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Abstract: The nature of rammed earth fortifications and the environmental conditions where they are located determine the 
pathologies that these structures suffer in the presence of humidity sources and strong winds. The objective of this project is to revise 
the main mechanisms of deterioration of rammed earth fortifications and evaluate the use of remote detection as a tool to register 
environmental threats that affect their preservation. The selected images and satellite results offer information about precipitation, 
ground humidity, temperature, wind intensity and direction and the presence of particles in the wind. The use of statistical analysis 
methodologies for large volumes of satellite images makes it possible to acquire daily, monthly and yearly maximums, averages and 
minimums of these variables. The application of satellite resources GPM, SMAP, MODIS, Merra-2 and the statistical analysis of large 
volumes of images for preventive conservation in Andalusia has become useful to monitor the main threats that affect rammed earth 
fortifications on a global level: humidity, wind and temperature.
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Revisión de recursos satelitales para evaluar amenazas ambientales en fortificaciones de tapia
Resumen: La naturaleza de las fortificaciones en tapia y las condiciones ambientales del entorno en el que se ubican condicionan las 
patologías que estas estructuras sufren ante la presencia de fuentes de humedad y fuertes vientos. Este trabajo tiene como objetivo 
revisar los principales mecanismos de degradación de las fortificaciones en tapia y evaluar el uso de la teledetección como herramienta 
de registro de las amenazas medioambientales que afectan a su preservación. Las imágenes y productos satélites seleccionados 
ofrecen información sobre precipitación, humedad del suelo, temperatura, intensidad, dirección y presencia de partículas en el viento. 
El uso de metodologías de análisis estadístico de grandes volúmenes de imágenes satelitales permite obtener máximas, medias y 
mínimas diarias, mensuales y anuales de estas variables. La aplicación de los recursos satelitales GPM, SMAP, MODIS, Merra-2 y el análisis 
estadístico de grandes volúmenes de imágenes para la conservación preventiva en Andalucía resulta de utilidad para monitorear las 
principales amenazas que afectan a las fortificaciones en tapia a nivel global: humedad, viento y temperatura.
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Introduction

Historically, tapia—or rammed earth—has been a 
constructive technique widely utilised in different 
time periods and cultural contexts. Its use has become 
widespread in the construction of houses, palaces, 
fortifications and religious buildings, and its remains are 
common in archaeological sites and vernacular structures, 
the result of constructive richness and diversity that 
rammed earth heritage features (Jaquin et al. 2008). In 
practice, of the 150 earth constructions that are declared 
World Heritage Sites, at least 39% preserve rammed earth 
structures (Gandreau & Delboy 2012). In Spain, a large part 
of traditional architecture and medieval fortifications are 

constructed in rammed earth, its presence is common in 
the walls of many historical centres.

Concern about environmental problems is motivating 
a return to the use of traditional materials, like rammed 
earth, that do not implicate CO2 emissions in the process 
of manufacturing and it is an interesting option to reduce 
the carbon footprint of construction (Arrigoni et al. 2017; 
Kariyawasam & Jayasinghe 2016). 

Traditionally, the knowledge related to rammed earth 
constructions has been passed on orally (Ávila et al. 2021). 
Although its current use as a construction material has 
required the development of studies that standardise 



Mónica Moreno, Rocío Ortiz Calderón, Pilar Ortiz Calderón
Review of satellite resources to assess environmental threats in rammed earth fortifications                                      pp. 309-328

310

its characterisation, hydromechanical performance and 
evaluate the deterioration processes it undergoes (Quoc 
Bao Bui et al. 2014b; Giuffrida et al. 2019; Jiménez Delgado 
& Guerrero 2007).

The fact that conserved rammed earth fortifications 
in many cities of the Iberian Peninsula have lasted for 
centuries makes it interesting to study which factors affect 
its resistance and durability, especially in the face of threats 
that are considered more aggressive, such as strong and 
prolonged rain, or water access through capillarity from 
the subsoil (Beckett et al. 2020). 

While in contemporary constructions water access can be 
controlled using stabilizers and designing constructive 
elements that protect the rammed earth, in heritage 
buildings, the continuous exposure to water creates 
serious pathologies over time that are difficult to resolve 
and are the main cause of reparation interventions and 
maintenance in historical rammed earth (Avram et al. 2001; 
Mileto & Vegas 2013).  In archaeological sites, coverings are 
usually carried out and sacrificial mortars and consolidating 
agents are used to insure the conservation of the rammed 
earth in the long term (Correia et al. 2016). Interventions 
in medieval fortifications have mainly included the 
reintegration of lost areas and eroded walls and filling 
cracks. The use of incompatible restoration mortars has 
produced its own pathologies such as lack of adhesion, 
which is one of the main problems that the intervened 
areas present. Canivel and Graciani (2012) attribute its 
cause to incorrect installation, which hinders the bond 
between screed mortars and the original rammed earth, 
while the laboratory tests carried out about restoration 
mortars (Gomes et al. 2016, 2018) and grouts for filling 
cracks (Silva et al. 2018) associate these pathologies with 
the addition of Portland cement as a stabilizer. In their 
archival review about restorations of rammed earth 
fortifications conducted between 1980-2010 in Spain, 
García Soriano and Mileto (2015) highlight the frequent 
use of mortars stabilised with Portland cement and the 
problems with installation in many of these interventions.
The appearance of displacements and erosion are very 
common pathologies that minimize the durability of 
the rammed earth. Identifying the direct causes of these 
alteration indications in restored walls creates controversy, 
especially when the materials and installation have 
been respectful of the originals. It is about the complex 
deterioration models in which the original rammed 
earth, the completed restorations and the environmental 
conditions must be kept in mind. Ground-breaking work 
like that of Gutiérrez Carrillo and Oliveira (Gutiérrez-
Carrillo et al. 2021; Oliveira et al. 2019) registers the factors 
of environmental danger that influence the deterioration 
of rammed earth fortifications. However, studies that 
determine the impact of the environment in the behaviour 
of historical structures and their restorations are still 
scarce, so the of the development of studies that analyse 
how these environmental mechanisms determine the 
durability of the rammed earth is fundamental, especially 

if they allow the full expanse of the fortifications to be 
covered.

Facing the described problems, this study aims to 
contribute to the knowledge about the benefits that 
remote detection offers for the collection of environmental 
data and monitoring of heritage buildings. As an analysis 
technique, remote detection enables gathering land 
coverage data according to its emission spectrum 
(Chuvieco 2016; Perez & Muñoz 2006). Its application 
in walls and fortifications would allow insight into the 
surroundings of the rammed earth and its environmental 
conditions. In fact, as a consequence of technological 
advances, analysis models are being used for statistical 
work on large volumes of satellite data and large 
geographical areas over long periods of time (Awange & 
Kiema 2019; Chuvieco & Emilio 2007; Gorelick et al. 2017; 
Lasaponara & Masini 2020). Today the satellite images are a 
very useful tool for the analysis of heritage environments, 
the gathering of information about its recent past and the 
decision-making for its preservation (Agapiou et al. 2020; 
Cuca & Hadjimitsis 2017; D. G. Hadjimitsis et al. 2020; Luo 
et al. 2019b). 

From this perspective, this study is intended to identify the 
main factors of danger and deterioration mechanisms of 
rammed earth and evaluate the main satellite resources 
and analysis methods that make monitoring those threats 
possible.

Methodology

Satellite resources have been tested for monitoring 
precipitation, ground humidity, temperature and 
wind for the evaluation of the threats that affect the 
preserved rammed earth fortifications in Andalusia 
(Spain). The precipitation data has been acquired from 
Global Precipitation Measurement (GPM), that of ground 
humidity from Soil Moisture Active Passive (SMAP), that of 
temperature from the result MOD11A1.006 derived from 
Aqua-MODIS and that of wind from the result M2TMNXAER 
derived from Merra-2.

All of the satellite data has been acquired by the use of the 
Worldview and Giovanni viewfinders and the processing 
software in the Google Earth Engine cloud. The location 
of the 216 rammed earth fortifications in Andalusia has 
been acquired from the IAPH Digital Heritage Guide (IAPH, 
s.f ). Subsequently, all of the data has been migrated to a 
Geographical Information System like ArcGIS, to identify 
the exposure of the fortifications to the registered dangers.

Rammed earth: compositional characteristics and 
deterioration processes

Rammed earth is an architectural structure composed of 
a mixture of sand, gravel and clay that is compacted by 
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tamping it down inside wooden formwork. When only clay 
is used as a binding agent it is called unstabilised rammed 
earth. In these unstabilised rammed earth structures, it is 
the clay, due to its small particle size (<0.0.002 mm), which 
provides cohesion to the mixture. If different binding 
agents are added to the rammed earth other than clay, it 
is designated stabilised rammed earth (Avram et al. 2001; 
Mileto & Vegas 2013). 

While almost any type of local soil can be used to make 
rammed earth, it is necessary to control the particle size 
distribution and the proportion of the materials used to 
ensure the aptitude of the soil. In spite of this, the proportion 
in which the materials are mixed can vary enormously 
in the making of rammed earth. The percentage of clay 
used varies between 8-20% and that of sand between 
50-75% of the dry weight of the mixture(Ávila et al. 2021; 
Giuffrida et al. 2019; Niroumand et al. 2021). Within these 
margins, the content of clay determines the resistance 
of the rammed earth walls. While proportions close to 
the minimum offer a higher resistance due to the high 
capacity of the clay to retain water, proportions close to 
the maximum increase plasticity and favour workability 
and the compressive strength of the wall (Gomes et al. 
2014). The type of clay also determines the behaviour of 
the rammed earth. While kaolinite, illite or chlorite are 
non-expandable clays, montmorillonite, smectite and 
vermiculite are expandable clays that, in the presence of 
water, expand and contract, creating cracks. The addition 
of silt, sand or straw reduces the effects of expandable 
clays, and the addition of gravel and pebbles increases the 
durability (Reddi et al. 2012). Among these components, 
natural fibres make the behaviour of the rammed earth in 
seismic areas better (Giuffrida et al. 2019; Jiménez Delgado 
& Guerrero 2007).

To increase the durability and resistance of the rammed 
earth, since ancient times, a large variety of stabilisers and 
additives have been put in to modify texture, structure 
and physio-mechanical properties of the rammed earth in 
a controlled way. The main stabilisers used have been lime 
and cement (Ávila et al. 2021; Hall  et al.  2012; Toufigh & 
Kianfar 2019). The masonry of medieval fortifications is an 
example of stabilised rammed earth that is called soil and 
lime concrete. In turn, the mortars used in its restoration 
usually employ lime and cement as stabilisers in different 
proportions (Gomes  et al.  2016).

The studies of rammed earth characterization identify 
the materials that make up different historical masonry. 
Different methodological proposals and local studies 
exist (Avram  et al.  2001; Canivell García de Paredes 2011; 
Hamard  et al. 2016, 2020), of which the objective is to 
compositionally characterise the material nature of the 
fortifications (Martín-del-Rio  et al.  2018; Mota-López  et 
al.  2021; Ontiveros Ortega  et al.  2008). The methodology 
developed by Gomes  et al.  (2014) in the south of Portugal 
makes it possible to establish relationships between the 
compositional characteristics and the aptitude of the 

vernacular rammed earth structures in relation to current 
structural regulations (Jiménez Delgado & Guerrero, 
2007). The results acquired by Gomes  et al. (2014) 
conclude that the contents of the organic matter and the 
maximum particle size is greater in historical rammed 
earth structures than in current ones due to the use of 
local soil and the scarce processing of the soil used in 
historical rammed earth structures. 

In respect to the constructive technique, the compaction 
of the rammed earth allows the rigidity and mechanical 
resistance of the soil to improve. This process reduces 
air pockets and increases the dry density in the rammed 
earth (Cuccurullo  et al. 2021). The difference in working 
method and compaction energy determine the resistance 
of the resulting rammed earth (Ávila  et al. 2021), while the 
optimal water content favours the compaction of the soil 
to maximum dry density. Currently, the optimal amount 
of water can be calculated by means of Proctor tests or 
modified Proctor tests and it is common to use mixtures 
with 5-15% dry weight (Ávila  et al.  2021; Gerard  et al. 
2015; Reddi  et al.  2012). The distribution, the size and 
shape of the grains and the amount of clay-like minerals 
also determine compaction (Cuccurullo  et al.  2021; 
Jiménez Delgado & Guerrero 2007). According to Ávila  
et al. (2021) course-grained soil reaches a higher density 
than finer-grained soil. In summary, properties such as 
water content, particle size, chemical and mineralogical 
composition, or constructive technique determine the 
dry density and resistance, varying in modern rammed 
earth between 1700-2200 kg/m3 and in historical rammed 
earth between 1770-1990 kg/m3 (Niroumand  et al. 2021).  
As a consequence, the compaction and raw materials 
used in the making of rammed earth determine its hydro-
mechanic behaviour in the environment (Giuffrida et al.  
2019; Jiménez Delgado & Guerrero 2007).

At the design level, the stone bases that many of the 
historical rammed earth buildings exhibit act as a layer 
of isolation that protects against water access from 
the subsoil and rain splashes. The lime linings are also 
permeable protective elements that minimize water 
access to the interior of the wall (Hall and Djerbib 2005). The 
presence of stone finishings and laterite roofing material 
are designed with a similar function of protection. Figure 
1 presents different typologies of rammed earth works 
preserved in medieval Spanish fortifications. After the XI 
century, along with simple rammed earth [Figure 1B and 
1C], mixed works are starting to be used that include the 
use of brick walls [Figure 1A], a change in metrical spacing 
after the XII century and a stone and laterite lining of the 
structures [Figure 1D] in subsequent time periods (Garcia 
et al. 2008). The constructive technique model used and 
the state of conservation of the materials determine the 
durability of these rammed earth structures (Moreno et al. 
2019).

