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Highlights

What are the main findings?

e  Archaeological Earth observation research expanded nearly 1661% from 2000 to 2025,
yet 78.9% of publications originate from Global North institutions, despite the Global
South hosting the majority of UNESCO World Heritage Sites.

e A small group of countries (Italy, USA, UK) account for almost half of global out-put,
while regions such as Sub-Saharan Africa remain critically un-der-represented (<1% of
publications versus 9.4% of sites).

What is the implication of the main findings?

e  This study demonstrates persistent structural inequalities in access to satellite data,
computing infrastructure, and expertise, with implications for cultural her-itage pro-
tection and sustainable development.

o  Redressing this imbalance requires coordinated capacity building, equitable data
access, and inclusive frameworks that integrate Global South perspectives into Earth
observation research.

Abstract

This systematic review analyzes 4359 archaeologically relevant publications spanning
25 years to examine global disparities in archaeological remote sensing research between
Global North and Global South participation. This study reveals deep inequalities among
these regions, with 72.1% of research output originating from Global North-only institutions,
despite these regions hosting less than half of UNESCO World Heritage Sites. The temporal
analysis demonstrates exponential growth, with 47.2% of all research published in the last
five years, indicating rapid technological advancement concentrated in well-resourced
institutions. Sub-Saharan Africa produces only 0.6% of research output while hosting 9.4%
of World Heritage Sites, highlighting a technology gap in heritage protection. The findings
suggest an urgent need for coordinated interventions to address structural inequalities and
promote technological fairness in global heritage preservation. The research employed
bibliometric analysis of Scopus database records from four complementary search strategies,
revealing that just three countries—Italy (20.3%), the United States (16.7%), and the United
Kingdom (10.0%)—account for nearly half of all archaeological remote sensing research and
applications worldwide. This study documents patterns that have profound implications
for cultural heritage preservation and sustainable development in an increasingly digital
world where advanced Earth observation technologies have become essential for effective
heritage protection and archaeological research.
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1. Introduction

The integration of satellite-based Earth observation technologies into archaeological
research has fundamentally transformed the discipline over the past quarter of a century,
offering new capabilities for site discovery, landscape analysis, and cultural heritage moni-
toring across vast spatial and temporal scales [1-3]. This technological revolution emerged
from pioneering work in the 1970s and 1980s using early satellite platforms such as Land-
sat [4,5] and SPOT [6,7] imagery, evolving into a sophisticated interdisciplinary domain
that combines remote sensing technologies, geospatial analysis, artificial intelligence, and
archaeological interpretation to advance our understanding of human settlement patterns,
landscape modification, and cultural heritage preservation [8-12].

The scientific field has been driven by several factors including the increasing avail-
ability and declining costs of high-resolution satellite imagery, advances in computational
processing capabilities, the development of sophisticated analytical software packages, and
growing recognition within the archaeological community of remote sensing’s potential
for addressing fundamental research questions about past human behavior and cultural
change [13-15]. The democratization of Geographic Information System (GIS) technology
and the emergence of cloud-based processing platforms have further accelerated adoption
by reducing technical barriers and computational requirements that previously limited
access to advanced analytical capabilities [16-18].

However, despite the global nature of archaeological heritage and the wide applica-
bility of satellite technologies, significant questions remain about the equitable distribu-
tion of these technological capabilities and their benefits across different regions of the
world [19,20]. The distinction in archaeological remote sensing research represents more
than a simple geographical categorization [21]; it reflects deeper structural inequalities in
access to advanced technologies, funding resources, institutional capacity, research infras-
tructure, and the technological required for independent scientific innovation [19,21,22].

In this study, the term Global South is employed in line with Mahler’s [23] definition,
referring not to a strictly geographic designation but to a socio-political construct encom-
passing regions historically marginalized in global economic, scientific, and technological
systems (e.g., much of Africa, Latin America, the Middle East, and parts of Asia). This
conceptualization allows us to capture disparities in access to resources, research capacity,
and technological infrastructures when comparing the Global South with the more indus-
trialized and research-intensive Global North. The Global North, encompassing primarily
developed nations in North America (United States and Canada), Europe (including all
European Union member states, United Kingdom, Norway, Switzerland, Iceland, and
other Western European nations), and developed Asia-Pacific regions (Japan, South Korea,
Australia, and New Zealand), has historically dominated not only the development and
deployment of Earth observation satellites but also the creation of analytical frameworks,
artificial intelligence models, and institutional knowledge that define the field’s method-
ological standards and research priorities [24,25]. This is visible across multiple dimensions
including the ownership and operation of satellite systems by agencies such as NASA,
ESA, JAXA, and commercial providers like DigitalGlobe, Planet Labs, and Maxar Tech-
nologies, the development of processing software and analytical algorithms by companies
like Google, Microsoft, ESRI, and specialized remote sensing firms, the availability of
high-performance computing infrastructure in universities and research institutions with
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substantial computational resources, access to commercial high-resolution imagery through
institutional licenses and research agreements that provide preferential pricing and data
access, and the concentration of specialized expertise in academic programs, professional
networks, and research centers with decades of accumulated experience [26-28].

