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Abstract: This research is part of a wider framework of index literature studies that have been con- 11 
ducted in the past few years. Some of these had a focus on specific remote sensing (RS) technologies, 12 
while others have tackled specific threats to cultural heritage and landscapes. By considering both 13 
damages to heritage sites and technologies used for documentation and monitoring of such occur- 14 
rences, the paper unveils the current trends on a global scale in the study of the threats to heritage, 15 
caused by both human-induced and natural hazards. Papers published by Europe-based research- 16 
ers over the last 20 years using RS and Earth Observation (EO) techniques were surveyed, alongside 17 
recommendations and programmatic documents issued by institutions in charge of heritage protec- 18 
tion and management of several countries in Europe. Around 300 documents among scientific arti- 19 
cles (published from 2000 until 2022) and Grey literature (from 2008 and 2022) were analysed. The 20 
data collection and analysis were undertaken by a group working that was intentionally composed 21 
to bring together diverse perspectives and expertise, i.e., requirements of heritage professionals 22 
when using RS and EO technologies; knowledge on technologies and their use in the field; expertise 23 
in methodology implementation to support heritage management. The results highlight: the type of 24 
hazards mostly considered and the geographical distribution of the archaeological sites and monu- 25 
ments targeted by these studies; the country affiliations of the researchers; types of RS and specifi- 26 
cally satellite-based technologies (and hence type of data) used; what are the tendencies of satellite 27 
data usage: visual interpretation, image processing, employment of machine learning and AI; what 28 
are the mostly applied technologies by public institutions and practitioners; and many others. Rec- 29 
ommendations and future trajectories are then outlined to efficiently reframe discrepancies between 30 
types of damage that received the greatest attention in the literature and the most impacting ones 31 
in terms of number of sites damaged. 32 

Keywords: Remote Sensing; Satellite data; Literature assessment; Cultural Heritage; Damage; Haz- 33 
ards; White papers; Grey literature 34 
 35 

1. Introduction  36 
The management cycle of tangible cultural heritage – either archaeological findings, 37 

buried and open-air sites, monuments, historical buildings or movable objects – includes 38 
at least the following phases: discovery, documentation, study, conservation and promo- 39 
tion. Remote sensing (RS) is nowadays an acknowledged technological asset contributing 40 
to each of these phases and a means to collect digital data and records allowing not only 41 
non-invasive measurements at a given accuracy, but also replicability and reproducibility 42 
of the features’ and sites’ geometry, of their context and of their location in space. These 43 
properties are key features to support monitoring activities from remote, at various spatial 44 
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and temporal scales, in both ordinary and crisis times. For conservation purposes, moni- 45 
toring through RS techniques enables assessment of potential threats before harmful 46 
events occur, as well as documentation of damages and impacts once an incident, due to 47 
either natural or anthropogenic process, has happened. As such, RS – via sensors mounted 48 
onto terrestrial, airborne and satellite platforms – offers an instrument to institutions and 49 
organizations in charge of heritage conservation and promotion, alongside the scientific 50 
community, to undertake a variety of tasks including regular monitoring of the on-the- 51 
ground condition, risk assessment and damage mapping. 52 

However, the extent to which RS and Earth Observation (EO) technologies are effec- 53 
tively and systematically exploited by end-users outside the scientific research field and, 54 
if so, whether this use applies to all (or at least a broad range of) hazards and types of 55 
damage, or instead there is a polarization towards a certain specific use-cases and scenar- 56 
ios, is yet to be fully unveiled.  57 

Therefore, to fill this gap, in this paper we will first provide in-depth state-of-the-art 58 
analysis of the previous research and literature assessments on the topic, from which cur- 59 
rent issues and limitations will be highlighted. Based on these findings, in the second part 60 
we will illustrate the specific objectives (i.e. the three research questions) and the method- 61 
ology developed. The latter will have a dedicated section about the terminology used in 62 
the paper followed by the step-by-step processes of analysis for both the Indexed litera- 63 
ture assessment and the Grey literature assessment. The third part of the article will be 64 
dedicated to the results. Here, we will separately describe the trends emerged from both 65 
the Indexed literature assessment and Grey literature assessment. Within each type of as- 66 
sessment, the results will be distinguished on the basis of the research questions, focusing 67 
on the one hand on the types of hazards and damage and on the other hand on the geo- 68 
matic technologies used. In the Discussion we will evaluate the results separately, thus 69 
showing the main findings for the Indexed literature and the Grey literature. The conclu- 70 
sive section will underline the common problems that emerged from the two analyses and 71 
consequently the possible recommendations and way forwards. 72 

1.1. State-of-the-art on RS of satellite imagery for monitoring hazards and damages to CH 73 
The interest towards the use of RS of satellite imagery for monitoring hazards to CH 74 

increased significantly over the past decades [1–5], as confirmed by the growth of aca- 75 
demic articles, white papers, policy documents and more generally in the Grey literature 76 
[4,6]. The application of RS to the field of cultural heritage encompasses the use of manual, 77 
semi-automatic and automatic methods as well as tools including satellite imagery, aerial 78 
photography, geophysical prospection, and Unmanned Aerial Vehicles (UAVs), all used 79 
for discovering, safeguarding and monitoring new or existing archaeological sites, mon- 80 
uments and cultural landscape worldwide [7].  81 

As such, RS opened a new season on the protection and safeguarding of cultural and 82 
natural heritage, with many stakeholders, from academic scholars to practitioners, in- 83 
volved at different levels. The relevance of this topic expanded well beyond the scientific 84 
sphere, reaching international agendas (e.g., as a dedicated target in the United Nations’ 85 
2030 Agenda for Sustainable Development Objective #11.4) and triggering the creation 86 
dedicated working groups at least at the European level (e.g., Copernicus Cultural Herit- 87 
age Task Force). The wealth of both academic and Grey literature publications (referred 88 
to as “Grey Literature” in compliance with the definitions published in [8, 9]) allowed to 89 
develop practical tailor-made solutions for many damages, thus significantly contributing 90 
to improve the quality of documentation, prevention and monitoring of endangered her- 91 
itage at a global level. 92 

However, recent indexed literature assessment [10] suggested a discrepancy between 93 
the types of damage that received attentions by scientific research and white papers and 94 
the most impacting ones in terms of number and extent of sites damaged. As a result, this 95 
albeit preliminary analysis underlined the necessity to conduct a more in-depth study of 96 
this issue, and eventually to reframe scientific research focus in proportion to the type of 97 
hazard and its level of impact. 98 
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1.2. Background on previous literature assessments, including findings, recommendations and 100 
limits 101 

This study is part of a line of research that aims to monitor the evolution of research 102 
and knowledge in the field of cultural and natural heritage safeguarding, using satellite 103 
RS technologies. As such, this line of research reconstructs the long-term trends in the use 104 
of specific methodologies and tools as well as in the evolution of the geographical area of 105 
analysis and the types of heritage places considered. Studies in the field eventually pro- 106 
vide recommendations on how to redirect the analyses, introduce new tools and ap- 107 
proaches, and possibly improve the quality of protection and safeguarding of cultural and 108 
natural heritage.  109 

The exercises aimed to monitor the evolution of the literature focusing on this topic 110 
developed over the last decade, with the first studies conducted by [7] on the impact of 111 
RS on the wider archaeological field, up to the most recent research one carried out by [10] 112 
from which this research takes its cue. 113 

Table 1 collects the literature assessments mentioned above and a summary of the 114 
outcome/s achieved. However, it must be kept in mind that, in many cases, the goal of 115 
these studies was to measure the entire range of RS applications for archaeology and cul- 116 
tural heritage (such as sites or landscape features detection), and therefore it is not possi- 117 
ble to extract the trends relating to studies on hazards to cultural heritage. 118 

Table 1. List of literature assessments regarding the use of remote sensing for cultural heritage for 119 
hazard and monitoring. Notation: RS – remote sensing; SAR – Synthetic Aperture Radar; InSAR – 120 
Interferometric SAR; WHS – World Heritage Sites. 121 

Publication Main topic Time range Geographic area Outcomes 

[7] Remote sensing in archaeol-
ogy 

1999-2015 Europe 

1. Substantial increase of RS for ar-
chaeology.  

2. Need for common repository to 
share knowledge. 

[12] SAR for cultural heritage 1985-2016 World 
1. SAR as an increasingly accessible 
and practical technique for monitor-

ing multiple threats.  

[13] InSAR data for hazard assess-
ment on UNESCO WHS 

2000-2017 Europe  

1. InSAR increasingly used in Europe 
with large amount of data for herit-

age stakeholders. 
2. Necessity for more public consul-
tation exercises and workshops, and 
user engagement at early stages of 

InSAR implementation. 

[4] Looting of archaeological sites 2000-2017 World 

1. Substantial body of different satel-
lite image-based processing methods.  
2. Lack of common practices, needs 

for more dissemination and user up-
take. 

[6] Air/spaceborne imagery for 
cultural heritage 

1907-2017 World 

1. Different RS image techniques for 
different applications.  

2. Increase of access archive and 
novel data 

[5] Google Earth application for 
cultural heritage 2005-2016 World 

1. Google Earth as a basic efficient 
and open-access tool for cultural her-

itage monitoring. 

[14] 
Machine intelligence ap-

proaches to archaeological re-
mote sensing 

1995-2017 World 1. Data sharing and collaboration be-
tween different disciplines.  
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2.Need for machine intelligence ap-
plications for processing datasets and 

replicating complex calculations. 

[11] SAR and InSAR for cultural 
heritage 

1992-2020 World 

1. Combining all radar technologies. 
2. Multidisciplinary collaboration is 

crucial. 
3. Including frontier information 

technologies to better manage data 
that radar technologies can provide 

[10] Most endangered types of cul-
tural heritage 1969-2021 World 

1. Substantial discrepancy between 
damage documented and damage 

studied. 