During their useful lifespan, rammed earth walls behave 
as an unsaturated geomaterial that exhibits water and 
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materialize in cracks and displacements [Figure 2] that 
increase vulnerability and facilitate water access to the 
interior of the material and erosion processes.

In the explained alteration processes, the deterioration of 
the rammed earth is generally due to durability problems 
from their materials (Beckett et al. 2020), mechanical 
failures caused by load levels are less common (Serrano-
Chacón et al. 2021). The durability, understood as the 
resistance to deterioration over long time periods, defines 
the ability to resist wear generated by environmental and 
adverse anthropogenic effects. In the case of rammed 
earth structures numerous authors (Q. B. Bui et al. 2009; 
Giuffrida et al. 2019; Morel et al. 2012; J. Richards et al. 2019) 
agree that the durability of the walls is mainly determined 
by the resistance to water and wind.

The factors related to the decrease in resistance that 
rammed earth undergoes facing an increase in water 
content have been investigated from diverse perspectives: 
laboratory testing that recreate controlled environmental 
conditions (Cuccurullo et al. 2021; Villacreses et al. 2021); 
field tests that reproduce simulated rainfall events 
(Richards et al. 2019); and long-term studies that have 

gas-filled spaces. For this reason the internal capillary 
suction processes have a major influence on the degree of 
resistance that the structures present (Gerard et al. 2015; 
Laloui et al. 2013). Changes in environmental humidity 
and temperature mean that the earth walls undergo 
constant absorption and desorption processes. The high 
water retention capacity depends on open porosity, 
micropores and the hygroscopicity of the clays (Quoc Bao 
Bui et al. 2014a; Giuffrida et al. 2019; Pauporté & Sgambi 
2019). According to Cuccurullo et al. (2021) a decrease in 
environmental humidity means an increase in capillary 
suction, a decrease of water in the pores and an increase in 
the resistance and rigidity of the rammed earth. Conversely, 
an increase of water content in the surroundings produces 
reduced suction, an increase of ductility and a decrease in 
the mechanical properties of the material. Otcovska et al. 
(2019) describes this phenomenon on a microscopic scale 
and indicates that an increase in water means a decrease 
in the uniting forces between clays, sand and gravel that 
varies depending on the type of soil. On a macroscopic 
scale, various authors (Avram et al. 2001; Morel et al. 2012; 
Moreno et al. 2019) relate humidification and drying acts to 
the reduction of the mechanical resistance, expansion of 
the clay minerals or swelling of the walls. These processes 

Figure 1.- A) Rammed earth lined with stone, Alcalá de Guadaira Castle (Seville); B) View of simple rammed earth, Alcalá de Guadaira 
Castle (Seville); C) View of simple rammed earth, Palmar del Río (Seville); D) Rammed earth lined with brick and stone, Alcazaba of 
Málaga.
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Figure 2.- A) and B) Displacements identified in the urban wall of Niebla; C) Erosion identified in the Alcazaba of Córdoba; D) erosion 
and fragmentation in the fortress of Marchena. 

allowed evaluation of ageing processes over 20 year time 
periods (Bui et al., 2009).  According to Hart et al. (2021) 
prolonged rainfall is more detrimental for a rammed 
earth structure than a short, intense rainfall, although, an 
increase in the kinetic energy of the raindrops due to the 
intensity and the angle of incidence due to wind action 
determine the erosive power of the rain (Jenny Richards et 
al. 2020). In short, it is the changes in mechanical resistance 
level that rammed earth undergoes as it moistens which 
determine the deterioration process. During a prolonged 
rain event, the water penetrates to a greater depth in the 
wall, reduces its mechanical resistance and makes it more 
vulnerable to the erosive effect of rain. As a consequence, 
the risk of precipitation and the vulnerability of the 
structure increase with exposure time, intensity and wind.

The use of geomorphic signatures (Richards et al. 2020) 
and vulnerability matrices that are adapted to work with 
rammed earth (M. Moreno et al. 2019) make it possible to 
establish relationships between deterioration processes, 
alteration factors and the current state of vulnerability. The 
established relationship between identified deterioration 
patterns and climate conditions is of great interest to 
understand the deterioration processes of these types 
of structures. The studies developed by Richards et al. 
(2020) relate the presence of delamination and strong 
erosion processes to the humidification-drying cycles 
accompanied by strong winds that occur in semi-arid 
climates. In Mediterranean climates, the studies completed 
by Moreno et al. for Seville (2019) identify deterioration 
patterns that cause differential erosion in 89% of the 

199 evaluated sections of walls due to the effects of rain 
and wind; while water access through capillarity causes 
displacements and granular disintegration in 56% of the 
evaluated sections.

The studies carried out until now highlight the necessity 
to analyse the existing correlation between surrounding 
climate factors and the pathologies that reduce durability 
in rammed earth structures. Therefore, tools such as 
remote detection and the use of geographical information 
systems, which offer continuous and consistent geo-
reinforced climate data, are especially useful for the 
analysis of threats that affect rammed earth structures 
due to the reliance on meteorological conditions and their 
large expanse in the area.

Satellite resources and methodologies for monitoring 
the environment of heritage structures

As an analysis technique, remote detection acquires land 
cover information depending on the interactions that 
occur between the objects being studied and a source of 
illumination (Awange & Kiema 2019; Rodríguez Pérez, D., 
Sánchez Carnero, N., Domínguez Gómez, J. A., & Pastrana 
2015). If the sensor that registers that interaction is carried 
by a satellite it is called remote spatial detection and if it is 
a small aircraft or an unmanned plane it is called remote 
airborne or photogrammetry detection. One of the main 
advantages of satellite data is that it allows near-global 
and consistent coverage to compare data gathered in 
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reflective values gathered by satellite instruments; and 
(2) algorithms that indirectly produce climate reanalyses 
and estimated results based on mathematical calculations 
applied over satellite images. The time period covered, the 
temporary spatial resolution, the available bands and the 
existence of derivative results have been analysed with 
the goal of evaluating environmental threats in heritage 
structures. It must be taken into account that the temporal 
resolution can decrease for areas outside of Europe in the 

areas that are far away from each other. For this reason it 
has been used a lot in cartographic updating and in the 
automatic detection of land use changes, the type of land 
coverage or climate changes (Sobrino 2001).

Table 1 summarizes the main satellite resources available 
for monitoring the danger factors that affect rammed 
earth fortifications. These have been included: (1) satellite 
images that are produced directly from the radiance/

Satellite/ Ins-

truments/ Algo-

rithms

Types of data Period Spatial Res. Te m p o -

ral Res.

Bands/ Polarisation/ Result Danger factors analysed

Landsat/ cu-

rrently OLI and 

TIRS

M u l t i s p e c t r a l 

passive satellite 

VIS-SWIR

1979-present 30-15-100 m 15 days 7 spectral bands, 1 panchro-

matic band and 2 thermal 

bands. It also has derivati-

ve results with vegetation 

bands, burned areas, etc.

Urbanisation and asphalt in heritage environ-

ments (Elfadaly et al. 2017; Elfadaly & Lasaponara 

2019; D. Hadjimitsis et al. 2013)

Changes in the vegetative development of 

green areas and ground humidity (Titolo 2021; 

Wellmann et al. 2020)

Ground temperature, fires and burned areas

(Agapiou & Lysandrou 2021; Cook et al. 2014a)

Sentinel 2/MSI M u l t i s p e c t r a l 

passive satellite 

VIS-SWIR

2017-present 10-20-60 m 5 days 10 spectral bands  Urbanisation and asphalt in heritage environ-

ments

(Elfadaly & Lasaponara 2019)

Changes in the vegetative development of 

green areas and ground humidity

(Abate & Lasaponara 2019; Chen et al. 2020).

Sentinel 1 C band active ra-

dar satellite

2014-present 10-25-40 m 6 days 2 dual and simple VV, HH, VV 

+ VH, HH +VV polarisation 

bands

Flooding in non-urban lands

(Lopez et al. 2020)

Land displacements and seisms

(Chen et al. 2020; Kosta et al. 2020b; Themisto-

cleous & Danezis 2020a)

Aqua EOS, Terra 

EOS/ MODIS

Passive satellite. 

Spectroradiome-

ter.

2000-present 2 5 0 - 5 0 0 -

1000 m

1 day 36 spectral bands. It also has 

derivative results with ve-

getation bands, the earth’s 

surface temperature, burned 

areas, etc.

 Changes in the vegetative development of 

green areas and ground humidity

(Gu et al. 2007)

Changes in ground temperature, risk of fire and 

burned areas

(Bisquert et al. 2014; Quintero et al. 2019)

Concentrations of aerosols and sandstorms 

(Sarikhani et al. 2021; Xie et al. 2017)

ERA 5 Land Climate reanaly-

sis

1981-present 11.132 m 1 day/ 1 

month

50 bands with different esti-

mated climate variables

Monitoring of climate variables: precipitation, 

air and ground temperature, solar radiation, eva-

poration, velocity and direction of the wind, etc. 

The data is reliable in time periods over 1 year 

(Liu et al. 2020)

GLDAS-2.2 Climate reanaly-

sis

2000-present 27.830 m 3 hours 36 bands with different esti-

mated climate variables

Monitoring of climate variables: precipitation, air 

and ground temperature, solar radiation, evapo-

ration, wind speed, ground humidity at different 

depths, etc. The data is reliable in time periods 

over 1 year (Cai et al. 2017).

CHIRPS Estimated result 1981-present 5.566 m 1 day 1 precipitation band Precipitation and meteorological droughts. The 

data is reliable in time periods over 1 year. (Ala-

hacoon & Edirisinghe 2021; Funk et al. 2015; A. 

Kumar et al. 2021; Moreno et al. 2022)

PERSIANN-CDR Estimated result 1983-present 27.830 m 1 day 1 precipitation band  Precipitation and meteorological droughts. The 

data is reliable in time periods over 1 year (San-

tos et al. 2021)
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GPM Ac t ive -pass ive 

satellite. Dual 

frequency preci-

pitation radar/mi-

crowave camera. 

Estimated result

2000-present 11.132 m 1 month/

3 hours

4 precipitation bands Precipitation and meteorologic droughts over 

short and long time periods (Retalis et al. 2022; 

Tang et al. 2020)

GSMaP Estimated result 2000-present 11.132 m 1 hour 2 precipitation bands Precipitation and meteorologic droughts over 

short and long time periods

(Retalis et al. 2022)

SMAP Active-passive sa-

tellite. Estimated 

result

2015-present 10.000 m 3 days 5 ground humidity bands Ground humidity, subsoil humidity and anoma-

lies in the registered humidity levels 

(Lopez et al. 2020)

Aqua EOS/Air/

DM2TMNXAER

Infrared probe. 

Estimated result

1980-present 60,000 m 1 month 1 surface dust mass concen-

tration band

Presence of dust particles in the air and sands-

torms (Ghazal 2020)

Table 1.- List of the main satellites, instruments and algorithms available to assess environmental threats in rammed earth 
constructions.

case of the Sentinel 1 and 2 satellites. The available bands 
and satellite results can vary in all satellites depending on 
the image processing level. Throughout this study the 
differences between the stated resources and their possible 
use for the study of rammed earth structures are explained.

— Current use of satellite resources and methodologies for he-
ritage monitoring

In the analysis of risk and vulnerability of cultural heritage, 
the studies completed with remote detection raise a 
special interest because of the use of satellites with passive 
instruments and multispectral images for the research and 
analysis of risks in archaeological complexes and historical 
landscapes (Cuca & Hadjimitsis 2017; Luo et al. 2019a). 
The Landsat (1979-present) and Sentinel 2 (2014-present) 
series are the most used satellites (Table 1) due to the fact 
that they carry multispectral sensors. They produce groups 
of images in layers (or bands) based on the radiance/
reflectance registered at a given wavelength in the area 
of study. Their application to the analysis and monitoring 
of rammed earth fortifications allows the identification of 
humidity levels in green areas or urban growth processes 
that affect the immediate context of the fortifications. Their 
main advantage is high spatial resolution, 30 m on Landsat 
and 10 m on Sentinel, which enables their use in limited 
environments like urban areas. The main disadvantage of 
these satellites is that they carry passive sensors that do not 
capture information from the earth’s surface in the presence 
of clouds or the absence of solar light, for this reason their 
use in context of heavy rainfalls is limited.

The analysis methodology used on these types of 
satellite images has been based on the use of false-colour 
combinations (blue, green and red), standardised indices 
and classifications based on the levels of reflectance 
registered in different bands (Abate & Lasaponara, 2019). 
Landsat has derivative results like Global Human Settlement 
Layers (GHSL) which include the results of using urbanisation 

indices and construction date classifications for certain 
periods of time. Unlike the bands, the derived results can be 
consulted without needing to execute any type of analysis. 
Figure 3A shows the result of applying the combination of 
bands B7, B6 and B4 from Landsat 8, which identifies the 
asphalt ground in purple and, therefore, the possible areas 
where there could be difficulties to drain water from the 
subsoil in the city of Seville. Figure 3B shows the results of 
using the Normalized Difference Vegetation Index (NDVI) 
from a Landsat 8 image to identify the green areas in the city 
of Seville and their proximity to the medieval fortifications 
that are outlined in black. This type of index is very useful for 
monitoring urban irrigation systems and recreational areas 
where fortifications are often located.