Conversely, the Global South, representing developing nations primarily in Africa
(including all Sub-Saharan African countries such as Kenya, Tanzania, South Africa, Ghana,
Nigeria, Senegal, and North African countries like Egypt, Morocco, Tunisia, Algeria), Latin
America and the Caribbean (including Brazil, Mexico, Argentina, Peru, Colombia, Chile,
and Caribbean island nations), and developing Asia (including major populous nations like
China, India, Indonesia, Pakistan, Bangladesh, Thailand, Vietnam, Philippines, and Middle
Eastern countries such as Iran, Iraq, Turkey, Syria, Jordan, and Lebanon) often hosts some
of the world’s most significant archaeological sites and cultural heritage resources [29,30].
These include numerous UNESCO World Heritage Sites of global importance such as
Angkor Wat in Cambodia, Machu Picchu in Peru, the Pyramids of Giza in Egypt, Great
Zimbabwe in Zimbabwe, Petra in Jordan, Borobudur in Indonesia, and countless other
irreplaceable cultural landscapes and archaeological complexes that represent humanity’s
shared heritage. As of 2024, there are 1223 UNESCO World Heritage Sites globally, with
952 cultural, 231 natural, and 40 mixed properties distributed across 168 countries [31]. Yet
these regions face substantial and various barriers to accessing and effectively utilizing
the advanced Earth observation technologies that have become essential for contemporary
archaeological research and heritage protection in the digital age [32-35].

These barriers are also linked with technological, economic, educational, and institu-
tional dimensions, creating a complex web of interconnected constraints that collectively
limit meaningful participation in cutting-edge archaeological research and heritage monitor-
ing activities. The technological barriers are particularly pronounced and include severely
limited access to high-speed internet connectivity required for downloading and processing
large satellite datasets that can range from gigabytes to terabytes in size, insufficient com-
putational infrastructure for processing high-resolution imagery and running sophisticated
analytical algorithms that require substantial processing power and memory resources, a
systematic lack of access to commercial satellite imagery due to prohibitive cost constraints
and restrictive licensing agreements that favor institutional buyers in developed countries,
and the critically limited availability of specialized software packages and analytical tools
that require expensive licenses and ongoing technical support [10,15,25,36].

Therefore, economic constraints extend far beyond the direct costs of satellite imagery
and software licenses to encompass the broader financial ecosystem required for supporting
long-term research programs, including substantial investments in hiring and training
technical staff with specialized skills in remote sensing and archaeological interpretation,
maintaining and upgrading computational infrastructure to keep pace with rapidly evolv-
ing technological requirements, participating in international conferences and collaborative
networks that facilitate knowledge exchange and professional development, and sustain-
ing research programs over multi-year periods required for meaningful archaeological
investigation and heritage monitoring initiatives [37-41].

Educational and institutional barriers include the limited availability of specialized
training programs in archaeological remote sensing, the shortage of faculty with expertise
in Earth observation technologies, the lack of established curricula integrating remote
sensing with traditional archaeological methods, and insufficient institutional support
for developing interdisciplinary research capabilities [42]. These educational gaps are
particularly problematic because effective use of Earth observation technologies requires
not only technical skills in image processing and analysis but also a deep understanding of
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archaeological theory, site formation processes, and landscape evolution that can only be
developed through comprehensive interdisciplinary training programs.

Moreover, the recent developments of artificial intelligence and machine learning in
archaeological remote sensing have introduced new and increasingly complex dimensions
to these existing disparities, potentially either serving as a democratizing force that could
provide powerful analytical tools to under-resourced institutions, or alternatively func-
tioning to further concentrate advanced capabilities in already well-resourced institutions
with the technical expertise and computational infrastructure necessary to develop and
deploy these sophisticated systems [43—47]. Machine learning algorithms, particularly
deep learning models and convolutional neural networks used for automated feature
detection, classification, and pattern recognition in satellite imagery, are fundamentally
dependent on the representativeness, quality, and cultural appropriateness of their training
datasets, which must encompass diverse archaeological contexts, environmental conditions,
and cultural landscapes to function effectively across different geographic and cultural
settings [48-50].

The development and deployment of Al systems [51] for archaeological applica-
tions [52] has been overwhelmingly dominated by institutions with substantial compu-
tational resources, advanced technical expertise, and access to high-performance com-
puting infrastructure, primarily located in technologically advanced countries with well-
established computer science departments, remote sensing research programs, and collabo-
rative networks linking academic institutions with technology companies and government
agencies [53,54]. This concentration reflects the substantial barriers to entry for meaningful
Al development and deployment, including stringent requirements for GPU-accelerated
computing systems capable of training complex neural networks, access to large-scale,
high-quality training datasets that require extensive curation and validation, specialized
expertise in machine learning, computer vision, and archaeological interpretation that
combines technical skills with domain knowledge, and sustained funding for long-term
research and development activities that can extend over multiple years before producing
practical applications. The result is a technological landscape where the most powerful an-
alytical tools for archaeological remote sensing are developed by and for research contexts
that may not be representative of global archaeological diversity.

This review was designed to systematically identify, analyze, and synthesize the
available literature on Earth observation applications in archaeology, with a particular
focus on identifying geographical disparities and technological access patterns between
these two geographical contexts.

2. Methodology

The methodology incorporated both quantitative bibliometric analysis and qualita-
tive content synthesis to provide a comprehensive assessment of the field’s development,
geographic distribution, and technological evolution over the 25-year study period from
2000 to 2025 [55]. The year 2000 was selected as the starting point, as it marks the advent of
high-resolution commercial satellite sensors (e.g., IKONOS), which enabled a new era of
archaeological and heritage-related Earth observation research [9]. This mixed-methods
approach was selected to capture broad patterns in research output and publication trends
as well as nuanced insights into technological applications, barriers to access, and collabo-
rative relationships that might not be apparent through purely quantitative analysis [56].