Of these papers, some focused on the advances in the use of specific types of satellite 122 
imagery and/or techniques for their processing and generation of value-added products, 123 
such as radar and maps of structural deformation [6,11–13], while others investigated the 124 
potential of online platforms like Google Earth [5]. Several studies also evaluated the role 125 
and validity of big data repositories to organize and manage large quantity of satellite 126 
imagery [7,11,13]. In other cases, the main focus was the relevance of multidisciplinary 127 
collaborations [7,11], as well as the importance of establishing common practices for data 128 
processing and investing on dissemination and capacity building [4,12,14]. Towards such 129 
ambitious goal of effective user uptake, engagement of end-users in designing and imple- 130 
mentation of RS/EO-based solutions is frequently called for. However, limited evidence 131 
was found in the scientific literature [4, 13] and most of the successful use-cases of tech- 132 
nological transfer relied on mediation by scientific champions [4, 11, 13]. Finally, it is 133 
worth highlighting that a recent study [10] highlighted a third significant element, mean- 134 
ing the discrepancy between the types of damage that received the greatest attention in 135 
terms of scientific research and policies and the most impacting ones in terms of number 136 
of damaged sites. Basically, several common hazard factors are well known to cause dam- 137 
age and require significant investments by heritage bodies and institutions in charge of 138 
daily maintenance and conservation (e.g., local conditions encompassing micro-organism, 139 
wind, rain or humidity, urban sprawl or agricultural practices). However, there are only 140 
few examples of evidence in the scientific literature that these were the primary threats 141 
for which RS and EO technologies were used, compared those damages of which impacts 142 
result to be more disastrous and devastating, albeit limited in time and linked to specific 143 
extraordinary events (e.g., earthquakes, landslides). 144 

The outcomes of these studies may be summarized according to three main recom- 145 
mendations: 146 
1. Necessity to pay more attention to match the properties of current and future satel- 147 

lites with the needs and questions of archaeological research and built heritage con- 148 
servation practice. 149 

2. Necessity to raise awareness among the multiple stakeholders revolving around the 150 
wider field of heritage on the range of uses of available satellites via more invest- 151 
ments in training and capacity building.  152 

3. Necessity to expand and share the available datasets to widen the types of analyses 153 
that can be undertaken. 154 
Over the years, these recommendations helped reframing this field of study in sev- 155 

eral ways including:  156 
1. Slow increase (albeit still underdeveloped) of the level of engagement of non-experts 157 

of remote sensing [11];  158 
4. Development of international capacity building and training projects, as confirmed 159 

by numerous international initiatives run on a global level like Space2place [15] or 160 
EO4GEO [16], or in Europe such as JPI-CH Prothego [17,18], in the Mediterranean 161 
and Near East like EAMENA [19,20] and EDUU [21] as well as in Central Asia with 162 
the CAAL project [22];  163 
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5. Launch of new (or the improvement of existing) satellite imagery archive platforms 164 
like the Sentinel-Hub (https://www.sentinel-hub.com/) or USGS (https://earthex- 165 
plorer.usgs.gov/) ones. 166 
However, despite the substantial positive impact of these studies in the improvement 167 

of this line of research, some limitations and open questions still remain. In the case inves- 168 
tigated in this paper, i.e., damage to cultural heritage caused by both human and natural- 169 
induced hazards, these limitations include:  170 
1. A lack of a clear reconstruction of the trends in the study of hazards and resulting 171 

damage to cultural heritage encompassing both scientific research and Grey litera- 172 
ture.  173 

2. A lack of a concise understanding of the RS methods and tools that can be used for 174 
each type of hazard.  175 
This last limitation is crucial to provide end-users such as national authorities, inter- 176 

national organizations (e.g., UNESCO) as well as private consultants with a suite of well- 177 
defined methods and tools to be used to efficiently document and monitor each type of 178 
hazard. This paper aspires to contribute to bridging these gaps through a tailor-made lit- 179 
erature assessment regarding more than 20 years of research in the field.   180 

Building on three main necessities emerged from the previous assessment as well as 181 
on the current limitation, in the present paper we analyse the current trends in the study 182 
and assessment of damages to cultural heritage in Europe caused by both human-induced 183 
damage and natural hazards using RS and EO techniques. In particular, our research pro- 184 
vides a fresh and ample look at the long-term evolution of both the indexed scientific and 185 
Grey literature regarding hazards and damage to archaeological sites, monuments and 186 
cultural landscapes conducted by European-based researchers and heritage professionals 187 
from 2000 until today using RS technologies and techniques. To do so, and following pre- 188 
vious recommendations [7,11], we developed a multidisciplinary collaboration to investi- 189 
gate the current trends and suggest improvements in processes of documentation, safe- 190 
guarding and monitoring of cultural heritage and cultural landscape under threat. To ad- 191 
dress this scope, the group who worked on this research was intentionally composed to 192 
bring together some of the main (although not exhaustive) perspectives and expertise, i.e.: 193 
concrete requirements of the heritage professionals that are the final end-users of RS and 194 
EO technologies; knowledge of these technologies and their use in the field; methodolo- 195 
gies and practice for implementation to support tasks of cultural heritage management 196 
cycle. 197 

2. Research aims, materials and method 198 

2.1. Research questions 199 
The present study is underpinned by the following research questions: 200 

1. What are the types of hazards to cultural heritage that have been studied using sat- 201 
ellite imagery so far?  202 

2. Are all the types of hazards equally addressed? 203 
3. Is there a correlation between a specific type of damage and satellite-based technol- 204 

ogy? 205 
The outcomes consist in a comprehensive reconstruction of the current trends and 206 

limits in the application of RS and EO techniques by European-based researchers over the 207 
last 20 years to document human and natural-induced damage to archaeological cultural 208 
heritage. This will be useful to 1) indicate the best tools and methodologies for each spe- 209 
cific type of hazards, 2) to suggest recommendations and future trajectories for properly 210 
reframe discrepancy between those types of damage that received the greatest attentions 211 
and the most impacting ones in terms of number of sites damaged, so as deepen the pre- 212 
liminary findings discussed by [10]. 213 

 214 
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2.2. Methodology 215 
To provide a closest possible answer to the query of “what are the most studied damages 216 

on cultural heritage across Europe and what are the technologies used”, our method was based 217 
on assessment of scientific and Grey literature presented in previous cited experiences. In 218 
this paper, however, we went a step further with an attempt to compare these two do- 219 
mains that could have very different final users (audiences). The main reason for such 220 
approach was the assumption that there could be some discrepancies in the interdiscipli- 221 
nary interaction: while remote sensing scientist are not always fully aware of the needs of 222 
the cultural heritage sector, scholars involved in heritage study and preservation are not 223 
always up to date with the recent technological advancements. In line with previous re- 224 
search [10], we felt that such a scenario might contribute to a divulgation of an unseemly 225 
narrative of the most relevant damages monitored using advanced technologies. In this 226 
respect, the focus of this paper is placed on the demonstration of the potential of advanced 227 
geomatics technologies, specifically on space-based solutions for a number of expert and 228 
non-expert end-user, particularly in the field of archaeology and cultural heritage. 229 

The reason for this choice is that the information processed for monitoring of damage 230 
to cultural heritage relies on different sets of data often managed in Geographical Infor- 231 
mation Systems, especially for extended areas or larger archaeological sites. Such complex 232 
sets of data must be organised, processed, and managed considering an appropriate rep- 233 
resentation of both construction/monument/site and often its territorial surroundings. As 234 
the processing of such information is increasingly requiring an interdisciplinary and in- 235 
teroperable environment, we thought that geomatics technologies satisfy such require- 236 
ments. As recalled by Gomarasca [23], the term geomatics was based on the concept that 237 
the increased potential of electronic computing was revolutionizing surveys and repre- 238 
sentation sciences, and that the use of computerized design was compatible with the treat- 239 
ment of huge amounts of data. Among the different geomatics techniques and disciplines 240 
able to assign a geospatial location to each object on the planet, we considered as a specific 241 
point of interest those of satellite-based Remote Sensing Earth Observation. Also, other 242 
technologies were taken into consideration because widely employed in, i) practices of 243 
heritage documentation and monitoring like photogrammetry, laser-scanning, GPS or RS 244 
ground sensor technologies; ii) information management like GIS and WebGIS.  245 

 246 
Figure 1. Literature assessment: overall methodology workflow 247 

From a conceptual and methodological points of view, there are further reasons to 248 
include a dedicated analysis of the Grey literature. As observed in previous studies 249 
[12,13], the scientific literature alone cannot provide an exhaustive representation of 250 
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demonstration activities involving or made directly by users and stakeholders. Journal 251 
papers are mostly focused on applied research, methodological developments and tests, 252 
as well as proof of concept or case studies, thus it is sometimes unfeasible to grasp the real 253 
impact of RS and EO technologies on daily heritage practice.  Moreover, policy, program- 254 
matic and institutional documents issued by organisations and bodies in charge of herit- 255 
age preservation are more likely to provide insights into the status of RS and EO technol- 256 
ogy uptake and embedding in operational workflows than journal papers. 257 

Hence, we have decided to act in two directions:  258 
a. To investigate scientific literature that is a testimony not only of the base research but 259 

often of applied research activities conducted during projects or pilot demonstrative 260 
initiatives. 261 

b. To consider the Grey literature, i.e. materials and research produced and published 262 
in the form of Report, Guidelines and White papers outside of the traditional aca- 263 
demic publishing and distribution channels, catalogues and repositories.    264 
The decision for such two-fold approach was to: i) grasp scientific advancements in 265 

the domain of cultural heritage monitoring presented by the solutions that are objectively 266 
technologically possible; ii) to illustrate the best practices “on the field”, that is to say op- 267 
erations that are needed and that are being implemented by public administrations and 268 
private entities in their common practice of heritage preservation.  269 

The overall methodological process is presented in Figure 1 and it is organised into 270 
four main steps:  271 
− Step 0: Terminology definition  272 
− Step 1: Data collection and literature assessment, divided into Step 1A and 1B 273 
− Step 2: Correlation of the two literature assessments 274 
− Step 3: Analysis of findings regarding trends and best practices. 275 

This section deals with description of the Step 0 that sets the terminological definition 276 
and Step 1 that regards data collection, data structuring and first analysis. It is important 277 
to note that the outcomes of Step 0 (i.e., terminology development) can be further used 278 
and replicated on other cases studies; Steps 1 to 3 refer specifically to this exercise. 279 

2.1.1. Terminology definition  280 
To be able to “normalise” the results from the two batches that might appear hetero- 281 

geneous and make them comparable, it was necessary to build a common Terminology of 282 
reference. We have referred to this phase as a “Step 0: Terminology definition”. On one 283 
side, for the definition of damages and type of heritage, we have referred to the official 284 
UNESCO terminology based on a two two-tier system of damaging factors consisting of 285 
a list of 14 primary hazards from which more 150 types of hazards (secondary) derive 286 
(https://whc.unesco.org/en/factors/) [24]. The UNESCO terminology is nowadays the 287 
most complete and shared document regarding the definition of heritage hazards and all 288 
types of damage considered by the papers analysed in the present research well fit either 289 
UNESCO primary or secondary hazards. To have a statistically significant sample, we 290 
considered the 14 primary factors proposed by the UNESCO report [24] as sufficiently 291 
exhaustive. In fact, if we had also considered the secondary factors, we would not have 292 
obtained a statistically significant result. For each paper selected we normalized the types 293 
of damaging factors described according to the UNESCO terminology, so as to produce a 294 
coherent dataset to be analysed. 295 

