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Abstract: In recent times, satellite-based remote sensing has a growing role in archaeology and in-
herently in the cultural heritage management process. This paper demonstrates the potential and 
usefulness of satellite imagery for the documentation, mapping, monitoring, and in-depth analysis 
of cultural heritage and the archaeological sites located in urban landscapes. The study focuses on 
the assessment and monitoring of Alba Iulia, which is one of the Romanian cities with the richest 
historical past. Multitemporal analysis was performed to identify the land use/land cover changes 
that might contribute to an increased cultural heritage vulnerability to natural disasters. A special 
emphasis was dedicated to the assessment of the built-up area growth and consequently of the ur-
banization trend over a large time interval (30 years). Next, the urbanization and urban area expan-
sion impact was further analyzed by concentrating on the urban heat island within Alba Iulia city 
and Alba Iulia Fortress (located in the center of the city). As temperature change represents a key 
element of climate change, the temperature trend within the same temporal framework and its im-
pact on cultural heritage were determined. In the end, with regard to the cultural heritage condition 
assessment, the research was complemented with an assessment of the urban ground and individ-
ual building stability, using persistent scatterer interferometry. The results contribute to the detailed 
depiction of the cultural heritage site in such a manner that the site is monitored over an extensive 
timeframe, its current state of conservation is accurately determined, and the future trends can be 
identified. In conclusion, the present study offers reliable results regarding the main factors that 
might endanger the cultural heritage site as a basis for future preservation measures. 

Keywords: remote sensing; Earth observation; satellite imagery; multi-temporal analysis; urban 
heat island; persistent scatterer interferometry; long-term monitoring; cultural heritage assessment; 
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1. Introduction 
The increasing contribution of remote sensing to the archaeology and cultural herit-

age domain is favored by the variety of satellite sensors, data policies that enable free and 
open access to satellite imagery, and the use of combined techniques in order to maximize 
the spectrum of complementary information that can be generated through the exploita-
tion of satellite data for a more accurate and extensive analysis of the archaeological sites 
and their surroundings [1]. 
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Using very high resolution (VHR) multispectral satellite imagery, Megarry et al. [2] 
promoted the use of automatic methods (i.e., machine-learning and classification tech-
niques) that strengthen the archaeological prospection process. Likewise, using VHR Syn-
thetic Aperture Radar (SAR), Balz et al. [3] determined that remote sensing imagery rep-
resents a useful tool for the analysis of the archaeological landscape. Steward et al. [4] 
used both VHR SAR and multispectral satellite data and assessed their suitability for ar-
chaeological prospection and monitoring. The capabilities of satellite remote sensing be-
yond site detection were proven by Borie et al. [5] in a study that focused on the analysis 
of specific environmental resources. Malinverni et al. [6] demonstrated the advantage of 
using remote sensing for the documentation of an archaeological complex that further 
served as support for perseveration and enhancement efforts. Satellite remote sensing 
plays a crucial role also in the condition assessment [7] and detection of threats to heritage 
sites [8,9]. An overview of the innovative products that can be generated using remote 
sensing data and techniques was presented by Bassier et al. [10]. 

In this context, the present study expands the knowledge related to the use of satellite 
remote sensing for archaeological research by focusing on a cultural heritage site located 
in an urban environment. Satellite imagery enables a better understanding of the environ-
mental changes, thus contributing to the development of enhanced urban management 
methodologies [11]. Related to the very challenging characteristics of the urban environ-
ment, Gamba et al. [12] demonstrated the importance of the combination of different types 
of data with regard to spatial resolution or diverse polarizations, multi-resolution, multi-
scale, and multi-temporal techniques, whereas Wellmann et al. [11] identified that the 
classification of satellite imagery is one of the most used remote sensing techniques for 
urban area analysis. The study has three main pillars, namely, (1) the analysis of the land 
use/land cover (LULC) changes within the administrative boundary that contains the cul-
tural heritage site, with a special emphasis on urbanization and urban growth from 1988 
to 2018; (2) the evaluation of the temperature trend in correlation with the urbanization 
process as well as of the urban heat island (UHI) effect between 1988 and 2019; and (3) the 
assessment of the ground and individual building stability in order to have a more pro-
found insight into the cultural heritage site condition from 2018 to 2020. Hence, the main 
goal of the research is represented by the assessment and long-term monitoring of cultural 
heritage as well as the analysis of cultural heritage vulnerability to natural disasters, for 
sustainable management measures. The research integrates multitemporal analysis and 
supervised classification using the maximum likelihood algorithm, based on Landsat and 
Sentinel-2 images; in addition, Copernicus land cover data sets (i.e., CORINE Land Cover, 
Urban Atlas) complement the study. The land surface temperature (LST), brightness tem-
perature at sensor, and UHI analysis for thermal stress estimation encompass Landsat 
data and ground-truth temperature measurements for the validation of the results. Fi-
nally, the ground and building stability analysis was performed based on a large series of 
Sentinel-1 images and using the persistent scatterer interferometry technique (PS-InSAR). 

