
HAL Id: hal-05583139
https://brgm.hal.science/hal-05583139v1

Submitted on 7 Apr 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Unlocking the Past: A review of digital processing of
historical aerial and satellite stereo analog imagery for

geoscience applications
Livia Piermattei, Robert Mcnabb, Melanie Elias, Camillo Ressl, Amaury Dehecq,

Luc Girod, Thomas Dewez, Anette Eltner

To cite this version:
Livia Piermattei, Robert Mcnabb, Melanie Elias, Camillo Ressl, Amaury Dehecq, et al.. Unlocking the Past: A
review of digital processing of historical aerial and satellite stereo analog imagery for geoscience applications.
IEEE geoscience and remote sensing magazine, 2026, pp.2-33. ⟨10.1109/MGRS.2025.3645144⟩. ⟨hal-05583139⟩

https://brgm.hal.science/hal-05583139v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


1 
GRSM-2025-00058 

Unlocking the Past: A Review of Historical Aerial and 
Satellite Stereo-Imagery for Geoscience Applications 
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Anette Eltner 

 
Abstract—Dramatic changes have occurred over the past 

century in many parts of the planet due to natural factors and 

intensifying human activities. Understanding these changes is 

critical for quantifying long-term environmental trends and 

modelling future conditions. A vast, underexploited resource for 

such analysis lies in historical aerial and satellite stereo imagery 

captured with analogue cameras from the early 1900s to the early 

2000s. Originally acquired for military and mapping purposes, the 

stereoscopic nature of historical images offers a unique potential 

to reconstruct 3D Earth surface changes across the 20th century. 

Recent algorithmic advances in photogrammetry and computer 

vision have greatly enhanced this potential. Despite the early 

recognition of their value, these datasets remain underexploited 

due to challenges related to 1) fragmented and inaccessible 

archives, 2) digitisation and associated costs, and 3) a lack of 

scalable, automated processing solutions. This review addresses 

these challenges by analysing 198 studies that digitally process 

historical aerial and satellite stereo imagery for orthoimage and 

DEM generation. We provide an overview of accessed archives, 

processing strategies, and software pipelines. We discuss emerging 

tools and advances in image-matching algorithms and 

georeferencing solutions and highlight how historical imagery can 

support a wide range of geoscientific applications, from climate 

change to urban development. Finally, we emphasise the urgent 

need to unlock these archives and develop efficient, reproducible 

workflows to preserve and exploit this irreplaceable remote 

sensing dataset before physical degradation or institutional neglect 

make it inaccessible. 

 

Index Terms—Historical aerial and spy satellite stereo images, 

Analogue film cameras, Historical image archive, Digital 

photogrammetry, Digital elevation model, 20th century 

environmental changes. 
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I. INTRODUCTION: THE UNTAPPED VALUE OF HISTORICAL 

STEREO IMAGERY 

ISTORICAL or archival photographs captured with 
analogue cameras, using film or glass plates, have long 
been utilised in environmental applications and 

geoscientific research. Terrestrial photographs, whether 
monoscopic images (from single stations) or stereo pairs, were 
acquired worldwide for topographic mapping and land 
surveying for both civilian and military purposes until the early 
1950s. The systematic use of aerial photography began in the 
1930s in North America and Europe, with countrywide 
coverage organised by military or governmental mapping 
agencies between the World Wars. After World War II, aerial 
photography expanded globally into non-military and research 
fields, such as landscape studies, geological mapping, 
archaeology, and broader environmental sciences. By the 
1960s, high-resolution film cameras were also deployed on U.S. 
and soviet reconnaissance satellites to observe areas of 
geopolitical interest [1]. Similar technologies were later used by 
Soviet commercial satellites in the 1970s, continuing until the 
early 2000s. 
As a result of nearly a century of analogue camera acquisition, 
millions of aerial and satellite photographs have been collected 
worldwide. These photographs capture the state of the 
environment at the time they were taken [2], documenting the 
evolution of land cover and topography over the past century. 
Their scientific value lies not only in their age, worldwide 
coverage, and high spatial resolution but mainly in their 
stereoscopic acquisition, i.e., the same area is seen in two 
images captured from different perspectives. This acquisition 
method enables the reconstruction of a two-dimensional (2D) 
orthoimage and a three-dimensional (3D) digital elevation 
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model (DEM) [3] using photogrammetry, i.e., the science and 
technology of deriving 2D and 3D information of an object 
through photographs.  
The usage of historical imagery in geosciences can be broadly 
grouped into three categories: (1) communication and education 
through repeat photography, often used to visually document 
land cover change [4]; (2) mapping, where orthophotos often 
serve as the primary documentation source (e.g., [5], [6]); and 
(3) surface change detection, both horizontally and in elevation. 
For change detection research, historical aerial images provide 
the longest-available, temporally continuous, and spatially 
complete records of landscape change [7]. In countries with 
extensive historical aerial image archives and repeat 
acquisitions at intervals of 4–10 years [8], researchers can 
conduct detailed multi-temporal analyses of geomorphic 
processes. Fig. 1 illustrates one such application in a proglacial 
alpine catchment. When combined with modern digital remote 
sensing data, aerial and satellite historical stereo images remain 
the only remote sensing source for quantifying long-term 3D 
surface changes at high spatial resolutions across local to global 
scales, providing valuable data for environmental research and 
climate change studies [9], including calibration data for 
modelling surface processes under future climate scenarios. 
Another unique historical dataset for 3D reconstruction is 
terrestrial historical image archives, although the stereoscopic 
acquisition is very rare [10]. Overviews of the applications of 
aerial and U.S. spy satellite images are provided by [11] and 
[12], respectively. 
The early recognition of the immense value of these historical 
photographs [13], [14] is demonstrated by the efforts to recover, 
preserve, and digitise photographic archives and distribute the 
scanned images to the public via online platforms. However, 
the full exploitation of these data has long been hindered by the 
technical complexity of photogrammetric processing. 
Traditional analogue processing required expensive equipment 
and specialised expertise [15], and even early digital desktop 
photogrammetry, available from the late 1980s, was 
cumbersome and inaccessible to non-experts. A significant 
change occurred in the past decade with the implementation of 
Structure from Motion (SfM; [16]) and computer vision 
algorithms in user-friendly, low-cost software and tools. 
Although these tools were initially developed for digital images 
(e.g.,  [17]), the scientific community soon applied them to 
historical archives, enabling the 3D surface reconstruction of 
multiple overlapping scanned historical images (e.g., [18]).  
Despite these technological advancements and increased 
research in (re)processing historical images [8], several 
challenges still limit their widespread use [19]. Key challenges 
are related to 1) fragmentation and inaccessibility of archives, 
2) digitisation and costs, and 3) a lack of automated and scalable 
processing solutions [20], [21].  
Millions of aerial photographs worldwide are stored across 
regional, national, military, and private collections [22], [23]. 
The absence of a geo-catalogue and inconsistent metadata for 
many of these archives makes it difficult to assess the extent of 
available data. Yet, a comprehensive global inventory of these 
archives, particularly for aerial images, including information 

on temporal and spatial coverage and stereo capability, is 
lacking. Furthermore, the quality of these images is often 
degraded by film ageing, poor physical storage, and low-quality 
scanning [11], [21], [24], [25]. Only a fraction of these images 
have been digitised, and the high cost of scanning and 
purchasing previously digitised historical images continues to 
pose a considerable financial barrier for large-scale research. 
Even where images are scanned, heterogeneity in camera types, 
flight configurations, and the frequent absence of metadata 
(e.g., camera calibration protocols, fiducial marks, and ground 
control points) complicates automated photogrammetric 
processing [2]. There is also a lack of clear workflows tailored 
specifically to historical stereo images, as photogrammetric 
software has only marginally reached the non-specialist 
community. Until recently, SfM tools have not been designed 
to handle scanned images, and the application of artificial 
intelligence and deep learning algorithms to historical imagery 
is still emerging. 
To address these challenges and increase awareness, 
accessibility, and usability of scanned stereo aerial and satellite 
images from analogue cameras (hereafter referred to as 
historical images), we systematically reviewed studies that 
processed historical images. We screened over 400 publications 
(as of 2024), ultimately selecting 198 peer-reviewed studies that 
met our criteria: studies that processed historical stereo aerial or 
satellite imagery into DEM or orthoimages using digital 
photogrammetry. Studies that employed analytical 
photogrammetry, used terrestrial imagery only, used 
monoplotting techniques, performed image rectification, relied 
on preexisting historical orthophotos or DEMs, or lacked image 
processing information are not the focus of our review. From 
the selected subset, we built a publicly available relational 
database that captured information on study areas, applications, 
image archives, camera specifications, metadata, datasets, 
processing methods, software used, and the resulting outputs 
and accuracy assessments (Figure A.4, Table A.1). 
This method-focused meta-analysis review identifies key trends 
in the digital photogrammetric processing of historical images. 
It offers practical insights into the archives accessed by the 
reviewed studies, challenges, processing techniques and 
emerging tools and workflows. We also identify several critical 
barriers that continue to limit the broader use of historical 
imagery. Finally, we argue for urgent action to digitise and 
unlock historical image archives, develop reproducible and 
adaptable workflows that accommodate different cameras with 
varying metadata, and standardise the reporting of dataset 
information and accuracy metrics. These actions will help 
preserve this invaluable remote sensing resource and ensure it 
can be leveraged before it is degraded or lost. 