Scopus was selected as the sole source for bibliometric data because it provides the
most comprehensive coverage of peer-reviewed journals in the fields of Earth observation,
remote sensing, and archaeology, while also offering standardized metadata (including
author affiliations, keywords, and DOIs) necessary for reliable comparative analysis [9,57].
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The database provides robust search capabilities with advanced Boolean operators, field-
specific searching, and sophisticated filtering options that make it particularly suitable for
complex interdisciplinary queries spanning multiple academic domains and publication
types [58]. In contrast, Web of Science offers narrower journal coverage in the humanities
and applied sciences, and Google Scholar—while broader—lacks the metadata quality,
transparency, and deduplication mechanisms required for rigorous bibliometric work.

Four complementary search queries were developed to capture different aspects of
the research domain, following established systematic review protocols for search strategy
development and validation [59,60]. This process was based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology review [61],
ensuring in this way the transparency, reproducibility, and completeness of the survey. This
survey employed a keyword-based approach rather than field-of-research classifications,
since the remote sensing literature is fragmented, as noted in previous reviews [3,9] The
use of Earth observation technologies in archaeology is evident across multiple disciplines
and areas of expertise, reflecting its multidisciplinary nature.

The first query focused on core remote sensing applications in archaeology, combining
terms related to satellite and aerial remote sensing technologies with archaeological and
cultural heritage applications. The second query specifically targeted artificial intelligence
and machine learning applications in archaeological remote sensing, reflecting the growing
importance of these technologies in the field. The third query explicitly searched for studies
addressing geographic disparities, digital divides, or bias in remote sensing applications.
The fourth query captured broader applications in archaeological survey and heritage
management contexts (see Table 1).

Table 1. Search strategy performance and literature coverage.

Query Focus Records Percentage Coverage Research Emphasis

Core Remote Sensing Q! 4573 92.2% Comprehensive Traditional methods

Advanced .
. . Q2 o,

AI/ML Applications 272 5.5% techniques Computational methods
Geographic Disparities @ 44 0.9% Critical perspectives Social analysis
Heritage Management Q* 72 1.4% Practical applications ~ Implementation focus

Combined Total 4961 100%

Ql TITLE-ABS-KEY ((“remote sensing” OR “satellite imagery” OR “earth observation” OR “space archaeology”
OR “aerial photography” OR “LIDAR” OR “hyperspectral”) AND (archaeology OR archaeological OR “cultural
heritage” OR “heritage monitoring” OR “site detection” OR “landscape archaeology”)). @ TITLE-ABS-KEY
((“artificial intelligence” OR “machine learning” OR “deep learning” OR “convolutional neural network” OR
“automated detection” OR “computer vision”) AND (“remote sensing” OR “satellite imagery” OR “earth observa-
tion”) AND (archaeology OR archaeological OR “cultural heritage”)). @ TITLE-ABS-KEY ((“remote sensing” OR
“satellite archaeology” OR “earth observation”) AND (archaeology OR archaeological) AND (“global south” OR
“developing countries” OR “global north” OR “developed countries” OR “digital divide” OR bias OR disparity
OR inequality)). Q4 TITLE-ABS-KEY ((“satellite remote sensing” OR “space-based” OR “earth observation”) AND
(“archaeological survey” OR “archaeological prospection” OR “heritage management” OR “cultural landscape”)).

The search was conducted in August 2025, using the Scopus Advanced Search in-
terface. Query 1, focusing on core remote sensing archaeology applications, retrieved
5124 records, representing the largest subset of the literature. Query 2, targeting Al and
machine learning applications, identified 317 records, reflecting the more specialized nature
of these technological approaches. Query 3, explicitly addressing geographic and equity
issues, yielded only 48 records, suggesting limited scholarly attention to these concerns
within the published literature. Query 4, capturing broader archaeological remote sens-
ing applications, identified 85 additional records, bringing the total initial retrieval to
5574 records across all four search strategies.
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As the search was limited to the period 2000-2025 for papers published as journal
research articles, conference papers, and review papers, further papers from the initial
query have been excluded (4573 papers from Query 1; 272 papers from Query 2; 44 papers
from Query 3; and 72 papers from Query 4). The remaining papers totaled 4961 records.

Given the overlapping nature of the search queries, systematic deduplication was
essential to ensure accurate analysis. The deduplication process followed established
protocols using Electronic Identifier (EID) matching as the primary method, as Scopus
assigns unique EIDs to each indexed publication regardless of variations in citation format.
The identification of 371 duplicate records across the four queries, representing a 7.5%
duplication rate, indicated that the four search strategies successfully captured distinct but
complementary aspects of archaeological remote sensing research. From the remaining
papers, 231 papers were manually excluded as their topic was not aligned with the scope
of this study. Screening was performed by combining the “Subject Area” filter in Scopus
to remove non-relevant material with a manual review of titles and abstracts conducted
by the author. Therefore, the final dataset comprising 4359 archaeologically relevant
publications was further screened and processed by the author. The dataset encompasses
research spanning from traditional satellite imagery interpretation to cutting-edge artificial
intelligence applications, confirming the comprehensive nature of the search strategy in
capturing genuine archaeological applications of Earth observation technologies across
diverse geographic and temporal contexts.