Regarding the specific methods and techniques that are exploited in this study, the 
scientific literature contains plentiful relevant publications focused on cultural heritage 
sites, for example: the identification and surveying of land-cover changes [13], the analysis 
of the spatiotemporal land use/land cover evolution based on Landsat imagery [14], the 
use of supervised classification for the generation of land cover products based on multi-
spectral satellite images with different spatial resolution [15], the impact of urbanization 
[16], the use of a CORINE Land Cover (CLC) dataset for the analysis of the urban sprawl 
[17], and the application of PS-InSAR as a standalone technique or in combination with 
other remote sensing approaches for the investigation of ground and structural stability 
[18–22]. The “Copernicus services in support to Cultural Heritage” report, published by 
the European Commission (EC), refers to LST and the Urban Atlas (the core service prod-
ucts provided by the Copernicus Land Monitoring Service—CLMS) as data useful for cul-
tural heritage management [23]. According to the report, LST enables the detection of 
thermal anomalies, whereas the Urban Atlas contributes to the mapping of surrounding 
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infrastructure in cultural heritage sites. Some of the research results obtained in this study 
(e.g., the UHI output) might represent examples of additional products suitable for cul-
tural heritage applications. 

The study concentrates on the monitoring and condition assessment of the Alba Iulia 
Fortress (Figure 1), located in the heart of Alba Iulia city in Romania. For a comprehensive 
analysis, the research includes the monitoring of the Alba Iulia administrative territory, 
which has an area of about 102 km2 (Figure 2). 

 
Figure 1. Orthophoto image of Alba Iulia City (© image source: Romanian National Agency for 
Cadaster and Real Estate Advertising (ANCPI) geoportal—https://geoportal.ancpi.ro/). The seven-
point star-shaped medieval citadel represents a unique Transylvanian landmark. 

 
Figure 2. Location of Alba Iulia city in the central-western part of Romania (© image data 
source: OpenStreetMap—OSM, geo-spatial.org, Shuttle Radar Topography Mission Digital 
Elevation Model (SRTM DEM) courtesy of the United States Geological Survey (USGS)). 
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Amongst the factors that might affect a heritage site are urban high rise/urban sprawl, 
changes to skyline, commercial and industrial development, the use of transport infra-
structure, air pollution, environmental or biological factors (e.g., wind, humidity, temper-
ature, dust, water, micro-organisms), climate change (e.g. temperature rise), natural dis-
asters (e.g., floods, earthquakes, landslides), and human activities [24]. 

Some of these factors have an impact on the Alba Iulia cultural heritage site, hence 
their early identification and assessment strengthen the cultural heritage safeguarding 
and conservation measures. For example, the assessment of the urban development trend 
and its consequences (e.g., increased vehicle traffic, elevated air pollution levels) on the 
cultural heritage is of high importance for the management authorities since both the au-
thorized and the illegal urban expansion might endanger the ancient Roman city. An ac-
curate temperature trend estimation and delineation of the urban heat islands is a critical 
parameter for the management authorities, considering that for the optimal preservation 
of the cultural heritage a lower temperature is preferred. In Alba Iulia, a higher tempera-
ture correlated with higher humidity was observed in numerous archaeological sites 
within the fortress, thus affecting the buried and the ground structures. In addition, taking 
into account that some of the Alba Iulia’s cultural heritage buildings have visible displace-
ments, a remote sensing analysis of the buildings’ stability provides the local authorities 
an accurate overview that might represent the basis for further detailed investigations. At 
present, the natural disaster risk is minor in the Alba Iulia administrative territorial unit. 
Catastrophic floods occurred in 1851, 1857, 1870, 1887, 1893, 1970, and 1975 until embank-
ment works were performed on the Mureș River. However, a prevailing problem is that 
the eastern and southern parts of Alba Iulia city are still affected by high groundwater 
levels [25]. In order to address the aforementioned aspects, the study was built on three 
main pillars, each of them capitalizing on different remote sensing technologies and meth-
ods, as described in Section 2.3. Methodology. 

2. Materials and Methods 
2.1. Description of the Test Site: Alba Iulia (Ancient Apulum) 

The earliest traces of human presence on Alba Iulia’s territory are dated to the Neo-
lithic [26], and the most representative site of this period also gives its name to the “Lumea 
Nouă” culture [27]. Alba Iulia had several major administrative roles throughout history: 
Apulum (the ancient name of Alba Iulia) was the capital of Roman Dacia [28], later the 
city was for a short period the capital of the Voivodeship of Transylvania [29,30], then the 
capital of the Principality of Transylvania [31], the capital of all Romanian medieval states 
in 1600 [32], the bastion of Austrian rule in Transylvania, the capital of the Great Unifica-
tion from 1 December, 1918 (which became the national day of Romania), and the corona-
tion capital [33]. All of these administrative functions had an impact on the architectural 
heritage that is largely preserved today. 