II. CHALLENGES OF HISTORICAL AERIAL AND SATELLITE 

IMAGES  

Processing historical aerial and satellite images captured with 
analogue film or plate cameras presents several challenges, 
particularly when performing automated or multi-temporal 
photogrammetric workflows, as outlined in Table 1. Early 
studies [26], [27] highlighted difficulties in matching features 
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across image sequences due to surface changes between 
acquisition dates. These challenges are further intensified by 
radiometric inconsistencies in 8-bit black-and-white imagery, 
especially in complex environments such as forests [28], large 
water bodies [29], [30], and ice- or cloud-covered surfaces [31]. 
Photographs are rarely available as original negatives or image 
diapositives, and scans from paper contact prints are subject to 
significant non-uniform geometric distortions, especially when 
desktop scanners are used [32]. Furthermore, inconsistent 
digitisation protocols across epochs can complicate inter-
temporal comparisons [21]. Long-term storage under poor 
conditions, such as excessive heat and humidity, can also cause 
irreversible physical and chemical degradation of film, 
negatives, and paper prints, leading to issues such as dilation or 
contraction, changes in chemical state, and reduced photo 
contrast [33]. 

Early aerial reconnaissance photographs, often acquired with 
a non-metric camera, do not exceed 30-60% image overlap 
([34]; cf. Fig. 2b). The lack of metadata, calibration protocols, 
and the large variability in acquisition methods (e.g., nadir, 
oblique, panoramic), formats, and fiducial mark types (Fig. 2c) 
further limit the reproducibility and transferability of 
photogrammetric processing workflows [34], [35], [36], [37].  

Spy satellite images face additional challenges, such as 
image size and distortion [38]. Corona satellite images are 
known to contain significant deformations compared to 
conventional frame cameras [38], [39], [40], [41], [42] due to 
the panoramic geometry used to capture large swaths and 
acquisition characteristics (Fig. 3b), such as the cylindrically 
shaped film mounting device and the Image Motion 
Compensation device [43]. Distortions are primarily conical 
distortion and S-shaped deformation caused by the movement 
of the satellite during film exposure through a rotating wheel; 
these effects are more pronounced at the image edges along the 
satellite track [38], [40], [44]. Furthermore, scanning spy 
satellite images can be complex due to the large film size; for 
example, Corona images measure 7 cm by 75.7 cm, and the KH-
9 panoramic film can reach up to 319.4 cm in length, depending 
on the scan angle. This size exceeds the format size of any 
photogrammetric scanner. Thus, photographs are often scanned 
in multiple parts that overlap to ensure no information is lost 
and enable the merging of the sub-images. This complex 
scanning process often introduces alignment errors and visible 
artefacts in the resulting DEMs [24], [25]. 

Finally, the large size of high-resolution scans presents 
practical challenges for data handling. A single grayscale aerial 
image scanned at 1200 dpi (21.16 µm) can reach ~250 MB, 
while Corona panoramic and Hexagon mapping frame images 
can exceed 1.2 GB and 2.5 GB, respectively. 

III. HISTORICAL IMAGE ARCHIVES  

To fully understand the amount and diversity of historical 
aerial datasets, including the areas surveyed and the variety of 
image formats, one must consider the evolution of aerial 
photography, from its early military purposes to the 
development of camera systems and processing techniques (see 
Supplement A1). Millions of stereo aerial images have been 

acquired globally, mainly since World War I, and not all of 
these images have survived [45] or are accessible [46]. Aerial 
photograph archives were already in place when the images 
were first acquired. As a single negative could produce multiple 
prints, images were often dispersed to different locations. 
Consequently, historical aerial images are spread (sometimes 
with duplicates) across global, regional, and national 
collections, as well as small local or specialised collections 
[22]. An overview of the current state of archiving and 
geoprocessing of historical aerial images in Europe was 
attempted by [8] and, more recently, by [11], with a focus on 
Polish archives. However, a comprehensive list of archives 
worldwide, along with information on the temporal and spatial 
coverage and stereo capability of the historical images, is 
currently missing.  

The world's two most extensive collections of aerial 
photographs are the National Collection of Aerial Photography 
(NCAP; formerly known as The Aerial Reconnaissance 
Archives, TARA) and the US National Archives and Records 
Administration (NARA) [47]. NCAP preserves millions of 
military intelligence images from World War II to the 1980s 
[22], [45], which are accessible both online and in person [48]. 
NARA's Cartographic Branch holds over 35 million aerial 
photos dating from 1918 to 2011, from US and allied forces, 
along with 1.2 million German and Japanese reconnaissance 
prints, and declassified U-2 images [49]. 

At the national level, nearly all countries maintain archives 
of aerial photographs [22], often managed by military or 
mapping agencies. The worldwide distribution of the image 
archives is demonstrated by the geographic spread of the 
research sites (or photographed areas) that process and utilise 
historical imagery (Fig. 4). A significant portion of global 
coverage is derived from declassified US spy satellites, 
particularly in Arctic regions and High-mountain Asia (Fig. 
4b). Most aerial image studies are concentrated in Europe and 
US (Fig. 4a), sourced from national aerial archives, but also 
include work in Japan [50], Australia [51], Canada [52], 
Antarctic [53] and the Arctic [54]. Images of colonial-era 
regions in Africa [55], [56] and Asia are frequently stored in 
European archives [22] (Fig. 4).  

Our review identified 83 named archives across 35 countries, 
with the United States and the United Kingdom hosting the 
highest numbers at 13 and 8, respectively (Table 2). Table 2 
presents a selection of aerial image archives referenced in the 
reviewed literature, including only those for which direct or 
derived online access links were available. Access policies vary 
considerably across archives. For example, France, Spain, 
Iceland, and Switzerland have provided free scanned aerial 
images since a few years, whereas institutions in Italy, Austria, 
and Australia may charge based on scan quality and resolution. 
However, over half of the reviewed studies did not report the 
archive source or access details (Fig. 5).  

American and Soviet satellite images provide global 
coverage and often offer stereo capabilities (Fig. 6b). 
Supplement A2 describes the historical context of spy satellite 
images.  

American “KeyHole” or KH satellite images were 



4 
GRSM-2025-00058 

progressively declassified by executive orders in 1995 
(Corona), 2002 (Hexagon mapping camera), and 2011 
(Hexagon panoramic camera) [57], [58]. Table 3 summarises 
the main American missions relevant to geoscience 
applications. Scanned images can be freely accessed via the 
USGS Earth Explorer portal [59], while on-demand scanning 
for unscanned images or a subset of duplicate film held in the 
USGS costs $30 per scene. Images come with crude 
geolocation (kilometre accuracy) of the image corners and a 
priori focal length information. The satellites typically carried 
black-and-white film, but some documentation mentions that 
infrared or colour film is sporadically used [57]. The global 
coverage and image count of the Corona and Hexagon 
programmes from the 1960s to 1980s are shown in Fig. 6a, 
based on the USGS archives. Additional detailed information 
on the satellite and camera systems of the Corona and Hexagon 
programmes can be found in [60] and [58]. 

Soviet-era satellite images were made commercially 
available through the Soyouzkarta programme [61]. 
Publications from the 1990s reveal that Sovinformsputnik sold 
images from the TK-200, TK-250, TK-350, KVR-1000 and 
KVR-3000 cameras [62], [63], [64], [65], while Gostsenter 
Priroda sold imagery from KATE-200, KFA-1000, KFA-3000 
and MK-4 cameras [66], [67], [68]. Eastview and Terraserver 
also marketed these products. At this time, companies such as 
Innoter appear to sell Resurs-F images, but we could not find 
precise information on the access and pricing of this data. The 
global coverage of all available images from the Soviet/Russian 
missions is illustrated in Fig. 6b.  

IV. HISTORICAL IMAGE DATASETS, PRODUCTS AND 

APPLICATIONS 

Interest in historical image processing for geoscience 
applications has been steadily increasing, especially since 2015 
(Fig. 7), likely due to the widespread use of SfM workflows in 
low-cost software and the increased availability of historical 
images. Among the reviewed studies, aerial images have drawn 
more interest (139 studies) compared to satellite images (50), 
possibly because of their higher spatial resolution and more 
standardised image processing workflows compared to the 
different geometries of satellite data. Furthermore, spy satellite 
images have only recently been declassified and remain 
relatively unknown, although [69] developed two methods to 
generate DEMs from Corona images as early as 2000. The 
combination of aerial and satellite image datasets ("Combined" 
category in Fig. 7) has not yet been widely utilised, except for 
a few studies [70], [71], [72], [73], [74], [75], [76], [77]  (Fig. 
8a). 

Aerial images are often used for multi-temporal analyses as 
multiple acquisitions typically exist for the same area, enabling 
the reconstruction of historical time series from different 
epochs (here referred to as datasets; Fig. 8a). In contrast, 
satellite datasets, particularly from U.S. KH missions, are 
generally limited to single snapshots and are often combined 
with modern digital sensors to extend the observation period. 
Overall, we identified 630 image datasets across studies, 
including 114 from spy satellites.  