The above dataset was also compared and discussed against the overall growth of sci-
entific papers in the domains of remote sensing and earth observation. Therefore, a similar
approach (query) was followed again in the Scopus engine, using the terminology “satellite
remote sensing” or “earth observation”, limiting our findings to the period between 2000
and 2025 and only for papers published as journal research articles, conference papers, or
review papers. In total, 173,474 papers were published within this period.

Study locations and author institutional affiliations were classified according to es-
tablished United Nations geographic groupings supplemented by World Bank income
classifications to capture both the geographic and economic dimensions of global inequality.
As mentioned earlier, the Global North classification includes North America (United States
and Canada), Europe (including European Union member states, the United Kingdom,
Norway, Switzerland, and Iceland), and developed Asia-Pacific regions (Japan, South
Korea, Australia, and New Zealand). The Global South classification encompasses Africa,
Latin America and the Caribbean, and developing Asia (including China, India, Southeast
Asia, Central Asia, and the Middle East). Moreover, information related to the UNESCO
World Heritage Sites has been retrieved, as shown in Figure 1.

Global North Global South ® World Heritage Sites

Figure 1. Global North/South classification per this study.
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3. Results
3.1. Temporal Distribution and Research Evolution Patterns

Analysis of publication years within the archaeologically relevant dataset reveals
significant temporal trends that demonstrate the explosive growth of archaeological remote
sensing research, particularly in the most recent decade. The temporal distribution demon-
strates unprecedented acceleration in research output, with over 47% of all archaeological
remote sensing research published in just the last five years of the study period. Table 2
compares the temporal distribution and growth of publications in archaeological Earth
observation (EO) with those in Earth observation overall between 2000 and 2025 for the
top 10 countries. Archaeological EO shows a sharp acceleration, from just 117 publications
(2.7%) in 2000-2004 to 2059 (47.2%) in 2020-2025, marking a +3626% growth rate across
the period. In contrast, Earth observation overall grew from 13,551 publications (7.8%)
to 72,454 (41.8%), corresponding to +1180% growth. Despite its smaller absolute scale,
Archaeological EO demonstrates a much stronger relative expansion, especially in the
last decade, indicating its increasing importance within the broader EO domain. Figure 2
visualizes the findings as follows: the number of publications related to Earth observation
and archaeology (Figure 2a), the percentage of these publications by country (Figure 2b), the
total number of Earth observation publications per country (Figure 2c), and their percentage
distribution (Figure 2d).

Table 2. Temporal distribution and growth analysis (2000-2025).

. Archaeologicall o EO Overall o EO Overall
Period Relevant Pubglicatizns to Growth Rate Publications EO Overall % Growth Rate
20002004 117 2.7% Baseline 13,551 7.8% Baseline
2005-2009 396 9.1% +238.5% 20,345 11.7% +50.1%
2010-2014 658 15.1% +66.2% 28,117 16.2% +38.2%
2015-2019 1129 25.9% +71.6% 39,007 22.5% +38.7%
2020-2025 2059 47.2% +82.4% 72,454 41.8% +85.7%
Total 4359 100% +3625.6% 173,474 100% +1180.2%

The early foundational period from 2000 to 2005 produced only 117 publications
(2.7% of the total), representing the initial exploration of satellite imagery applications in
archaeological contexts when high-resolution commercial satellites were first becoming
available. The foundation-building period from 2005 to 2009 witnessed steady growth
to 396 publications (9.1% of the total), reflecting growing acceptance of remote sensing
methodologies within the archaeological community (Figure 3). As shown in Figure 3,
archaeological-related publications showed modest beginnings in 2000-2004, followed by
sharp accelerations: +239% in 2005-2009, +66% in 2010-2014, +72% in 2015-2019, and a
further +82% in 2020-2025. Earth observation overall follows a steadier but large-scale ex-
pansion, +50%, +38%, +39%, and +86%, in the same periods. Although the absolute volume
of Earth observation publications is substantially higher, archaeological EO demonstrates
a consistently stronger relative growth, especially in the last two decades. This pattern
suggests that archaeological Earth observation is increasingly consolidating its role within
the broader EO domain, gaining visibility and momentum at a faster pace relative to the
general field.

Indeed, the expansion period from 2010 to 2014 produced 658 publications (15.1% of
the total). The rapid expansion period from 2015 to 2019 reached substantial output, with
1129 publications (31.8% of the total), reflecting the establishment of archaeological remote
sensing as a solid subdiscipline, driven by the launch of the Copernicus Sentinel missions
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providing free, high-quality satellite imagery and increased availability of open-access
historical satellite archives [16,62].
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Figure 2. A map visualizing the temporal distribution and growth analysis (2000-2025). Publications
related to Earth observation and archaeology: (a) the number of publications per country, (b) the
percentage of publications per country, (c) the total number of Earth observation publications per
country, and (d) the percentage distribution of Earth observation publications per country.
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Figure 3. Temporal distribution of scientific publications (2000-2025).
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Most remarkably, the recent acceleration period from 2020 to 2025 produced
2059 publications (47.0% of the total) despite representing only five years, indicat-
ing extraordinary growth in research output, with a particular emphasis on compu-
tational approaches, machine learning applications, and integration with emerging
technologies [44,46].

3.2. Geographic Distribution and Regional Research Patterns

Analysis of author affiliations shows that archaeological remote sensing research
is regionally concentrated, with pronounced Global North—Global South gaps reflecting
unequal access to technology, infrastructure, and institutional capacity. This geographic
pattern provides empirical evidence of concentration and its implications for equity in
heritage protection (Table 3).

