations;

* ‘d.out.file’ for data export to the conventional formats (JPG).

These GRASS GIS modules have been incorporated to perform various steps of carto-
graphic tasks and the image processing workflow using the console. The land cover types
were identified continuously across the images using a sequence of k-means clustering and
maximum likelihood classification approaches, and they were then converted to the maps.
The thematic maps indicate the variations in land cover types over Tunisia during a period
of 2017 to 2023 for two image datasets covering the regions on the Gulf of Hammamet
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and the Gulf of Gabes. The data obtained from the GRASS GIS-based image processing
workflow were evaluated for environmental analysis.

3. Results and Discussion
The results present maps obtained from the GRASS GIS algorithms applied to a time

series of satellite images of Tunisia and a comparison of changes in land cover types. The
results of the image processing approach of the GRASS GIS demonstrated in this paper
show that the summer period intensifies soil salinisation and mineralisation in the sabkhas
of Tunisia. This is demonstrated through the presented series of maps based on the images
taken on several seasons. Using the information received from spectral reflectance of the
pixels on the images and heat development in the Sahara during the summer months,
the potential opportunity for the increase in salinisation for each lake in various years
was evaluated. Figure 5 demonstrates the results of the image classification showing the
behaviour of saline lakes over the seasons between 2017 and 2023 in the region of the Gulf
of Hammamet (Sebkhet de Sidi el Hani, Sebkha de Moknine and Sebkhet El Rharra).
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Figure 5. Classification results showing land cover classes based on the processed Landsat images
showing the northern study area (Gulf of Hammamet): Sebkhet de Sidi el Hani (Sousse Governorate),
Sebkha de Moknine (Mahdia Governorate) and Sebkhet El Rharra (Sfax Governorate): (a): 28 February
2017; (b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023; (e): 10 April 2023; (f): 15 July 2023.

Figure 6 demonstrates the outputs of the image classification, which show variations
in land cover types and saline lakes over the seasons between 2017 and 2023 in the region
of Gulf of Gabes (Sebkhet en Noual). The land cover types were identified on the images
using information modified from the existing classification scheme on land cover types in
Tunisia [99] and data from the Food and Agriculture Organization (FAO) [100]. The existing
land cover types for the country-level scale were adopted according to the extent of the
images covering the study area and included the following types: (1) forest; (2) grasslands
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and rangelands; (3) sand and desert; (4) cultivated agriculture plantations and arable lands
(olive tree, orchards, vine, palm groves); (5) urban areas and artificial land; (6) wasteland;
(7) wetlands and water; (8) bare land and soil; (9) mixed vegetation; and (10) saline soil.

The variability of seasons enabled the monitoring and interpretation of how the
salinisation process activates the accumulation of minerals in the salt lakes with the changed
colour of the sabkhas. During the summer period, the structure of the crystals in the soil
sediments in the sabkhas was solidified by the increased evaporation as a result of the
increased temperatures. In turn, the seasonal effects of increased temperature and lack
of precipitation in the southern region (Figure 6) are reflected in the increased areas of
sand and declined vegetation, as shown in the maps. The changes in the salt lakes were
determined at different years during the recent decade. This resulted from the comparative
analysis of the Landsat images taken in winter/spring/summer months. The difference
illustrates the periods of low and high water inflow into the Saharan lakes. The decline in
vegetation areas is clearly visible on the images of 2017 from April to July, showing sabkhas
Sebkhet de Sidi el Hani, Sebkha de Moknine and Sebkhet El Rharra, Figure 6.
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Figure 6. Classification results showing land cover classes based on the processed Landsat im-
ages showing the southern study area (Gulf of Gabes), Sebkhet en Noual (Sfax Governorate):
(a): 28 February 2017; (b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023; (e): 10 April 2023;
(f): 15 July 2023.

Compared to the difference between February and April, the decline in vegetation
and the increase in salinisation are more prominent. This can be explained by the increase
in summer heat temperatures, which is in contrast to to the spring months. In Figure 6, it
is seen that the results are different for the visualised series of maps for various seasons.
This is because salt lakes contain different amounts of water with regard to salt, i.e.,
the classified images revealed various water/salt ratios in the sabkhas along with the
development of heat during the summer months and effects from the Sahara desert in the
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southern study region. Correction of pixels in a classified image was performed using
the pixel confidence level calculation mode of GRASS GIS. The identified pixels were
examined automatically and automatically adjusted for accuracy and correctness. The
classification of pixel confidence levels with rejection probability values indicating the
accuracy of classification are presented in Figure 7 for the northern region of the Gulf of
Hammamet, and in Figure 8 for the southern region of the Gulf of Gabes, respectively.
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Figure 7. Classification of pixel confidence levels with rejection probability values for the north-
ern study area (Gulf of Hammamet): Sebkhet de Sidi el Hani (Sousse Governorate), Sebkha de
Moknine (Mahdia Governorate) and Sebkhet El Rharra (Sfax Governorate): (a): 28 February 2017;
(b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023; (e): 10 April 2023; (f): 15 July 2023.