In Roman times, Alba Iulia was the place of a legionary fort [34], and also of two cities 
with the same name that were granted colonial status (the highest a city from Roman Da-
cia could get); this was a unique situation in the province of Dacia, being also rarely en-
countered in the entire Roman Empire [28]. Several elements of the former fort of the Legio 
XIII Gemina are still preserved and can be visited: parts of the enclosure walls [34], the 
gate (porta) principalis dextra [35], the via principalis, and some of the principia. 

The Roman fort was most probably built sometime between AD 107 and 108. The 
structure has a typical rectangular shape and the dimensions of 480 × 440 m, based on the 
measurements made during the investigations from 2011 [36]. 

Archaeological investigations conducted in 2011–2012 partially unearthed the via 
principalis and principia (Figure 3). A sector of via principalis with A length of 7.20 m and A 
width of 7.30 m was identified on that occasion. The road consisted of gravel bedding, 
which was probably covered with sandstone slabs. A drain made of bricks, with a depth 
of 0.30 m, was set under the slabs. The central lane of via principalis was reserved for carts, 
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being delimited by two parallel rows of limestone slabs, and the side lanes were used by 
pedestrians. 

  
(a) (b) 

Figure 3. Alba Iulia: (a) via principalis and (b) principia (© image source: the personal photo archive of G. Rustoiu). 

The fort’s principia was partially investigated, allowing the identification of its main 
components, while the unexcavated ones were graphically reconstructed. Archaeological 
excavations identified parts of the atrium, armamentarium, basilica, and tabularium. The en-
tire principia most likely measured 65 × 100/110 m, whereas the investigated area of the 
inner courtyard—the atrium—measured 50.85 × 38.34 m, though the reconstructed total 
dimensions were 50 × 50 m [36]. The atrium was initially covered with a layer of sand and 
was paved later with stone stabs. The basilica, measuring 65 × 30 m, was identified on the 
western side of the principia, alongside the aedes, a central room paved with bricks, which 
measured 11.22 × 9 m [36]. The aedes and its nearby rooms were delimited by the portico. 
The armamentarium was partially unearthed on the southern side of the principia, one of 
the rooms having a hypocaust. The entrance to the praetorium was on the eastern side, 
where four bases built of stones and bricks were identified [36]. 

Following the conquest of Transylvania by the Habsburg Empire and the peace of 
Karlovitz, Alba Iulia lost its political role but benefited from the construction of the bastion 
fortress of the Vauban type [37], which is still preserved almost completely today. The 
bastion fortress has the shape of a star with seven corners, defined by the presence of 
seven bastions. Aside from them, the fortress also includes a central fort, the former Ro-
man fort, and the medieval fortress, ravelins, banquettes, counterguards, tenailles, and 
two rows of concentric moats with counterscarps [37]. The structure was primarily built 
between 1715 and 1738 to serve as the main bastion of the Austrian rule in Transylvania. 
However, the fortress lost its military importance during construction due to the evolu-
tion of European politics, so it was invested with a mainly administrative function that 
allowed the inclusion of many architectural elements of Baroque origin: four of the six 
gates (Figure 4a) and the bastions [38], which gave it a particular character among the 
other bastion fortresses of the Vauban type from Europe. The fortress (the part preserved 
today) was built largely following the plans of the Italian architect Giovanni Morando 
Visconti. The Austrian Empire left its mark on the fortress area by building a number of 
civilian and military institutions and public monuments, one of the most representative 
being the Military Club—now the Union Hall. It was built between 1898 and 1900 for the 
local officers. Its ballroom was the place where representatives of the Romanians from 
Transylvania, Banat, and Partium decided on the unification with Romania on 1 Decem-
ber, 1918 [39]. Another representative monument from the fortress at Alba Iulia is the Cor-
onation Cathedral (Figure 4b) which was built for the coronation of King Ferdinand I and 
Queen Maria as sovereigns of Greater Romania on 15 October, 1922 [40]. The cathedral 
was built in 1921–1922 in the Neo-Brâncoveanu style [41]. The plan has the shape of an 
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inscribed Greek cross measuring 53 × 18 m, with a height of 45 m [42]. The church is set 
into a pavilion enclosure whose western entrance is defined by a bell tower with a height 
of 58 m [43]. 

  

(a) (b) 

Figure 4. Alba Iulia: (a) the third gate of the fortress and (b) Coronation Cathedral (© image source: personal photo archive 
of G. Rustoiu). 