On the other side, for a definition of terminology of geomatics technologies em- 296 
ployed, we have built a nomenclature reference, as presented in Figure 2. To provide a 297 
comprehensive list of technologies and their sub-categories we have referred to the cur- 298 
rent structure adopted by the International Society of Photogrammetry and Remote Sens- 299 
ing (ISPRS). The list of Commissions and sub-commissions of ISPRS was hence used to 300 
define a structure and correlations between different technologies, sensors and their fu- 301 
ture technological perspectives within a specific applications framework of cultural herit- 302 
age and cultural landscapes monitoring.  303 
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Some adaptations were anyway required. In addition to the list of geomatics technol- 304 
ogies, it resulted necessary to indicate “Machine Learning/Artificial Intelligence (AI)” as 305 
possible relevant terms for this exercise.  306 

 307 

 308 
Figure 2. Terminology for Remote Sensing technologies. 309 

At the same time, “Photography”, either from Aerial or UAV (but also balloon or 310 
other specific types) platforms was taken into account as a relevant term because the use 311 
of photographs from above is common practice by CH professionals since several dec- 312 
ades. Similarly, the use of satellite imagery consultation within maps search engines with- 313 
out further processing of the images themselves (e.g. through Google Earth or Bing) was 314 
considered under the general term “Engine”. Both examples have been used for literature 315 
assessment (Step 1, Data collection and literature assessment) as they indicate awareness 316 
of technological potential and specifically that of satellite imagery. However, articles from 317 
the scientific literature and documents from Grey literature that only mentioned this kind 318 
of practice without a specific reference to actual data processing or way to further process 319 
and analyse satellite images were not considered in order to answer question n. 1. The 320 
concept is that the simple mention of maps search engines cannot be taken as a proof that 321 
this technology is effectively exploited in daily practice. Similar consideration was made 322 
for any other RS reported in Figure 2 and, in that case, the textual occurrence was disre- 323 
garded to the scopes of the final statistics of the present assessment. 324 

The time period of the scientific and Grey literature analysed in this study spans from 325 
2000 and 2022, thus providing a sufficiently long timeline to assess trends and current 326 
perspectives. 327 

2.2.2. Literature assessment 328 
• Step 1: Data collection and literature assessment of scientific and Grey Literature 329 

Scientific literature batch was obtained from Scopus©, a world-wide acknowledged 330 
abstract and citation database of peer-reviewed literature, that was also exploited by most 331 
of the previous publications listed in Table 1. In order to select the most significant papers, 332 
we took into account products by both Remote Sensing experts that applied their 333 
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knowledge on heritage assets and by Cultural Heritage scholars that have employed re- 334 
mote sensing techniques in their research activities. As far as Grey literature batch is con- 335 
sidered, a list of significant titles was built according to our experience and background, 336 
with a specific reference to the “Terminology” defined for the purposes of this study (see 337 
also Appendix A and B). Hence, Step 1 was further subdivided into Steps 1A and 1B to 338 
allow a separate, but parallel assessment of the two Batches.  339 

• Step 1A: Indexed literature assessment. (collection, decimation, definition) 340 

Collection: As a result of the Terminology definition, several combinations of key- 341 
words were applied on the scientific batch to perform the articles search (see Supplemen- 342 
tary materials: List of scientific articles obtained through Scopus – Step 1A). The focus was 343 
placed on archaeological heritage monitored using satellite technologies, while six (6) dif- 344 
ferent terms for damages were employed. The combinations were hence proposed as fol- 345 
lows:  346 
− "satellite" AND "heritage" AND "archaeology" AND "hazard” 347 
− "satellite" AND "heritage" AND "archaeology" AND "disaster” 348 
− "satellite" AND "heritage" AND "archaeology" AND "threat” 349 
− "satellite" AND "heritage" AND "archaeology" AND "risk” 350 
− "satellite" AND "heritage" AND "archaeology" AND “damage” 351 
− "satellite" AND "heritage" AND "archaeology" AND “destruction” 352 
− Such combinations have produced a total of 1966 relevant articles. 353 

Decimation. The first list of papers was initially checked for double results by run- 354 
ning an Automatic duplicate values removal (Excel©). This step was followed by a man- 355 
ual check for detecting duplicate missed by the automatic duplicate removal due to gram- 356 
mar or lexical errors that may have prevented their identification. This process led to an 357 
intermediate result of 849 single papers and 1117 duplicate. 358 

Definition. To perform “Attribute definition”, all articles were manually checked for 359 
categories “Title”, “Authors Keywords” “Index Keyword” and “Abstract”. In multiple 360 
cases, in order to be certain of the contents i.e., technology employed, or damage treated 361 
if any, the full-text of the papers has been consulted. Thanks to this procedure, 412 paper 362 
as matching the requirements. At the end of the process, all articles were “tagged” for: 1) 363 
type of heritage studied; 2) type of damage or damages studied on the illustrated case 364 
study; 3) type of technology or technologies employed for damage assessment and moni- 365 
toring. Through this process, 102 papers were found to be not relevant for this survey, 366 
while 15 works were not in any way accessible to the authors, so they were not evaluated. 367 
The total number of articles selected for the statistics evaluation amounts to 295. 368 

• Step 1B: “Grey” literature assessment. (collection, decimation, definition) 369 

Collection: Unlike the indexed literature, there were neither national nor interna- 370 
tional repositories or catalogues to browse that provided access to the whole body of doc- 371 
uments that heritage organisations and institutions, or practitioners have produced on the 372 
studied subject. This is intrinsic to the definition of “Grey Literature” (see section 2.2). The 373 
main categories of documents that were searched for included: guidance documents, 374 
standards, recommendations; organisation/institutional documentations; national plans; 375 
management plans; technical reports; non-indexed conference proceedings.  376 

To put together the database to analyse, it was decided to run a semi-automatic doc- 377 
ument search guided by the operator’s background knowledge. In practice, two main 378 
routes were followed. On one side, documents falling in the above categories were 379 
searched directly by browsing the institutional websites and publication repositories of 380 
the public heritage bodies of the European countries. The rationale was to search for evi- 381 
dence of the use of RS and EO by heritage institutions “directly from the source”. The 382 
search was not restricted to central administrations only, but also encompassed regional 383 
to local administrations. Furthermore, to provide the most comprehensive picture, we 384 
considered texts published in different languages (English, Italian, Polish, German etc.). 385 
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For example, for Spain Ministerio de Cultura y Deporte - Gobierno de España and Insti- 386 
tuto Andaluz del Patrimonio Histórico in Spain; for Italy the Italian Ministry of Culture 387 
and the Archaeological Park of Colosseum; for Germany the State Office for Cultural Her- 388 
itage Management Baden-Württemberg. This choice was under the assumption that, de- 389 
pending on the specific governance and administrative hierarchy and associated roles and 390 
mission (that may vary from country to country), policy, guidance and technical docu- 391 
ments may be issued at different levels. Therefore, the search aimed to be as much inclu- 392 
sive as possible. 393 

On the other side, an automatic search by keywords (same combinations as per the 394 
indexed literature) was run through Google search engine. This route mainly enabled the 395 
collection of a body of technical reports and non-indexed conference proceedings. 396 

For the period 2008 – 2022, the total amount of documents retrieved was up to 77 397 
documents. As expected, these documents were found to be very heterogeneous in typol- 398 
ogy and content, and the technical terminology therein was quite diverse, even to mean 399 
the same type of RS or EO technology or damage or threat. 400 

Decimation. Therefore, it was needed to run two tasks, i.e. tagging and indexing of 401 
the text and, afterwards, “skim-reading” and manual checks. In practice, the text of each 402 
document was screened to tag the technical terms (see also Appendix B) specifically re- 403 
lated to: “Type of heritage”, “Technology” and “Threats/factors/hazard”. Each tagged 404 
term was recorded in its original form, alongside the number of its occurrences in the 405 
various sections of the document. The latter quantitative information was already indica- 406 
tive of the relevance to the scope of the present assessment. As mentioned in section 2.2., 407 
isolated textual occurrences without any clear evidence of dedicated narration or discus- 408 
sion were disregarded during the skim-reading task. This task required an in-depth read- 409 
ing of the documents so to contextualise the tagged terms and indexed text. At the end of 410 
this process, 19 documents were kept to input into the statistics evaluation. 411 

Definition. Finally, to solve the terminology heterogeneity and make the Grey litera- 412 
ture comparable with the indexed literature, the tagged terms were converted to match 413 
and fall within the terminology for RS technologies adopted in the present study (Figure 414 
2) and UNESCO categories of factors affecting properties [24]. This step was also helpful 415 
to address the redundancy in the terms used within the same document. Although differ- 416 
ent terms are descriptive of different types of heritage or technology or threats, and thus 417 
express the variety of real-world conservation situations and the specifics of the employed 418 
technologies, for the purposes of this study their conversion to main common categories 419 
makes the assessment more effective, without compromising the key information. Appen- 420 
dix A reports an example of terms conversions and categorisation to explain the process. 421 

2.3. Geographic framework of the sample selection 422 
Our research considered all the countries studied by researchers affiliated to institu- 423 

tions in the European Union. Additionally, given the geographic horizon of the “grey” 424 
literature considered, the findings of the assessment relate to discovery, documentation, 425 
study, conservation and promotion of cultural heritage across Europe. This choice has 426 
been made for a number of reasons including the more coherent geographic area, the 427 
wider and more uniform exploitation of RS tools and methods across European countries 428 
as well as the greater coordination at continental level of initiatives (e.g. the Copernicus 429 
program) compared to other areas of the world, and lastly, the possibility of comparing 430 
results with all the previous literature assessments (two of which focused only on Europe, 431 
see Table 1). 432 

As stressed by previous studies [4,6,12], although the use of RS and EO for archaeol- 433 
ogy and cultural heritage applications is older, it is from the early 2000s that we observe 434 
a more systematic use of satellite images, from both commercial providers, data license 435 
mechanisms or institutional agreements or freely accessible platforms. Therefore, we de- 436 
cided to focus our attention on the last two decades, specifically between 2000 and 2022. 437 

 438 
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3. Results  439 
This section illustrates the results of the methodological “Step 2 Correlating the two 440 

literature assessments”. Step 1 resulted in two distinct lists of scientific articles and Grey 441 
papers that were now referenced and tagged according to a common methodology. This 442 
gave a possibility to perform statistical enquiries on two lists separately, searching for 443 
possible trends and best practices to be further discussed.  444 

3.1. Results of the literature assessment 445 
3.1.1. Overview on the types of damages considered. Unbalanced concentration on spe- 446 
cific types of hazards and regionalisms 447 

The analysis of the indexed literature of academic studies on hazards affecting cul- 448 
tural heritage sites worldwide and performed between 2000 and 2021 by European insti- 449 
tutions using remote sensing techniques revealed some important trends. 450 

 451 
Figure 3. (a-b) Distribution of the studies between 2000 and 2022 (a, left) and percentage of the types 452 
of hazards mostly analyzed by the indexed literature, as defined according to UNESCO’s official 453 
terminology (2010). 454 