The primary motivation for accessing and processing 
historical images is to reconstruct 3D data, such as point clouds 
and DEMs, although orthophotos are also generated in various 
fields for mapping and image classification (Fig. 7). Glaciology 
and geomorphology are the main fields applying 3D 
reconstructions. Glaciological studies often use long time series 
to assess elevation changes and glacial mass loss over time 
(e.g., [78], [79], [80], [81], [82]), and natural hazards [83] using 
both aerial and satellite images. Geomorphological applications 
benefit significantly from the high spatial and temporal 
resolution of repeated aerial acquisitions (Fig. 8a), with some 
studies combining more than ten historical aerial datasets for 
proglacial studies (e.g., [3], [18], [84], [85], [86], [87], [88]). 
Other applications include fluvial geomorphology, topography 
of reservoir lakes [89], landslide monitoring (e.g., [90], [91]) 
and coastal dynamics (e.g., [92], [93]).  

Other domains, such as archaeology, forestry, volcanology, 
and urban studies, appear less frequently in 3D processing 
workflows (Fig. 7), likely because these disciplines often rely 
on existing orthophoto archives, reducing the need for custom 
reconstruction. A growing area of research focuses on 
optimising processing workflows of historical images, 
including automated calibration, georeferencing, machine 
learning and accuracy assessment. 

For some countries, historical aerial images date back to the 
1910s and 1920s [94], but they are more widely accessible from 
the 1930s and 1940s onwards, up to the early 2010s (e.g., [95]). 
Declines in availability during World War II (Fig. 8) likely 
reflect restrictions on civilian flights and data loss over time. 
Despite several datasets having been processed worldwide, our 
database also emphasises the significant yet underutilised 
potential of historical image archives.  

Out of millions of available images (e.g., aerial image counts 
range from 1 million in Sweden and Norway to 5 million in 
France and Italy, and up to 30 million images in the UK) most 
studies have processed only a small number of aerial and 
satellite images, focusing primarily on local and catchment-
scale areas (Fig. 8b, 8c). Exceptions exist at national and 
regional scales, such as [96], covering all ice-free areas of 
Greenland; [97] in Switzerland, and [54] in Svalbard. The 
reviewed studies processed approximately 37,000 aerial images 
covering over 950,000 km², which represents about 1% of the 
Earth's land surface. 

Although there is a general correlation between the size of 
the study area and the number of aerial images processed (Fig. 
8b), the coverage also depends on factors such as flight height 
and viewing angle (nadir, oblique, or panorama). In contrast, 
satellite images cover much larger areas per image; for instance, 
424 Hexagon mapping camera images processed by [24] 
provided near-global glacier coverage. However, the number of 
processed spy satellite images is also very low, considering the 
nearly 1.5 million images that are currently accessible for 
scanning and download through the USGS online repository 
(Fig. 6). A single pair of KH-9 mapping camera images can 
cover roughly 30,000 km², whereas a typical aerial image 
captured at an altitude of 1,000 meters with a 150 mm focal 
length and 23 cm x 23 cm film covers only 0.42 km². 
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Historical images vary in scale, format, and quality, with 
most being near-vertical black-and-white images [46] captured 
on nitrate, acetate, or polyester film [33]. Polyester film, 
introduced in the 1960s, proved to be more chemically stable 
and was adopted in missions such as the US Corona programme 
[98]. The focal length, flight height, and scanner resolution 
define the Ground Sampling Distance (GSD), the distance 
between two consecutive pixel centres measured on the ground. 
This parameter is important because it is a good approximation 
of the achievable resolution of the orthophoto and DEM, which 
is correlated to their potential accuracy. The larger the GSD 
value, the lower the spatial resolution of the image, resulting in 
less visible details. The GSD of the reviewed aerial datasets 
spans from 0.05 m to 7.5 m (Fig. 9a), with a few datasets up to 
60 m from oblique images [70]. Some studies report GSD 
values below 10 cm (e.g., [99], [100], [101]), but in more than 
85% of cases, the GSD falls between 0.10 m and 1 m. Image 
scales are also occasionally reported, ranging from 1:440 to 
1:40,000. Spy satellite images generally have a coarser 
resolution due to the higher flight altitude of satellite platforms, 
with GSD values between 2 m and 8 m and scanning resolutions 
between 7 and 14 microns (µm) (Fig. 9b). Two studies [102], 
[103] used Argon spy satellite images with a 'nominal ground 
resolution' of 140 m, improved to 33 m through high-resolution 
scanning.  

The geometric resolution of the orthophoto and DEM should 
closely match the processed GSD. As expected, orthophotos 
exhibit higher spatial resolution than DEMs (Fig. 10), with an 
average resolution approximately four times greater. On 
average, products derived from aerial images have a spatial 
resolution of 0.9 m and 3 m for the orthophoto and DEM, 
respectively. Satellite products tend to have coarser resolution, 
with an average resolution of 4.8 m for orthophotos and 23 m 
for DEMs, although higher resolutions can be achieved, for 
example, with the KH-9 Hexagon panoramic camera. These 
resolutions are suitable for a broad range of environmental and 
geoscientific applications. High-resolution products (<5 m) are 
especially relevant for geomorphology, forestry, and 
volcanology, while glaciological studies often tolerate coarser 
satellite-based products. Nevertheless, a direct link between 
application type and required resolution is not clear, as choices 
often reflect data availability more than precision needs. 

V. DIGITAL PROCESSING OF HISTORICAL STEREO IMAGES IN 

GEOSCIENCE 

The general photogrammetric workflow for deriving 2D and 
3D information from overlapping historical images begins with 
image scanning, pre-processing, followed by image orientation 
and calibration. Once oriented, 3D point clouds are extracted to 
generate DEMs and orthophotos. Post-processing steps are 
required before accuracy assessment (Fig. 11). Each step 
involves multiple measurements and parameters that impact the 
accuracy of the final output.  

This review analyses 198 studies comprising 630 datasets to 
evaluate how historical images are processed, including 
software tools, recent advances in image processing, and 
accuracy assessment. Additionally, it provides theoretical 

context and practical guidance for cases where metadata is 
incomplete or missing. 

A. Theoretical background of image orientation and 

calibration  

The processing of historical imagery is primarily based on 
two main methods: classical photogrammetry and SfM. The 
general workflows for both methods are illustrated in Fig. 12a 
and 12b, although several variants are employed according to 
the availability of metadata, GCPs, and the specific software 
and its version. The key difference between the two approaches 
lies in their dependency on prior knowledge of camera 
parameters. Classical photogrammetry typically requires 
approximated exterior orientation (i.e. the camera position and 
orientation, which defines the projection geometry in space), 
and interior orientation (i.e., camera calibration parameters 
such as focal length, location of principal point, radial lens 
distortion coefficients and photo coordinates of the fiducial 
marks). These parameters are traditionally derived from high-
precision laboratory-based calibration [104] and stored in the 
calibration protocol/certificate of this specific laboratory 
camera calibration [105]. However, such metadata are 
frequently missing in historical aerial datasets, and those of spy 
satellites remain classified to this date. For aerial images from 
the 1940s onwards, the calibrated principal distance can also be 
found on the actual image as part of auxiliary data, usually 
along one edge of the image. An example is provided in Figure 
A.3 from a Fairchild aerial metric camera. Depending on the 
camera model, any of the following information may be visible 
[106]: calibrated focal length, camera (lens) serial number, 
photo number, flight date, absolute flying height, image scale, 
spirit level, and exterior orientation data (when GPS was 
already in use). Also, in Soviet satellite images, the calibrated 
focal length is printed on the film. 

SfM does not require initial orientation estimates of these 
parameters as it uses automated tie point extraction and self-
calibration techniques to estimate them. Tie points are 
automatically extracted in both SfM and photogrammetry 
approaches via image matching algorithms to provide relative 
orientation between overlapping images (Fig. 12). Both 
approaches also use Bundle Block Adjustment (BBA; [107]), a 
mathematical optimisation process that simultaneously refines 
both the interior and exterior orientation parameters across a set 
of overlapping images. BBA works by solving the collinearity 
equation, which expresses, using the mentioned orientation 
parameters, that the projection centre, the observed image point, 
and the respective object point lie on a straight line. 

For scanned analogue images, an additional calibration step 
is necessary before exterior and interior image orientation can 
be performed. This pre-processing step consists of the 
transform of image coordinates from the (digital) scanner’s 
pixel system into the (analogue) calibrated camera coordinate 
system. This is achieved by identifying fiducial marks and 
applying 2D similarity (four parameters: one shift in x and y 
each, one rotation, and one scale), affine (six parameters: shift 
in x and y, two rotations, one scale in x and y each), or bilinear 
transformations (eight parameters: shift in x and y, two 
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rotations, scale in x and y, one linear scale change in x and y 
each), depending on the number and quality of fiducial marks 
detected. Usually, when four fiducial marks are identifiable on 
the scanned image, a 2D affine transformation is chosen to 
remove the linear part of such film deformations. These 
transformations help correct for geometric distortions and 
ensure alignment with physical calibration data. 

Missing calibration protocol information. When original 
calibration protocols are unavailable, interior orientation 
parameters and fiducial mark coordinates are typically missing. 
However, they can be estimated from auxiliary image data, 
known scanner resolution and visible fiducial marks. For most 
images, except the oldest, the principal distance can be retrieved 
from auxiliary data printed on the image borders. The scanner 
resolution is usually available, allowing digital images to be 
scaled accordingly (Fig. 12c). 