The varied temperature in seasonal climate periods has effects on the land cover type
changes around lakes and the level of salinisation of sabkhas. This is also an indirect
indicator of the groundwater inflow and the impacts of the coastal climate on the eastern
sabkhas. For instance, this is typical for Sebkha de Moknine, which is located near the
Bekalta coastal town. This lake demonstrates the least difference in the level of salinisation
because it was filled with water during the whole year of 2017. In contrast, in 2023, it
experienced salinisation only during summer. If compared with Sebkhet El Rharra, the
latter experiences clear and regular fluctuations in salinisation during each year, being
regularly filled with water in winter and covered by salt crust in July. Such changes were
detected both for year 2017 and for year 2023.

The extent of the agricultural areas is more similar in Figure 6 for the Gulf of Gabes
area, which indicates that the plantation areas in southern regions are similar for differ-
ent landscape spots compared to the northern segment (Figure 5). This is also seen in
Figure 6 for 2017 and 2023 in the month of April. The comparative analysis of several
images showing the dynamics of land cover types as descriptors demonstrated the effective
and straightforward approach of RS data processing to reveal the development of the
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aridification and desertification in southern regions closer to the Sahara in the study areas.
In particular, the use of GRASS GIS presents an efficacious strategy to extract contextual
information from the satellite images. This information can be used in environmental
monitoring for the analysis of land cover properties. Although the RS data cannot directly
detect landscape dynamics, processing of the RS data enables the approximation of the
extent of the landscape patches from the classified and analysed images. It, furthermore,
enables the evaluation of water content in salt lakes as indirect indicators of salinisation
during the summer heat period.
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Figure 8. Classification of pixel confidence levels with rejection probability values for the south-
ern study area (Gulf of Gabes): Sebkhet en Noual (Sfax Governorate: (a): 28 February 2017;
(b): 1 April 2017; (c): 6 July 2017; (d): 21 February 2023; (e): 10 April 2023; (f): 15 July 2023.

The analysis of the satellite images shows gradual changes in salt lakes over the
calendar periods and provides a robust view of the environmental changes. The presented
time series of the processed images shows that the increase in salt lakes and desertification
of surrounding areas is more distinct in the southern segment, which shows that the
Sebkhet en Noual is prone to salinisation even during the winter months. In contrast,
the northern sabkhas Sebkhet de Sidi el Hani, Sebkha de Moknine and Sebkhet El Rharra
show water-filled basins during the winter period. Furthermore, the results demonstrate
that the regions of Sfax are more prone to aridification compared to the areas of Mahdia
and Sousse.

The changes in water level in salt lakes detected using the RS data can serve for envi-
ronmental monitoring of Tunisian landscapes and analysis of environmental consequences
of climate effects in central and north Tunisia. The applications of image processing for
environmental landscape analysis were described earlier based on various GIS [101-104].
Earlier works use the Landsat MSS/4 and SPOT HRV /3 images [105], Landsat and SRTM
processed by ArcGIS and ENVI commercial software [50,60], or a combination of ETM+
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and OLI 8 sensors of the Landsat products [106]. In contrast, our results are obtained using
recent Landsat OLI/TIRS images processed by the GRASS GIS scripts.

The reaction of minerals during sand salinisation processes under effects of high
evaporation results in the changed structure of pores in the soil. This significantly reduces
the water content in soil during periodic occurrences of a deep brine layer on the bottom of
the lakes. Such behaviour of soil as lacustrine sediment layer demonstrates the response to
climate and meteorological processes so that the considerable fluctuations in water level
alter the soil structure. This is reflected as the increased salinity and decreased water
level, as evaluated during the images taken on winter/spring/summer periods. Moreover,
the degree of salinisation of sabkhas well correlates with the location of each lake. For
instance, southern lakes are almost completely covered by salt even during summer, while
northern lakes demonstrate higher fluctuations. Similar to the existing studies [107-109]
in which the salinisation of lacustrine soil was evaluated using the RS data, this study
showed the highest level of changes in July. Moreover, the most contrasting behaviour of
brine accumulation is found in the lake of Sebkhet de Sidi el Hani (Sousse region). This
can be explained by the fact that this lake has two interconnected sub-basins with different
morphology, which might have effects on the level of salinisation of the lake.