Since 2010, the use of new satellite resources in heritage has 
diversified (Agapiou et al. 2020; Luo et al. 2019b). The LiDAR 
flights enable the gathering of information from the earth’s 
surface with a high spatial resolution in areas of dense 
vegetation (Lieskovský et al. 2018; Rodríguez-Gonzálvez 
et al. 2017; Trier et al. 2021); and synthetic aperture radars 
(SAR radar) work at very high wavelengths and capture data 
in almost any climatic and environmental condition (Chen 
et al. 2017; Iadanza et al. 2013; Lopez et al. 2020; Tapete & 
Cigna 2017b; Themistocleous & Danezis, 2020a). The active 
sensors carried by LiDAR and the SAR radar go through the 
clouds and capture information from the earth’s surface 
in situations where a passive satellite is not capable, such 
as a rain event, the presence of smoke associated with a 
fire or volcanic activity. As an example, the active satellite 
Sentinel 1 (5.405GHz, C band) offers information available 
since 2014 with 3 different spatial resolutions (10, 25 or 40 
metres) and simple or dual (HH+HV, VV+VH) polarisation 
(Table 1). By way of example, Figure 4 shows the differences 
between two satellite images taken on the same date over 
the city of Granada, one through a passive satellite (Landsat 
8) and another through an active satellite (Sentinel 1). 
While the information captured by the passive sensor that 
day is minimal, the active sensor goes through the clouds 
and acquires information about the city centre, which is 
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Tapete & Cigna 2017a; Themistocleous & Danezis 2020b). 
Applied to the study of rammed earth fortifications, it is 
key to identifying the origin of failures in the mechanical 
behaviour of rammed earth, cracks and collapses.

— Capabilities of satellite resources and methodologies for 
preventative conservation studies 

Estimated meteorologic satellite results and climatic 
reanalysis are widely used today (Geer et al.  2017; Hersbach 
et al.  2020a), nevertheless, their application to heritage 
conservation has only been considered on a theoretical 

highlighted light grey in figure 4B. For this reason, the 
applied use of active sensors in the management of rammed 
earth fortifications can be very useful to monitor floods and 
vegetation in non-urban areas.

Another application of SAR radar satellites is the 
interferometry that acquires very accurate topographic 
measurements by analysing the differences in backscatter 
and existing stages between two measurements (Kosta et al. 
2020b; Themistocleous & Danezis 2020b). The possibilities 
offered by its application in patrimony have generated 
numerous studies to analyse the effects of seismic waves 
and land displacements (Chen et al. 2020; Kosta et al. 2020a; 

Figure 3.- Images acquired from the multispectral Landsat 8 satellite for the city of Seville: A) combination of urban false-colour bands 
(B7, B6 and B4); B) and of land coverage classification from the Normalized Difference Vegetation Index (NDVI): (B5-B4)/(B5+B4)). 
Satellite images downloaded on the Google Earth Engine and processed in SMAP and ArcGIS.

Figure 4.- Satellite images in the city of Granada, Spain: A) Passive satellite Sentinel-2; B) Active satellite Sentinel-1 (November 2021). 
Images acquired from the EO Browser viewfinder.
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level (Lasaponara & Masini 2020) and scarcely used on a 
practical level.

The appearance of new satellite results from the reflective 
data and algorithms or numerical calculation models 
that acquire indirect measurements of parameters such 
as temperature or precipitation is becoming increasingly 
common. Once devised, these estimated results are 
calibrated by comparison with direct measurements 
from ground-based meteorological stations to adjust the 
mathematic models. Examples of such results would be 
CHIRPS (Shen et al.  2020), PERSIANN(Ashouri et al. 2015b), 
Era5 (Hersbach et al. 2020b)or GSMaP (Aonashi et al.  2009; 
Kubota et al. 2017). As Table 1 shows, in these types of 
reprocessed results, the available bands are no longer 
related to the different levels of radiance or reflectance 
but to the meteorological parameters estimated 
indirectly from the calculations made (temperature, wind, 
precipitation, etc.). 

At present, the great challenge is how to implement tools 
and methodologies capable of analysing statistically large 
volumes of satellite information and acquire essential 
information for the monitoring and conservation of 
heritage structures (Agapiou 2017; Ma et al. 2015). In 
contrast to the analysis of one reduced group of images, 
the statistical work with large volumes of historical satellite 
series generates maps and graphs with daily, monthly and 
annual maximum values, averages, cumulative amounts, 
etc. (Cuca & Hadjimitsis 2017; Lasaponara & Masini 2020). In 
recent years, advances in the development of viewfinders 
and processing software in the cloud have made this 
new work option possible, diversifying the possibilities 
that satellite images offer as a source of information and 
favouring their use in many different disciplines (Mutanga 
& Kumar 2019).

Table 2 synthesises a list of the main free access resources 
for the analysis of satellite images and highlights which 
of them can be used to work statistically with large 
volumes of data. New software like Google Earth Engine 
(https://earthengine.google.com/) offer the possibility to 
consult and statistically analyse complete historical series 
from main satellites such as Landsat, MODIS, Sentinel, 
etc. (Agapiou 2017; Agapiou & Lysandrou 2021) and 
facilitate work with estimated satellite results or climatic 
reanalysis with data on precipitation, ground humidity, 
wind, temperature and other factors closely related to the 
deterioration of the heritage assets.

Furthermore, the use of viewfinders facilitates the access 
and use of satellite resources to people who do not 
specialise in remote detection work. EO Browser (https://
apps.sentinel-hub.com/) allows acquiring combinations of 
bands and indices for unit analysis of images pertaining to 
passive and active satellites; WorldView (https://worldview.
earthdata.nasa.gov/) makes it possible to visualise 
historical series of a large part of the displayed reprocessed 
resources and Giovanni (NASA) (https://giovanni.gsfc.nasa.
gov/) carries out simple statistical operations (averages, 
maximums, accumulated values, correlations...) on large 
volumes of images (Table 2).

In summary, the introduction to the statistical study 
of satellite images as a humidity, precipitation and 
temperature monitoring tool, would make it possible to 
develop preventative conservation plans in territories with 
a large number of heritage structures and its application 
would help with decision-making for the redistribution of 
available technical, professional and economic resources, 
minimising the risk of losing the structures. Satellite 
resources with environmental parameters offer continuous 
and global coverage of the planet that allows relationships 

Name of software Description Unit analysis of satellite 
images

Statistical analysis of 
satellite images 

Quantum GIS (QGIS)+ 
Google Earth Engine plugin 

for QGIS

Geographical Information System. Desktop 
software from the Open Source Geospatial 

Foundation (OSGeo)

Yes
(Titolo 2021)

Yes
(Rufin et al. 2021)

Sentinel Application 
Platform (SNAP)

satellite image processing programme. 
Desktop software from the European Space 

Agency (ESA)

Yes
(McGarragh et al. 2015)

No

Google Earth Engine (GEE) Geo-spatial processing platform in the 
Google cloud

Yes Yes
(Gorelick et al. 2017; L. 
Kumar & Mutanga 2018)

EO Browser Satellite image viewfinder developed by the 
European Space Agency (ESA)

Yes
(Fedoniuk et al. 2021; Kim 

et al.  2009)

No

Giovanni Satellite image series viewfinder developed 
by the National Aeronautics and Space 

Administration (NASA)

Yes Yes
(Ghane Ezabadia et al., 

2021; Jamali et al. 2022)

Climate Engine
(Huntington et al. 2017)

Climate satellite image series viewfinder run 
by Google

Yes Yes
(Huntington et al. 2017)

Table 2.- Open access software available for the analysis of satellite images

https://earthengine.google.com/
https://apps.sentinel-hub.com/
https://apps.sentinel-hub.com/
https://worldview.earthdata.nasa.gov/
https://worldview.earthdata.nasa.gov/
https://giovanni.gsfc.nasa.gov/
https://giovanni.gsfc.nasa.gov/
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date show that this data is acceptable for annual analysis 
and reliable for long climatic periods, not for daily data 
(Ashouri et al. 2015a; Funk et al.  2015; Hsu et al.  2021; 
Tetzner et al.  2019; Moreno et al. 2022). As an example, 
figure 5A shows the results acquired from the calculated 
average of 240 monthly precipitation images from GPM 
between 2001 and 2021. The resulting image from the 
statistic calculation of satellite images is very similar to 
that generated by the Spanish Meteorological Agency 
(AEMET) from the interpolation of data gathered by 
land-based stations (http://agroclimap.aemet.es/ ), and 
easily identifies the high precipitation areas in the Iberian 
Peninsula. Galicia, the Cantabrian strip, the Pyrenees 
and Cádiz. The acquired precipitation data allows clearly 
defined areas to be identified, although the absolute pixel 
values (mm/h) must be validated on a local level with 
land-based meteorological stations before being used. 
Image 5B provides a detailed view of the Andalusian area 
and the conserved rammed earth fortifications. 9% of the 
216 fortifications analysed are located between Cádiz and 
Málaga in the area highlighted in dark blue in the image, 
so they are exposed to greater danger from rain and they 
will be more prone to suffer humidity problems. 7% of the 
fortifications located in the light blue area are situated in 
Almería, where there is a lesser danger of precipitation 
and, in similar conditions of vulnerability, they should have 
a higher durability.

Era5 offers estimates of more than 50 climate variables such 
as ground humidity, evapotranspiration, air temperature, 
intensity and direction of the wind, etc. (table 1) since 1979 
with a spatial resolution of 0, 28º (approx. 30 km) and 3 
temporal resolutions (hour, day or month). Era 5-Land is 
an improved model of Era-5 (Muñoz-Sabater et al.  2021) 
and it offers data as far as 1981 with a spatial resolution of 
11x11 km. The data is reliable for annual analysis and long 
climate periods, not for daily data. Applied to the study of 
rammed earth fortifications, its use makes it possible to 
categorize distinct climate contexts and evaluate existing 
threats for rammed earth structures in an area.

To quantify ground humidity and evaluate possible water 
access through capillarity, Soil Moisture Active Passive 
(SMAP) is available, which has 2 measurement instruments, 
a radar and a microwave radiometer functioning at 1,2 
GHz. The measurement of superficial and subsurface 
humidity in land coverage is based on existing differences 
in backscatter between dry and/or humid soil (Entekhabi 
et al. 2010; Zhang et al. 2017). From this satellite data, 
the GLDAS model has contributed humidity data from 
different depths since 1948 with a 27 km spatial resolution 
and a 3-hour temporal resolution (Table 1). This type 
of information can also be consulted in Era 5. Its use in 
patrimony identifies changes in ground humidity and 
predicts droughts and floods. In rammed earth structures, 
it is very interesting to monitor the drying of the soil after 
a heavy rain event and identify the higher risk areas due to 
drainage problems in the subsoil. As an example, image 6A 
presents the registered humidity levels in the subsoil on a 

to be established between variables detected in very 
distant places. In spite of this, the absolute variables 
acquired from these images must be validated with land-
based meteorological station data before being used.

Application of satellite resources to the evaluation of 
environmental threats for rammed earth fortifications 
in Andalusia

Because of the possible uses that the employment of 
environmental satellite resources offers and the scarce 
use they have had up to this point in patrimony, hereafter, 
the characteristics of satellite resources listed in table 1 for 
the gathering of climate and environmental variables are 
explained in detail. The GPM precipitation, SMAP subsoil 
humidity, MODIS temperature and Merra-2 wind resources 
have also been tested by their application to the case study 
of conserved rammed earth fortifications in Andalusia.

Within the satellite results that estimate environmental 
parameters, multiple precipitation algorithms exist that 
work on infrared and microwave wavelengths (Sun et al. 
2018).  The data from the Global Precipitation Measurement 
(GPM) satellite is an example of this (Table 1) and it offers 
precise and accurate values according to the data taken 
in land-based stations for monitoring rain events. The 
derivative images from this network of satellites offer 
estimated precipitation data in mm/h every 30 minutes for 
an almost global spatial coverage of the planet (60ºSx60ºN) 
and a spatial resolution of 0.1º (10km) since 2014. To 
recover previous precipitation data, it is possible to access 
the images acquired through its predecessor, the TRMM 
(1998-2015) or consult GSMaP. Applied to patrimony, the 
statistical analysis of these series of satellite results offers 
graphics that register the intensity of heavy rain events 
in different contexts and favours the access to maximum, 
minimum and average daily, monthly and annual data in 
the immediate surroundings of a fortification.

Identifying climate characteristics and evaluating the 
effects of climate change requires working closely with 
the available information for long periods of time known 
as climate normals. The reproduced satellite results offer 
a climatic reference of more than 30 years to compare 
current observations and identify climate anomalies. 
These tools, applied to the management of rammed 
earth fortifications, help to identify areas located in rainier 
climates and areas especially affected by strong storms 
or long droughts. They are essential for monitoring and 
planning preventative conservation activities in territories 
that are affected by climate change. 

As table 1 shows, Era5 reanalysis is available to carry out 
climate studies; algorithms such as: PERSIANN, calculated 
by the use of artificial neural networks from satellite 
sensors that operate in infrared and microwave; and 
CHIRPS, calculated from infrared observations and land-
based station data. The validation studies carried out to 
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winter day and image 6C, the registered humidity levels on 
a summer day in the Mediterranean. As figure 6D illustrates, 
the Mediterranean climate in Andalusia determines that 
a large part of the rammed earth fortifications suffer low 
levels of ground humidity and drought events that can 
favour the appearance of ground settlement issues and 
fracturing in clay soils (Santos 1997). In forested areas, low 
subsoil humidity also increases the risk of fire. As figure 6B 
shows, in winter months, subsoil humidity increases across 
the board with the exception of the southeast coastline 
and the area of Almería, which continues to present low 
humidity levels. This area corresponds to the area identified 
in figure 5B as the area with the least risk of precipitation, 
so the fortifications located here will be more affected 
by periods of severe droughts and will be more prone 
to showing cracks associated with ground movements. 
Applying statistical calculation methodologies to the daily 
ground humidity images would allow the identification of 
geographic areas with very dry summers or very humid 
winters that debilitate rammed earth structures.