From the urban planning perspective, Alba Iulia had two distinct areas, namely, a 
fortified area that included the bastion fortress of the Vauban type and an open urban area 
that was developed in Roman times within two different locations that evolved into two 
attested settlements, specifically, Colonia Aurelia Apulensis and Colonia Nova Apulensis. 
The open urban area was developed mainly around the fortress, on the western, southern, 
and northern sides, almost entirely at approximately 20 m above the floodplain of the 
Mureș River [44]. Starting in the 18th century, the draining works performed on the east-
ern side of the fortress enabled the reconfiguration of the open urban area. Consequently, 
during the 18th and 19th centuries, the open urban area was relocated mainly to the east-
ern, southeastern, and northern sides of the fortress [45]. Except for the buildings located 
in the protected area corresponding to the fortress, the rest of the Alba Iulia buildings 
were built starting in the middle of the 18th century and predominantly between the end 
of the 19th century and the beginning of the 20th century [45]. Nowadays, the eastern and 
southern parts of the city are affected by the high groundwater levels that are caused by 
the initial marshland area that was drained [25]. 

2.2. Satellite Imagery and Additional Data Used in the Study 
The case studies exploited satellite data acquired by different missions (i.e., Landsat, 

Sentinel-1, and Sentinel-2), Copernicus land cover datasets (i.e., CLC, Urban Atlas, and 
Urban Atlas Change), and ground-truth measurements (i.e., temperature at meteorologi-
cal ground stations). The Landsat and Sentinel-1/-2 images were obtained free of charge 
from Earth Explorer data portal [46] and the Copernicus Data Access Hub [47], respec-
tively. 

In the first case study (i.e., the multitemporal analysis of the land cover changes), 8 
Landsat (30 m spatial resolution) and Sentinel-2 (10 m spatial resolution) images acquired 
between 1988 and 2018 were used. These spatial resolutions were adequate for the identi-
fication of the patterns and the evaluation of the land use/land cover at a regional scale 
[48]. 

For the second case study (i.e., the thermal stress and UHI analysis), 31 Landsat im-
ages collected between 1988 and 2019 were analyzed (one image was selected for each 
year of the investigated time interval). The climatic conditions of Romania, which is lo-
cated in the eastern part of Central Europe, between 43° and 48° northern latitude and 20° 
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and 29° eastern longitude, cause August to be the hottest month of the year. For the years 
when cloud cover was present in the images from August, images from July and Septem-
ber were used in order to fill the gaps. The thermal band 6 of Landsat 5/7 and band 10 of 
Landsat 8 were used within the study. During the Level 1C processing step, all the thermal 
bands were resampled to 30 m, thus facilitating the processing of long-term time series. 

Within the third case study (i.e., the ground and structural stability analysis), 37 Sen-
tinel-1A (S1A) and 37 Sentinel-1B (S1B) C-band SAR images collected from 2018 to 2020 
were exploited. The data were acquired using the Interferometric Wide Swath (IW) mode, 
in Single Look Complex (SLC) format with VV polarization and a repeat cycle of 12 days, 
from descending (S1A) and ascending (S1B) orbits. 

Additional land cover datasets provided by CLMS [49] were correlated with the mul-
titemporal analysis, thus strengthening the results’ validation. CLC provides consistent 
and thematically detailed information on land cover and land cover changes across Eu-
rope [50,51]. The Urban Atlas provides reliable, inter-comparable, high-resolution land 
use and land cover data for European urban areas [52]. In this study, CLC datasets corre-
sponding to the years 2000, 2006, 2012, and 2018 and Urban Atlas Change datasets cover-
ing the intervals of 2006–2012 and 2012–2018 were used. 

For the validation of the thermal stress study and UHI analysis, temperature data 
recorded by the meteorological ground station located in the center of Alba Iulia were 
employed, courtesy of the National Meteorological Administration. 

2.3. Methodology 
2.3.1. Multitemporal Analysis of the Land Cover Changes through Supervised Classifica-
tion 

The dynamic modifications of the land cover can be identified and monitored using 
satellite imagery [14]. This analysis aims to identify the risk factors of land cover changes 
that can affect the cultural heritage site. Based on multitemporal satellite data, the case 
study presents the evolution of the land cover within the study area over a time frame of 
30 years. For a comprehensive analysis of a cultural heritage site, Bai et al. [14] demon-
strated that the monitoring of its surrounding area is essential. Therefore, the study area 
was represented by the Alba Iulia territorial administrative unit, which includes the fol-
lowing component localities: Alba Iulia, Bărăbanț, Micești, Oarda, and Pâclișa. 

Supervised classification of the multitemporal images was performed for the identi-
fication of the land cover changes, as this approach is suitable for the monitoring and 
management of the built-up areas [53]. The processing of the Landsat and Sentinel-2 im-
ages was performed using the ArcGIS Software. Considering the human activities and the 
development of functional areas, five main classes were defined and analyzed, namely: 
Arable land, Grassland, Forest, Built-up area, and Water course. The land cover maps 
were obtained through the supervised classification of the time series composed of the 8 
satellite images, using the maximum likelihood method. The main steps of the supervised 
classification include the subset of the area of interest, the definition of the training sam-
ples, and the generation of the classification results. 