Table 3. Top contributing countries and research distribution (counts reflect papers with at least one
author from country.).

o,
Country Publications Percentage  Regional Position Country Publications g\?efrgg Regional Position
0 United o North America
Italy 886 20.3% Europe lead.er States 45,133 17.4% leader
United States 726 16.7% North America China 44,047 17.0%  Bast Asia leader
Kg?gléi)% 438 10.0% Europe major Gerr.nany 14,598 5.6% Europe leader
China 380 8.7% East Asia leader KUmted 11,990 4.6% Europe major
ingdom
Germany 319 7.3% Europe major France 11,763 4.5% Europe major
Spain 289 6.6% Iberian leader Italy 11,077 4.3% Europe major
France 250 5.7% Europe major India 10,537 4.1% South Asia leader
Greece 187 4.3% Medlfterranean Japan 9031 3.5% East Asia major
ocus _
Australia 142 3.3% Oceania leader ~ Canada 7073 2.7% North America
secondary
o North America Russian o Eastern
Canada 120 2.8% secondary Federation 7041 2.7% Europe/Eurasia

Based on institutional affiliation analysis of the dataset (n = 4359), Italy is the largest
contributor with 886 publications (20.3%), followed by the United States with 726 (16.7%),
the United Kingdom with 438 (10.0%), and China with 380 (8.7%). These patterns are
consistent with differences in national investment in Earth observation infrastructure and
strong university programs [63]. Importantly, Greece (4.3%), though a smaller research
system, holds a significant Mediterranean position, demonstrating its disproportionate
influence compared to its size. By contrast, in the broader EO landscape, China (17.0%)
nearly matches the United States (17.4%), illustrating its rise as a dominant global hub.
Europe remains strong through Germany, the UK, France, and Italy, but with smaller shares
than in archaeological EO. This comparison highlights how countries like Italy and Greece
are over-represented in Archaeological EO, while China’s global weight is more visible in
overall EO.

European countries collectively show strong output in archaeological remote sens-
ing. Germany contributes 319 publications (7.3%), Spain 289 (6.6%), France 250 (5.7%),
and Greece 187 (4.3%). This distribution aligns with coordinated EU funding, shared
ESA-Copernicus infrastructure, and the region’s dense archaeological resource base requir-
ing advanced monitoring [62,64—66].

3.3. Regional Analysis and Global North-South Disparities

Using first-listed author affiliation to assign each paper to one region, the Global
North accounts for 3438 publications (78.9%) and the Global South for 789 (18.1%), with 132
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(3.0%) unassigned (in cases of international organization publications)—an overall ~4.4:1
Global North-Global South ratio. Within the first region, Europe dominates with 2663
(61.1%), followed by North America with 607 (13.9%) and developed Asia-Pacific with 168
(3.9%). On the Global South side, China leads with 339 (7.8%), then the Middle East/North
Africa with 204 (4.7%), South Asia with 103 (2.4%), Latin America with 92 (2.1%), Sub-
Saharan Africa with 26 (0.6%), and Other East Asia with 25 (0.6%). Table 4 summarizes this
information along with the number of UNESCO World Heritage Sites per region.

Table 4. Regional distribution and global equity analysis.

Region Publications Percentage World Heritage Sites  Research Intensity
Global North
North America 607 13.9% 45 (3.6%) Very High
Europe 2663 61.1% 492 (39.4%) High
Developed Asia-Pacific 168 3.9% 66 (5.3%) Low
Global North Total 3438 78.9% 603 (48.3%)
Global South
China 339 7.8% 60 (4.8%) High
Other East Asia 25 0.6% 97 (7.8%) Very Low
South Asia 103 2.4% 66 (5.3%) Very Low
Middle East/North Africa 204 4.7% 151 (12.1%) Very Low
Sub-Saharan Africa 26 0.6% 117 (9.4%) Very Low
Latin America 92 2.1% 154 (12.3%) Very Low
Global South Total 789 18.1% 645 (51.7%)

North America, led by the United States and Canada, accounts for 607 publications
(13.9%), reflecting substantial government and institutional investment in satellite technol-
ogy and archaeological research. Europe is the dominant contributor, with 2663 publications
(61.1%), benefiting from coordinated multinational programs and shared ESA-Copernicus
infrastructure. Taken together, the Global North produces 3438 publications (78.9%), while
the South contributes 789 (18.1%). This imbalance is visible when viewed against heritage
distribution: Global South regions host 645 UNESCO World Heritage Sites (51.7%) yet
generate under one-fifth of the research output.

Within the South, China contributes 339 publications (7.8%) and hosts 60 World
Heritage Sites (4.8%), indicating relatively high research intensity compared with its site
share, though most work targets domestic applications. For instance, during the period
2000-2025, 78.9% of the total publications were generated from the North region compared
to only 18.1% of the South areas (Figure 3). Other developing regions are markedly under-
represented relative to heritage significance: Sub-Saharan Africa hosts 117 World Heritage
Sites (9.4%) but accounts for only 26 publications (0.6%); Latin America and the Caribbean
host 154 World Heritage Sites (12.3%) but contribute 92 publications (2.1%); and the Middle
East/North Africa hosts 151 World Heritage Sites (12.1%) but contributes 204 publications
(4.7%). These gaps are especially concerning in areas facing acute protection challenges,
where research capacity lags conservation need.