To acquire temperature data, Era5 and GLDAS are available. 
The Aqua and Terra satellites also have the MODIS sensor 
that recovers daily data on the land surface temperature 
(LST) with a 1,2 km spatial resolution. In turn, it is possible 
to calculate LST from the bands on the Landsat 8 satellite 
(Table 1) with a 30 m resolution, but the parasitic light 
problems detected generate errors that must be assessed 
before its use (Cook et al. 2014b). Figure 7 shows the LST 

Figure 5.- A) Average of the precipitation satellite images from 
2001 to 2021. Data acquired from the monthly GPM IMERG 
model and statistically analysed in the Giovanni viewfinder; B) 
Detail of the Andalusian area with the location of rammed earth 
fortifications marked with black dots.

Figure 6.- Superficial humidity model images calculated from SMAP data: A) in summer (1st of August 2020); C) in winter (1st of 
November 2020). C and D) Detail of the Andalusian area with the location of rammed earth fortifications marked with black dots. 
Images acquired from the Worldview viewfinder.
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reached in the Mediterranean area in the summer of 2021 
and makes the registered high temperatures in the north of 
Africa and the southern half of the Iberian Peninsula visible. 
In particular, image 7B shows the registered temperatures 
in Andalusia and registers the highest temperatures in the 
Guadalquivir river valley and the Almería area. 45% of the 
studied fortifications are found in areas that, in the summer 
of that year reached average LSTs above 29ºC, while only 
one of the analysed fortifications is located in surroundings 
with average temperatures lower than 27ºC, a situation that 
reflects the high registered temperatures in the summertime 
in Andalusia. LST monitoring, especially after periods of rain 
and long dry periods, is essential to understand the wet and 
dry cycles of rammed earth and the occurrence of droughts. 
The combination of the use of LST, air temperature and 
precipitation values and vegetative coverage maps such as 
Corine LandCover or the image-based classifications made 
from Landsat and/or Sentinel-2 images makes evaluating 
the risk of fire possible. Along these lines, the cartography 
made based on the Fire Weather Index (FWI) is very useful for 
preventing fires in heritage landscapes (Moreno et al. 2021).

In relation to the presence of wind, existing free access 
resources offer indirect measurements of wind intensity 
from models like GLDAS. Era 5 offers the possibility to 
identify the intensity and direction of the wind. The 
acquired data covers a height of 10 meters above the 
earth’s surface and differentiates between the north wind 
and the east wind. Applied to the monitoring of rammed 
earth fortifications, knowing the intensity and direction 
of the wind favours comprehension of the erosion 
processes. This type of resource must be revised with care 
in fortifications in urban environments where the presence 
of taller buildings conditions the winds and must be 
complemented by the use of wind roses and orientations 
of the structures (Ortiz 2014). 

In turn, the number of solid particles transported increases 
the erosive power of wind currents. Sandstorms can be 
observed in the images acquired with MODIS since 2000. 
This sensor transported on the Aqua and Terra satellites, has 
algorithms that calculate the average optical density (AOD) 
of aerosols, a variable related to biomass burning, pollution 
and the presence of dust. In practice, the results of AOD 
offered by the sensors express the amount of light removed 
from a beam by dispersion and/or absorption during its 
journey through a medium. At the same time, Aqua EOS/
Airs and Merra-2 have specific estimated results for the 
measurement of dust in the air. Figure 8A makes the high 
presence of windblown particles from North Africa visible 
and the long distances over which they are transported. For 
the case of the Andalusian area, image 8B shows how 3% of 
the fortifications located in Huelva were not affected by the 
sandstorm, while 24% of the fortifications located in Almería 
and Granada, the area highlighted in darker brown in the 
image, were the most affected by these types of very erosive 
winds during the month of September in 2021. In the most 
affected areas, in addition to the erosive effect, an increase 
in dust deposits on the horizontal surface of rammed earth 

Figure 7.- Average temperature on the earth’s surface registered 
between July and August 2021. Map calculated on Google Earth 
Engine from the surface temperature result (MOD11A1.006) 
made from the data gathered by the MODIS sensor.

Figure 8.- Images from the monthly surface dust mass 
concentration model calculated from Mera-2 (M2TMNXAER) 
in September 2021. Imaged acquired from the Worldview 
viewfinder.
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is expected.
In summary, the study carried out so far corroborates 
that satellite resources offer useful data to identify 
environmental threats on heritage environments. As has 
been noted in the brief analysis given for the Andalusian 
fortifications, the use of satellite resources has allowed 
the differentiation of 3 geographic areas which present 
discernible surroundings and dangers: (1) the Cádiz-
Málaga area presents a higher risk of precipitation and 
humidity access from the subsoil; (2) the Almería area 
presents a greater risk of drought and highly erosive winds; 
(3) the rest of Andalusia presents average levels of danger 
for these factors. The information collected coincides 
with the cartography generated by AEMET according to 
the land-based meteorological stations and validates the 
results acquired by the use of satellite resources.

The application of the presented resources to the 
monitoring of rammed earth fortifications allows global 
climate studies of widespread territories to be carried out 
and to differentiate danger levels based on registered 
precipitation, temperature and wind values in recent 
years. In turn, its use favours the analysis and evaluation 
in settings of previous risk, the prediction of future risk 
situations and rapid gathering of information after an 
emergency situation. For the future, it is necessary to 
encourage the development of studies that define the 
usefulness and reliability of existing resources, normalise 
workflows and methodologies applied to the gathering of 
data in heritage settings and validate the existing satellite 
resources for comparison with the data collected by land-
based meteorological stations.

Conclusions

The more frequent deterioration processes in rammed 
earth fortifications generate erosion, displacements and 
delaminations. The durability of rammed earth and the 
appearances of these pathologies are strongly affected 
by rain, the presence of humidity in the subsoil and the 
humidification and drying cycles that imply changes in 
the mechanical resistance of the walls. In arid and semi-
arid climates, the intensity of solid-particle-laden winds 
favours the erosion processes and the existence of long dry 
periods that increase the risk of mechanical damages due 
to the alteration of the balance between the foundation of 
the wall and the environment.

Remote detection allows the monitoring of water and 
wind presence, the main environmental threats that affect 
rammed earth fortifications, through the use of diverse 
satellite resources: (1) GPM and GSMAP for monitoring 
daily precipitation; (2) CHIRPS, PERSIANN, and Era 5 for 
monitoring precipitation in long climate periods; (3) Era 
5, SMAP and GLDAS to acquire ground humidity data; (4) 
Landsat, MODIS and Era 5 for temperature data; (5) Era 5, 
Merra-2 and Terra- EOS-AIRS to identify the intensity and 
direction of the wind and the transported particles.  In 

turn, satellites such as (6) Landsat and Sentinel-2 allow 
the changes in land coverage; (8) and Sentinel-1 land 
displacements in seismic situations to be identified. 
The policy of free and open access to exposed satellite 
resources promotes their incorporation as monitoring 
tools in preventive conservation plans.

The correct choice of satellite resources depends on the 
necessities of spatial resolution, temporal resolution and 
differences displayed between passive and active satellites 
and calculated algorithms. Scale is a very important issue 
in remote sensing that is closely related to the resolution of 
satellites and the objectives of a study (Weng, 2014). Thus, 
analyzing anthropogenic changes in land cover requires 
satellite resources with higher spatial resolution, while 
analyzing climatic variables requires higher temporal 
resolution. Generally, opting for a higher spatial resolution 
also implies having a lower temporal resolution and vice 
versa.

For monitoring meteorological variables and the study 
of the consequences of climate change in heritage 
structures, statistical analysis methodologies of historical 
series of satellite images are required. The Google Earth 
Engine is the most recommended software due to the 
high capacity for working in the cloud on a petabyte scale 
with geospatial data that it offers. This software offers a 
free access technical solution for the development of this 
type of study. 

In the case of rammed earth fortifications in Andalusia, 
the application of statistical studies on the satellite series 
GPM, MODIS and GLDAS have allowed three areas with 
discernible dangers to be identified: the Almería area 
which is more prone to droughts and erosive winds; the 
Cadiz-Málaga area with a higher level of danger from 
rain and subsoil humidity; the rest of Andalusia with 
average levels of danger from rain, wind and drought. 
Future studies should carry out a comparison of the data 
obtained by satellite resources and ground stations to 
develop methodologies that enable optimal use of satellite 
resources in the monitoring of heritage landscapes.

Acknowledgment:

This study has been carried out thanks to the methodology 
supported by the projects: Art-Risk (RETOS project of 
Ministerio de Economía y Competitividad and Fondo 
Europeo de Desarrollo Regional (FEDER), code: BIA2015-
64878-R (MINECO/FEDER, UE)), Art-Risk cooperación: 
Conservación preventiva frente a rehabilitación de 
urgencia del Patrimonio Arquitectónico mediante 
Investigación sobre Riesgos y Vulnerabilidad frente al 
Cambio Climático, desastres naturales y antrópicos (project 
of Consejería de Fomento, Infraestructuras y Ordenación 
del Territorio, Junta de Andalucía UPO-03), FENIX (project 
of Ministerio de Ciencia e Innovación, Programas Estatales 
de Generación de Conocimiento y Fortalecimiento 



Mónica Moreno, Rocío Ortiz Calderón, Pilar Ortiz Calderón
Review of satellite resources to assess environmental threats in rammed earth fortifications                                      pp. 309-328

322

Observations for Hydrological and Climate Studies. Bulletin of 
the American Meteorological Society, 96(1): 69–83. https://doi.
org/10.1175/BAMS-D-13-00068.1

ASHOURI, H., HSU, K. L., SOROOSHIAN, S., BRAITHWAITE, D. K., KNAPP, 
K. R., CECIL, L. D., NELSON, B. R., & PRAT, O. P. (2015b). PERSIANN-
CDR: Daily Precipitation Climate Data Record from Multisatellite 
Observations for Hydrological and Climate Studies. Bulletin of 
the American Meteorological Society, 96(1): 69–83. https://doi.
org/10.1175/BAMS-D-13-00068.1

ÁVILA, F., PUERTAS, E., & GALLEGO, R. (2021). Characterization of the 
mechanical and physical properties of unstabilized rammed earth: A 
review. Construction and Building Materials, 270, 121435. https://doi.
org/10.1016/J.CONBUILDMAT.2020.121435

AVRAM, E., GUILLAUD, H., & HARDY, M. (2001). Characterization of 
Earthen Materials, in Terra Literature Review. An Overview of Research 
in Earthen Architecture Conservation.

AWANGE, J., & KIEMA, J. (2019). Fundamentals of Remote Sensing, 115–
123. Springer, Cham. https://doi.org/10.1007/978-3-030-03017-9_7

BECKETT, C. T. S., JAQUIN, P. A., & MOREL, J. C. (2020). Weathering the 
storm: A framework to assess the resistance of earthen structures 
to water damage. Construction and Building Materials, 242, 118098. 
https://doi.org/10.1016/J.CONBUILDMAT.2020.118098

BISQUERT, M., SÁNCHEZ, J. M., & CASELLES, V. (2014). Modeling Fire 
Danger in Galicia and Asturias (Spain) from MODIS Images. Remote 
Sensing, 6(1): 540–554. https://doi.org/10.3390/RS6010540

BUI, Q. B., MOREL, J. C., VENKATARAMA REDDY, B. V., & GHAYAD, W. 
(2009). Durability of rammed earth walls exposed for 20 years to 
natural weathering. Building and Environment, 44(5): 912–919. https://
doi.org/10.1016/J.BUILDENV.2008.07.001

BUI, QUOC BAO, MOREL, J. C., HANS, S., & WALKER, P. (2014a). Effect 
of moisture content on the mechanical characteristics of rammed 
earth. Construction and Building Materials, 54: 163–169. https://doi.
org/10.1016/J.CONBUILDMAT.2013.12.067

BUI, QUOC BAO, MOREL, J. C., HANS, S., & WALKER, P. (2014b). Effect 
of moisture content on the mechanical characteristics of rammed 
earth. Construction and Building Materials, 54: 163–169. https://doi.
org/10.1016/J.CONBUILDMAT.2013.12.067

CAI, J., ZHANG, Y., LI, Y., SAN LIANG, X., & JIANG, T. (2017). Analyzing 
the Characteristics of Soil Moisture Using GLDAS Data: A Case Study 
in Eastern China. Applied Sciences 7(6): 566. https://doi.org/10.3390/
APP7060566

CANIVEL, J., & GRACIANI, A. (2012). Critical analysis of interventions 
in historical rammed-earth walls. Military buildings in the ancient 
Kingdom of Seville. In Mileto C., Vegas F., & Cristini V. (Eds.), Rammed 
Earth Conservation, Taylor & Francis Group, 289–295. 

CANIVELL GARCÍA DE PAREDES, J. (2011). Metodología de diagnóstico 
y caracterización de fábricas históricas de tapia = Methodology for 

Científico y Tecnológico del Sistema de I+D+i, code: 
PID2019-107257RB-I00 ), Diagnóstico y Catalogación del 
Patrimonio Arquitectónico Andaluz mediante Análisis de 
Riesgos y vulnerabilidad (project of Consejería de fomento, 
infraestructuras y ordenación del territorio de la Junta de 
Andalucía UPO.20-01), RESILIENT-TOURISM, CAMPUS DE 
EXCELENCIA INTERNACIONAL, project of Consejería de 
Transformación Económica, Industria, Conocimiento y 
Universidades, de la Junta de Andalucía PYC20 RE 034 UPO 
, the research teams TEP-199 and Sanit-ARTE laboratory. 
The Art-Risk methodology has been awarded the Europa 
Nostra 2020 prize. M. Moreno is grateful to the State 
Program for the Promotion of Talent and its Employability 
in R+D+i of Ministerio de Ciencia e Innovación of Spain for 
his technical fellowship (PTA2019-016882).