To unify all scanned images into a common camera 
coordinate system, fiducial coordinates must be derived. This 
begins by defining canonical fiducial mark positions based on 
their locations in the image (e.g., corners or edge midpoints). 
Their IDs can be assigned arbitrarily (see Fig. 12d, where s is 
the image width in pixels). Fiducial marks are then measured in 
each image and transformed to the canonical layout using a 
rigid 2D transformation (shifts, rotation, but no scaling). 
Reference fiducial coordinates are calculated by robustly 
averaging the transformed coordinates, preferably using the 
median to minimise the impact of film deformations, and then 
converted from pixels to millimetres using the scanner 
resolution. These derived reference fiducials are used in SfM or 
photogrammetric software to define the interior orientation. If 
residuals after fiducial transformation, e.g., as performed by the 
software, vary significantly across image groups (e.g., RMS > 
0.5 pixels), this may indicate differences in storage or scanning. 
In such cases, separate fiducial sets and distinct camera models 
are recommended, even if the images were acquired with the 
same physical camera. 

While early SfM software lacked support for fiducial marks, 
most modern tools (post-2018) now include this functionality. 
When fiducials cannot be used, workflows may rely on pre-
processing, alignment procedures, or full self-calibration during 
BBA.  

B. Pre-processing techniques 

Historical aerial and satellite images require careful pre-
processing to improve the accuracy and reliability of stereo 
reconstruction and feature matching. Although recent tools 
such as [108] and [109] offer some automation, pre-processing 
remains largely manual, non-standardised, and inconsistently 
reported across studies.  

Pre-processing involves geometric and radiometric 
corrections to minimise some challenges associated with 
historical datasets, standardise inputs for photogrammetric or 
SfM workflows and enhance feature detection [43], [110].  

Among geometric corrections, image masking is widely 
used, particularly in SfM workflows with aerial imagery, to 
exclude degraded (e.g., scratches, underexposure) or irrelevant 

(e.g., borders, annotations, moving objects) portions of the 
image that could generate false tie points (e.g.,  [15], [86], 
[111]). In satellite imagery, masking also helps focus on areas 
of interest and reduce computational load (e.g.,[112], [113]).  

For SfM processing of aerial images, especially when the 
software does not support fiducial marks, the user must ensure 
that the image content is stored identically within the files: the 
edges of the analogue image should be as parallel as possible to 
the rows and columns of the scanned image (with the auxiliary 
data always on the same side), and the number of rows and 
columns in all files must be identical. This way, the image files 
can be considered as coming from the same ‘digital’ camera, 
thereby increasing the robustness of SfM processing [37]. This 
requires cropping images from the same camera to a consistent 
extent. Cropping is often followed by transformations based on 
fiducial marks, including rigid, similarity, or affine 
transformations, to geometrically align images. Recent updates 
of SfM software allow more efficient image grouping and 
transformation using fiducials. 

Spy satellite images, especially from KH missions, present 
additional challenges due to their large format, scanning 
requirements, and lack of calibration protocols and fiducial 
marks. Pre-processing often includes stitching the sub-images 
together. This can be achieved by matching the overlap area 
between adjacent scans using point-matching techniques, such 
as SIFT [114], or dense correlation [24]. The rotation and 
scaling may differ between scans, so correcting for such 
distortion before the stitching is recommended [43], [114], 
[115]. 

Image distortion correction is frequently necessary, as most 
historical satellite images do not contain true fiducial markers. 
For the frame camera images (US KH-9 mapping camera, 
Soviet KFA-1000, KATE-200, or MK-4), black crosses are 
printed on the images, either on a full réseau grid with a one-
centimetre spacing for the KH-9 mapping camera (Fig. 3) or at 
the centre of the image edges. These crosses can be used to 
correct distortions using a similarity transformation, as for 
aerial images. For the KH-9 MC images, the reseau grid enables 
the correction of film distortion with high accuracy using a 
Thin-Plate-Spline transformation [24], [114]. For panoramic 
camera (PC) images (US KH-4/4A/4B, KH-9 PC), the system 
does not include fiducial markers. However, regularly spaced 
dots and stripes printed on the edges of the film can be used to 
correct for film rotation and distortions in the dimension 
parallel to the camera rotation axis, i.e., along image columns 
[43], [116]. These markers can also be used to crop the image 
to the exposed area only.  

Radiometric corrections are applied less frequently but can 
help improve the visibility of fiducial marks and image features 
[117]. Enhancements include exposure and contrast 
adjustments (e.g., [118], [119]), vignetting correction [120], 
and noise reduction from film grain and digitisation artefacts 
[102], [114]. These adjustments are often made using general 
image editing tools such as Photoshop, Lightroom, or GIMP 
[54], [121]. Some studies also employed built-in quality filters 
in SfM software to exclude suboptimal images [122]. 

Despite the widespread application of geometric and 
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radiometric corrections, their quantitative impact on image 
processing, such as tie point extraction, image orientation, or 
DEM quality, has not been systematically assessed.  

C. Image Processing Workflow type, Software and pipelines 

Building on the theoretical principles of classical 
photogrammetry and SfM, we identified five main workflow 
categories for processing historical aerial and satellite imagery: 
Photogrammetric, SfM, Manual, Combined, and Time-SIFT 
(Fig. 13). The “Combined” methods include datasets processed 
using both Photogrammetric and SfM solutions (e.g., SocetSet 
and VisualSFM software, [123]). The “Manual” workflows are 
custom photogrammetric and SfM pipelines that utilise 
different software and tools (e.g., Matlab, ORIENT) for image 
orientation, DEM reconstruction and orthorectification [120], 
[124]. “Time-SIFT” applies SfM principles to multi-temporal 
images by jointly estimating interior and exterior orientations 
across all epochs in a single block before separating the epochs 
for dense image matching [19]. This method assumes that 
sufficient inter-epoch tie points remain stable across time.  

The reviewed literature reveals a wide range of processing 
strategies influenced by data availability, software capabilities, 
often related to their version, and specific project requirements. 
There are large variations in image orientation and calibration 
methods, including the use and detection of fiducial marks (Fig. 
13), the estimation of unknown camera parameters, and the 
selection of feature-matching algorithms. Implementation 
strategies for BBA also vary. Some studies use fixed interior 
orientation parameters from original calibration reports and 
others refine them during BBA or self-calibration (e.g., [9], 
[125], [126], [127]). In other cases [81], a small subset of five 
aerial images with a good number of well-distributed tie points 
across the images was pre-calibrated. Then the remaining 
images were processed with the calibration fixed.  

The use of SfM and Photogrammetric processing among the 
630 datasets is almost comparable (Fig.13). SfM is the most 
used method for processing historical aerial images [128], 
[129], with Agisoft Metashape (formerly Photoscan) the most 
frequently used software, followed by MicMac and Pix4D (Fig. 
13). MicMac is an open-source photogrammetric suite, widely 
used for both aerial and satellite image processing and supports 
custom implementations with fiducial mark integration [130].  

The use of fiducial marks in aerial SfM workflow has 
become more common (e.g., [86], [131], [132], [133]), 
especially with newer tools and software that support their 
automatic detection (e.g., Agisoft Metashape v1.4.2 onwards). 
Nonetheless, in many studies, fiducial mark detection or 
refinement was performed manually. [36] implemented a semi-
automatic method using pattern matching to propagate fiducial 
positions across images. Similarly, [108] applied template-
matching techniques for this purpose. Despite their benefit, 
fiducial marks were not used in approximately 25% of the 
datasets, often due to missing calibration data or software 
limitations.  

Photogrammetric methods are also widely used, but they 
require known or approximated interior and exterior orientation 
parameters (Fig. 12a). In several aerial studies where the 

camera positions were unknown, alternative solutions followed 
the workflow in Fig. 12c or employed an automatic resection 
process using the GCP-based geometric model (e.g., [134]). In 
other cases, SfM software was used to derive approximate 
values of external orientation (e.g., [135]). For spy satellite 
images, the only information available is the nominal focal 
length stated in the declassified documentation and a maximum 
distortion value. To circumvent this missing information, the 
camera focal length and distortion are usually estimated during 
BBA using automatic tie points and possibly manual GCPs for 
each scene processed (e.g., [114], [136]). [24] estimated these 
parameters for all KH-9 MC missions using a combined BBA 
on approximately 600 images covering different parts of the 
globe and automatically extracting GCPs. This ensures that the 
camera models are consistent within a single mission, assuming 
that no significant changes occurred to the system during the 
satellite lifetime (up to a maximum of 6 months). Additionally, 
the results showed that the estimated focal length differed by up 
to 2.7 mm from the nominal value (304.8 mm), stressing the 
need to refine the focal length during BBA. 

ERDAS Imagine Photogrammetry and its predecessors are 
the most popular photogrammetric software (Fig. 13) for 
manual or semi-automated orientation of aerial and satellite 
images, as it offers a high level of flexibility in model selection 
during bundle adjustment. Specifically for Corona stereo-
imagery, which is affected by film distortions and has limited 
camera information, the non-metric camera model implemented 
in ERDAS Leica Photogrammetric Suite was used to 
geometrically correct and solve the relative orientation of the 
stereo-imagery (e.g., [69], [98], [137], [138]). The required 
information was the focal length, pixel size of the scanned 
images, and flight altitude of the camera platform, while the 
exterior orientation was solved using GCPs. Recently, GCPs 
have also been used in methods for correcting and 
orthorectifying Corona images [44]. 