The maximum likelihood algorithm represents the most common technique used in 
the supervised classification process [54,55], which involves the spectral information of 
each pixel to generate the land cover map. Maximum likelihood is a parametric statistical 
method that uses training zones defined by the analyst for the classification of the entire 
scene. The distribution of the training data within each class sample in the multidimen-
sional space is assumed to be normal (Gaussian). Using probability density functions, each 
pixel of the image is allocated to the class to which it has the highest probability of being 
a member [56]. 

The accuracy assessment of the supervised classification represents a significant step 
in the classification process. A confusion matrix to determine the overall accuracy of the 
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classification was employed. This calculates the accuracy of the classification by compar-
ing the pixels of a reference image considered the ground truth with the classified pixels 
[57]. The pixels corresponding to all possible correlations between ground truth and the 
classified results are in the cells of the tables. The columns represent the true classes, 
whereas the rows correspond to the predicted classes. The correctly identified pixels are 
distributed on the major diagonal of the matrix and the non-diagonal cells represent clas-
sification error values. The overall accuracy was calculated for each image using the fol-
lowing formula: 

Overall accuracy = the sum of the correctly identified pixels 
the total number of pixels

 × 100 (1)

Next, the land use/land cover changes were analyzed (also including the supplemen-
tary land cover datasets), with a special emphasis on the evolution of the urban extension, 
as the process might affect the cultural heritage site and cause significant changes in tem-
perature values as well [14]. 

2.3.2. Evaluation of the Thermal Stress Using UHI Analysis 
Urbanization creates modifications in the local low atmosphere because of the 

changes in energy exchange rates. UHI is described as the difference in temperature be-
tween the impervious areas and the surrounding rural areas. Urban development creates 
large areas with low albedo values that store thermal radiation. The phenomena can be 
most clearly noticed at nighttime when the temperatures in the impervious areas remain 
higher than in the surrounding areas [58]. Increasing temperatures can have a negative 
impact on the well-being of citizens, especially in areas where heat waves are frequent. 
UHI can increase the negative impacts of heat waves, threatening citizens with health is-
sues. The goal of this case study was to check whether in the past decades urban growth 
combined with global climate change contributed to UHI temperature rise and to identify 
the areas of Alba Iulia that are subject to the most significant changes. 

It is predicted that global climate change will increase the frequency and extension 
of heat waves around the globe [59]. Combined with the rapid expansion of urban areas, 
the effects will be more intense than ever before. Living in such conditions will require 
more resources in order to maintain regular day-to-day activities, mainly to keep indoor 
habitation spaces at normal temperatures. 

UHI can be determined using the thermal infrared band of optical remote sensing 
satellites [60]. Compared to the in-situ measurements, in which case a limited number of 
areas can be monitored, satellite remote sensing gives the possibility of obtaining precise 
measurements over large areas with minimum costs. The availability of the Landsat ar-
chive enables the long-term identification of the temperature trend. 

After calculating the brightness temperature at sensor, the next step in the assessment 
of UHI is represented by the delineation of the city limits using Landsat Natural Color 
Composite images for the years that recorded the biggest changes in the urban footprint. 
After analyzing the satellite images for the entire investigated period, five representative 
years were selected: 1994, 2000, 2006, 2010, and 2018. The urban footprints were extracted 
in vector format (polygon type) using ArcGIS. 

For the city limit corresponding to the year 2018, a centroid was created and used as 
the base for generating a buffer of 7.5 km that enclosed the city (Figure 5). The dimension 
of the buffer was chosen to be 7.5 km in order for the resulting vector to be larger than the 
extremities of the city. After the buffer creation, a total of 100 random sample points were 
created inside the clipped buffer, but outside the city limits. The resulting points were 
used to calculate the mean temperature outside the city limits for each of the 31 Landsat 
satellite images exploited in this study. In order to calculate the UHI, the values previously 
calculated were subtracted from the land surface temperature product. 
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Figure 5. Urban Heat Island assessment workflow. 

The goal of the approach was to verify whether there was a correspondence between 
the expansion of the city limits and its UHI, and temperatures inside the historically im-
portant Alba Iulia Fortress. In order to check this hypothesis, another mask was created 
inside the Alba Iulia city limits to delineate Alba Iulia Fortress. In order to extract and 
compare the mean values of the temperatures corresponding both to Alba Iulia city and 
Alba Iulia Fortress, the Zonal Statistics function from the ArcGIS 10.4 software was used. 
The Pearson correlation coefficient was computed for the statistical analysis of the results. 
Next, the validation step was performed using in situ temperature data provided by the 
National Meteorological Administration. 