Figure 4 presents a comparative analysis of the distribution of publications between
the two regions in both archaeological Earth observation (EO) and Earth observation
overall for the period 2000-2025. Within archaeological EO, the Global North produces
3438 publications (81.3%), whereas the Global South contributes 789 publications (18.7%).
When contrasted with the broader EO domain, however, a different pattern emerges: the
North accounts for 88,387 publications (65.3%), while the South contributes a comparatively
larger share of 46,950 publications (34.7%).
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Figure 4. Global North vs. Global South publications during the period 2000-2025.

This situates archaeological Earth observation within its disciplinary context and
reveals that the under-representation of the South is not merely a reflection of global publi-
cation asymmetries but is amplified in the archaeological subfield. Whereas the broader
EO domain demonstrates a gradual narrowing of the North-South gap, archaeological
EO exhibits a more entrenched imbalance. This finding underscores that the issue is not
simply the expected predominance of the North in scientific production but a dispropor-
tionate exclusion of the Global South from a field directly relevant to its cultural and
archaeological heritage.

The Research Intensity Index (RII), defined as the ratio of a region’s share of publi-
cations to its share of World Heritage Sites, can be used as a metric as it indicates over-
or under-representation in research. We can therefore interpret the RII as follows: Very
High (RII > 2.5) signals strong over-representation, with much more research than site
share; High (1.5 < RII < 2.5) indicates clear over-representation; Moderate (0.8 < RII < 1.5)
reflects research roughly proportional to site share; Low (0.5 < RII < 0.8) denotes under-
representation; and Very Low (RII < 0.5) denotes strong under-representation. The findings
of the RII metric for the period 2000-2025 per region are depicted in Figure 5. Again, the
differences between these areas are obvious (except for China, as discussed below).
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Figure 5. Research Intensity Index by region.
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3.4. Technological and Methodological Evolution Patterns

Furthermore, analysis of research content shows that most studies rely on open
multispectral missions—notably Landsat (TM/ETM+/OLI/TIRS, 30 m) and Sentinel-
2 MSI (10-20 m)—for diachronic change detection, spectral indices, and cost-effective
baselines [62,63,67]. Very-high-resolution (VHR) commercial sensors (e.g., WorldView-
2/3, GeoEye-1, Pléiades/Pléiades-Neo, SPOT-6/7, PlanetScope/SkySat, Gaofen) support
feature-scale site mapping, looting assessment, and excavation planning; WorldView-3
SWIR is frequently used for material discrimination [68,69]. SAR usage has risen markedly
since ~2015, with Sentinel-1 (C-band) for all-weather monitoring, ALOS-1/2 PALSAR (L-
band) for vegetation/moisture penetration and ground condition mapping, and TerraSAR-
X/COSMO-SkyMed (X-band) for fine-texture change and deformation analysis [70-73].

Thermal /SWIR data—Landsat TIRS, ASTER VNIR/SWIR/TIR, and WorldView-3
SWIR—support material classification, paleohydrology, and burn scar/soil mark detec-
tion [68,74]. Spaceborne hyperspectral has become a promising frontier, with PRISMA and
EnMAP enabling pigment/mineral/soil spectral unmixing and subtle landscape process
detection [75-77]. Topographic products such as SRTM and TanDEM-X DEMs under-
pin landscape modeling, viewsheds, and change detection [78,79]. Historic CORONA
(KH-4) imagery remains invaluable for sub-meter baselines in site discovery and long-term
landscape change analysis [80,81]. Across the corpus, satellite scenes appear in >85% of
publications and GISs remain ubiquitous (=60-70%), with growing multi-sensor fusion
(optical + SAR + DEM) feeding contemporary machine learning workflows.

4. Discussion
4.1. Advancing Fair Access to Heritage Protection Technologies

The record shows a digital divide in heritage protection, with high-end capabilities
clustered in certain regions and limited availability where resources are most at risk. The
~4.4:1 ratio between Global North and Global South research output (78.9% vs. 18.1%),
despite Global South regions hosting 51.7% of UNESCO World Heritage Sites, represents
a fundamental failure and gap of current approaches to technological development and
dissemination. While this observation is obviously for the entire period of this study (i.e.,
between 2000 and 2025), as shown in Figure 6, a steady increase in papers from the Global
South is reported, which should be primarily linked with increased recording of relevant
publications from China (see Section 4.3).

Sub-Saharan Africa’s representation of only 0.6% of research output while hosting 9.4%
of UNESCO World Heritage Sites exemplifies this, indicating massive under-representation
with profound implications for heritage protection capacity. The region faces severe threats
to archaeological heritage, including rapid urbanization, climate change impacts, armed
conflict, and extractive industry development, yet lacks access to remote sensing technolo-
gies essential for modern heritage monitoring [82,83].

This capacity gap has consequences that go well beyond academia, implicating the
long-term protection and management of cultural heritage. When primary tools for doc-
umenting and monitoring archaeological heritage are developed by well-resourced in-
stitutions for their contexts, there is a risk that diverse approaches to understanding
cultural landscapes will be replaced by standardized frameworks inappropriate for all
cultural contexts.

The concentration of artificial intelligence development in North institutions cre-
ates additional risks of algorithmic “colonialism”, where automated heritage detection
systems encode cultural assumptions inappropriate for diverse global heritage contexts.
When Al systems are trained primarily on specific landscapes and well-documented sites,
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their application to other environments may systematically under-represent important
cultural resources.
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Figure 6. Publications per year (2000-2025) for Global South against Global North. Earth observation-
related publications are also indicated with green (secondary Y-axis).