A special advantage of this work is the use of the open-source Landsat OLI/TIRS data
and a free GRASS GIS software for environmental monitoring of sabkhas in Tunisia. The
advanced scripting cartographic approach of GRASS GIS was introduced to evaluate the
lacustrine properties of soil around the sabkhas in north Tunisia using RS data processing. It
is well known that proprietary GIS and RS software are expensive, since their development
is costly (e.g., ArcGIS or Erdas Imagine). Moreover, very-high-resolution satellite images
are not always easily accessible since they are provided on a commercial basis (e.g., SPOT,
IKONOS). This makes the present work repeatable, which can be continued in similar
relevant studies in future projects. The presented open-source solutions on the optimal
selection of data and tools can be supportive for the environmental monitoring of Tunisia.
A series of the satellite images were processed with various combinations of GRASS GIS
modules and compared with the images covering identical areas in earlier periods. The
performed experiments on RS data supported the monitoring of fluctuations in water level
of salt lakes of Tunisia through the time series analysis of the satellite images.

4. Conclusions
4.1. Summary

The GRASS GIS software has been successfully applied to identify different stages
in landscape change in sabkhas of north Tunisia with a special focus on several lakes:
Sebkhet de Sidi el Hani, Sebkha de Moknine, Sebkhet El Rharra and Sebkhet en Noual. This
study also evaluated the effects of climate on seasonal changes in the lacustrine landscapes,
as indicated by the development of land cover types over the period of 2017 to 2023.
Moreover, the experiments served as a means of evaluating climate effects as accelerators
of salinisation in sediments of lakes. The presented results confirm that GRASS GIS can be
effectively used in the processing and classification of the RS imagery using programming
methods that ensure the automation, precision and accuracy of data analysis.

4.2. Recommendations

For future similar works on RS data analysis of salt lakes, the following recommenda-
tions and technical suggestions are provided for mapping and image analysis:

1.  Make the initial study similar to the image processing workflow in this report, but also
use other GRASS GIS modules applied for processing the target dates. For example, a
useful approach is segmentation by ‘i.segment’.

2. Due to the dynamics of plant phenology in different months, the period of image
capture should be identical to evaluate the changes for each image. For example,
correct comparison can be performed using images taken for a specific month, e.g.,
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January, in a sequence of several years. Alternatively, use several identical months for
two years, as presented in this study.

3. Cloudiness varies a lot in different images. It is necessary to use a cloud-free series
of images as a reliable input dataset. While, in this study, 10% cloud coverage was
applied, the modified parameters optimised with different cloud content can be tested
and applied with decreased cloud coverage. The use of the “i.landsat.acca’ module
of the GRASS GIS enables Automatic Cloud Cover Assessment (ACCA) for a quick
evaluation of image quality and suitability.

4.  Process other datasets in addition to the Landsat, e.g., Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) images. ASTER data can be processed
using special modules of ‘i.aster.toar’, similar to the ‘i.landsat.toar’. The main ad-
vantage of ASTER is a higher resolution with a pixel size of 15 m compared to the
30 m Landsat.

5. For mapping, take satellite images from the USGS on diverse dates to evaluate spatio-
temporal dynamics and perform mapping based on images captured on different
seasonal periods to compare the difference in salinisation between the lakes.

6.  The commercial GIS currently available on the market typically have license. There-
fore, one can take open-source GIS software such as QGIS or GRASS GIS, which
have effective tools and extended functionality which are used for for RS and carto-
graphic workload.

7. Evaluate the integral effects from various factors that might cause land cover changes,
i.e., the heat from the increased temperature, decreased precipitation and high evapo-
ration lead to desertification of landscapes.

8. The access to groundwater and the geographic location of the landscapes affect the
response of vegetation. For instance, closeness to the desert or coastal areas affect
differently the patterns of plants in the landscapes.

9.  For analysis of vegetation health and vigour, the computation of the NDVI or other
vegetation indices is a useful means of environmental assessment. In GRASS GIS,
vegetation indices can be automatically calculated using the embedded formulae
adjusted to the bands of the image. For example, NIR and Red channels correspond
to bands 5 and 4 for the Landsat 8-9 OLI/TIRS, and to bands 4 and 3 for older Landsat
7 ETM+ images.

10. Changes in land cover types within certain limits indicate landscape dynamics as
a response to the environmental and climate effects and processes. Moreover, it
may indicate the cumulative effects of several factors on soil-vegetation conditions,
including both climate-environmental processes and anthropogenic activities.