2.3.3. Assessment of the Ground and Structural Stability Based on PS-InSAR 
In this case study, PS-InSAR was considered the most suitable technique for the mon-

itoring of Alba Iulia, based on multitemporal SAR data. PS-InSAR enables the estimation 
of the displacement velocity at the millimeter level and yields the best results when ap-
plied to built-up areas. 

The interferometric processing of the SAR images was accomplished using the 
SARscape tool of the ENVI software. The PS-InSAR technique implies the identification 
of single coherent pixels [61], named Persistent Scatterers (PSs), for the calculation of their 
displacement velocity within a large series of SAR data. The free access to Sentinel-1 im-
agery was the key element of this case study. For a higher accuracy of the displacement 
estimation and lower atmospheric effects, the stack of SAR images was subject to intensive 
computation steps that are described hereunder. 

Firstly, the Sentinel-1 SLC images were imported and the satellite positions were cor-
rected using the Precise Orbit Determination (POD)—Precise Orbit Ephemerides pro-
vided by European Space Agency (ESA). Next, the area of interest was delimitated (i.e., 
the Alba Iulia administrative boundary) and the satellite images were cropped accord-
ingly. Afterward, an analysis of the spatial and temporal baselines was carried out for the 
identification of the pairs that exceeded the thresholds and of the most suitable pairs that 
had the lowest baselines [62]. 

The displacement in the Line of Sight (LOS) of the satellite could be measured using 
the phase difference of two SAR acquisitions. The phase difference is affected by various 
factors that contribute to the phase noise, namely, the geometric decorrelation, the tem-
poral decorrelation, and the atmospheric disturbance [63]. To reduce the phase noise, the 
SAR images were co-registered into interferograms and multilooked, thus obtaining a bet-
ter radiometric resolution [63]. 

The software estimates the displacement velocity in two mandatory steps called the 
first and second inversion. The first step inversion achieves the residual height and dis-
placement velocity [64]. The radar signal characterized by high coherence was identified 
in order to analyze its phase history. The selected PS candidates had stable temporal be-
havior [65]. In the second step inversion, the noise due to the atmospheric component is 
calculated and subtracted from the phase [63]. 



Sustainability 2021, 13, 1406 10 of 29 
 

The last step is represented by the georeferencing process. The output is a file con-
taining the PSs symbolized as points. In this step, a coherence threshold of 0.65 was ap-
plied, considering that coherence ranges from 0 to 1, starting from low data quality to high 
quality [66]. The LOS and the vertical displacements were generated and projected into 
the WGS84 cartographic system. Due to the looking angle, the satellite observes and 
measures the vertical displacements more accurately than the horizontal ones [62]. If the 
PSs are moving towards the satellite, the displacement values are positive, and if the 
movement is away from the satellite the values are negative. 

The LOS measurements were transformed into the vertical displacements using the 
following equation [67]: Δs= ΔR 𝑐𝑜𝑠 𝜃 (inc) (2)

where Δs is the surface displacement in the vertical direction, ΔR is the LOS displacement, 
and θ(inc) is the incidence angle. 

The great advantage of using satellite remote sensing data in general and the PS-
InSAR technique in particular is that investigations can be conducted over large areas, the 
temporal sampling is suitable for many applications, and accurate results can be immedi-
ately obtained. In comparison, the ground techniques that can be used to obtain the same 
outcomes as those resulting from the PS-InSAR require a more considerable amount of 
time and effort. The PS-InSAR technique allows for the identification of the potential vul-
nerable areas and proved to be a crucial tool for a more effective cultural heritage man-
agement. 

3. Results 
3.1. Case Study (1): Multitemporal Analysis of the Land Cover Changes through Supervised 
Classification 

The overall accuracy results are represented as a percentage in Table 1, where 100% 
represents an impeccable classification. The accuracy assessment indicates an overall clas-
sification accuracy of 94.59%, which represents a high correspondence between the super-
vised classification results and the reference image. 

The time series supervised classification facilitates the identification of significant ur-
banization expansion (Figures 6–9), a process that was presented as a threat to the cultural 
heritage by Agapiou et al. [16] and Drahor [68]. Over the years, Alba Iulia had an impres-
sive evolution of both the industrial sector from 1970–1990 and the development of resi-
dential areas after 1990 and especially after 2000, in the northwest of the city and in the 
area of Pâclișa to the southwest [69]. 
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Table 1. Error matrix and the overall accuracy calculated for each classified image. 