Funding analysis from the available references indicates diverse support mechanisms
including national research councils (such as the National Social Science Fund of China),
though many publications lack explicit funding acknowledgments, potentially indicating
either unfunded research or different reporting practices across regions and institutions.
The presence of both government and private funding sources suggests multiple pathways
for supporting archaeological remote sensing research, though the distribution of funding
appears uneven across geographic regions.

Figure 7 illustrates the regional distribution of publications in archaeology using Earth
observation research from 2000 to 2025, expressed as the share of total output per year.
Europe consistently dominates the field, accounting for the largest share throughout the
period, although its relative proportion shows fluctuations over time. North America
also maintains a significant but smaller share, while Asia demonstrates a steady increase,
particularly after 2015, reflecting the region’s growing research capacity and investment
in space-based applications. Latin America, the Middle East, Oceania, and Africa remain
under-represented, with Africa showing only a marginal contribution despite its extensive
cultural heritage and research needs. The “Other” category captures a persistent portion of
publications, indicating contributions from international organizations. Overall, the chart
highlights enduring regional disparities, with the Global North maintaining dominance
but Asia emerging as a notable contributor in recent years.
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Figure 7. Publications per year (2000-2025) per region.

4.2. The European Model and the Acceleration Paradox

As mentioned earlier, European institutions account for 61.1% of global archaeological
remote sensing output, illustrating how coordinated regional approaches can lift capac-
ity beyond what individual countries might achieve alone. Key drivers include shared
technological infrastructure through ESA’s Copernicus program, coordinated EU funding
frameworks, and complementary national strengths in archaeological heritage and remote-
sensing technology. Italy is the largest single-country contributor at 20.3%, reflecting both
its exceptional archaeological heritage and deep integration in European collaboration
networks and technology investment.

Countries such as Greece (4.3%) show how strong heritage assets, combined with
access to shared infrastructure, can sustain notable research productivity even in smaller
economies. Replicating the European model elsewhere will require tailoring to local
historical, institutional, and economic contexts; for the Global South, this may mean
prioritizing South-South collaboration networks, regional centers of excellence that build
capability without dependency, and staged technology transfer programs that progressively
develop local capacity [84].

With 47.2% of all papers published in 2020-2025 (2059 of 4359; +82.4% vs. 2015-2019),
the field’s acceleration creates a paradox: sophistication expands possibilities while erecting
new barriers to participation. It should be mentioned that comparable regional initiatives
are also emerging in the Global South. In Latin America, programs such as SERVIR Amazo-
nia [85] promote EO capacity building, while in Africa, the GMES & Africa initiative [86]
fosters regional EO services and training. Although smaller in scope and less heritage-
focused than Europe’s, these efforts highlight the potential of regional models beyond the
European context.

The rapid uptake of Al (see [48,87-89]) promises major gains in site discovery and
monitoring, yet it depends on substantial computing resources, specialist expertise, and
suitable training datasets that many communities lack. This acceleration is especially
challenging for Global South institutions still building basic remote sensing capacity as the
field shifts toward compute-intensive methods and advanced infrastructure. The growth
pattern also raises questions about sustainability and whether the pace of development
fosters unrealistic expectations for purely technological solutions to heritage protection.

4.3. The Chinese Case Study

China’s position as the fourth-largest contributor to archaeological remote sensing
research—accounting for 8.7% of global output—presents a complex case that challenges



Remote Sens. 2025, 17, 3371

15 of 21

simple Global North-South categorizations while raising questions about technological
sovereignty and research autonomy in archaeological applications [13,90]. China’s substan-
tial output reflects major state investment in satellite technology and archaeological research
infrastructure, demonstrating how national commitment to technological development can
rapidly build research capacity in previously under-represented regions.

At the same time, Chinese publishing patterns reveal limitations that distinguish its
position from traditional Global North leaders. Much of the work centers on domestic
heritage sites and applications rather than international collaboration or methods with
broad global applicability. Nearly one-fifth of the relevant records from China are Chinese-
language publications (n = 66). This pattern suggests that, despite significant technological
capacity, research remains relatively insulated from international networks and may exert
limited influence on global methodological development and collaborative frameworks.
Nevertheless, this appears to be changing, particularly over the last decade.

The Chinese case illustrates both the potential and limits of nationally focused capac-
ity building in archaeological remote sensing. While substantial public investment can
rapidly expand technical capabilities and publication output, weak ties to international
collaboration may constrain global impact and the transferability of findings. Technological
capacity in this field requires not only access to satellites and computational resources but
also integration with international research communities and collaborative infrastructures.
For other Global South countries seeking independent capacity, the Chinese experience
suggests that sustained international collaboration and knowledge sharing are essential
complements to investment, maximizing both global impact and practical application.