The orientation of Corona and Hexagon imagery has evolved 
from these manual approaches toward fully automated pipelines 
[24], [43], [114]. An overview of the earlier work on the camera 
orientation of Corona images can be found in [43]. Recently, 
two automated processing pipelines have been developed: the 
“Corona Stereo Pipeline” (CoSP) by [43] and “automatic 
orientation and orthorectification” (2OC) by [139]. CoSP 
implements a rigorous Corona camera model and automates 
processing over the entire Corona image swath and in multi-
image configurations. The 2OC for Corona KH-4B Panoramic 
Imagery is based on a 14-parameter panoramic mathematical 
model and a time-iterative orthorectification technique to 
correct the panoramic geometric distortion and fit the focal 
length distortions of Corona panoramic images.  

In contrast to Corona imagery, Hexagon KH-9 mapping 
camera images are easier to process due to the frame camera 
geometry and the availability of a reseau grid to estimate film 
distortions [140]. Recently, open-source pipelines have been 
developed for the Hexagon spy satellite, such as HEXIMAP - 
Hexagon Imagery Automated Pipeline [114] and Ames Stereo 
Pipeline [141], employed by [142] and [24]. The latter 
developed an automated workflow using Ames Stereo Pipeline 
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to process scanned images from the KH-9 Hexagon mapping 
camera, deriving the focal length and lens parameters for each 
KH-9 mission and generating DEMs. 

D. Georeferencing strategies 

Almost all datasets included GCPs in their processing. Nearly 
90% of datasets used between 3 and 100 GCPs, with some 
country and regional scale studies using thousands of GCPs 
manually or automatically detected (e.g., [54], [97], [120], 
[124], [125], [143]).  

GCPs are necessary to place, rotate and scale the block of 
images in 3D space, a process known as absolute orientation 
(Fig. 11). For this basic purpose of absolute orientation, only 
seven GCP coordinates are needed, and thus, having one GCP 
in each corner of a rectangular block of images, i.e. four sets of 
3 coordinates, is already more than needed, at least in principle. 
Nevertheless, having (much) more than this minimum amount 
of ground control is indeed beneficial and recommended since 
more GCPs increase the reliability, i.e. the ability to detect gross 
errors in the data (especially in the set of GCPs). Additionally, 
when GCPs are included in the BBA, more GCPs also increase 
the accuracy of the photogrammetric reconstruction by 
constraining the reconstructed area around GCPs to be close to 
these GCPs, thereby preventing what is known as the “dome 
effect” (e.g., [144], [145], [146]). This effect shows up as 
bending error in (large) areas without GCPs and results from 
the accumulation of minimal residual systematic errors in the 
entire data set. A sparser arrangement of GCPs along the border 
can be compensated to some degree by extending the original 
block of images by one strip on each long side of the block and 
two images at the beginning and end of each strip [147]. 

Generally, GCPs should fulfil the following conditions: 1) be 
well defined so that they can be well identified in the historical 
images, 2) their 3D coordinates should be as accurate as 
possible, and 3) be well distributed over the block area, to 
constrain the geometry of the image block.  

Well-defined and highly accurate GCPs would necessitate in-
situ measurements, such as using GNSS (i.e., a point-based 
source). However, due to storage deformation and radiometric 
quality, the achievable accuracy will be at best the decimeter 
level for archival aerial images and up to the decameter level 
for historical satellite images. Therefore, to avoid in-situ 
measurements, recent orthophotos with a pixel size of 1-2 dm 
and a DEM should be sufficient to derive GCPs' horizontal and 
vertical coordinates, in a temporally stable area (i.e., an area-
based source). The considered papers in this study primarily 
follow this approach. However, detailed information about the 
type of GCPs and their related accuracy is scarce (only reported 
for approximately 40% of the datasets processed), preventing a 
quantitative comparison. Nonetheless, for point-based ground 
control, decimeter accuracy up to 1 m is reported, while for 
area-based ground control, accuracies are in the metre range, up 
to 10 m (depending on the source of the elevation information). 

Most studies used manually identified GCPs, although a few 
studies have explored automated GCP identification. These 
implemented approaches can be grouped into two categories. 
One approach is based on automatically identifying GCPs in 

auxiliary orthophotos acquired at a different time [97], 
sometimes leveraging machine learning techniques (e.g., [31], 
[43], [116], [148]). Another approach involves generating an 
initial DEM using coarse flight information and then co-
registering the DEM with auxiliary elevation data using affine 
transformations. These transformations can then be used to 
refine camera external parameters (e.g., [24], [36], [108]).  

 

E. Post-processing techniques 

To improve the quality (accuracy and completeness) of 
photogrammetrically derived products, post-processing 
procedures such as co-registration, point cloud refinement, 
noise filtering, and gap filling are often applied. Some of these 
steps are applied to the point cloud before DEM generation or 
directly to the DEM. This section focuses on co-registration and 
noise filtering. 

Co-registration. Photogrammetric products often exhibit 
residual systematic errors, regardless of whether SfM or 
classical photogrammetry is used [149] and despite the high 
number of GCPs and low RMSE values achieved after BBA 
optimisation. Random errors in exterior orientation can 
propagate into linear biases in DEMs [150], which can be 
mitigated by accurate GCPs [127] but typically require 
correction using reference data [151]. In the reviewed studies, 
airborne LiDAR and high-accuracy DEMs are preferred as 
references (e.g., [72], [126], [152]), although often the 
availability of data for the area of interest determines the choice 
of reference data. Global datasets like SRTM DEM are often 
used for spy satellites in data-scarce regions such as High 
Mountain Asia (e.g., [153], [154]). 

The primary co-registration approaches involve identifying 
stable terrain to estimate transformation parameters 
(translation, rotation, scaling) between DEMs. Common 
algorithms include least-squares point matching (e.g., [117], 
[149]) and iterative closest point (ICP; e.g., [155], [156]), often 
implementing Helmert transformations [157]. The algorithm in 
[158], which is widely used in glaciology, is implemented in 
several repositories (e.g., demcoreg, [159]; xDEM, [160]) and 
corrects for translation using slope-aspect regression but cannot 
fully address rotation [161], which some studies mitigate using 
trend surface fitting (e.g., [110], [154]). A least-Z difference 
algorithm is newly implemented in xDEM. 

Most studies have computed the elevation difference between 
the reference and the derived historical DEM to quantify this 
bias or used cloud-to-cloud differences (e.g., the M3C2 
algorithm, [162]) before and after co-registration. 
Improvements after post-co-registration range from decimeters 
to 2 m for aerial data and up to 6 m for spy satellite imagery ( 
[149], [154]). However, the magnitude of bias correction 
depends on factors such as the acquisition year of the images 
and the region [149]. 

Noise filtering. Noise and blunders are common in 3D 
photogrammetric data, especially from scanned historical 
images, which degrade DEM quality and increase uncertainty. 
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Various methods have been employed, although only a few 
studies have detailed their removal. Filtering is applied to the 
original point cloud and/or the DEM, and automatic tie points 
were filtered before BBA optimisation (e.g., [122]). Manual 
dense point cloud filtering is a common approach (e.g., [83], 
[163]), whereas others rely on built-in filters in software such 
as Agisoft or ERDAS (e.g., [164]). CloudCompare's statistical 
outlier removal tool ([165]) is also frequently used (e.g., [127], 
[166]). Additionally, height thresholds relative to reference data 
or DTMs also help eliminate vegetation and spurious points. 
[167] employed Delaunay triangulation for noise reduction. 
[122] demonstrated that removing low-confidence points 
(values < 4) and using less aggressive depth map filters 
improved accuracy but reduced point cloud density. 
Subsampling and duplicate point removal were also applied 
before rasterization.  

In all cases, noise filtering introduces gaps, often filled via 
raster interpolation. The TIN method facilitates the easy 
identification of interpolated areas, whereas in glaciology, 
hypsometric interpolation of elevation difference maps is a 
common practice [168]. 

VI. ACCURACY ASSESSMENT OF HISTORICAL IMAGE PRODUCTS 

The minimum setup for a photogrammetric reconstruction is 
two images. If the viewing directions of these two images are 
parallel and orthogonal to the line connecting both projection 
centres, then this setup is termed the photogrammetric normal 
case. Following [106], using the photogrammetric normal case 
planimetric coordinates (x and y) of object points may then be 
reconstructed with an accuracy of roughly 

�� =  �� =  ���� = 	
� ×  �
����  . (1) 
 

Critical for this estimation is �
���� , the image measurement 
accuracy, which specifies the accuracy for identifying and 
measuring points in the images. Usually, �
���� is in the range 
between 0.1 pix and 1 pix. If the image quality is poor or the 
film deformations cannot be compensated well, then 
�
���� may be much worse. A good estimate for �
���� can be 
obtained after BBA using the root of the reference variance 
����  or the mean reprojection error. A practical example using 
the following values should clarify these theoretical numbers: 
an image scale of 1:20.000, a scanning resolution of 14 µm 
(yielding GSD = 28 cm), and an assumed �
����  of 0.5 pix. 
From equation (1), we then get ���� = 0.5*28 cm = 14 cm.  

The accuracy in height for this photogrammetric normal case 
is generally worse than in planimetry and can be estimated as: 

�� =  � �⁄  ����   (2) 
 
Here, � is the flying height above the terrain, and base B is 

the distance between the two projection centres. 
Understanding the accuracy and resolution of historical 

image-derived products is relevant for interpreting detected 
changes. However, the reviewed literature reveals wide 
variability in how data quality is reported, making cross-study 
comparisons difficult. Accuracy assessments vary due to 
differences in reference data, reporting practices, and statistical 

metrics. To standardise analysis, reference datasets were 
categorised as area- or point-based and sourced from terrestrial 
(e.g., RTK-GNSS, TLS), airborne, satellite (e.g., Pléiades, 
SRTM), altimetry, or topographic maps. 