 Land cover classes 
Reference Data 

 Land cover classes 
Reference Data 

Arable 
land 

Built-up 
areas Forest Grassland 

Water 
courses 

Arable 
land 

Built-up 
areas Forest Grassland 

Water 
courses 

C
la

ss
if

ie
d 

D
at

a 

19
88

 

Arable land 49 2 0 6 0 

C
la

ss
if

ie
d 

D
at

a 

20
04

 

Arable land 52 0 0 3 0 
Built-up areas 3 38 0 0 0 Built-up areas 2 59 0 0 0 

Forest 0 0 46 0 0 Forest 0 0 57 0 0 
Grassland 0 0 0 32 0 Grassland 6 0 0 50 0 

Water courses 0 0 0 0 29 Water courses 0 0 0 0 40 
Overall accuracy 94.63 Overall accuracy 95.91 

 Land cover classes 
Arable 

land 
Built-up 

areas 
Forest Grassland 

Water 
courses 

 Land cover classes 
Arable 

land 
Built-up 

areas 
Forest Grassland 

Water 
courses 

C
la

ss
if

ie
d 

D
at

a 

19
92

 

Arable land 59 4 0 10 0 

C
la

ss
if

ie
d 

D
at

a 

20
06

 

Arable land 44 0 0 4 0 
Built-up areas 0 50 0 0 0 Built-up areas 0 58 0 0 0 

Forest 0 0 48 0 0 Forest 0 0 64 0 0 
Grassland 3 0 0 36 0 Grassland 5 0 0 46 0 

Water courses 0 0 0 0 35 Water courses 0 0 0 0 31 
Overall accuracy 93.06 Overall accuracy 96.43 

 Land cover classes 
Arable 

land 
Built-up 

areas Forest Grassland 
Water 

courses 

 Land cover classes 
Arable 

land 
Built-up 

areas Forest Grassland 
Water 

courses 

C
la

ss
if

ie
d 

D
at

a 

19
96

 

Arable land 39 2 1 8 0 

C
la

ss
if

ie
d 

D
at

a 

20
12

 

Arable land 39 0 0 2 0 
Built-up areas 0 42 0 0 0 Built-up areas 1 32 0 0 1 

Forest 0 0 44 0 0 Forest 0 0 56 0 0 
Grassland 2 0 0 31 0 Grassland 6 0 0 33 0 

Water courses 0 0 0 0 31 Water courses 0 0 0 0 31 
Overall accuracy 93.5 Overall accuracy 95.02 

 Land cover classes 
Arable 

land 
Built-up 

areas 
Forest Grassland 

Water 
courses 

 Land cover classes 
Arable 

land 
Built-up 

areas 
Forest Grassland 

Water 
courses 

C
la

ss
if

ie
d 

D
at

a 

20
00

 

Arable land 39 2 0 10 0 

C
la

ss
if

ie
d 

D
at

a 

20
18

 

Arable land 16 0 0 0 0 
Built-up areas 0 45 0 0 0 Built-up areas 1 25 0 1 5 

Forest 0 0 61 0 0 Forest 0 0 41 0 0 
Grassland 2 0 0 33 0 Grassland 0 0 0 16 0 

Water courses 0 0 0 0 31 Water courses 0 0 0 0 20 
Overall accuracy 93.72 Overall accuracy 94.40 

Total overall accuracy 94.59 
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Figure 6. Land cover classification of satellite imagery from 1988 and 1992. 

 
Figure 7. Land cover classification of satellite imagery from 1996 and 2000. 



Sustainability 2021, 13, 1406 13 of 29 
 

 
Figure 8. Land cover classification of satellite imagery from 2004 and 2006. 

 
Figure 9. Land cover classification of satellite imagery from 2012 and 2018. 
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For the investigated period, the main differences were identified in the class of the 
built-up area that recorded an increase from 9.7 square kilometers in 1988 to 11.7 square 
kilometers in 2018. When comparing the first four years of analysis (1988, 1992, 1996, and 
2000), the changes in built-up areas were not very visible. The high urban expansion 
started with the year of 2000, especially in the peri-urban area where residential districts 
were developed. In close connection with the increase of the residential area, service 
spaces and commercial, production, or storage areas were also developed [69]. The most 
remarkable increased percentage value from the Built-up area class was recorded between 
2000 and 2004, with 4.1% (Figure 10). 

 
Figure 10. Percentage distribution of the land cover classes (investigated time frame: 1988–2018). 

To quantify the built-up growth, the area covered by each class was calculated after 
the transformation of the raster resulting from the supervised classification into polygons. 
Overall, the built-up area had an ascending trend. These trends were confirmed by the 
values of CLC data, shown in Figure 11. CLC vector data acquired at Level 3 from the 
Copernicus Land Monitoring Service was reclassified according to the CLC nomenclature 
to Level 2 in the following classes: Arable land, Urban fabric, Forest, Pastures, and Inland 
waters. An overall change map of the area was created based on the Urban Atlas Change 
data (Figure 12). 

The environmental changes in the Alba Iulia territorial administrative unit were di-
rectly related to human activities. The risk represented by human pressure can be moni-
tored and managed for safeguarding the cultural heritage area. Remote sensing data are 
indispensable in this dynamic process of urbanization because an early update of infor-
mation enables the continuous and comprehensive monitoring and control of urban ex-
pansion [70]. 
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Figure 11. Evolution of the land cover classes according to the supervised classification and CORINE Land Cover (in 2000, 
2006, 2012, and 2018). 