Figure 3a suggests that, from a quantitative point of view, the temporal evolution of 455 
the studies published over the last 20 years can be divided into four main phases. During 456 
the first six years of the new millennium (2000-2006), the application of remote sensing 457 
technologies for monitoring hazards to cultural heritage is almost absent in the scientific 458 
research catalogues that have been searched. Then, a growing interest emerges starting 459 
from 2007 (second phase) with an average of two studies per year. From 2012 to 2016 460 
(third phase) the number of publications on this topic underwent a sharp increase, reach- 461 
ing an average of 15 publications per year. Then, in 2017 the scientific production in this 462 
field entered a fourth phase where the number of studies focusing on global damage to 463 
cultural heritage reached 40 per year, thus doubling the 2012-2016 trend.  464 

However, when looking at the types of hazards considered in the published studies, 465 
we observe that the substantial increase of scientific literature associates with an uneven 466 
distribution with most of the publications focusing on some hazards only (Figure 3b). In- 467 
deed, while one third of the 295 publications considered in this paper (i.e. 98, accounting 468 
for 32.1%) tackled multiple hazards (i.e. often up to 10-15), those focusing on a single type 469 
chose only a selected number of them. For example, ‘Sudden ecological and geological 470 
events’, namely earthquakes, landslide and floods, represent the most investigated haz- 471 
ards by single-topic publications (58, 20.1%). ‘Other human activities’ (37, 12.5%) which is 472 
a broad and diverse category including conflict, looting and vandalism, together with 473 
‘Management activities’ (34, 12.2%) follow quite closely. In this scenario it is noteworthy 474 
that certain UNESCO factors like ‘Climate change’, ‘Pollution’ or ‘Physical resource ex- 475 
traction’, which are currently on top of the agenda in other research sectors and beyond 476 
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(i.e. the UN SDGs), found little space in the current debate around the main hazards af- 477 
fecting cultural heritage.  478 

 479 
Figure 4. Map showing the geographical distribution in Europe of the researchers who authored the 480 
analyzed publications through the proxy of their declared affiliations. 481 

The tendency of scientific research to focus on few hazard types is also confirmed by 482 
analyzing the temporal trend of publications. Since early 2000s publications mostly fo- 483 
cused on ‘Sudden ecological and geological events’, ‘Management activities’ and ‘Other 484 
human activities’. Only Climate change registered a substantial increase from 2017, be- 485 
coming the fourth macro-factor mostly investigated by the scientific literature. 486 

The geographical location of the case studies from the 295 papers selected showed 487 
significant patterns (Figure 4). The findings show that, while around 21% (64) of the case 488 
studies took into consideration one or two countries, almost 50% (147) of case studies re- 489 
volve around nine (9) of them (Figure 5). These include mostly European countries like 490 
Italy (37, 12.5%), Cyprus (28, 9.4%), Russia (8, 2.7%), Greece (9, 3%) and UK (9, 3%), alt- 491 
hough also few extra-European countries received extensive attention from EU scholars, 492 
as in the case of Peru (21, 7.1%), Egypt (15, 5%), Iraq (10, 3.3%) or Syria (10, 3.3%). 493 
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 494 
Figure 5. Tree-map of the geographical location of the case studies from the 295 papers selected. 495 

Unlike for the Grey literature papers (paragraph 3.1.3) where the expertise of the au- 496 
thors are explicit, in the analysis of scientific literature, the presence of articles with mul- 497 
tiple authors with different expertise and affiliations did not allow to perform analysis of 498 
the distribution by role/mission/function/type of authors' affiliation/organization that is- 499 
sued the analyzed documents, and by match with author’s expertise. 500 

3.1.2. Overview on the technology use in scientific literature. Focus on the articles rely- 501 
ing on satellite remote sensing 502 

When examining the use of geomatics technologies for monitoring of damages on 503 
cultural heritage, the progress in the use of satellite Remote Sensing technologies in Eu- 504 
rope can be noticed. The trend observed regards articles relying not (only) on the visual 505 
interpretation of changes but on the processing of satellite-based data (in this section “sat- 506 
ellite RS”). We notice that, in the last decade, there is an acceleration in scientific produc- 507 
tion; in particular, the two peaks that are very similar to analysis on “damage” factors 508 
(Figure 3), occurring in similar years, 2013 and 2017 (Figure 6a). 509 

When observing closer into specific imagery of the specific space programs (Figure 510 
6b), a steady trend of use of Landsat and, although variable, a still consistent presence of 511 
Corona imagery is noticed. It can be argued that these two satellite programs are by now 512 
“traditionally” used in the domain of cultural heritage monitoring. 513 

 514 

 515 
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 516 
Figure 6. Articles relying on the use of satellite RS data processing for monitoring hazards and dam- 517 
age caused to CH: period since 2000 to 2022. Use of all types of satellite imagery and of satellite 518 
imagery considering the type of three satellite data/programs mainly used by CH community, 519 
namely Sentinel 1 and 2, CORONA and Landsat imagery. 520 

As illustrated in Figure 7, what is on the rise is the employment of Sentinel imagery 521 
(here both S1 and S2 data), which is even more noticeable, if temporally contextualized. 522 
The first satellites of the Copernicus program were launched in April 2014 (Sentinel-1A) 523 
and June 2015 (Sentinel-2B). Shortly after, several scientific articles are already providing 524 
inputs of Sentinels’ suitability for CH damage monitoring: already in 2014, authors from 525 
Cyprus propose an evaluation of S2 potentials [25], while some first examples on damage 526 
studies are provided for looting using SAR S1 imagery in 2015 [26] and for urban growth 527 
and land use changes using multi-spectral S2 imagery in 2017 [27]. 528 

  529 

 530 
Figure 7. Percentage of articles using Sentinel data across the absolute number of papers relying on 531 
satellite RS data processing: period 2000 to 2022. 532 

Further, it can be noticed that within the batch of articles relying on satellite image 533 
processing that increases, the percentage of articles employing Sentinel (either S1, S2, or 534 
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both) is on the rise as well. For example, in 2022, 31 articles reported studies on the dam- 535 
ages to cultural heritage. Eleven (11) of these articles were based on processing of satellite 536 
imagery, including 8 articles treating Sentinel imagery. In fact, while zero publications 537 
before 2014 are an obvious fact, an increase since a couple of years later was not neces- 538 
sarily expected. Hence, we could conclude that Full – Open – Free (FOF) policy and the 539 
technical properties seem to have made Copernicus satellite imagery extremely appealing 540 
and manageable data for monitoring of damages of cultural heritage, specifically for ar- 541 
chaeological sites [28].  542 

In addition, an interesting comparison was made between the articles tagged as “Sat- 543 
ellite RS” i.e., articles that were based on the use of satellite image processing vs. those 544 
tagged as “Engine” i.e., articles based on consultation and visual interpretation of the sat- 545 
ellite imagery (Figure 8). There is a significant peak in satellite imagery consultation using 546 
search engines in 2019, and again in 2022. The reason for this could be suggested in the 547 
new source of freely available information at a moderate spatial resolution of 10m terrain 548 
pixel i.e., Sentinel-2 data, available for consultation through various platforms (e.g., ESA’s 549 
ones or those affiliated such as EO Browser; Google Earth Engine).  550 

 551 
Figure 8. Number of scientific articles relying of satellite data processing (series “satellite RS”) com- 552 
pared to the number of articles relying on visual interpretation of satellite imagery (series “Engine”). 553 

Looking closer into the employment of machine learning (Figure 9), it is noticed that, 554 
with respect to the total of satellite “Satellite RS”-tagged articles, such phenomena are still 555 
contained but present. Such an indication at the moment probably denotes a “niche” that 556 
could still be explored in the years to come.  557 
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 558 
Figure 9. Number of articles using machine learning across the number of those relying on general 559 
satellite RS data processing: period 2000 to 2022. 560 

The last inspection of the Step 2 regarded an analysis of other geomatics technologies 561 
disciplines used simultaneously with satellite imagery. Out of 295 papers studied, 140 pa- 562 
pers describe using some kind of data processing conducted on satellite remote sensing 563 
(‘Satellite RS’) while 35 articles refer to visual inspection of satellite imagery using re- 564 
source (‘Engine’). With regard to ‘Satellite RS’ and the use of geomatics technologies, the 565 
absolute main technology macro-category is ‘Geospatial information Environment’ (26%), 566 
followed by several categories with almost equal distribution namely: ‘Ground sensors” 567 
(9%) , ‘Aerial (including UAV) photography’ (9%) and ‘Aerial (UAV) photogrammetry’ 568 
(7%; Figure 10a). For ‘Engine’ category, ‘Geospatial information Environment’ also stays 569 
predominant for even 40% of cases, followed only by ‘Aerial (including UAV) photog- 570 
raphy’ in 29% of cases. Other, more technically specific technologies like ‘Ground sensors” 571 
and Aerial (UAV) photogrammetry account for lower percentages, respectively 6% and 572 
9% that is to say 2 and 3 articles (Figure 10b).  573 

 574 
Figure 10. Inspection in use of other technologies simultaneously with satellite remote sensing im- 575 
agery when (a) satellite data processing is involved (“Satellite RS”) and (b) satellite imagery is con- 576 
sulted for visual inspection (“Engine”). 577 
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3.1.3. Grey Literature 579 
Figure 11 shows the distribution of the analyzed Grey literature accounting for the 580 

following two parameters: 581 
1. ‘authors’ expertise’ as inferred from the ‘affiliation’s discipline’, i.e., the main field of 582 

the department/institution/organization/body which the authors are affiliated with. 583 
In absence of personal information about the specific expertise of each individual 584 
author that could be known exclusively from their curriculum vitae (which was not 585 
available for this research and, however, is beyond the remit of the present study), 586 
we could only rely on the reasonable assumption that who compiled the analyzed 587 
documents had an expertise fitting with the main field of their organizations and/or 588 
that the described activities implied that the authors had the needed expertise (or a 589 
matching one). Therefore, with appropriate care, the affiliation’s discipline can be 590 
used as a proxy. The found classes encompass: Archaeology; Cultural Heritage; Re- 591 
mote Sensing; GIS; Geo-information; Information and Communication Technologies 592 
(ICT); and Archive, with the latter meaning building, curation and management of 593 
archives. 594 

2. Role/mission/function/type of authors’ affiliation/organization as per their official 595 
statutory duties. The found classes encompass: Institutional/public authority; Re- 596 
search body; Foundation; Academic/University/Higher Education; Private company. 597 

 598 
Figure 11. Distribution of Grey literature by (a) role/mission/function/type of authors’ affiliation/or- 599 
ganization that issued the analyzed documents, and by (b) match with author’s expertise. 600 