Root mean square error (RMSE) and standard deviation were 
the most commonly reported metrics for DEM accuracy, and 
we relied on these two metrics for cross-study comparisons 
(Fig. 14). Among 630 datasets across 198 studies, fewer than 
half included both vertical accuracy and reference data quality, 
limiting the ability to assess trends, especially for satellite-
based products. On average, aerial image-derived DEMs 
showed roughly six times better accuracy than those from 
satellite data (2.98 m vs 18.9 m, with corresponding standard 
deviations of 5.9 and 14.7 m), reflecting differences in 
resolution and image quality. 

One key research question of this study was to assess how 
factors such as pre-processing steps, processing approach (e.g., 
SfM vs. photogrammetry), fiducial mark usage, GCP quantity 
and accuracy, GSD and scanner settings influence the accuracy 
of historical products. Although inconsistent reporting limited 
direct comparisons, some insights can be drawn. 

A. SfM vs Classical Photogrammetry 

Comparisons between SfM and classical photogrammetry 
(e.g., [149], [169]) found no clear accuracy advantage for either 
method, despite suboptimal acquisition conditions. Similarly, 
the use of fiducial marks in the reviewed studies does not reveal 
a clear increase in vertical accuracy (Fig. 14), which is 
unexpected, as using fiducials should lead to a more accurate 
estimation of the interior camera geometry. However, other 
factors like image quality and reference data uncertainty may 
have hidden any potential positive relationship between using 
fiducial marks and accuracy. 

B. Influence of Ground Sampling Distance (GSD) 

The GSD and accuracy of the 3D reconstruction are 
interlinked, equation (1). This interlinkage can be demonstrated 
by considering the ratio between reported accuracy and GSD. 
Fig. 15 shows that the larger the GSD, the larger the reported 
residuals. The higher resolution of the datasets with lower GSD 
enables surface reconstruction with higher detail and, 
consequently, lower interpolation errors. However, it is also 
evident that exceptions occur due to other influencing factors, 
such as image quality, scanning resolution, and processing 
methods. 

C. GCPs and self-calibrating models 

Reference [170] recommended using 6–9 GCPs per stereo 
pair for self-calibrating bundle adjustment, although 12 to 16 
GCPs may be necessary for very old, small-scale images. 
Accuracy tends to decline outside the GCP-covered area [134]. 
The choice of optimal self-calibration method depends on the 
image scale and characteristics of each historical flight. In the 
study by [170], the lens distortion model, closely following 
Brown's model, performed best. However, it is recommended 
to test other models, as each flight may have different 
systematic errors. Nevertheless, the number and quality of 
GCPs used in the bundle adjustment have a greater impact on 
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the results than the self-calibration model [171]. Studies 
confirmed that GCP accuracy, can directly impact DEM 
accuracy and should not be lower than the image GSD [169]. 

D. Impact of scanning settings on DEM Accuracy 

Image digitisation quality critically affects the performance of 
photogrammetric reconstruction and DEM accuracy. Reference 
[172] found that higher scanning resolutions improved point 
cloud density and reduced errors. The mean dense point cloud 
density increased from 0.3 to 11 points/m² using a 400 vs 2400 
dpi scanner, resulting in 2 m and 0.35 m DEM resolutions, 
respectively. There was negligible improvement between 1600 
and 2400 dpi, which only increased data size without 
proportional accuracy improvements. Optimal results were 
achieved with 1600 dpi for 8-bit and 800 dpi for 16-bit images 
[164]. Excessively high resolutions increased data size without 
corresponding improvements in accuracy. Similarly, studies 
(e.g., [11], [32], [171]) have shown that lower-cost or non-
photogrammetric scanners can reduce accuracy by up to 
threefold. Scanner-induced distortions, such as subpixel shifts 
or radiometric inconsistencies, can also compromise DEM 
accuracy. Spy satellite studies have reported scan tile 
misalignments and pixel-level shifts, even with 
photogrammetric-grade scanners [24], [25]. 

VII. EMERGING TRENDS AND TECHNOLOGICAL ADVANCES  

Processing historical images for accurate orthoimages and 
DEMs remains an open research task. Recent developments 
focus on two fronts: improving feature matching through open-
source deep learning algorithms and automating georeferencing 
solutions.  

The successful image orientation largely depends on robust 
feature matching [21], [173]. Traditional methods like SIFT 
often fail under temporal or camera variations [174]. Time-
invariant line (TIL) features [9] or multimodal matching [175] 
have been recently proposed. However, learning-based 
algorithms, including SuperGlue [176], DISK [177], and hybrid 
pipelines [178] have proven more robust for wide-baseline and 
low-texture image matching. These were evaluated by [179] 
and [174] using historical datasets and implemented by [21], 
who proposed a pipeline that requires no prior metadata, such 
as DSMs or focal lengths.  

Automated georeferencing and GCPs extraction are another 
major advance (see Section VD). Reference [97] integrated an 
external orthophoto and DEM for automatic GCPs extraction. 
Another established automated method is tie-point matching 
between recent georeferenced images and historical non-
georeferenced images to automatically retrieve GCPs. 
Reference [180] used the LightGlue algorithm to derive 
common tie-points from Sentinel-2 imagery and aerial images, 
while [43] used SuperGlue to match Corona KH-4 images to 
modern satellite data in their CoSP pipeline.  

The most automated solution to georeference the image block 
and simultaneously estimate the camera orientation is 
developed in HSfM [108], which combines the Time-SIFT 
approach with a multi-stage co-registration process of the 
estimated historical image DEMs to a reference DEM to 

optimise camera orientation without GCPs. They claim that the 
processing of multiple datasets improves the final quality. A 
similar solution has already been developed by [24] for KH-9 
DEM.  

Multi-epoch approaches can struggle where stable terrain is 
lacking [181]. To overcome this issue, coarse-to-fine matching 
strategies have recently been developed, combining 2D patch-
based [182] and 3D DSM-based matching [148], also 
leveraging SuperGlue within the MicMac framework. 

Beyond geometry improvements, historical images 
enhancements in radiometry and semantics are expanding. 
CNNs have been applied to optimise contrast [183], correct 
radiometry without metadata [184], and colourise grayscale 
imagery [174]. Semantic enrichment via deep learning (e.g., U-
net) enables more detailed content extraction [180]. Other 
studies address specific challenges in spy satellite imagery, 
such as tree visibility [185] or urban mapping [186]. Yet, issues 
like low radiometric depth, shadows, and saturation still limit 
output quality.  

VIII. RECOMMENDATIONS FOR PROCESSING AND ACCURACY 

ASSESSMENT 

Processing historical aerial imagery remains challenging due 
to the heterogeneity of datasets, dataset-specific issues, and 
often images do not meet standard photogrammetric 
requirements [22], [50]. Despite growing interest, there is still 
no consensus on standardised processing or accuracy 
assessment methods [20], [21]. 

A critical next step is to evaluate existing workflows or 
develop new pipelines tailored to different dataset types. 
Sensitivity analyses are necessary to understand how pre-
processing decisions, metadata availability, feature-matching 
algorithms, and georeferencing approaches impact the final 
accuracy. To facilitate this, the European Spatial Data Research 
(EuroSDR) launched the TIME (hisTorical aerIal iMagEs) 
benchmark initiative [187], offering shared datasets and 
fostering collaboration through workshops that connect 
researchers, archives, and industry [174]. 

Photogrammetric workflows, despite being highly evolved, 
can still introduce systematic and random errors at various 
stages, making it challenging to compare the quality of DEMs 
and orthoimages across studies. Many assessments rely on 
simplified metrics, such as mean reprojection error or pseudo-
ground truth generated from input images [188], which often 
poorly correlate with external topographic control data [179]. 

A common accuracy assessment method involves comparing 
historical DEMs with reference elevation datasets over assumed 
stable areas (or points). However, such assessments often 
combine systematic and random errors, underestimating 
uncertainties. Reference [189] demonstrated that conventional 
metrics, like standard deviation, fail to capture spatially 
correlated or terrain-dependent errors. To address this, they 
developed a method implemented in the open-source Python 
package xDEM [160] that characterises DEM precision through 
measures of heteroscedasticity and spatially correlated error. 

To ensure comparability and transparency in future studies, a 
minimum set of reporting requirements should be adopted. This 
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includes detailed documentation of: 
 Image information such as number of images, acquisition 

dates, ground sampling distance (and/or image scale), 
metadata, and image archive. 

 GCPs number, collection method, spatial distribution, 
horizontal/vertical accuracy, and related metrics. 

 Reference data for accuracy assessment or post-processing, 
including its vertical and horizontal accuracy, even when 
publicly available DEMs are used as reference. 
Information on the stable areas or number, and related 
accuracy of check points and their spatial distribution. 

 DEM accuracy assessment methods and post-processing 
steps. 

 Accuracy metrics, reporting mean and median elevation 
differences to identify systematic errors in generated 
DEMs. These metrics should be calculated after co-
registration procedures. 