References

ABATE, N., & LASAPONARA, R. (2019). Preventive archaeology based 
on open remote sensing data and tools: The cases of Sant’Arsenio 
(SA) and Foggia (FG), Italy. Sustainability (Switzerland), 11(15). https://
doi.org/10.3390/su11154145

AGAPIOU, A. (2017). Remote sensing heritage in a petabyte-scale: 
satellite data and heritage Earth Engine© applications. International 
Journal of Digital Earth, 10(1), 85–102. https://doi.org/10.1080/17538
947.2016.1250829

AGAPIOU, A., & LYSANDROU, V. (2021). Observing thermal conditions 
of historic buildings through earth observation data and big data 
engine. Sensors, 21(13). https://doi.org/10.3390/S21134557

AGAPIOU, A., LYSANDROU, V., & HADJIMITSIS, D. G. (2020). 
Earth observation contribution to cultural heritage disaster risk 
management: Case study of eastern mediterranean open air 
archaeological monuments and sites. Remote Sensing, 12(8). https://
doi.org/10.3390/RS12081330

ALAHACOON, N., & EDIRISINGHE, M. (2021). Spatial Variability of 
Rainfall Trends in Sri Lanka from 1989 to 2019 as an Indication of 
Climate Change. ISPRS International Journal of Geo-Information 2021, 
10(2): 84. https://doi.org/10.3390/IJGI10020084

AONASHI, K., AWAKA, J., HIROSE, M., KOZU, T., KUBOTA, T., LIU, G., 
SHIGE, S., KIDA, S., SETO, S., TAKAHASHI, N., & TAKAYABU, Y. N. (2009). 
GSMaP Passive Microwave Precipitation Retrieval Algorithm : 
Algorithm Description and Validation. Journal of the Meteorological 
Society of Japan. Ser. II, 87A: 119–136. https://doi.org/10.2151/
JMSJ.87A.119

ARRIGONI, A., BECKETT, C., CIANCIO, D., & DOTELLI, G. (2017). Life cycle 
analysis of environmental impact vs. durability of stabilised rammed 
earth. Construction and Building Materials, 142: 128–136. https://doi.
org/10.1016/J.CONBUILDMAT.2017.03.066

ASHOURI, H., HSU, K. L., SOROOSHIAN, S., BRAITHWAITE, D. K., KNAPP, 
K. R., CECIL, L. D., NELSON, B. R., & PRAT, O. P. (2015a). PERSIANN-
CDR: Daily Precipitation Climate Data Record from Multisatellite 

https://doi.org/10.1175/BAMS-D-13-00068.1
https://doi.org/10.1175/BAMS-D-13-00068.1
https://doi.org/10.1175/BAMS-D-13-00068.1
https://doi.org/10.1175/BAMS-D-13-00068.1
https://doi.org/10.1016/J.CONBUILDMAT.2020.121435
https://doi.org/10.1016/J.CONBUILDMAT.2020.121435
https://doi.org/10.1007/978-3-030-03017-9_7 
https://doi.org/10.1016/J.CONBUILDMAT.2020.118098
https://doi.org/10.3390/RS6010540
https://doi.org/10.1016/J.BUILDENV.2008.07.001
https://doi.org/10.1016/J.BUILDENV.2008.07.001
https://doi.org/10.1016/J.CONBUILDMAT.2013.12.067
https://doi.org/10.1016/J.CONBUILDMAT.2013.12.067
https://doi.org/10.1016/J.CONBUILDMAT.2013.12.067
https://doi.org/10.1016/J.CONBUILDMAT.2013.12.067
https://doi.org/10.3390/APP7060566
https://doi.org/10.3390/APP7060566
https://doi.org/10.3390/su11154145
https://doi.org/10.3390/su11154145
https://doi.org/10.1080/17538947.2016.1250829
https://doi.org/10.1080/17538947.2016.1250829
https://doi.org/10.3390/S21134557
https://doi.org/10.3390/RS12081330
https://doi.org/10.3390/RS12081330
https://doi.org/10.3390/IJGI10020084
https://doi.org/10.2151/JMSJ.87A.119
https://doi.org/10.2151/JMSJ.87A.119
https://doi.org/10.1016/J.CONBUILDMAT.2017.03.066
https://doi.org/10.1016/J.CONBUILDMAT.2017.03.066


Ge-conservación nº 21/ 2022. ISSN: 1989-8568                                                                                                                                                             

323

diagnosis and characterization of historical rammed-earth walls. 
https://dialnet.unirioja.es/servlet/tesis?codigo=24661&info=resume
n&idioma=SPA

CHEN, F., LASAPONARA, R., & MASINI, N. (2017). An overview of 
satellite synthetic aperture radar remote sensing in archaeology: 
From site detection to monitoring. Journal of Cultural Heritage, 23: 
5–11. https://doi.org/10.1016/J.CULHER.2015.05.003

CHEN, F., ZHOU, W., XU, H., PARCHARIDIS, I., LIN, H., & FANG, C. 
(2020). Space Technology Facilitates the Preventive Monitoring 
and Preservation of the Great Wall of the Ming Dynasty: A 
Comparative Study of the Qingtongxia and Zhangjiakou Sections 
in China. IEEE Journal of Selected Topics in Applied Earth Observations 
and Remote Sensing, 13: 5719–5729. https://doi.org/10.1109/
JSTARS.2020.3023297

CHUVIECO, E. (2016). Fundamentals of satellite remote 
sensing: An environmental approach. https://books.google.es/
books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUV
IECO,+E.+y+HUETE,+A.+2016.+Fundamentals+of+satellite+remote
+sensing,+Boca+Raton,+436+pp.&ots=H5bE48vBCx&sig=9xuUxZa-
JG1ybjXzMtqsNkw6i0g

CHUVIECO, & EMILIO. (2007). Mirar desde el espacio o mirar hacia otro 
lado: tendencias en teledetección. In Documents d’Anàlisi Geogràfica 
(Issue 50). https://www.raco.cat/index.php/DocumentsAnalisi/
article/view/86622

COOK, M., SCHOTT, J. R., MANDEL, J., & RAQUENO, N. (2014a). 
Development of an Operational Calibration Methodology for the 
Landsat Thermal Data Archive and Initial Testing of the Atmospheric 
Compensation Component of a Land Surface Temperature (LST) 
Product from the Archive. Remote Sensing 6(11): 11244–11266. 
https://doi.org/10.3390/RS61111244

COOK, M., SCHOTT, J. R., MANDEL, J., & RAQUENO, N. (2014b). 
Development of an Operational Calibration Methodology for the 
Landsat Thermal Data Archive and Initial Testing of the Atmospheric 
Compensation Component of a Land Surface Temperature (LST) 
Product from the Archive. Remote Sensing 6(11): 11244–11266. 
https://doi.org/10.3390/RS61111244

CORREIA, M., GUERRERO, L., & CROSBY, A. (2016). Technical Strategies 
for Conservation of Earthen Archaeological Architecture. 17(3): 224–
256. https://doi.org/10.1080/13505033.2015.1129799

CUCA, B., & HADJIMITSIS, D. G. (2017). Space technology meets 
policy: An overview of Earth Observation sensors for monitoring of 
cultural landscapes within policy framework for Cultural Heritage. 
Journal of Archaeological Science: Reports, 14: 727–733. https://doi.
org/10.1016/j.jasrep.2017.05.001

CUCCURULLO, A., GALLIPOLI, D., BRUNO, A. W., AUGARDE, C., HUGHES, 
P., & LA BORDERIE, C. (2021). A comparative study of the effects of 
particle grading and compaction effort on the strength and stiffness 
of earth building materials at different humidity levels. Construction 
and Building Materials, 306, 124770. https://doi.org/10.1016/J.
CONBUILDMAT.2021.124770

ELFADALY, A., & LASAPONARA, R. (2019). On the use of satellite 
imagery and GIS tools to detect and characterize the urbanization 
around heritage sites: The case studies of the Catacombs of Mustafa 
Kamel in Alexandria, Egypt and the Aragonese Castle in Baia, 
Italy. Sustainability (Switzerland), 11(7). https://doi.org/10.3390/
SU11072110

ELFADALY, A., WAFA, O., ABOUARAB, M. A. R., GUIDA, A., SPANU, P. 
G., & LASAPONARA, R. (2017). Geo-environmental estimation of 
land use changes and its effects on Egyptian temples at Luxor City. 
ISPRS International Journal of Geo-Information, 6(11). https://doi.
org/10.3390/ijgi6110378

ENTEKHABI, D., NJOKU, E. G., O’NEILL, P. E., KELLOGG, K. H., CROW, 
W. T., EDELSTEIN, W. N., ENTIN, J. K., GOODMAN, S. D., JACKSON, T. 
J., JOHNSON, J., KIMBALL, J., PIEPMEIER, J. R., KOSTER, R. D., MARTIN, 
N., MCDONALD, K. C., MOGHADDAM, M., MORAN, S., REICHLE, 
R., SHI, J. C., … VAN ZYL, J. (2010). The soil moisture active passive 
(SMAP) mission. Proceedings of the IEEE, 98(5): 704–716. https://doi.
org/10.1109/JPROC.2010.2043918

FALCÓN, M. M., & RUZ, R. D. (2020). PATRIMONIALIZACIÓN DE 
ARCHIVOS Y BIBLIOTECAS HISTÓRICOS UNIVERSITARIOS: EL CASO 
DE LA COLECCIÓN WORMALD DE LA UNIVERSIDAD DE TARAPACÁ. 
Revista de Historia Social y de Las Mentalidades, 24(2): 265–290. https://
doi.org/10.35588/RHSM.V24I2.4251

FEDONIUK, M. A., KOVALCHUK, I. P., FESYUK, V. O., KIRCHUK, R. 
V., MERLENKO, I. M., & BONDARCHUK, S. P. (2021). Differences 
in the assessment of vegetation indexes in the EO-Browser and 
EOS landviewer services (on the example of Lutsk district lands). 
20th International Conference Geoinformatics: Theoretical and 
Applied Aspects, 2021(1): 1–6. https://doi.org/10.3997/2214-
4609.20215521134/CITE/REFWORKS

FUNK, C., PETERSON, P., LANDSFELD, M., PEDREROS, D., DATA, J. V.-
S., & 2015, U. (2015). The climate hazards infrared precipitation with 
stations—a new environmental record for monitoring extremes. 
Nature. Com. https://www.nature.com/articles/sdata201566).

GANDREAU, D., & DELBOY, L. (2012). World heritage inventory of 
earthen architecture, 2012 (Crat. UNESCO (ed.)). CRATerre-ENSAG. 

GARCÍA-SORIANO, L., & MILETO, C. (2015). Intervention construction 
techniques in monumental rammed earth architecture in Spain 
through ministry archives (1980–2013). Building Materials, IV, 3–6.

GEER, A. J., BAORDO, F., BORMANN, N., CHAMBON, P., ENGLISH, S. J., 
KAZUMORI, M., LAWRENCE, H., LEAN, P., LONITZA, K., & LUPU, C. (2017). 
The growing impact of satellite observations sensitive to humidity, 
cloud and precipitation. Quarterly Journal of the Royal Meteorological 
Society, 143(709): 3189–3206. https://doi.org/10.1002/QJ.3172

GERARD, P., MAHDAD, M., ROBERT MCCORMACK, A., & FRANÇOIS, 
B. (2015). A unified failure criterion for unstabilized rammed earth 
materials upon varying relative humidity conditions. Construction 
and Building Materials, 95: 437–447. https://doi.org/10.1016/J.
CONBUILDMAT.2015.07.100

https://dialnet.unirioja.es/servlet/tesis?codigo=24661&info=resumen&idioma=SPA 
https://dialnet.unirioja.es/servlet/tesis?codigo=24661&info=resumen&idioma=SPA 
https://doi.org/10.1016/J.CULHER.2015.05.003
https://doi.org/10.1109/JSTARS.2020.3023297
https://doi.org/10.1109/JSTARS.2020.3023297
https://books.google.es/books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUVIECO,+E.+y+HUETE,+A.+20
https://books.google.es/books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUVIECO,+E.+y+HUETE,+A.+20
https://books.google.es/books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUVIECO,+E.+y+HUETE,+A.+20
https://books.google.es/books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUVIECO,+E.+y+HUETE,+A.+20
https://books.google.es/books?hl=es&lr=&id=-nCmCwAAQBAJ&oi=fnd&pg=PP1&dq=CHUVIECO,+E.+y+HUETE,+A.+20
https://www.raco.cat/index.php/DocumentsAnalisi/article/view/86622
https://www.raco.cat/index.php/DocumentsAnalisi/article/view/86622
https://doi.org/10.3390/RS61111244
https://doi.org/10.3390/RS61111244
https://doi.org/10.1080/13505033.2015.1129799
https://doi.org/10.1016/j.jasrep.2017.05.001
https://doi.org/10.1016/j.jasrep.2017.05.001
https://doi.org/10.1016/J.CONBUILDMAT.2021.124770
https://doi.org/10.1016/J.CONBUILDMAT.2021.124770
https://doi.org/10.3390/SU11072110 
https://doi.org/10.3390/SU11072110 
https://doi.org/10.3390/ijgi6110378
https://doi.org/10.3390/ijgi6110378
https://doi.org/10.1109/JPROC.2010.2043918 
https://doi.org/10.1109/JPROC.2010.2043918 
https://doi.org/10.35588/RHSM.V24I2.4251
https://doi.org/10.35588/RHSM.V24I2.4251
https://doi.org/10.3997/2214-4609.20215521134/CITE/REFWORKS
https://doi.org/10.3997/2214-4609.20215521134/CITE/REFWORKS
https://www.nature.com/articles/sdata201566
https://doi.org/10.1002/QJ.3172
https://doi.org/10.1016/J.CONBUILDMAT.2015.07.100
https://doi.org/10.1016/J.CONBUILDMAT.2015.07.100