The main conclusion is that the relative percentage distribution in Figure 11a reflects 601 
the type of searched documents (namely guidance documents, standards, recommenda- 602 
tions; organisation/institutional documentations; national plans; management plans; tech- 603 
nical reports; non-indexed conference proceedings) and, thus, the type of organizations 604 
that, due to statutory duties, are expected to issue these documents. Therefore, it does not 605 
surprise that the majority of the Grey literature documents are issued by institutional/pub- 606 
lic authorities (82%), i.e., the bodies that in the hierarchy of heritage governance are those 607 
typically in charge of heritage preservation (Figure 11a). Curiously, the analyzed Grey 608 
literature shows an equal distribution between Foundations, Academic/Univer- 609 
sity/Higher Education, and Private companies (6% each). 610 

If the two above parameters are jointly analysed with no aggregation (Figure 11b), it 611 
can be found that no distinction between Archaeology & Cultural Heritage applies to In- 612 
stitutional / public authority and Foundation. This result means that the issuing bodies 613 
indistinctively operate across the typologies of heritage and their documents do not nec- 614 
essarily refer to a preferential scope e.g., archaeological investigation as opposed to herit- 615 
age preservation, but often address manifold purposes. On the contrary, documents is- 616 
sued by authors affiliated to Academic/University/Higher Education seem to highlight 617 
more specialization towards archaeological disciplines and topics. Finally, the documents 618 
that were contributed to by private companies embed an explicit ITC expertise brought 619 
by the commercial professionals collaborating with academia and/or public authorities. 620 
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With regard to RS and geomatic technologies, the three main technology macro-cat- 621 
egories in the analyzed Grey literature are, in order: ‘Geo-spatial information’ (23%), ‘Pho- 622 
tography’ (17%) and ‘Satellite Remote Sensing’ (17%; Figure 12).  623 

 624 
Figure 12. Distribution of Grey literature by technology macro-categories as defined in Figure 2. 625 

Being the first macro-category, ‘Geo-spatial information’ suggests a cross-cutting 626 
awareness among heritage bodies of the importance of skills in capture, storage, analysis, 627 
and use of spatially referenced information to support ordinary duties such as documen- 628 
tation, diagnosis and inventorying of cultural heritage, condition reporting and hazard 629 
assessment. This comes out very clearly from the detailed analysis of the tagged texts. 630 
Except for 7% of the total occurrences when the macro-category ‘Geo-spatial information’ 631 
is not associated to a specific technology, technique of data capture/handling or type of 632 
activity falling within the sub-categories reported in Figure 2, Grey literature documents 633 
explicitly refer to ‘databasing’ (11%), ‘GIS’ (7%), ‘georeferencing’ (4%) (Figure 13), ‘GPS’ 634 
(3%), ‘ground sensors’ (2%), ‘webGIS’ (1%), ‘geophysics’ (1%) and ‘GPR’ (1%). 635 

 636 
Figure 13. Distribution of Grey literature by combination of technology macro-categories and sub- 637 
categories as defined in Figure 2. 638 
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For example, in the Historic England Aerial Investigation and Mapping (formerly 639 
National Mapping Programme) Standards Technical Review [29] the use of GIS is 640 
acknowledged for “increasing sophistication and efficiency in gathering information, recording, 641 
sharing data, and comparative analyses”. Furthermore, among the collected feedback, users 642 
highlighted that Historic Environment Record (HER) is “an extraordinary resource available 643 
in a format that is easily usable in GIS platforms”. This evidence reassures about the impact 644 
that heritage collections and databases compiled in a way that geolocated and spatial in- 645 
formation can be extracted and handled in GIS are advantageous, not only for the officers 646 
themselves to undertake their daily work, but also for dissemination to and further ex- 647 
ploitation by the user community. This functionality provided by GIS also enables the 648 
exploitation of other type of RS data. For example, the footprint of aerial photography is 649 
recorded within GIS, so the full geographic extent of the available scenes is known. Not 650 
to forget that GIS and its processing functions are very helpful for digitalization, post- 651 
processing, precise positioning and distortion correction of old photographs and historic 652 
maps. 653 

Reading through the tagged and indexed texts, it is apparent how common the use 654 
of GIS is nowadays across European heritage organizations and bodies, up to the point 655 
that specific guidance documents and technical recommendations, albeit issued in differ- 656 
ent countries, show several commonalities in illustrating how to use this geospatial tech- 657 
nology. For example, in its technical recommendations [30] the Instituto Andaluz del Pat- 658 
rimonio Histórico (2011) provided detailed instructions on how to undertake documenta- 659 
tion process, select the geodetic reference system, implement the correct way for geospa- 660 
tial and geolocation data capture, georeferencing, representation geometries, archiving 661 
formats, and check metadata quality. The overall aim is to establish a normalized protocol 662 
for processing cartographic documentation of heritage, to be used to build registers and 663 
inventories. Such programmatic objective and technical guidance to achieve it are echoed 664 
in the Spanish National Emergency Risk Management Plan for Cultural Heritage [31], 665 
wherein generation of the geo-referenced cartographic inventory of assets of cultural in- 666 
terest is among the responsibilities of the Management Group belonging to the Emergency 667 
and Risk Management Unit of the Ministry of Education, Culture and Sport. This national 668 
document states that “the generation of Cultural Heritage Risk Maps requires the promotion of 669 
documentation programmes in the various autonomous regions of Spain, with the aim of geo-ref- 670 
erencing all movable and immovable cultural assets, in all categories, along with other assets which, 671 
although they might not be classified as such, represent a distinct value in terms of identity, emo- 672 
tion or evocative meaning for a particular community of citizens”. 673 

When space technologies are explicitly mentioned, GPS is the most cited satellite- 674 
based positioning system. However, in some documents other constellations are also men- 675 
tioned and described such as the Russian system GLONASS, the European system Galileo 676 
and the Chinese system BeiDou, as well as the Global Navigation Satellite System (GNSS) 677 
and more generally navigation (NAV) technologies (see e.g., the technical recommenda- 678 
tion by the Instituto Andaluz del Patrimonio Histórico, 2011 and the guidance published 679 
by Historic Environment Scotland, 2018) [30,32]. This evidence would suggest that these 680 
technologies are adopted in heritage documentation practice. 681 

Finally, GIS, georeferencing and more generally geo-spatial information are consid- 682 
ered crucial also for planning purposes, and to deal with the pressure due to modern de- 683 
velopment. For example, in its review of aerial archaeology in Ireland for the Heritage 684 
Council [33], Lambrick (2008) recommends that “further development of mapping (rectifica- 685 
tion, transcription, image enhancement and integration with terrain models) should be encouraged, 686 
and a strategy developed for strategic mapping of the results of aerial reconnaissance in areas under 687 
pressure of development, especially where subject to Strategic Environmental Assessment (SEA)”. 688 
Undertaking GIS-based mapping of existing and new imagery of sites is necessary in par- 689 
ticular in the areas under significant pressure of development or other land-use change. 690 
This specification is interesting given that development and land conversion are among 691 
the first sources of concern for heritage bodies (see below results). 692 
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Regarding the second-ranked technology macro-category, i.e., ‘Photography’, the 693 
analysis of the sub-categories highlights the predominance of ‘Aerial’ photography (17%; 694 
Figure 13). This outcome does not surprise given the well-known long-standing tradition 695 
of aerial reconnaissance and mapping archaeological features by archaeologists. This, in 696 
turn, explains the reason by which aerial photograph collections are nowadays valuable 697 
historic resources for users and, to be stored and accessed effectively, various initiatives 698 
for digitalization as geo-spatial information have been launched by heritage institutions 699 
in different countries (see above for the evidence of the association between ‘Geo-spatial 700 
information’ and ‘Photography’).  701 

On the contrary, ‘Surveying photography’ and documentation from ‘Close-range ter- 702 
restrial photogrammetry’ and ‘UAV’ are much less represented in the analyzed Grey lit- 703 
erature, both when aggregation is made by macro-category and individual sub-categories 704 
are detailed (Figures 12-13). In the case of ‘UAV’ this low representation is explained by 705 
the drone technology being relatively new still being experimented (mostly by academia 706 
and commercial sector). In addition, it is important to mention that licensing can be an 707 
issue for a systemic uptake of drone use, especially in emergency situation. In that refer- 708 
ence, it is only since 2019 that there are some shared instructions at European level pro- 709 
vided by European Union Aviation Safety Agency (EASA) [34] which can be further re- 710 
fined on national level. All these factors contribute to the fact that UAVs have not been 711 
fully embedded yet in the common practice by heritage bodies and organizations. Instead, 712 
the low statistics found for ‘Surveying photography’ and ‘Close-range terrestrial photo- 713 
grammetry’ need to be better contextualized. Proximity and terrestrial RS measurements 714 
are indeed quite spread in the Grey literature, with ‘Ground sensors’ counting to 12%, 715 
‘Photogrammetry’ 7%, and ‘Terrestrial laser scanning’ 5%. These percentages would 716 
therefore contrast with those found at sub-categories level. The hypothesis is that this out- 717 
come could an effect of the diversity in specific terminology used in the analyzed texts. 718 
So, in reality, the representation would be much higher than the above statistics would 719 
show. Indeed, the careful reading of the indexed texts highlights that overall, despite the 720 
specific terminology used, a wide variety of technologies are currently known and em- 721 
ployed in the heritage practice. 722 

Regarding ‘Satellite Remote Sensing’ ranking third among macro-categories (17%, 723 
Figure 12), it is worth noting that it ranks second when technology sub-categories are ac- 724 
counted for (12%, Figure 13). In particular, the latter percentage refers to the use of ‘Optic 725 
and/or multi-spectral’ satellite images that predominates on the use of ‘Radar and/or In- 726 
SAR’ data (7%, Figure 13). This outcome aligns with similar observations reported in pre- 727 
vious reviews [4] and confirms the general consensus that archaeologists, heritage scien- 728 
tists, practitioners and heritage officers are much more acquainted with data collected in 729 
the optical portion of the spectrum. Insights into whether these statistics correspond to an 730 
actual use of satellite data in the daily practice are provided in the discussion (see Sec. 4). 731 

In the Grey literature RS and geomatic technologies are described in relation to a 732 
broad spectrum of threats and factors affecting the properties that in the present research 733 
are analysed as per the definition complying with the UNESCO’s lexicon. Figure 14 shows 734 
the distribution of threats and factors, from which it is clear that in the Grey literature 735 
there is a no predominant factor or a group of factors significantly distancing the others. 736 
This is a substantial difference from the situation observed in the scientific literature (cf. 737 
Figure 3b). In particular, the statistics suggest that the first sources of concern include: 738 
human actions; impacts due to modern development; agriculture and use of natural re- 739 
sources. These are followed by: climate and severe weather events and their cascading 740 
processes such as flooding, desertification, changes in weather parameters (e.g., tempera- 741 
ture, pH); factors related to maintenance and management of site.  742 