 Precision metrics should consider robust statistics, such as 
the Normalised Median Absolute Deviation (NMAD) and 
the confidence interval (typically 95%). Ideally, the 
frequency distribution of the error should also be reported, 
including spatially correlated error [189]. 

 Fully documented workflow ideally supported by 
accessible and reproducible code. 

IX. UNLOCKING IMAGE ARCHIVES AND DATA AVAILABILITY 

 
Our review of 198 studies reveals that only a fraction of the 

images available in archives worldwide have been (re-
)processed. This underscores the vast untapped potential of 
historical imagery for environmental research. 

The fragmentation and inaccessibility of archives, as well as 
the digitisation and costs of scanned images, are the two key 
challenges to unlocking the full potential of historical 
photographs. As early as 1997, [13] warned of the ongoing 
deterioration of historical (aerial) photography and the need for 
immediate action in preserving this material. Since then, access 
to historical photography has undergone significant changes 
due to the emergence of digital collections and online queries 
[190]. Yet, a global inventory of these archives remains absent, 
complicated by the fragmentation of multiple archives even 
within a single country that holds the same or different datasets 
varying in quality and coverage. A EuroSDR analysis [8] 
revealed that most European archives have processed less than 
half of their analogue image collections; for example, NCAP 
has only digitised 2% of their images as of 2019.  

To make these photographs more accessible, geospatial 
cataloguing and tools, reporting image footprints, acquisition 
dates, overlaps, and flight characteristics, as well as metadata, 
are crucial. Web platforms that offer such tools, like Swisstopo 
[191], NARA [192] or USGS Earth Explorer, improve 
accessibility by enabling geo-referenced search and 
visualisation. 

However, accessibility challenges remain. Many archives 
charge fees for scanned images or basic consultation, limiting 
their use for large areas. Scanning is particularly labour-

intensive, requiring skilled operators and high-quality (ideally 
photogrammetric) scanners. Most European archives have 
access to such scanners, and costs can reach €50 per photo. 
Given these financial and logistical constraints, national-level 
support is essential to ensure the preservation, digitisation, and 
open dissemination of this valuable historical resource. 

CONCLUSION  

We reviewed studies that deal with the digital 
photogrammetric processing of historical stereo-images taken 
from analogue cameras mounted on airborne and spy satellites. 
Most aerial images date from World War I to the early 2000s, 
while spy satellite images date from approximately 1960 to late 
1990. These millions of aerial and satellite photographs are 
undoubtedly the largest, almost unexploited remote sensing 
resource available to geoscientists, with huge potential to 
document and quantify surface changes over the past century. 
With their high resolution, repeat surveying, worldwide 
coverage, and stereoscopic acquisition, these historical images 
are ideal for long-term environmental monitoring and change 
detection by generating three-dimensional (DEM) and two-
dimensional (orthophoto) data. Combined with modern remote 
sensing data, these long-term series datasets enable the 
quantification of earth surface processes, human activities, and 
landscape evolution, providing valuable calibration data for 
modelling surface processes in future climate scenarios. 

Despite growing awareness of their value, as demonstrated by 
the increasing number of studies within the geoscience 
community, several obstacles remain to their fuller exploitation. 
These challenges can be summarised by 1) limited online 
accessibility and queries to the images, 2) scanning procedure 
and availability of metadata, 3) their costs, 4) large variations 
in radiometric and geometric image quality, and 5) the open 
access and reproducibility of solutions to process historical 
images accurately.  

This review enhances accessibility to historical imagery by 
providing information about the challenges associated with 
these datasets, and processing solutions for creating 
orthophotos and DEMs from stereo historical images adopted 
over the past 20 years. The focus is on recent automated 
pipelines for processing aerial and spy satellite images. SfM 
technology has opened new possibilities, and studies have 
found that DEMs generated using SfM can achieve accuracy 
comparable to that derived from traditional photogrammetry. 
However, the reported accuracy must be more consistent for 
meaningful comparisons to be made. Advances in artificial 
intelligence solutions are being developed to solve some of the 
challenges of processing historical images, such as feature 
matching and GCP detection.  

Our study suggests areas for future research, from unlocking 
image archives by improving online access and offering low or 
free accessibility to developing efficient, accessible, and 
reproducible workflows to convert historical photographs into 
high-quality digital spatial data on a large scale. Increasing 
accessibility and usability is crucial for making these unique 
datasets available to a broad range of users, thereby enabling 
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more widespread application in geosciences and beyond. 
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Fig. 1. A time series of terrestrial, aerial, and CORONA historical images, with derived hillshade DEMs of the Gepatch Glacier in 
the Kaunertal catchment, Austria. Credits: Terrestrial image from 1907: Austrian Alpine Club (ÖAV). Terrestrial image from 
1920: Provided by Martin Frey; the original photographer is unknown. Aerial image: Federal Office of Metrology and Surveying 
(BEV) and the Province of Tyrol (Land Tirol). Hillshade produced by [86]. CORONA panoramic image: USGS. 
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Fig. 2. Aerial frame characteristics. a) Central projection of a single image, b) illustration of the flight plan and image overlap. c) 
Distribution of fiducial marks and examples from different aerial cameras. 

 

 
Fig. 3. a) Illustration of a Hexagon reconnaissance system. b) Mid-air Corona film recovery (Credit: U.S. Air Force). c) An 
illustration of the panoramic camera system of Hexagon and Corona, and the mapping camera system of Hexagon (modified from 
[193]). d) An example of Hexagon mapping camera image (KH-9) with metadata information (modified from [24]) and e) an aft 
and forward panoramic camera image (KH-4).  

 



2 
GRSM-2025-00058 

 
Fig. 4. Spatial distribution of the research study sites coloured by country of aerial and satellite historical image archives.  
 

 
Fig. 5. Country of aerial and satellite image archives and the number of processed datasets per archive location, coloured by their 
availability: freely or not freely available and not reported. The spy satellite archive is only in the USA and Russia (“Not free”). 
Archive countries with 1 dataset are sorted alphabetically based on country name. The table lists the top ten most accessed aerial 
image archives in the review studies. Of spy satellites, only four separate archives were accessed in the USA and Russia. 
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Fig. 6. Coverage of satellite images in the a) USGS Declass (image footprints courtesy of the USGS) and b) Soviet satellite archives 
with stereoscopic ability (image footprints courtesy of Anders Anker Bjørk). 
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Fig. 7. Database visualisation based on 198 reviewed studies.  The output product is “3D”, i.e. point cloud and/or DEM, “2D-
ortho'', i.e. only orthoimages were generated, “2D-georef” where the focus was on georeferencing solutions, “Combined” are 
studies that used both aerial and satellite images, and “not reported” when not indicated in the study. The figure was produced with 
SankeyMATIC [194].  

 
Fig. 8. a) The timeline of processed historical image datasets for each study, with a histogram of the datasets processed from each 
decade. The considered 198 studies contained a total of 630 datasets. Markers connected by a horizontal line indicate individual 
datasets for the same study, sorted by data type and year of image acquisition. The number of processed b) aerial and c) spy satellite 
images and the corresponding reconstructed area in square km for each study. The axes are in a logarithmic scale. Note that 144 
aerial datasets from 28 studies and 10 satellite datasets from 6 studies did not report the number of images. 
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Fig. 9. The Ground Sampling Distance (GSD) of a) aerial and b) spy satellite image datasets coloured by scanning resolution in 
dpi. White dots indicate that the scanner resolution was not reported. 

 
Fig. 10. Resolution of the orthophotos generated from a) aerial images and c) satellite images, and the resolution of DEMs 
generated from b) aerial images and d) satellite images. 
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Fig. 11. Graphic illustration of digital processing of historical stereo images from film scanning to post-processing. 
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Fig. 12. Historical images data processing workflow. a) General photogrammetric workflow. b) SfM workflow for Image 
Orientation. c) Workflow for obtaining interior orientation parameters in case of missing calibration protocol.  

 

Fig. 13. Distribution of the processing methods, software, and use of the fiducial mark for aerial and spy satellite historical image 
studies. “Combined” methods include studies that use Photogrammetric and SfM solutions, while “Multiple” software indicates 
that multiple software packages were used for processing. Software that was outside of the top ten is reclassified as “Other”, 
consisting of the following: 2OC, Ames Stereo Pipeline, ArcGIS Pro, BLUH, CoSP, ENVI, ESPA, GRAPHOS, Geomatica Banff, 
HEXIMAP, OpenDroneMap, PhoTopol, PhotoMod, SAPC, SURE, VirtuoZo, Z-Space, Z/I Imaging: ISAE, self-implemented 
algorithms (9 datasets), or not reported (19 datasets). The figure was produced with SankeyMATIC [194]. 
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Fig. 14. Vertical accuracy (RMSE and standard deviation) in metres of a) aerial images and b) satellite images, based on their 
comparison with reference data grouped as point-based or area-based. Colours indicate the usage of fiducial marks in the 
processing.  

 
Fig. 15.  Reported accuracy in metres (RMSE and standard deviation) compared to reference datasets in relation to the Ground 
Sampling Distance (GSD) of processed aerial and satellite images.  
 