Mónica Moreno, Rocío Ortiz Calderón, Pilar Ortiz Calderón
Review of satellite resources to assess environmental threats in rammed earth fortifications                                      pp. 309-328

324

HART, S., RAYMOND, K., WILLIAMS, C. J., JOHNSON, J., DEGAYNER, J., & 
GUEBARD, M. C. (2021). Precipitation impacts on earthen architecture 
for better implementation of cultural resource management in the 
US Southwest. Heritage Science, 9(1): 1–18. https://doi.org/10.1186/
s40494-021-00615-z

HERSBACH, H., BELL, B., BERRISFORD, P., HIRAHARA, S., HORÁNYI, A., 
MUÑOZ-SABATER, J., NICOLAS, J., PEUBEY, C., RADU, R., SCHEPERS, 
D., SIMMONS, A., SOCI, C., ABDALLA, S., ABELLAN, X., BALSAMO, G., 
BECHTOLD, P., BIAVATI, G., BIDLOT, J., BONAVITA, M., … THÉPAUT, J. 
N. (2020a). The ERA5 global reanalysis. Quarterly Journal of the Royal 
Meteorological Society, 146(730): 1999–2049. https://doi.org/10.1002/
QJ.3803

HERSBACH, H., BELL, B., BERRISFORD, P., HIRAHARA, S., HORÁNYI, A., 
MUÑOZ-SABATER, J., NICOLAS, J., PEUBEY, C., RADU, R., SCHEPERS, 
D., SIMMONS, A., SOCI, C., ABDALLA, S., ABELLAN, X., BALSAMO, G., 
BECHTOLD, P., BIAVATI, G., BIDLOT, J., BONAVITA, M., … THÉPAUT, J. N. 
(2020b). The ERA5 global reanalysis. Quarterly Journal of the Royal 
Meteorological Society, 146(730): 1999–2049. https://doi.org/10.1002/
QJ.3803

HSU, J., HUANG, W. R., LIU, P. Y., & LI, X. (2021). Validation of CHIRPS 
Precipitation Estimates over Taiwan at Multiple Timescales. Remote 
Sensing 13(2): 254. https://doi.org/10.3390/RS13020254

HUNTINGTON, J. L., HEGEWISCH, K. C., DAUDERT, B., MORTON, C. 
G., ABATZOGLOU, J. T., MCEVOY, D. J., & ERICKSON, T. (2017). Climate 
Engine: Cloud Computing and Visualization of Climate and Remote 
Sensing Data for Advanced Natural Resource Monitoring and Process 
Understanding. Bulletin of the American Meteorological Society, 98(11): 
2397–2410. https://doi.org/10.1175/BAMS-D-15-00324.1

IADANZA, C., CACACE, C., DEL CONTE, S., SPIZZICHINO, D., CESPA, S., & 
TRIGILA, A. (2013). Cultural Heritage, Landslide Risk and Remote Sensing 
in Italy. Landslide Science and Practice: Risk Assessment, Management and 
Mitigation, 6: 491–499. https://doi.org/10.1007/978-3-642-31319-6_65

Instituto Andaluz del patrimonio Histórico [IAPH] (s.f) Guía Digital del 
Patrimonio Cultural de Andalucía https://guiadigital.iaph.es/

JAMALI, A. A., GHORBANI KALKHAJEH, R., RANDHIR, T. O., & HE, S. 
(2022). Modeling relationship between land surface temperature 
anomaly and environmental factors using GEE and Giovanni. 
Journal of Environmental Management, 302, 113970. https://doi.
org/10.1016/J.JENVMAN.2021.113970

JAQUIN, P. A., AUGARDE, C. E., & GERRARD, C. M. (2008). Chronological 
Description of the Spatial Development of Rammed Earth Techniques. 
Http://Dx.Doi.Org/10.1080/15583050801958826, 2(4): 377–400. 
https://doi.org/10.1080/15583050801958826

JIMÉNEZ DELGADO, M. C., & GUERRERO, I. C. (2007). The selection of soils 
for unstabilised earth building: A normative review. In Construction and 
Building Materials 21(2): 237–251. Elsevier. https://doi.org/10.1016/j.
conbuildmat.2005.08.006

KARIYAWASAM, K. K. G. K. D., & JAYASINGHE, C. (2016). Cement 
stabilized rammed earth as a sustainable construction material. 

GHANE EZABADIA, N., AJDAR, S., & JAMALI, A. A. (2021). Analysis of dust 
changes using satellite images in Giovanni NASA and Sentinel-5P in 
Google Earth Engine in western Iran. JOURNAL OF NATURE AND SPATIAL 
SCIENCES, 1(1): 17–26. https://doi.org/10.30495/jonass.2021.680327

GHAZAL, N. K. (2020). Monitoring dust storm using normalized 
difference dust index (NDDI) and brightness temperature variation 
in Simi arid areas over Iraq. Iraqi Journal of Physics, 18(45): 68–75. 
https://doi.org/10.30723/ijp.18.45.68-75

GIUFFRIDA, G., CAPONETTO, R., & NOCERA, F. (2019). Hygrothermal 
properties of raw earth materials: A literature review. In Sustainability 
(Switzerland) 11(19): 5342. Multidisciplinary Digital Publishing Institute. 
https://doi.org/10.3390/su11195342

GOMES, M. I., GONÇALVES, T. D., & FARIA, P. (2014). Unstabilized 
rammed earth: Characterization of material collected from old 
constructions in south portugal and comparison to normative 
requirements. International Journal of Architectural Heritage, 8(2): 
185–212. https://doi.org/10.1080/15583058.2012.683133

GORELICK, N., HANCHER, M., DIXON, M., ILYUSHCHENKO, S., THAU, D., 
& MOORE, R. (2017). Google Earth Engine: Planetary-scale geospatial 
analysis for everyone. Remote Sensing of Environment, 202: 18–27. 
https://doi.org/10.1016/j.rse.2017.06.031

GU, Y., BROWN, J. F., VERDIN, J. P., & WARDLOW, B. (2007). A five-year 
analysis of MODIS NDVI and NDWI for grassland drought assessment 
over the central Great Plains of the United States. Geophysical Research 
Letters, 34(6): L06407. https://doi.org/10.1029/2006GL029127

GUTIÉRREZ-CARRILLO, M. L., GUERRERO DELGADO, MC. C., 
SÁNCHEZ RAMOS, J., ARCO DÍAZ, J., BESTUÉ CARDIEL, I., & ÁLVAREZ 
DOMÍNGUEZ, S. (2021). Mitigating damage on heritage structures by 
continuous conservation using thermal real-time monitoring. Case 
study of Ziri Wall, city of Granada, Spain. Journal of Cleaner Production, 
296, 126522. https://doi.org/10.1016/J.JCLEPRO.2021.126522

HADJIMITSIS, D., AGAPIOU, A., ALEXAKIS, D., & SARRIS, A. (2013). 
Exploring natural and anthropogenic risk for cultural heritage in 
Cyprus using remote sensing and GIS. International Journal of Digital 
Earth, 6(2): 115–142. https://doi.org/10.1080/17538947.2011.602119

HADJIMITSIS, D. G., THEMISTOCLEOUS, K., CUCA, B., AGAPIOU, A., 
LYSANDROU, V., LASAPONARA, R., MASINI, N., & SCHREIER, G. (2020). 
Remote Sensing for Archaeology and Cultural Landscapes : Best Practices 
and Perspectives Across Europe and the Middle East (T. K. Cuca Branka, 
A. A. Lysandrou Vasiliki, L. R. Masini Nicola, & Schreier Gunter (eds.) 
http://www.springer.com/series/10182

HAMARD, E., CAMMAS, C., FABBRI, A., RAZAKAMANANTSOA, A., 
CAZACLIU, B., & MOREL, J. C. (2016). Historical Rammed Earth Process 
Description Thanks to Micromorphological Analysis, 11(3): 314–323. 
https://doi.org/10.1080/15583058.2016.1222462

HAMARD, E., CAMMAS, C., LEMERCIER, B., CAZACLIU, B., & MOREL, J. 
C. (2020). Micromorphological description of vernacular cob process 
and comparison with rammed earth. Frontiers of Architectural 
Research, 9(1): 203–215. https://doi.org/10.1016/J.FOAR.2019.06.007

https://doi.org/10.1186/s40494-021-00615-z
https://doi.org/10.1186/s40494-021-00615-z
https://doi.org/10.1002/QJ.3803
https://doi.org/10.1002/QJ.3803
https://doi.org/10.1002/QJ.3803
https://doi.org/10.1002/QJ.3803
https://doi.org/10.3390/RS13020254
https://doi.org/10.1175/BAMS-D-15-00324.1
https://doi.org/10.1007/978-3-642-31319-6_65
https://guiadigital.iaph.es/
https://doi.org/10.1016/J.JENVMAN.2021.113970
https://doi.org/10.1016/J.JENVMAN.2021.113970
Http://Dx.Doi.Org/10.1080/15583050801958826
https://doi.org/10.1080/15583050801958826
https://doi.org/10.1016/j.conbuildmat.2005.08.006
https://doi.org/10.1016/j.conbuildmat.2005.08.006
https://doi.org/10.30495/jonass.2021.680327
https://doi.org/10.30723/ijp.18.45.68-75
https://doi.org/10.3390/su11195342
https://doi.org/10.1080/15583058.2012.683133
https://doi.org/10.1016/j.rse.2017.06.03
https://doi.org/10.1029/2006GL029127
https://doi.org/10.1016/J.JCLEPRO.2021.126522
https://doi.org/10.1080/17538947.2011.602119
http://www.springer.com/series/10182
https://doi.org/10.1080/15583058.2016.1222462 
https://doi.org/10.1016/J.FOAR.2019.06.007


Ge-conservación nº 21/ 2022. ISSN: 1989-8568                                                                                                                                                             

325

Construction and Building Materials, 105: 519–527. https://doi.
org/10.1016/J.CONBUILDMAT.2015.12.189

KIM, Y., VAN ZYL, J. J., CHARBONNEAU, F., TRUDEL, M., & FERNANDES, 
R. (2009). A Time-Series Approach to Estimate Soil Moisture Using 
Polarimetric Radar Data. IEEE Trans. Geosci. Remote Sens, 47: 15–17.

KOSTA, A., PARASKEVOPOULOS, I., AGAPIOU, A., BATTISTIN, F., 
SERPETTI, M., WALDOCH, F., RĄCZKOWSKI, W., IORIO, A. DI, ANGELI, 
S. DE, & HADJIMITSIS, D. (2020a). Remote sensing techniques for 
archaeology: a state of art analysis of SAR methods for land movement. 
Https://Doi.Org/10.1117/12.2571722, 11524: 105–119. https://doi.
org/10.1117/12.2571722

KOSTA, A., PARASKEVOPOULOS, I., AGAPIOU, A., BATTISTIN, F., 
SERPETTI, M., WALDOCH, F., RĄCZKOWSKI, W., IORIO, A. DI, ANGELI, 
S. DE, & HADJIMITSIS, D. (2020b). Remote sensing techniques for 
archaeology: a state of art analysis of SAR methods for land movement. 
Https://Doi.Org/10.1117/12.2571722, 11524: 105–119. https://doi.
org/10.1117/12.2571722

KUBOTA, T., AONASHI, K., USHIO, T., SHIGE, S., TAKAYABU, Y. N., ARAI, 
Y., TASHIMA, T., KACHI, M., & OKI, R. (2017). Recent progress in global 
satellite mapping of precipitation (GSMAP) product. International 
Geoscience and Remote Sensing Symposium (IGARSS), 2017-July, 
2712–2715. https://doi.org/10.1109/IGARSS.2017.8127556

KUMAR, A., GIRI, R. K., TALOOR, A. K., & SINGH, A. K. (2021). Rainfall 
trend, variability and changes over the state of Punjab, India 
1981–2020: A geospatial approach. Remote Sensing Applications: 
Society and Environment, 23, 100595. https://doi.org/10.1016/J.
RSASE.2021.100595

KUMAR, L., & MUTANGA, O. (2018). Google Earth Engine applications 
since inception: Usage, trends, and potential. Remote Sensing, 10(10). 
https://doi.org/10.3390/rs10101509

LALOUI, L., NUTH, M., & FRANÇOIS, B. (2013). Mechanics of 
Unsaturated Soils. In Mechanics of Unsaturated Geomaterials, 29–54. 
https://doi.org/10.1002/9781118616871.ch2

LASAPONARA, R., & MASINI, N. (2020). Big Earth Data for Cultural 
Heritage in the Copernicus Era. In Remote Sensing for Archaeology 
and Cultural Landscapes, 31–46. https://doi.org/10.1007/978-3-030-
10979-0_3

LIESKOVSKÝ, T., FAIXOVÁ CHALACHANOVÁ, J., LESSOVÁ, L., & 
HORŇÁK, M. (2018). Analysis of LiDAR data with low density in the 
context of its applicability for the cultural heritage documentation. 
Advances and Trends in Geodesy, Cartography and Geoinformatics 
- Proceedings of the 10th International Scientific and Professional 
Conference on Geodesy, Cartography and Geoinformatics, 191–196. 
https://doi.org/10.1201/9780429505645-31/ANALYSIS-LIDAR-DATA-
LOW-DENSITY-CONTEXT-APPLICABILITY-CULTURAL-HERITAGE-
DOCUMENTATION-LIESKOVSKY-FAIXOVA-CHALACHANOVA-
LESSOVA-HORNAK

LIU, J., FIIFI, D., HAGAN, T., LIU, Y., LIU, J. ;, HAGAN, D. F. T. ;, & LIU, Y. 
(2020). Global Land Surface Temperature Change (2003–2017) and 

Its Relationship with Climate Drivers: AIRS, MODIS, and ERA5-Land 
Based Analysis. Remote Sensing 13(1), 44. https://doi.org/10.3390/
RS13010044