Some caution should be paid in the interpretation of the lower ranking of ‘Local con- 743 
ditions affecting physical fabric’ (6%) – which include erosion, weathering, rain, water 744 
table rise, micro-organisms. These threat factors, which are highly relevant for ordinary 745 
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maintenance and conservation, are mostly addressed by heritage bodies and organiza- 746 
tions by means of other types of technologies than those of interest in the present research 747 
and, for sure, than the top-ranked macro-categories (see Figure 12). 748 

 749 
Figure 14. Distribution of Grey literature by hazards and damage factors as defined according to 750 
UNESCO’s lexicon [24]. For the sake of visualization, “Others” category aggregates factors that ac- 751 
count for less than 5% each. 752 

A temporal analysis of the Grey literature highlights that the threats that appear to 753 
be the first sources of concern (see above), as well as climate and severe weather events, 754 
are consistently present through time (Figure 15). No specific trend is observed. These 755 
statistics reflect that the analyzed documents mostly cover more than one factor. The key 756 
evidence then is the confirmation of the plurality of threats that heritage bodies and or- 757 
ganizations need to account for and mitigate. Therefore, diverse factors are addressed by 758 
different RS and geomatic techniques, depending on their technical specifics and proved 759 
capabilities.  760 

 761 
Figure 15. Temporal distribution of hazards and damage factors as defined according to UNESCO’s 762 
lexicon (citation), in the analysed Grey literature. Factors accounting for less than 5% each (cf. Figure 763 
14) are all grey-colored. 764 

Finally, with specific regard to ‘Satellite Remote Sensing’, the majority of Grey liter- 765 
ature documents refer generically to ‘satellite images/imagery’ to mention Earth Observa- 766 
tion data. Nevertheless, some exceptions are to be noted. The most cited Earth Observa- 767 
tion imagery encompass those collected from commercial very high-resolution missions 768 
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such as Quickbird, IKONOS, GeoEye-1, WorldView, as well as from satellite constella- 769 
tions such as Pleiades and SPOT [33, 35]. In one instance, Landsat ETM and ASTER are 770 
mentioned [33]. As expected, mentions of Copernicus data are found only in documents 771 
issued after 2014 [36, 37] , but the number of explicit citations in the analysed body of Grey 772 
literature is less than 11%.   773 

4. Discussion on the results analysis: first findings on trends and best practices.  774 
This section refers to the “STEP 3. First findings resulted in analysis of the trends and 775 

best practices” based on the results presented in Section 3. The solid base obtained allowed 776 
to highlight similarities and discrepancies between the two literature assessments, keep- 777 
ing in mind the differences in nature of analyzed documents, size and level of detail of the 778 
two analyses. With this final exercise, we tried to identify possible gaps to be filled and to 779 
propose some ad-hoc instruments that could allow further in-depth analysis.  780 

4.1. Main findings for the scientific literature sample 781 
In the past few decades, ordinary management has become one of the fields of appli- 782 

cation where not only RS and geomatics, but also non-invasive diagnostics of cultural her- 783 
itage has proved to be of interest to public and private heritage protection bodies in sup- 784 
port of conservation procedures. In support to this finding, we identify the suggestions 785 
for an overall non-invasive approach also from the cultural heritage community itself, that 786 
is to say the requests established by Valetta convention of 1995. Over the years there has 787 
been quite transversal evidence of such employment of such practices across Europe, from 788 
Italy to Spain, from Poland to the United Kingdom.  789 

The community of geological sciences is one of the first that historically had the need 790 
to monitor important environmental phenomena on territorial scale, and hence the access 791 
to satellite remote sensing information for civil purposes. In fact, US Landsat program and 792 
European Global Monitoring for Environment and Security GMES program were planned 793 
for monitoring of the environmental changes and their possible impact of the society as a 794 
whole. It is in this context that several communities have historically been interested in 795 
applications on cultural heritage. This interest has translated into an increasing use of RS 796 
and EO techniques to document and monitor Sudden ecological and geological events, 797 
such as earthquakes, floodings or fires. This is well visible in our analysis with the corre- 798 
sponding UNESCO primary factor being the second most considered over the last 20 799 
years. 800 

As a result, one of the first to reach a maturity in the use of satellite RS for cultural 801 
heritage, to the point of publishing results and use cases with a certain temporal continu- 802 
ity, is the community of geological sciences focused on damage assessment, followed by 803 
the geomatics technologies sector focused on the geometric documentation and change 804 
monitoring. Evidence for this is reflected in studies reported at European level on the use 805 
of satellite data for geohazards in cultural heritage sites [13].  806 

Furthermore, it has been identified that, during monitoring of hazards to cultural 807 
heritage, quite a few geomatics technologies are used simultaneously with satellite im- 808 
agery, be it by the remote sensing specialists, by heritage experts or both. Suggestion for 809 
this can be found in our analysis of additional technologies used simultaneously with sat- 810 
ellite imagery for both “Satellite RS” and “Engine” technologies (shown in Figure 10). It 811 
can be noticed that in both cases geospatial framework (in terms of GIS environments for 812 
different purposes) is the predominant choice for data integration. This only indicate the 813 
most recent trends in EO domain to link even more closely the remote sensing imagery 814 
processing with geospatial information world, with examples that can be found in ad- 815 
dressing user communities like the Copernicus user uptake within EO4GEO [16] or more 816 
official legislative instruments such as Open Data Directive tackling public sector infor- 817 
mation (a successor to PSI Directive) [38].  818 

Furthermore, another technological category common to both uses of satellite im- 819 
agery is aerial photography, especially the branch increasingly relying on UAV-born im- 820 
agery. This could be explained by the fact that UAV devices, and the licenses needed to 821 
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pilot them, have had an increasingly more accessible costs comparing to the same tech- 822 
nology a few years ago, or even more so, comparing to the photogrammetry depending 823 
on airplane flights. Similar consideration can be made for UAV-photogrammetry as well: 824 
because commercial software with robust algorithms for stereo-models and orthophoto 825 
production have stable costs and ever improving user-friendly interfaces, UAV photo- 826 
grammetry is increasingly being used by non-geomatics experts.  827 

‘Ground sensors’ category seems to be making a more substantial difference in sim- 828 
ultaneous use with remote sensing imagery: while this kind of sensors are used only in 829 
two cases employing “Engine” modality, it amounts for almost 10% of use, with “Satellite 830 
RS” modality. Such behavior indicates that ‘Ground sensors’ are still more employed 831 
when processing of satellite imagery is required, often to complement such statistical anal- 832 
ysis or to serve as ground-truth for satellite imagery calibration [39, 40]. Additionally, of- 833 
ten the cost of employment of Ground sensors such as spectrometers or Ground Penetra- 834 
tion Radar (GPR) together with RS expertise requires larger collaboration frameworks e.g. 835 
specific dedicated projects [41-44].  836 

The growing interest of the scientific community in using satellite imagery to study 837 
'Other human activities’ factor (e.g., conflict, looting etc.) can be explained in relation to 838 
the media attention that recent events such as wars and collateral damage have received 839 
in multiple countries worldwide [45,46]. The reason for this can be found in the fact that 840 
for specific events such as armed conflicts, the employment of remotely acquired high and 841 
medium-resolution satellite imagery was often the only way of establishing that the dam- 842 
age has occurred and, hence evaluating its extent. As a result, this has probably encour- 843 
aged the scientific community to deal with other types of “human activities” also occur- 844 
ring in times of non-crisis (e.g.. looting). However, this does not necessarily constitute a 845 
temporal association between events and studies, as observed in recent studies [4]. 846 

As already mentioned, what remains surprising is the almost absent analysis of the 847 
impact of large-scale damage such as Buildings and development, Transportation infra- 848 
structure, and biological resource use/modification (e.g., agriculture). Indeed, these fac- 849 
tors represent a daily threat to cultural heritage if not adequately regulated. This is con- 850 
firmed by the growing number of reports issued by national and international institutions 851 
and NGOs including UNESCO, ICCROM and ICOMOS. Furthermore, they can be easily 852 
documented and monitored thanks to RS and EO technologies [47– 49].  853 

With reference to the geographical distribution of affiliations, it is not surprising that 854 
the four (4) most represented countries (Italy, UK, Cyprus, Germany) are also among the 855 
European countries that exhibit most of the following characteristics: (i) Long heritage 856 
conservation history (e.g. dedicated regulations and public facilities responsible for con- 857 
servation); (ii) Research centers, institutes, universities and a national scientific commu- 858 
nity with well-known heritage related expertise (also able to attract researchers of differ- 859 
ent nationalities and developing new technological solutions); (iii) High exposure to dif- 860 
ferent risk factors given the geo-topographic and territorial conformation (e.g. a number 861 
of case studies of Italy and Cyprus).  862 

4.2. Main findings for the Grey Literature sample 863 
The statistics related to Grey Literature showed in Section 3.1.3 can help to achieve 864 

an understanding of the current state in the use of RS and geomatic technologies across 865 
Europe if a careful reading of the indexed texts is also undertaken. While the found num- 866 
bers reassure that ‘Photography’ and ‘Satellite Remote Sensing’ are increasingly estab- 867 
lished technologies – and in particular the use of ‘Aerial’ and ‘Optic and/or multi-spectral’ 868 
data, respectively –, there are however some considerations to make to highlight com- 869 
monalities and differences across the analysed documents, and thus across the European 870 
countries. 871 
4.2.1. Aerial Photography: commonalities and regionalisms 872 

With regard to ‘Aerial Photography’, the use of aerial documentation, either vertical 873 
or oblique, from either historical collections or new surveys, is fairly common to northern 874 
(e.g. England, Scotland, Ireland, Denmark), central (e.g. Germany, Poland) and southern 875 
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(e.g. Italy, Spain) European countries. Nevertheless, it is to be noted that detailed discus- 876 
sion of the different typologies of aerial photographs, and how to undertake photointer- 877 
pretation, is found only in the Grey literature documents that are issued by heritage bod- 878 
ies and organisations that have an established technical expertise and/or in-house services 879 
or departments for collection, storage, processing and dissemination of aerial photo- 880 
graphs. For example, all the documents issued in the northern countries included in the 881 
analysed sample fall in this category. Instead, more generic mentions are found in the 882 
other documents analysed. 883 