Table 1. Factors that impact the image quality and digital photogrammetric processing of historical aerial and satellite images. 
Each factor introduces specific technical challenges that limit the generation of accurate 3D reconstructions and orthoimages 
from historical imagery. 
Factor category Description Challenges in photogrammetric processing 

Image acquisition and 

type 

Camera quality (metric vs. non-metric) and type 
(oblique/panoramic image), focal length, flight 
height, low image overlap, poor focus 

Heterogeneity on image scale/size, tie-point matching 
issues, gaps in DEM and orthoimage, geometric distortions 

Acquisition time and 

surface 

Illumination conditions, clouds, image saturation, 
surface change between acquisitions, low texture 
and contrast  

Poor feature extraction, fewer tie-points, low accuracy in 
camera orientation and 3D reconstruction, gaps in DEM 
and orthoimage 

Image digitisation Scanner type and settings, scanning resolution, 
inconsistent digitisation between images, scanning 
artefacts and distortions 

Reduced image detail, distortions in DEMs, pre-
processing required 

Metadata availability Missing or incomplete flight/calibration data, 
absence of GCPs 

Inaccurate orientation, scaling errors, difficulties in bundle 
adjustment and processing in photogrammetric software 

Preservation and 

storage 

Film degradation, discolouration, scratches, 
shrinking or warping of photo paper 

Geometric distortions, non-conformal deformations, 
reduced photogrammetric accuracy 
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Table 2. A selection of the institutions and image archives used in the reviewed studies. “Link” is the archive webpage, while “GeoURL” is the 
link to the geoportal. The USGS EROS archives offer free-of-charge downloads for scanned images; additional scans can be ordered for $30. 
Location Archive or Institution Name Acronym Free  

download 

No.  

images 

Start  

Year 

End  

Year 

Link GeoURL 

Argentina Instituto Geográfico Nacional de Argentina IGNA unclear - 1933 1982 website - 

Argentina Servicio de Hidrografía Naval Argentino SHNA unclear - - - website - 

Austria Austrian Federal Office of Surveying and Metrology BEV no 450000 1949 2009 website - 

Austria Office of the Tyrolean Government OTG no - 1946 - website website 

Belgium Royal Museum for Central Africa RMCA unclear - 1950 - website - 

Canada National Air Photo Library of Natural Resources Canada NAPL no - - - website - 

Canada Geomatheque Ltd., QC GeoQC no - 1959 - website - 

Canada Province of British Columbia GeoBC no 2500000 1936 - website - 

Denmark Agency for Data Supply and Efficiency SDFE unclear - - - website - 

Denmark National Danish Survey and Cadastre KMS unclear - 1936 1992 website website 

Ethiopia Space Science and Geospatial Institute EMA unclear 34000 1935 1943 website - 

Finland Finnish Defence Forces FDF no - 1931 - website website 

Finland National Land Survey of Finland NLS unclear - 1930 2008 website - 

France Institut Géographique National IGN yes - - - website - 

Iceland National Land Survey of Iceland LMÍ yes 140000 1937 2000 website website 

Italy Italian Military Geographic Institute IGMI no 300000 1927 2010 website website 

Japan Cryosphere Data Archive Partnership Observational Research Database CrDAP unclear - - - website - 

Japan Geospatial Information Authority of Japan GIAJ unclear - 1946 - website - 

Norway Norwegian Mapping Authority Kartverket no 1300000 1935 - website - 

Norway Norwegian Polar Institute NPI no 60000 - - website - 

Poland State Geodetic and Cartographic Resource Czgik unclear - - - website website 

Portugal Portuguese Army Geography Institute IGeoE no - 1937 2002 website - 

South Africa National Geo-spatial Information NGI unclear - 1926 2008 website website 

Spain Cartographic and Geological Institute of Catalonia ICGC unclear 1000000 1942 - website website 

Spain Institut Cartogràfic Valencià ICV unclear - - - website website 

Spain Centro Nacional de Información Geográfica CNIG yes - 1929 2007 website website 

Sweden Swedish mapping, cadastral, and land registration authority Lantmäteriet unclear - 1920 2006 website - 

Switzerland Swiss Federal Institute of Technology Library ‘e-pics’ imagery archive ETHZ unclear - 1918 2011 website website 

Switzerland Swiss Federal Office of Topography Swisstopo yes - 1927 2010 website website 

UK Agricultural Development and Advisory Service ADAS unclear - 1959 2007 website - 

UK Historic England Archive HEA unclear 400000 - - website - 

UK Royal Commission on the Ancient and Historical Monuments of Wales RCAHMW unclear - - - website website 

UK Scott Polar Research Institute SPRI unclear 100000 - - website - 

UK National Collection of Aerial Photography NCAP unclear - - - website - 

UK Britain From Above BFA unclear 1260000 1919 2006 website website 

UK University of Cambridge Committee for Aerial Photography CUCAP no 500000 1947 - website - 

UK British Antarctic Survey BAS no - 1936 2005 website website 

USA Arctic Data Center ADC unclear - - - website - 

USA Connecticut State Library CSL unclear - - - website website 

USA Texas Data Repository (Historical Air Photo Dataverse) TxGIO no 1000000 1920 - website website 

USA University of California, Riverside UCR unclear - 1938 2000 website website 

USA USGS EROS - Aerial Photography - Air Photo Single Frames USGSAF yes 5950000 1937 2014 website website 

USA USGS EROS - Aerial Photography - Antarctic Single Frame Records USGSAnt yes 375000 1946 2000 website website 

USA USGS EROS - Declassified Satellite Imagery 1 Declass1 yes 840000 1960 1972 website website 

USA USGS EROS - Declassified Satellite Imagery 2 Declass2 yes 47000 1963 1980 website website 

USA USGS EROS - Declassified Satellite Imagery 3 Declass3 yes 600000 1971 1984 website website 

USA USGS EROS - National Aerial Photography Program NAPP yes 1300000 1987 2007 website website 

USA USGS EROS - National High Altitude Photography NHAP yes 500000 1980 1989 website website 

USA USGS North American Glacier Aerial Photography NAGAP yes - 1964 1997 website - 

USA US National Archives Cartographic and Architectural Branch NARA no 35000000 1918 2011 website - 
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Table 3. Main characteristics of the American stereo reconnaissance programme. NRO is the National Reconnaissance Office. Acquisition 
height is approximately 160 km for all missions, and scanning resolution is 7 µm for USGS data.  
Series Corona Gambit Hexagon 

Spacecraft KH-4 KH-4A KH-4B KH-7 KH-8 KH-9 KH-9 

Period of operation 1962-1963 1963-1969 1967-1972 1963-1967 1966-1982 1971-1984 1973-1980 

Camera name M J-1 J-3 Gambit-strip Gambit-strip Panoramic camera Mapping camera 

Camera type Panoramic Strip Strip Panoramic Frame 

Focal length (mm) 609.6 609.6 609.6 4445 4445 1500 304.8 

Highest ground resolution (m) 3.6 2.7 1.8 0.6 0.6 0.6 6 

Film format (cm) 7 x 80 7 x 80 7 x 80 24 x variable 12.7 x variable 15 x variable 23 x 46 

Fiducial marks 
no no no yes yes yes yes 

References NRO  
(1970) 

NRO  
(1970) 

NRO  
(1967) Burnett (1982) Burnett (1982) 

NRO  
(1969) Burnett (1982) 

 
Table 4. Main characteristics of the Soviet stereo reconnaissance programme. 
Series Zenit Yantar 

Spacecraft Zenit-2/  
-2M/ NKh 

Zenit-4/ -4M/ -4MK/  
-4MKM/ -4MKT/ -4MT 

Zenit-6 Zenit-8 Resurs-F1/  
-F1M 

Resurs-
F2 

Resurs-
F3 

1KFT 2K 4K1/ 4K2/ 
4K2M 

Period of 
operation 

1961- 
1979 

1963- 
1985 

1971-
1982 

1976-
1984 

1984-
1994 

1979- 
1999 

1987-
1995 

1989-
1994 

1963-
1967 

1966-
1982 

1981- 
2005 

1974- 
1983 

1979- 
2015 

Altitude 

(km) 

~200 207 215 200 189 175 ~200 200 170 

Max 

duration 
(days) 

14 15 25 23 30 20 14 45 30 180 

Camera 

name 

SA-20 
(1-3) 

SA-10 
(1) 

KFA-
1000 
(1) 

KATE-
200  
(1-5) 

TK-250 
(1) 

− KFA-
3000 
(2) 

KFA-
1000  
(2) 

KATE-
200  
(3) 

MK-4 
(4) 

KFA-
3000 
(2) 

SA-20 
(1-3) 

SA-10 
(1) 

TK-
350 
(1) 

KVR-1000 
(1) 

Zhemchug
-4 

Zhemchug
-18 

Camera 
type 

Frame Frame Frame Frame Frame − Frame Frame Frame Frame Frame Frame Frame Frame Panoramic Frame − 

Focal 

length 

(mm) 

1000 200 1000 200 250 − 3000 1000 200 300 3000 1000 200 350 1000 3000-4000 − 

Highest 
ground 

resolution 

(m) 

5 25 5 15 20 − 2 5 15 6 2 5 25 8 3 0.5 1.2 

Film 

format 

(cm) 

30x30 18x18 30x30 18x18 30x30 − 30x30 30x30 18x18 18x18 30x30 30x30 18x18 30x45 18x72 30x30 − 

Fiducial 
marks 

− − yes yes yes 
(reseau) 

− − yes yes yes − − − yes yes − − 

Number 

missions 

182 65 23 97 102 54 10 5 182 21 30 103 

Total 

frame 
number  

− − 66,686 − − − 166,000 206,000 66,686 − − − − − − − 

 
 

 
 
 