LOPEZ, T., AL BITAR, A., BIANCAMARIA, S., GÜNTNER, A., & JÄGGI, A. 
(2020). On the Use of Satellite Remote Sensing to Detect Floods and 
Droughts at Large Scales. Surveys in Geophysics, 41(6): 1461–1487. 
https://doi.org/10.1007/S10712-020-09618-0

LUO, L., WANG, X., GUO, H., LASAPONARA, R., ZONG, X., MASINI, 
N., WANG, G., SHI, P., KHATTELI, H., CHEN, F., TARIQ, S., SHAO, J., 
BACHAGHA, N., YANG, R., & YAO, Y. (2019a). Airborne and spaceborne 
remote sensing for archaeological and cultural heritage applications: 
A review of the century (1907–2017). Remote Sensing of Environment, 
232(March), 111280. https://doi.org/10.1016/j.rse.2019.111280

LUO, L., WANG, X., GUO, H., LASAPONARA, R., ZONG, X., MASINI, 
N., WANG, G., SHI, P., KHATTELI, H., CHEN, F., TARIQ, S., SHAO, J., 
BACHAGHA, N., YANG, R., & YAO, Y. (2019b). Airborne and spaceborne 
remote sensing for archaeological and cultural heritage applications: 
A review of the century (1907–2017). Remote Sensing of Environment, 
232. https://doi.org/10.1016/j.rse.2019.111280

MA, Y., WU, H., WANG, L., HUANG, B., RANJAN, R., ZOMAYA, A., & JIE, 
W. (2015). Remote sensing big data computing: Challenges and 
opportunities. Future Generation Computer Systems, 51: 47–60. 
https://doi.org/10.1016/j.future.2014.10.029

MARTÍN-DEL-RIO, J. J., FLORES-ALÉS, V., ALEJANDRE-SÁNCHEZ, F. J., & 
BLASCO-LÓPEZ, F. J. (2018). New Method for Historic Rammed-earth 
Wall Characterization: The Almohade Ramparts of Malaga and Seville. 
Https://Doi.Org/10.1080/00393630.2018.1544429, 64(6): 363–372. 
https://doi.org/10.1080/00393630.2018.1544429

MCGARRAGH, G., POULSEN, C., POVEY, A., THOMAS, G., CHRISTENSEN, 
M., SUS, O., SCHLUNDT, C., STAPELBERG, S., STENGEL, M., GRAINGER, 
D., MCGARRAGH, G., POULSEN, C., POVEY, A., THOMAS, G., 
CHRISTENSEN, M., SUS, O., SCHLUNDT, C., STAPELBERG, S., STENGEL, 
M., & GRAINGER, D. (2015). SNAP (Sentinel Application Platform) and 
the ESA Sentinel 3 Toolbox. ESASP, 734, 21. https://ui.adsabs.harvard.
edu/abs/2015ESASP.734E..21Z/abstract

MILETO, C., & VEGAS, F. (2013). La restauración de la tapia en la Península 
Ibérica. Criterios, técnicas, resultados y perspectivas (C. Mileto & F. Vegas 
(eds.)). https://www.academia.edu/39838538/La_restauración_de_
la_tapia_en_la_Península_Ibérica_Criterios_técnicas_resultados_y_
perspectivas

MOREL, J. C., BUI, Q. B., & HAMARD, E. (2012). Weathering and durability 
of earthen material and structures. In Modern Earth Buildings: Materials, 
Engineering, Constructions and Applications, 282–303. Woodhead 
Publishing. https://doi.org/10.1533/9780857096166.2.282

MORENO, A. S. (1997). Estudios especiales de caracterización geotécnica 
y refuerzo del terreno. http://www.alhambra-patronato.es/ria/
bitstream/handle/10514/14147/4 encriptado.pdf?sequence=3

MORENO, M., BERTOLIN, CH., ORTIZ, & R. ORTIZ, P. (2022). SSatellite 
product to map drought and extreme precipitation trend in 

https://doi.org/10.1016/J.CONBUILDMAT.2015.12.189
https://doi.org/10.1016/J.CONBUILDMAT.2015.12.189
Https://Doi.Org/10.1117/12.2571722
https://doi.org/10.1117/12.2571722
https://doi.org/10.1117/12.2571722
Https://Doi.Org/10.1117/12.2571722
https://doi.org/10.1117/12.2571722
https://doi.org/10.1117/12.2571722
https://doi.org/10.1109/IGARSS.2017.8127556
https://doi.org/10.1016/J.RSASE.2021.100595
https://doi.org/10.1016/J.RSASE.2021.100595
https://doi.org/10.3390/rs10101509
https://doi.org/10.1002/9781118616871.ch2
https://doi.org/10.1007/978-3-030-10979-0_3
https://doi.org/10.1007/978-3-030-10979-0_3
https://doi.org/10.1201/9780429505645-31/ANALYSIS-LIDAR-DATA-LOW-DENSITY-CONTEXT-APPLICABILITY-CULTU
https://doi.org/10.1201/9780429505645-31/ANALYSIS-LIDAR-DATA-LOW-DENSITY-CONTEXT-APPLICABILITY-CULTU
https://doi.org/10.1201/9780429505645-31/ANALYSIS-LIDAR-DATA-LOW-DENSITY-CONTEXT-APPLICABILITY-CULTU
https://doi.org/10.1201/9780429505645-31/ANALYSIS-LIDAR-DATA-LOW-DENSITY-CONTEXT-APPLICABILITY-CULTU
https://doi.org/10.3390/RS13010044
https://doi.org/10.3390/RS13010044
https://doi.org/10.1007/S10712-020-09618-0
https://doi.org/10.1016/j.rse.2019.111280 
https://doi.org/10.1016/j.rse.2019.111280
https://doi.org/10.1016/j.future.2014.10.029
https://doi.org/10.1080/00393630.2018.1544429
https://ui.adsabs.harvard.edu/abs/2015ESASP.734E..21Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ESASP.734E..21Z/abstract
https://www.academia.edu/39838538/La_restauración_de_la_tapia_en_la_Península_Ibérica_Criterios_técn
https://www.academia.edu/39838538/La_restauración_de_la_tapia_en_la_Península_Ibérica_Criterios_técn
https://www.academia.edu/39838538/La_restauración_de_la_tapia_en_la_Península_Ibérica_Criterios_técn
https://doi.org/10.1533/9780857096166.2.282
http://www.alhambra-patronato.es/ria/bitstream/handle/10514/14147/4 encriptado.pdf?sequence=3 
http://www.alhambra-patronato.es/ria/bitstream/handle/10514/14147/4 encriptado.pdf?sequence=3 


Mónica Moreno, Rocío Ortiz Calderón, Pilar Ortiz Calderón
Review of satellite resources to assess environmental threats in rammed earth fortifications                                      pp. 309-328

326

PEREZ, C., & MUÑOZ, A. (2006). Teledetección: nociones y aplicaciones. 
https://books.google.es/books?hl=es&lr=&id=SfrGxbO1DT0C&oi
=fnd&pg=PA1&dq=Perez,+C.,+%26+Muñoz,+A.+L.+(2006).+Tele
detección:+nociones+y+aplicaciones&ots=pFeeWv5hHX&sig=dO-
IwagLtIF63jiX0CbF7yHI7_Yk

QUINTERO, N., VIEDMA, O., URBIETA, I. R., & MORENO, J. M. (2019). 
Assessing Landscape Fire Hazard by Multitemporal Automatic 
Classification of Landsat Time Series Using the Google Earth Engine 
in West-Central Spain. Forests, 10(6): 518. https://doi.org/10.3390/
F10060518

REDDI, L. N., JAIN, A. K., & YUN, H. B. (2012). Soil materials for earth 
construction: Properties, classification and suitability testing. In 
Modern Earth Buildings: Materials, Engineering, Constructions and 
Applications 155–171. https://doi.org/10.1533/9780857096166.2.155

RETALIS, A., KATSANOS, D., MICHAELIDES, S., & TYMVIOS, F. (2022). 
Evaluation of high-resolution satellite precipitation data over the 
Mediterranean Region. Precipitation Science, 159–175. https://doi.
org/10.1016/B978-0-12-822973-6.00017-2

RICHARDS, J., ZHAO, G., ZHANG, H., & VILES, H. (2019). A controlled 
field experiment to investigate the deterioration of earthen heritage 
by wind and rain. Heritage Science, 7(1): 1–13. https://doi.org/10.1186/
S40494-019-0293-7/FIGURES/6

RICHARDS, JENNY, VILES, H., & GUO, Q. (2020). The importance of wind 
as a driver of earthen heritage deterioration in dryland environments. 
Geomorphology, 369, 107363. https://doi.org/10.1016/J.
GEOMORPH.2020.107363

RODRÍGUEZ-GONZÁLVEZ, P., FERNÁNDEZ-PALACIOS, B. J., MUÑOZ-
NIETO,  ÁNGEL L., ARIAS-SANCHEZ, P., & GONZALEZ-AGUILERA, D. 
(2017). Mobile LiDAR System: New Possibilities for the Documentation 
and Dissemination of Large Cultural Heritage Sites. Remote Sensing 
9(3): 189. https://doi.org/10.3390/RS9030189

RODRÍGUEZ PÉREZ, D., SÁNCHEZ CARNERO, N., DOMÍNGUEZ GÓMEZ, 
J. A., & MARTA PASTRANA, C. (2015). Cuestiones de teledetección (UNED 
(ed.)

RUFIN, P., RABE, A., NILL, L., & HOSTERT, P. (n.d.). GEE TIMESERIES 
EXPLORER FOR QGIS-INSTANT ACCESS TO PETABYTES OF EARTH 
OBSERVATION DATA. https://doi.org/10.5194/isprs-archives-XLVI-
4-W2-2021-155-2021

SANTOS, C. A. G., BRASIL NETO, R. M., NASCIMENTO, T. V. M. DO, SILVA, 
R. M. DA, MISHRA, M., & FRADE, T. G. (2021). Geospatial drought 
severity analysis based on PERSIANN-CDR-estimated rainfall data for 
Odisha state in India (1983–2018). Science of The Total Environment, 
750:141258. https://doi.org/10.1016/J.SCITOTENV.2020.141258

SARIKHANI, A., DEHGHANI, M., KARIMI-JASHNI, A., & SAADAT, S. 
(2021). A New Approach for Dust Storm Detection Using MODIS 
Data. Iranian Journal of Science and Technology - Transactions of Civil 
Engineering, 45(2): 963–969. https://doi.org/10.1007/S40996-020-
00508-4/TABLES/1

Andalusia, Spain: A novel method to assess heritage landscapes at risk. 
International Journal of Applied Earth Observation and Geoinformation, 
110. https://doi.org/10.1016/j.jag.2022.102810

MORENO FALCÓN, M., ORTIZ CALDERÓN, R., & ORTIZ CALDERÓN, 
P. (2021). Incendios en paisajes patrimoniales naturales: análisis y 
evaluación de riesgos en fortificaciones mediante el uso del Global 
Wildfire Information System. Revista PH, Iaph, 413–419. https://doi.
org/10.33349/2021.104.4976

MORENO, M., ORTIZ, P., & ORTIZ, R. (2019). Vulnerability study of earth walls 
in urban fortifications using cause-effect matrixes and gis: The case of seville, 
carmona and estepa defensive fences. Mediterranean Archaeology and 
Archaeometry, 19(3): 119–138. https://doi.org/10.5281/zenodo.3583063

MOTA-LÓPEZ, M. I., MADERUELO-SANZ, R., PASTOR-VALLE, J. D., 
MENESES-RODRÍGUEZ, J. M., & ROMERO-CASADO, A. (2021). 
Analytical characterization of the almohad rammed-earth wall of 
Cáceres, Spain. Construction and Building Materials, 273. https://doi.
org/10.1016/j.conbuildmat.2020.121676

MUÑOZ-SABATER, J., DUTRA, E., AGUSTÍ-PANAREDA, A., ALBERGEL, C., 
ARDUINI, G., BALSAMO, G., BOUSSETTA, S., CHOULGA, M., HARRIGAN, 
S., HERSBACH, H., MARTENS, B., MIRALLES, D. G., PILES, M., RODRÍGUEZ-
FERNÁNDEZ, N. J., ZSOTER, E., BUONTEMPO, C., & THÉPAUT, J. N. 
(2021). ERA5-Land: A state-of-the-art global reanalysis dataset for land 
applications. Earth System Science Data, 13(9): 4349–4383. https://doi.
org/10.5194/ESSD-13-4349-2021

MUTANGA, O., & KUMAR, L. (2019). Google Earth Engine Applications. 
Remote Sensing, 11(5): 591. https://doi.org/10.3390/rs11050591

NIROUMAND, H., AKBARI, R., KHANLARI, K., GÜLTEKIN, A. B., & 
BARCELO, J. A. (2021). A Systematic Literature Review of Rammed 
Earth Walls. Soil Mechanics and Foundation Engineering, 58(4): 295–
301. https://doi.org/10.1007/S11204-021-09742-Y

OLIVEIRA, M. L. S., DARIO, C., TUTIKIAN, B. F., EHRENBRING, H. Z., 
ALMEIDA, C. C. O., & SILVA, L. F. O. (2019). Historic building materials 
from Alhambra: Nanoparticles and global climate change effects. 
Journal of Cleaner Production, 232: 751–758. https://doi.org/10.1016/J.
JCLEPRO.2019.06.019

ONTIVEROS ORTEGA, E., SEBASTIAN PARDO, E., VALVERDE ESPINOSA, 
I., & GALLEGO ROCA, I. (2008). Estudio de los materiales de 
construcción de las murallas del Albayzín ( Granada ). PH Boletín Del 
Instituto Andaluz Del Patrimonio Histórico, 66: 32–47.