In some instances, documents include technical considerations that highlight a 884 
higher level of awareness, by users and practitioners, of imagery that is collected in other 885 
wavelengths of the electromagnetic spectrum than the mere visible bands. For instance – 886 
albeit referred to satellite imagery, but the concept is basically applicable to aerial photo- 887 
graphs too –, the Short Guide on applied digital documentation in the historic environ- 888 
ment [32] issued by Historic Environment Scotland (2018) mentions the existence of mul- 889 
tispectral sensors including additional infrared bands that “can provide further information 890 
about the surface captured, identifying otherwise hidden features, helping to ‘classify’ areas (e.g. as 891 
urban, water or vegetation) and even showing emitted thermal radiation”. More detailed is the 892 
discussion dedicated by Lambrick [33] who highlighted the sensitivity of the infrared por- 893 
tion of the spectrum to changes in vegetation, and the consequent benefits for detection 894 
of subsoil archaeological remains. The author also recalled that “the infrared spectrum has 895 
been shown to be particularly useful in identifying and interpreting coastal features and assessing 896 
vegetation type and health (a stronger red/orange hue is related to vegetation health and growth)”. 897 
However, in [33] the author also acknowledged that, at that time, infrared imagery was 898 
not used very commonly. While this statement may seem nowadays to be obsolete given 899 
the time-lapse from when the document was published, it actually finds matching evi- 900 
dence in the fact that very few of the Grey literature documents explicitly mention infrared 901 
aerial photographs. Even less is the interest in thermal imagery. Again, among the ana- 902 
lyzed Grey literature, Lambrick is the sole author to comment on the usefulness of thermal 903 
imagery for archaeological applications [33]. 904 

Therefore, the final impression is that, apart from some exceptions (particularly when 905 
the level of available technical expertise is highly specialist), the use of aerial photography 906 
is mostly confined to imagery collected in the visible and, secondarily, in the near-infrared 907 
bands. 908 

One potential limitation that may occur if only technical recommendations and guid- 909 
ance documents are analyzed, is that such Grey literature is by definition programmatic. 910 
Therefore, it does not necessarily provide sufficient evidence that the best practices and 911 
technologies recommended therein are effectively implemented and followed by practi- 912 
tioners and officers, and thus exploited in the daily practice. In this respect, better evi- 913 
dence can be found in the management plans. For example, the Management Plan of the 914 
UNESCO World Heritage List Archaeological Area and the Patriarchal Basilica of Aqui- 915 
leia [50] explicitly lists photointerpretation of aerial photographs (either already available 916 
or collected on purposes) among the operations needed to prepare the required documen- 917 
tation to implement the safeguarding of areas of archaeological interest. In particular, pho- 918 
tointerpretation is used to detect anomalies and thus characterize the ‘archaeological risk’, 919 
i.e., the likelihood that buried archaeological remains are present in the landscape and 920 
may be exposed to threats such as development and anthropogenic activities. 921 

Similar evidence is found in other documents, e.g., from other locations in Italy and 922 
Spain, to corroborate the hypothesis that commonalities can be found across at least some 923 
of the European countries. This, however, does not ensure that regional differences may 924 
be present and in some other countries the situation could be more uneven across the 925 
respective national archaeological and heritage communities. This seems to have been the 926 
case of Poland. In [51], Rączkowski reported that, “despite the presence of aerial photographs 927 
in Polish archaeology since the 1920s and 1930s, it is still not present in the consciousness of ar- 928 
chaeologists as an effective method of uncovering the past. Very often the role of aerial photographs 929 
is simplified to an illustration of the location or presentation of the geographic terrain. […] As a 930 
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result, even though the AZP programme [i.e., the Polish Archaeological Record] foresaw the use 931 
of aerial photographs this has never actually happened in practice [52]”.  932 

4.2.2. Satellite Remote Sensing 933 
Same situation seems to have applied to ‘Satellite Remote Sensing’, given that the 934 

same author [51] also reported that in Poland “satellite images are known only via Google 935 
Earth™ and are not deemed to be especially useful”. Most of the users limited “their under- 936 
standing of the data to the observational level and consequently their expectations are mostly intu- 937 
itive” and, as a consequence, for years there was “a lack of deeper understanding of the poten- 938 
tial and limitations of remote sensing methods and data” [35]. A proof that the situation is an- 939 
yway gradually evolving, and the national community may be quite diverse in the 940 
adopted methodological approaches and technological maturity can be found in recent 941 
publications wherein satellite RS data have been used in support to heritage management 942 
[53]. 943 

With respect to the degree of users’ uptake of ‘Satellite Remote Sensing’ and the em- 944 
bedding in their daily workflows, the same limitation as the one described above for ‘Aer- 945 
ial Photography’ applies to the technical recommendations and guidance documents that 946 
were analyzed. However, some documents are quite informative, also to understand the 947 
barriers that users perceive as an obstacle to access and use satellite data. For example, in 948 
[29] Evans states that as of 2019 satellite images were not used in the Aerial Investigation 949 
and Mapping (AI&M) projects carried out by Historic England (and its predecessors). The 950 
author highlights, in order, the following barriers: spatial resolution, image purchase cost, 951 
and challenges in collecting cloud-free images. It is therefore evident that the author is 952 
exclusively referring to very high-resolution satellite images collected in the visible bands. 953 
Evans [29] acknowledges that “the key advantage of satellite data, over and above the possibility 954 
of capturing data over very large areas at any given time, is the fact that most of the recent satellites 955 
possess sensors beyond the visible spectrum” and envisions the potential to use multispectral 956 
imagery to detect cropmarks. Nevertheless, the conclusive remark is that, even if satellite 957 
imagery were “incorporated into AI&M projects in the future […], this will require an assess- 958 
ment of the cost and time outlay compared with the usefulness of this source […] and a degree of 959 
training”. This end-user perspective is highly interesting, given that it echoes similar con- 960 
siderations that are found across several scientific papers published by archaeologists and 961 
heritage professionals [54, 55, 56]. Furthermore, the above barriers and actions that are 962 
supposed to facilitate an effective user uptake substantially match with those that previ- 963 
ous review papers have highlighted [4, 6, 11,12].  964 

In this respect, another enabling mechanism towards user uptake of satellite and ge- 965 
omatic technologies is multi-disciplinary collaboration. The analysis of the Grey Litera- 966 
ture proves the role that experimentations and technological transfer may play, especially 967 
when heritage bodies are receptive to (new) technological solutions. A demonstrative ex- 968 
ample is provided by the Archaeological Park of Colosseum in Rome. As reported in its 969 
dissemination publications [36,37], the Park implemented a dedicated program of satellite 970 
InSAR monitoring to combine with the in-situ network of diagnostic instrumentations to 971 
assess the condition of monuments and archaeological structures and, based on this infor- 972 
mation, plan maintenance and restoration activities. The InSAR deformation measure- 973 
ments showing either stability or motions of the monitored structures were included in 974 
the Web App system, namely SyPEAH, that was developed by the Archaeological Park 975 
itself as a tool for an effective activity of programmed conservation of cultural heritage 976 
[57]. Not surprisingly, this successful experience of advanced satellite technology that are 977 
fully embedded in the end-user workflow is found in a heritage site like the central ar- 978 
chaeological of Rome, where since 2008 experimentations with satellite RS have been un- 979 
dertaken in the framework of close collaborations between the heritage authorities and 980 
the national academia. The latter, indeed, acted as the technological champion facilitating 981 
the conduction of the experimentations and the technological transfer process [58]. The 982 
fact that similar evidence is found for other Italian sites including Pompeii World Heritage 983 
Site [59], and that the experience at the Archaeological Park is paving the way for the 984 



Remote Sens. 2022, 14, x FOR PEER REVIEW 26 of 32 
 

 

setting of a national plan towards a multi-sensor monitoring system also including satel- 985 
lite RS [37], enhances how Italy is among the European countries at the forefront in this 986 
field. 987 

4.2.3. Trends in heritage practice 988 
The above use cases and situations revolve around specific types of applications, 989 

given the match that is established between the specifics of the single or multiple technol- 990 
ogies used, the observables/measurable parameters and properties, and the given hazards 991 
or damage factors to address. Therefore, according to this rationale, for instance: photo- 992 
interpretation of old and recent aerial photography is exploited for discovering and in- 993 
ventorying buried sites; InSAR satellite RS is searched for by users to monitor structural 994 
deformation and characterize the impact due to ‘Sudden ecological or geological events’ 995 
such as ground motions, landslides, impact of local tectonic; change detection based on 996 
optical imagery is suitable for monitoring (and potentially preventing) new urban devel- 997 
opment and infrastructure construction that may affect landscapes with known archaeo- 998 
logical potential. 999 

Nevertheless, the analysis of the Grey literature has not highlighted a predominant 1000 
factor or a group of factors that are more addressed with RS and geomatic techniques than 1001 
others. One of the reasons that can plausibly explain this apparently contrasting evidence 1002 
with the scientific literature is the diversity in mission, scope and type of activities be- 1003 
tween academia and heritage bodies. Almost 70% of scientific research (and thus scientific 1004 
papers) focuses on one (or up to 3-4) topic, whereas the institutional duty of safeguarding 1005 
and preserving heritage implies that a plurality of threats and factors of potential damage 1006 
needs to be addressed. While on one side the specificity of the sites or monuments may 1007 
emphasize a series of threats (e.g., coastal sites may be more exposed to erosion, flooding, 1008 
impacts due to climate as opposed to inland urban monuments that may be more exposed 1009 
to pollution, weed vegetation, vandalism, graffiti), on the other side it is very likely that 1010 
different sites, monuments, landscapes share similar threats. Not to forget that key duties 1011 
of site managers (e.g., management, protection from human activities and interactions 1012 
with surrounding natural environment and weather conditions) are definitely common. 1013 

The characteristics of the geomatics discipline are based on the study and application 1014 
of a series of (usually remote sensing) technologies. Therefore, such studies usually refer 1015 
to one predominant technology (for example, satellite remote sensing examined by this 1016 
paper) in combination with one or a few additional technologies. Such an approach is also 1017 
oriented by the very nature of geomatics scientific literature that is required to emphasize 1018 
novelties and new achievements in the technological domain, rather than the proof of an 1019 
“all-inclusive” approach for monitoring the case study archaeological site. Hence, such 1020 
discrepancy should not be seen as a flaw of the scientific literature, but rather an emphasis 1021 
of the different needs of different communities, one being the content and another being 1022 
the timing. Specifically, when operating in domains of scientific advancement, it is appro- 1023 
priate that the scientific community provides the focus on the highest existing achieve- 1024 
ments in their own sector and that such important advancements are promptly shared 1025 
and discussed with the community. Specifically for the purposes of our study, the evi- 1026 
dence for this is found in the increased number of publications based on the processing of 1027 
satellite imagery in recent years, as discussed in section 3.1. On the other side, when col- 1028 
laboration between the technological scientific community with public administration is 1029 
established, it is imperative that the user needs (and hence their skills and final expecta- 1030 
tions) should be met. From the examples of Grey literature, it can be noted that a more 1031 
holistic approach to site and monument preservation and promotion is desired by the 1032 
Public Administrations. Hence, the scientific contribution should consider the already es- 1033 
tablished common practices as fertile ground to then propose innovation action on iden- 1034 
tified activities, such as the use of satellite imagery for monitoring of specific phenomena 1035 
could be. The process for such action might be longer than the usual timing required and 1036 
employed in scientific literature, while at the same time, these should serve as a reference 1037 
for good practices to be conducted over a significant arch of time (years or decades) and 1038 
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usually regard a set of technologies used to provide a desired application and/or service. 1039 
In conclusion, it should be of no surprise that the number of Grey Literature documents 1040 
is less frequent and that it usually considers, as comprehensively as possible, the full list 1041 
of technologies and of concrete benefits of their applications.  1042 