Nevertheless, steps forward have been made, mostly driven by China. Figure 8
compares the share of publications between the two geographic areas from 2000 to 2025.
The Global North initially dominates the field with nearly 100% of publications in 2000,
but its share shows a gradual decline over time, falling to around 60% by 2025. In contrast,
the Global South starts from a marginal contribution, but its share steadily increases,
particularly after 2010, reaching close to 40% by 2025. This trend highlights a narrowing
gap between the two regions, suggesting growing research participation and capacity in
the Global South—mainly due to China—though the North continues to hold the majority
share. The overall pattern indicates a slow but significant shift toward greater global
inclusivity in Earth observation-related archaeological research. Notably, the proportions
shown in Figure 8, especially for 2025, align closely with the standard pattern documented
in Earth observation research (see Figure 4).
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Figure 8. Share (%) of publications per year (2000-2025) per region.
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4.4. Pathways Toward Technological Justice

International funding agencies need to restructure their approaches to prioritize com-
prehensive capacity building over short-term technology transfer, with explicit require-
ments for Global South leadership and sustainability. This includes supporting regional
collaborative networks enabling peer-to-peer knowledge sharing, investing in compu-
tational infrastructure and educational programs building local expertise, and funding
culturally appropriate technology development. The “Endangered Archaeology in the
Middle East and North Africa” (EAMENA) initiative [91] as well as other similar projects
are some examples of this approach.

Moreover, efforts should be made in the domain of Al systems with globally rep-
resentative training datasets, creating simplified analytical tools and providing essential
capabilities without requiring advanced infrastructure, establishing open-source develop-
ment communities, and enabling meaningful Global South participation.

Educational institutions should recognize technology transfer as legitimate scholarly
activity deserving professional recognition equivalent to traditional research. This includes
developing appropriate evaluation metrics extending beyond publication counts, creating
interdisciplinary curricula integrating technological training with cultural sensitivity, and
establishing international partnership programs prioritizing capacity building.

5. Conclusions

This systematic review of 4359 unique publications spanning 25 years documents
both extraordinary growth and profound geographic disparities in archaeological remote
sensing. Quantitatively, 47.2% of all output appears in 2020-2025, while 78.9% originates
from North institutions—even though the Global South hosts 51.7% of UNESCO World
Heritage Sites (the Global North hosts 48.3%). At the same time, the overall trend of the
scientific field of Earth observation was studied for comparison purposes.

The temporal analysis shows near-exponential growth: output rose by ~1661% from
2000-2004 to 2020-2025. This acceleration signals that remote sensing has become central
to archaeological practice, driven by advances in satellites, computing, and Al Yet growth
is concentrated geographically, reinforcing rather than easing global inequalities.

Just three countries—Italy (20.3%), the United States (16.7%), and the United Kingdom
(10.0%)—-account for ~47% of global output, while regions with the greatest protection
challenges remain under-represented. Sub-Saharan Africa contributes only 0.6% of research
despite hosting 9.4% of WHSs, a stark capacity gap with direct implications for heritage
protection. This gap between the two regions is also wider than that observed in the general
Earth observation field (Figure 3), although it has narrowed in recent years (Figure 6).

The crisis extends beyond publication counts to cultural survival, equity, and excel-
lence in a digital era where Earth observation technologies are essential for safeguarding
heritage [92-98]. When tools are developed mainly by well-resourced institutions for
their own contexts, diverse ways of reading cultural landscapes risk being displaced by
standardized frameworks ill suited elsewhere. The concentration of Al development in
Global North institutions adds risks of algorithmic “colonialism”: models trained largely
on well-documented sites can underperform in other environments. The concentration of
artificial intelligence development in Global North institutions, evident in sophisticated
applications like the vision transformer research achieving 98.1% settlement recognition
accuracy [99], creates additional risks of algorithmic colonialism where automated heritage
detection systems encode cultural assumptions and analytical frameworks that may be
inappropriate for diverse global heritage contexts.

Europe’s success illustrates what coordinated regional approaches can achieve—shared
infrastructure and funding enabling productivity beyond any single country. The lack of
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analogous frameworks across much of the Global South underscores the need for institu-
tional interventions that tackle structural barriers to cooperation and capacity building.

Acceleration creates both opportunity and risk. Without deliberate action to broaden
access to data, computer, and training resources, rising technical sophistication may harden
global stratification rather than reduce it. Heritage sites are under threat globally due to the
same reasons: climate change, urbanization, and conflict intensify threats to sites world-
wide. Concentrated capabilities leave many at-risk places without effective monitoring.
The evidence base here supports concrete strategies for a more equitable technological
pathway—recognize heritage protection as a global public good, move beyond market-only
logics, and invest in coordinated measures that address structural inequalities—so the
demonstrable potential of archaeological remote sensing benefits all communities, not just
the best resourced.

Of course, we need to acknowledge that the present analysis is bounded by several
methodological and conceptual constraints. First, it adopts the Global North—Global
South dichotomy as the principal analytical lens. While this binary provides a widely
recognized heuristic for examining structural asymmetries, it inevitably obscures other
salient dimensions of research capacity, including the possession of national space programs,
environmental constraints such as persistent cloud cover in tropical and equatorial regions,
the uneven global distribution of cultural heritage resources, and the heterogeneity of
national research and heritage management policies. China, in particular, presents a case
that challenges the simplicity of the North—-South binary. While classified within the Global
South, China simultaneously operates as a global leader in space technology and Earth
observation research. Its dual position highlights the limitations of rigid categorizations
and underscores the need for frameworks that account for both structural inequalities and
emerging scientific powers.

Second, the exclusive reliance on Scopus as a bibliometric source introduces poten-
tial coverage biases. Although Scopus offers extensive metadata and robust analytical
functionality, its indexing practices tend to favor journals from established publishers and
high-income regions, and may therefore under-represent scholarly outputs from the Global
South, particularly those disseminated through regional or local outlets. These limitations
suggest that the disparities documented here should be regarded as conservative estimates,
and they highlight the importance of future work that incorporates multiple bibliometric
databases and alternative classificatory frameworks.
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