OTCOVSKÁ, T. P., MUŽÍKOVÁ, B., & PADEVĚT, P. (2019). MECHANICAL 
PROPERTIES OF RAMMED EARTH WITH RESPECT TO CLAY MIXTURE 
COMPOSITION. Acta Polytechnica, 59(4): 372–383. https://doi.
org/10.14311/AP.2019.59.0372

PAUPORTÉ, E., & SGAMBI, L. (2019). Vulnerability of earth material 
to water: A state of the art. Structures and Architecture: Bridging 
the Gap and Crossing Borders - Proceedings of the 4th International 
Conference on Structures and Architecture, ICSA, 123–1130. https://
doi.org/10.1201/9781315229126-134/VULNERABILITY-EARTH-
MATERIAL-WATER-STATE-ART-PAUPORT

https://books.google.es/books?hl=es&lr=&id=SfrGxbO1DT0C&oi=fnd&pg=PA1&dq=Perez,+C.,+%26+Muñoz,+A.+L.
https://books.google.es/books?hl=es&lr=&id=SfrGxbO1DT0C&oi=fnd&pg=PA1&dq=Perez,+C.,+%26+Muñoz,+A.+L.
https://books.google.es/books?hl=es&lr=&id=SfrGxbO1DT0C&oi=fnd&pg=PA1&dq=Perez,+C.,+%26+Muñoz,+A.+L.
https://books.google.es/books?hl=es&lr=&id=SfrGxbO1DT0C&oi=fnd&pg=PA1&dq=Perez,+C.,+%26+Muñoz,+A.+L.
https://doi.org/10.3390/F10060518
https://doi.org/10.3390/F10060518
https://doi.org/10.1533/9780857096166.2.155
https://doi.org/10.1016/B978-0-12-822973-6.00017-2
https://doi.org/10.1016/B978-0-12-822973-6.00017-2
https://doi.org/10.1186/S40494-019-0293-7/FIGURES/6 
https://doi.org/10.1186/S40494-019-0293-7/FIGURES/6 
https://doi.org/10.1016/J.GEOMORPH.2020.107363
https://doi.org/10.1016/J.GEOMORPH.2020.107363
https://doi.org/10.3390/RS9030189 
https://doi.org/10.5194/isprs-archives-XLVI-4-W2-2021-155-2021 
https://doi.org/10.5194/isprs-archives-XLVI-4-W2-2021-155-2021 
https://doi.org/10.1016/J.SCITOTENV.2020.141258 
https://doi.org/10.1007/S40996-020-00508-4/TABLES/1 
https://doi.org/10.1007/S40996-020-00508-4/TABLES/1 
https://doi.org/10.1016/j.jag.2022.102810
https://doi.org/10.33349/2021.104.4976
https://doi.org/10.33349/2021.104.4976
https://doi.org/10.5281/zenodo.3583063
https://doi.org/10.1016/j.conbuildmat.2020.121676
https://doi.org/10.1016/j.conbuildmat.2020.121676
https://doi.org/10.5194/ESSD-13-4349-2021
https://doi.org/10.5194/ESSD-13-4349-2021
https://doi.org/10.3390/rs11050591
https://doi.org/10.1007/S11204-021-09742-Y
https://doi.org/10.1016/J.JCLEPRO.2019.06.019
https://doi.org/10.1016/J.JCLEPRO.2019.06.019
https://doi.org/10.14311/AP.2019.59.0372
https://doi.org/10.14311/AP.2019.59.0372
https://doi.org/10.1201/9781315229126-134/VULNERABILITY-EARTH-MATERIAL-WATER-STATE-ART-PAUPORT
https://doi.org/10.1201/9781315229126-134/VULNERABILITY-EARTH-MATERIAL-WATER-STATE-ART-PAUPORT
https://doi.org/10.1201/9781315229126-134/VULNERABILITY-EARTH-MATERIAL-WATER-STATE-ART-PAUPORT


Ge-conservación nº 21/ 2022. ISSN: 1989-8568                                                                                                                                                             

327

SERRANO-CHACÓN, Á. R., MASCORT-ALBEA, E. J., CANIVELL, J., 
ROMERO-HERNÁNDEZ, R., & JARAMILLO-MORILLA, A. (2021). Multi-
Criteria Parametric Verifications for Stability Diagnosis of Rammed-
Earth Historic Urban Ramparts Working as Retaining Walls. Applied 
Sciences, 11(6): 2744. https://doi.org/10.3390/APP11062744

SHEN, Z., YONG, B., GOURLEY, J. J., QI, W., LU, D., LIU, J., REN, L., HONG, 
Y., & ZHANG, J. (2020). Recent global performance of the Climate 
Hazards group Infrared Precipitation (CHIRP) with Stations (CHIRPS). 
Journal of Hydrology, 591, 125284. https://doi.org/10.1016/J.
JHYDROL.2020.125284

SOBRINO, J. (2001). Teledetección. https://books.google.es/books?hl=
es&lr=&id=Yb6xIldfoT0C&oi=fnd&pg=PA73&dq=Sobrino,+J.+A.+(2
001).+Teledetección.+Universitat+de+Valencia.&ots=oTwCuqKD1m
&sig=2gIM3L8U81oopLjIZYwx0-MCcmU

SUN, Q., MIAO, C., DUAN, Q., ASHOURI, H., SOROOSHIAN, S., & HSU, 
K.-L. (2018). A Review of Global Precipitation Data Sets: Data Sources, 
Estimation, and Intercomparisons. Reviews of Geophysics, 56(1): 79–
107. https://doi.org/10.1002/2017RG000574

TANG, G., CLARK, M. P., PAPALEXIOU, S. M., MA, Z., & HONG, Y. (2020). 
Have satellite precipitation products improved over last two decades? 
A comprehensive comparison of GPM IMERG with nine satellite and 
reanalysis datasets. Remote Sensing of Environment, 240, 111697. 
https://doi.org/10.1016/J.RSE.2020.111697

TAPETE, D., & CIGNA, F. (2017a). Trends and perspectives of space-
borne SAR remote sensing for archaeological landscape and cultural 
heritage applications. Journal of Archaeological Science: Reports, 14: 
716–726. https://doi.org/10.1016/J.JASREP.2016.07.017

TAPETE, D., & CIGNA, F. (2017b). Trends and perspectives of space-
borne SAR remote sensing for archaeological landscape and cultural 
heritage applications. Journal of Archaeological Science: Reports, 14: 
716–726. https://doi.org/10.1016/J.JASREP.2016.07.017

TETZNER, D., THOMAS, E., & ALLEN, C. (2019). A Validation of ERA5 
Reanalysis Data in the Southern Antarctic Peninsula—Ellsworth Land 
Region, and Its Implications for Ice Core Studies. Geosciences, 9(7): 
289. https://doi.org/10.3390/GEOSCIENCES9070289

THEMISTOCLEOUS, K., & DANEZIS, C. (2020a). Monitoring Cultural 
Heritage Sites Affected by Geo-Hazards Using In Situ and SAR Data: The 
Choirokoitia Case Study. 285–308. https://doi.org/10.1007/978-3-030-
10979-0_16

THEMISTOCLEOUS, K., & DANEZIS, C. (2020b). Monitoring Cultural 
Heritage Sites Affected by Geo-Hazards Using In Situ and SAR Data: The 
Choirokoitia Case Study. 285–308. https://doi.org/10.1007/978-3-030-
10979-0_16

TITOLO, A. (2021). Use of Time-Series NDWI to Monitor Emerging 
Archaeological Sites: Case Studies from Iraqi Artificial Reservoirs. 
Remote Sensing, 13(4): 786. https://doi.org/10.3390/rs13040786

TRIER, Ø. D., REKSTEN, J. H., & LØSETH, K. (2021). Automated mapping 
of cultural heritage in Norway from airborne lidar data using 

faster R-CNN. International Journal of Applied Earth Observation 
and Geoinformation, 95, 102241. https://doi.org/10.1016/J.
JAG.2020.102241

VILLACRESES, J. P., GRANADOS, J., CAICEDO, B., TORRES-RODAS, P., 
& YÉPEZ, F. (2021). Seismic and hydromechanical performance of 
rammed earth walls under changing environmental conditions. 
Construction and Building Materials, 300, 124331. https://doi.
org/10.1016/J.CONBUILDMAT.2021.124331

WELLMANN, T., SCHUG, F., HAASE, D., PFLUGMACHER, D., & VAN 
DER LINDEN, S. (2020). Green growth? On the relation between 
population density, land use and vegetation cover fractions in a city 
using a 30-years Landsat time series. Landscape and Urban Planning, 
202, 103857. https://doi.org/10.1016/J.LANDURBPLAN.2020.103857

WENG, Q. (2014). Scale issues in remote sensing. John Wiley & Sons. 
ISBN : 1-118-80162-8.

XIE, Y., ZHANG, W., & QU, J. J. (2017). Detection of Asian Dust Storm 
Using MODIS Measurements. Remote Sensing, 9(8), 869. https://doi.
org/10.3390/RS9080869

ZHANG, X., ZHANG, T., ZHOU, P., SHAO, Y., & GAO, S. (2017). Validation 
Analysis of SMAP and AMSR2 Soil Moisture Products over the United 
States Using Ground-Based Measurements. Remote Sensing, 9(2), 104. 
https://doi.org/10.3390/RS9020104

Degree in History and Master in Diagnosis of the state of conservation 
of historical heritage. She has also a master in TIG: Geographic 
information systems and remote sensing, and she is currently a 
doctoral student. She belongs to the research group of the Junta 
de Andalucía Heritage, Technology and Environment. Her research 
activity is focused on the use of GIS and remote sensing to assess 
risks and vulnerability in Heritage landscapes. As a professional, 
she currently works at the SanitArte laboratory at Pablo de Olavide 
University. 

Mónica Moreno
mmorfal@upo.es
Pablo de Olavide University
https://orcid.org/0000-0003-1178-1546

Author/es

Degree in Architecture and Master in Protection of Historical 
Heritage. In 2014, she obtained the title of Doctor with European 
mention at Pablo de Olavide University (Seville, Spain). She is 

Rocío Ortiz Calderón
rortcal@upo.es
Pablo de Olavide University
https://orcid.org/0000-0002-0249-8821

https://doi.org/10.3390/APP11062744
https://doi.org/10.1016/J.JHYDROL.2020.125284 
https://doi.org/10.1016/J.JHYDROL.2020.125284 
https://books.google.es/books?hl=es&lr=&id=Yb6xIldfoT0C&oi=fnd&pg=PA73&dq=Sobrino,+J.+A.+(2001).+Tel
https://books.google.es/books?hl=es&lr=&id=Yb6xIldfoT0C&oi=fnd&pg=PA73&dq=Sobrino,+J.+A.+(2001).+Tel
https://books.google.es/books?hl=es&lr=&id=Yb6xIldfoT0C&oi=fnd&pg=PA73&dq=Sobrino,+J.+A.+(2001).+Tel
https://books.google.es/books?hl=es&lr=&id=Yb6xIldfoT0C&oi=fnd&pg=PA73&dq=Sobrino,+J.+A.+(2001).+Tel
https://doi.org/10.1002/2017RG000574
https://doi.org/10.1016/J.RSE.2020.111697
https://doi.org/10.1016/J.JASREP.2016.07.017 
https://doi.org/10.1016/J.JASREP.2016.07.017
https://doi.org/10.3390/GEOSCIENCES9070289 
https://doi.org/10.1007/978-3-030-10979-0_16 
https://doi.org/10.1007/978-3-030-10979-0_16 
https://doi.org/10.1007/978-3-030-10979-0_16
https://doi.org/10.1007/978-3-030-10979-0_16
https://doi.org/10.3390/rs13040786 
https://doi.org/10.1016/J.JAG.2020.102241 
https://doi.org/10.1016/J.JAG.2020.102241 
https://doi.org/10.1016/J.CONBUILDMAT.2021.124331
https://doi.org/10.1016/J.CONBUILDMAT.2021.124331
https://doi.org/10.1016/J.LANDURBPLAN.2020.103857
https://doi.org/10.3390/RS9080869
https://doi.org/10.3390/RS9080869
https://doi.org/10.3390/RS9020104
https://orcid.org/0000-0003-1178-1546
https://orcid.org/0000-0002-0249-8821


Mónica Moreno, Rocío Ortiz Calderón, Pilar Ortiz Calderón
Review of satellite resources to assess environmental threats in rammed earth fortifications                                      pp. 309-328

328

Doctor in Chemistry, professor in the Master of Diagnosis of the 
State of Conservation of Historical Heritage, Dean of the Faculty 
of Experimental Sciences of Pablo de Olavide University (Seville, 
Spain) and head of the research group of the Junta de Andalucía 
Heritage, Technology and Environment. The lines of research he 
directs are based on studies on risks and vulnerability of historical 
heritage, preventive conservation, non-destructive techniques 
and new technologies applied to the diagnosis of materials of 
artistic historical interest.

Pilar Ortiz Caderón
mportcal@upo.es
Pablo de Olavide University

https://orcid.org/0000-0002-8547-7531

currently a professor at the UPO, director of the Master's Degree 
in Diagnosis of the State of Conservation of Historical Heritage 
and head of the Crystallography and Mineralogy Area of the 
same university. Dr. Ortiz's interests focus on studies of risk and 
vulnerability of Cultural Heritage, the use of georeferenced 
information for the study of Cultural Heritage, construction 
materials, urban planning plans and hazards, and innovation 
in science teaching with special emphasis on the diagnosis of 
Historical Heritage.

Artículo enviado el 21/05/2022
Artículo aceptado el 14/06/2022

https://doi.org/10.37558/gec.v21i1.1132

https://orcid.org/0000-0002-0249-8821
https://doi.org/10.37558/gec.v21i1.1117