In our view, an important bridging activity would be the continuous promotion of 1043 
the technological solutions that are developed together with the final user, hence out of 1044 
the “service-provider – client” mode but rather in “service-provider – informed customer” 1045 
environment. The major benefits could be achieved if this kind of exchange took place at 1046 
the local level and hence in a local language, where possible. In such a practice, the users 1047 
(even site managers) could actively take part in the development of the applications and 1048 
services that meet the purposes of their specific site and possibly in their own language, 1049 
in a closer coherence with terminology of their local and national legislation.  1050 

5. Conclusions 1051 
In this review of the current scientific and Grey literature focusing specifically on 1052 

monitoring hazards to cultural heritage across Europe through remote sensing and Earth 1053 
Observation technologies, we tried to answer a few fundamental questions: (i) What are 1054 
the types of hazards to cultural heritage that have been studied using satellite imagery so 1055 
far? Are all the types of hazards equally addressed? and (ii) Is there a correlation between 1056 
a specific type of damage and satellite-based technology? While we acknowledge that the 1057 
issues affecting this field of application are broader than those sampled by these research 1058 
questions, they had not been previously investigated in the literature and the results pre- 1059 
sented in this paper highlight findings and observations that could not be necessarily pre- 1060 
dicted. Thus, the results corroborate the working hypothesis and that it was appropriate 1061 
to start investigating these subjects.  1062 

From the results presented we can conclude that the most studied types of hazards 1063 
do not truly reflect the hazards that represent the major threats to the monuments that 1064 
have been monitored, with a significant unbalance towards “Sudden ecological and geo- 1065 
logic threats”, “Management” and “Other human activities” (e.g., looting or war). Hence, 1066 
one recommendation coming out from this research would be that, together with the her- 1067 
itage stakeholders, the scientific community should consider a more balanced focus on 1068 
less considered damage categories and/or hazards factors. The present gap may be due to 1069 
the limited understanding and use of satellite images by multiple end-users to tackle dif- 1070 
ferent types of factors agriculture and urban sprawl. This assumption well-fit previous 1071 
research studies on this and other related topics [4, 12, 13]. The construction of multidis- 1072 
ciplinary collaborations, including satellite image specialists and non-specialists from dif- 1073 
ferent application fields, may certainly help to fill this gap and test the full potential of 1074 
satellite technologies for documenting and monitoring endangered heritage. This can be 1075 
implemented through capacity building and training sessions as demonstrated by recent 1076 
examples [13-20]. 1077 

Another issue regards the terminology. The literature is currently characterized by a 1078 
wide variety of terms, even to indicate the same or similar threats. Using common terms 1079 
facilitates comparisons and research replication. As demonstrated in this study, a signifi- 1080 
cant effort has been done for normalizing terminologies regarding threats to cultural her- 1081 
itage. One possible solution could be that of relying upon the UNESCO terminology (2010) 1082 
used in this paper, representing nowadays the most comprehensive attempt to map the 1083 
whole repertoire of factors affecting cultural properties worldwide. 1084 

The separate analyses of both scientific and Grey literature highlight that there is no 1085 
direct correlation between type of hazard and potential RS technology used to monitor 1086 
them. On the other side, the analysis of both the literature batches reveals how geospatial 1087 
environment is the most suitable framework for data integration for both RS expert and 1088 
non-expert users. Also, aerial photography (increasingly through UAV devices) is another 1089 
common ground for both scientific and Grey literature. These results suggest that users 1090 
sampled in the Grey literature are familiar with managing photography, orthophotos and 1091 
satellite imagery for consistent visual interpretation. However, although acknowledged, 1092 
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the full benefits of satellite data processing, and especially in combination with specific 1093 
technical solutions such as ground sensors, still remain unlocked for the larger public.  1094 

Looking closer into the numbers, the analysis of this study shows how there is ap- 1095 
parent successes of the Copernicus programme and Sentinel imagery (predominantly Sen- 1096 
tinel-1 and 2). With their FOF access policy, the Sentinels have had a significant impact in 1097 
the studies regarding in the cultural heritage sector in the past ten years. The reasons for 1098 
this could be found in a three times higher spatial resolution of VIS and NIR bands 1099 
achieved progressively from the older to the newer missions; a higher maturity of end- 1100 
users regarding the availability and use of geo-spatial information and technologies – fol- 1101 
lowing the requirements of the INSPIRE Directive [60]; and this type of data becoming 1102 
systematically integrated in the daily practice. Furthermore, the results suggest that, in 1103 
damage monitoring of cultural heritage, the Sentinel data predominate over Landsat be- 1104 
cause, with equal accessibility, they have better technical properties (in terms of both spa- 1105 
tial and temporal resolution). In addition, in Europe (the geographical area of our interest) 1106 
there is a greater awareness of this program and consequently a greater interest and a 1107 
more facilitated access through dedicated platforms that make it easy and appealing to 1108 
access and use.  1109 

In this respect, it is worth acknowledging the effort that, at European level and across 1110 
many countries, is currently being made to promote the integration of Earth Observation 1111 
technologies in cultural heritage management and find a better match between what the 1112 
satellite assets provide and the actual requirements and needs of the users of satellite data. 1113 
Towards this direction, for example, the “Copernicus Cultural Heritage Task Force” was 1114 
established in order to assess the current and future potential of Copernicus data, services 1115 
and products in support of monitoring and protection of cultural heritage. While not fo- 1116 
cusing exclusively on monitoring hazards and damages to cultural heritage, the final re- 1117 
port and the associated journal paper [61,62] analyze how existing Copernicus data, ser- 1118 
vices and products could satisfy those requirements, identify possible enhancement and 1119 
customization of Copernicus products within already operational Core Services, and an- 1120 
alyze possible synergies with National, European or International space related solutions 1121 
to fill the gaps. How this user needs’ analysis would impact the future generations of sat- 1122 
ellite missions and services delivered based on their data and contribute to an enhanced 1123 
exploitation to monitor hazard and damage to cultural heritage and for condition assess- 1124 
ment, could be an interesting avenue of research. 1125 

Finally, the investigation of the heritage practice through the lens of the Grey litera- 1126 
ture highlights that the user-uptake of any RS and geomatics technologies is a complex 1127 
process. It usually takes time, and often is not as fast as the mechanism by which research- 1128 
ers develop new methods and techniques and disseminate them within scientific publica- 1129 
tions. Even if researchers bring the technology to users (specifically experts involved in 1130 
heritage maintenance, monitoring and promotion) and even if there is an attempt to make 1131 
the users aware of novel solutions, this does not necessarily mean that the innovative tech- 1132 
nologies will then be exploited by the users (see for example the issues found in some of 1133 
the Polish literature [51]). As demonstrated by previous studies [63], users need to see the 1134 
technology as relevant to them, suiting their working purposes, and accessible. Not sur- 1135 
prisingly, RS technologies that became part of the working flow and decision-making pro- 1136 
cess are those that have been demonstrated via a direct engagement of the users (e.g., 1137 
InSAR deformation measurements). The Grey literature provides examples of the benefits 1138 
achieved from multidisciplinary collaboration, especially in governmental and interna- 1139 
tional initiatives (see for example the archaeological area of Rome [36-37, 57-58]), and 1140 
proves the role of “facilitator” / “accelerator” that scientific partners or specialist consult- 1141 
ants can play to help heritage administrations to take advantage of EO technologies. 1142 
Therefore, a further recommendation coming out from this review of the current scientific 1143 
and Grey literature is that applied dedicated research projects in this domain should try 1144 
and respond to bottom-up user-focused necessities (raised for instance by superintend- 1145 
ence and site managers) rather than being shaped and conducted mainly according to top- 1146 
down (usually technology-driven) academic approaches. 1147 
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Appendix A 1158 

Table A.1 List of UNESCO factors (2010). 1159 

UNESCO factors 
Buildings and development 

Transport infrastructure 
Utilities or service infrastructure 

Pollution 
Biological resource use/modification 

Physical resource extraction 
Local conditions affecting physical fabric 

Social/cultural uses of heritage 
Other human activities 

Climate change and severe weather events 
Sudden ecological or geological events 

Invasive/alien species or hyper-abundant species 
Management and institutional factors 

Other factors 

Appendix B 1160 

Table B.1 Example of terms conversions and categorization applied to one of the “grey” literature 1161 
documents, as per the methodology proposed in this paper.  1162 

Type of heritage (original terms) Type of heritage (conversion to UNESCO categories) 
Historic Environment Sites 

Cropmarks Monuments 
Earthworks Monuments 
Soil marks Monuments 
Structures Groups of buildings 
Buildings Groups of buildings 

Landscape Landscape 
Townscape Sites 

Coastal Natural sites 
Marine Natural sites 

Maritime Natural sites 
Extant features Monuments 
Relict features Monuments 

Rural Natural sites 
Shadow marks Monuments 

Underwater Underwater monuments 
Shallow waters Geological and physiographical formations 

Wetlands Geological and physiographical formations 
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Industrial archaeology Sites 
 1163 

Technology (original terms) 
Technology  

(conversion to selected lexicon, including sub-categories) 
Aerial photography Photography; Aerial 

GIS Geo-spatial Information; GIS 
Satellite imagery Satellite RS; Optic; Radar 

Low-altitude aerial photography Photography; Aerial 
Orthophotography Photography; Aerial 
Infrared imagery Photography; Aerial; Satellite RS; Optic; Multi-spectral 
Thermal imaging Photography; Aerial; Satellite RS; Optic; Multi-spectral 

Multispectral scanners Photography; Aerial 
Radar Photography; Aerial; Satellite RS; Radar; SAR 

Sonar (bathymetry) Ground sensors; sonar (bathymetry) 
Google earth Engine; Google Earth 

Very Low-level Aerial Imagery Photography; Aerial 
Stereoscopic photography Photography; Photogrammetry; Aerial 

Lidar (aerial) LiDAR; Aerial 
 1164 

Threats/factors/hazards  
(original terms) 

Conversion to Primary factors affecting properties  
(UNESCO lexicon) 

Development Buildings and Development 
Land-use change Biological resource use/modification 

Agriculture Biological resource use/modification 
Forestry activities Biological resource use/modification 

Scrub encroachment Biological resource use/modification 
Fisheries Biological resource use/modification 
Farming Biological resource use/modification 

Environmental change Climate change and severe weather events 
Limited resources Management and institutional factors 

Destruction Other human activities 
Minerals Physical resource extraction 

Peat extraction Physical resource extraction 
Coastal erosion Sudden ecological or geological events 
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