4.3. Concluding Remarks

This paper reports the results obtained of the experimental investigations on satellite
images Landsat 8-9 OLI/TIRS collected from the USGS repository. The tests on image
processing were designed to evaluate changes in land cover types in several saline lakes of
north Tunisia in various seasons from 2017 to 2023, as well as the variations in water extent
as indicators of salinisation. Specifically, we evaluated the proposed framework on RS data
analysis using GRASS GIS software and Landsat series. We also proposed future directions
in similar works to develop a robust scheme on RS data processing in similar studies
where a cartographic approach to image analysis is applied in environmental monitoring
projects aimed at the evaluation of climate effects on landscape changes. In this work, we
also discussed the ways in which the scripting approach of cartographic data processing
contrasts with traditional GIS methods of mapping that use Graphical User Interface (GUI),
and complement it to RS data processing to evaluate the connections between the climate
effects and salinisation of sabkhas in Tunisia.

The advantages of the GRASS GIS were demonstrated as a quantitative, robust and
advanced cartographic tool for evaluating environmental properties based on image analy-
sis. A workflow has been developed for a series of high-resolution Landsat 8-9 OLI/TIRS
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images with various combinations of GRASS GIS modules. The data were evaluated to
analyse the properties of lacustrine landscapes of north Tunisia as a function of summer
heat in the Sahara and increase in evaporation during the period of five years (2017-2023).
The approach of GRASS GIS demonstrated a more advanced way of image processing
compared to traditional GIS software due to scripts that enable the automation of workflow
repeatability of the process. The use of several modules of GRASS GIS ensures multifold
manipulations of images; the ‘i.segment’, ‘i. maxlik’ and other sub-tests were applied for
various steps of multispectral image analysis.

A scripting approach of the GRASS GIS supported the mapping and analysis of the
rate of salinisation in sabkhas of Tunisia in various seasons from 2017 to 2023 and to
obtain the information from the processed images representing the land cover types in
the surroundings. In turn, the RS datasets enabled modelling the behaviour of landscapes
in spring, summer and winter periods in north Tunisia, which was used to compare the
climate effects from the rise in temperature on the evaporation of water in salt lakes,
as directly related to the heat increase during the summer period in the Sahara. The
results demonstrated variations in water level in several sabkhas and showed technical
effectiveness of the GRASS GIS in cartographic processing of the RS data for environmental
tasks. The correlations between the increase in heat in different years and high salinisation
of sabkhas were detected. The presented image processing has investigated the salinisation
behaviour in saline lakes with thermal variations using the analysis of Landsat bands in
multispectral channels.

Due to the effectiveness and applicability of the performed experiments on image
analysis by GRASS GIS—namely, the flexibility of the scripting approach and a wide variety
of modules tuned for diverse tasks of image processing using its modular approach—we
expect the proposed method to be able to deal with other satellite imagery. This can be
used to study diverse regions of north Africa and analyse the development of lacustrine
landscapes with effects from climate and fluctuations in temperature on Saharan ecosystems.
Various sabkhas of north Tunisia with diverse surrounding soil types and salinisation or
mineralisation degree were evaluated to generalise the proposed workflow of salt lake
monitoring to a higher dimensional workload in the larger lakes and different ecosystems
with similar salt lakes.

As demonstrated in this study, the RS data from the USGS EarthExplorer repository can
be used to analyse the variations in salt lakes. It enables the determination of information
using data on spectral reflectance and brightness of pixels which strongly correlate with
the distribution of various land cover types. In such a way, remote sensing data processing
enables the detection of patches in complex diversified lacustrine landscapes of north
Sahara characterised with heterogeneous environment in a contrasting climate of desert.
This paper contributes to the environmental monitoring of the Sahara, analysis of salt lake
variations and regional studies of Tunisia, north Africa.
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Abbreviations

The following abbreviations are used in this manuscript:

ACCA Automatic Cloud Cover Assessment
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
AVHRR Advanced Very High Resolution Radiometer
csv Comma-Separated Values
DEM Digital Elevation Model
ERDAS Earth Resources Data Analysis System
FAO Food and Agriculture Organization
GEBCO General Bathymetric Chart of the Oceans
GDAL Geospatial Data Abstraction Library
GMT Generic Mapping Tools
GIS Geographic Information System
GUI Graphical User Interface
GRASS Geographic Resources Analysis Support System
Landsat OLI/TIRS Landsat Operational Land Imager and Thermal Infrared Sensor
LiDAR Light Detection and Ranging
MODIS Moderate Resolution Imaging Spectroradiometer
NASA National Aeronautics and Space Administration
NIR Near-infrared
RGB Red Green Blue
RS Remote Sensing
SPOT Satellite Pour I'Observation de la Terre
SWIR Short-wave infrared (SWIR)-1
USGS United States Geological Survey
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