 
Figure 12. Distribution of urban changes in the Alba Iulia territorial administrative unit between 2006 and 2018. 
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The information related to land cover changes and their evolution is essential for a 
sustainable management of the cultural heritage area and its surroundings. In addition, it 
represents the basis for the anticipation of human actions and consequently the reduction 
of the risk that can affect the cultural heritage area. 

The results of the multitemporal analysis represent relevant information for the Alba 
Iulia territorial administrative unit over a long period of time. The General Urban Plan of 
Alba Iulia encompasses not only the fortress or the city, but also the surrounding areas. 
Consequently, the corresponding archaeological area has a greater extent. As mentioned 
before, the monitoring of the surrounding areas and the identification of the land cover 
changes provide information about the factors that may affect the cultural heritage site in 
the future. Specifically, urban expansion also causes increased archaeological intervention 
risks to the terrains that are subject to a change in land use. These outcomes may be used 
in the forthcoming development of management strategies in order to protect and con-
serve Alba Iulia Fortress and the valuable archaeological sites. 

It could be argued that the results do not have the required level of detail for the scale 
of the cultural heritage site (i.e., Alba Iulia Fortress). Indeed, the limitation of this use case 
is represented by the fact that the small-sized archaeological features could not be moni-
tored given the spatial resolution of the satellite images used in this study. In addition, 
the spatial resolution hindered the identification of the illegal constructions erected within 
the cultural heritage protected area. This information is of critical importance since these 
structures destroy the cultural heritage site. However, the study focuses on and proves 
that the monitoring of the surroundings is essential, as the expansion of Alba Iulia city has 
an undisputable impact on the fortress located right in its center. The results are satisfac-
tory and represent pieces of relevant information that reach their full potential in a 
broader context, together with other elements that are important to the process of cultural 
heritage management. 

3.2. Case Study (2): Evaluation of the Thermal Stress Using UHI Analysis 
The delineation of the city limits corresponding to the years 1994, 2000, 2006, 2010, 

and 2018 is presented in Figure 13. 
During the investigated years, the area of Alba Iulia city doubled in size. In conse-

quence, the UHI footprint expanded accordingly. 
The spatial distribution of the UHI over Alba Iulia city and Alba Iulia Fortress during 

the study period is illustrated in Figure 14. The results were obtained by calculating the 
average value of every UHI product generated for the study period. Variations could be 
observed within the limits of the city, with peaks in areas corresponding to industrial and 
commercial districts with values as much as 8 °C higher than the surrounding areas. In 
the case of Alba Iulia Fortress, the fortification walls acted as a barrier, especially due to 
the covering vegetation layer. The temperatures measured in the area of the fortification 
walls averaged 1 °C lower than the surrounding areas. Two hotspots caused by the pres-
ence of large commercial and residential areas with tall apartment blocks were present to 
the north of the fortress. The data also shows that, in terms of habitation, the areas less 
affected by thermal discomfort were the outskirts, with the exception of the northeastern 
area, which is highly industrialized. 
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Figure 13. Evolution of Alba Iulia city limits over the investigated time frame (1994–2018); back-
ground satellite image: Sentinel-2 (© European Space Agency). 

 
Figure 14. Average temperatures of the UHI during the study period (1988–2019); background 
satellite image: Sentinel-2 (© European Space Agency). 
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The mean temperature values generated from the processing of the Landsat time se-
ries are presented in Figure 15 for Alba Iulia city and Figure 16 for Alba Iulia Fortress. By 
examining the two charts representing the temperatures both for Alba Iulia city and Alba 
Iulia Fortress, it can be observed that the temperatures had a rising trend within the study 
period (about + 2 °C for the city and + 1.5 °C for the fortress). 

 
Figure 15. Temperature trend inside Alba Iulia city. 

 
Figure 16. Temperature trend inside Alba Iulia Fortress. 

The two resulting data series representing the evolution of temperatures in the study 
area were statistically analyzed using R programming language with the help of RStudio, 
an easy-to-use, open-source, integrated development environment (IDE) software. For 
this statistical validation, the Pearson linear correlation coefficient was calculated in order 
to investigate whether there was a correlation between the rise of temperatures in the city 
and in the fortress. By adding the two Excel files with the temperatures for the city and 
for the fortress, a graph representing the two data series was plotted. Simultaneously, the 
“r” coefficient was calculated. The results showed a high positive correlation [71] between 
the two data series, with a value of 0.83 for the Pearson “r” coefficient (Figure 17). 
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Figure 17. Correlation between temperatures within Alba Iulia city and Alba Iulia Fortress. 

The validation of the results was performed by correlating the satellite remote sens-
ing outputs with the temperature data measured by the meteorological ground station 
located in the center of Alba Iulia city, southeast of Alba Iulia Fortress. Practically, the 
correlation between the temperature data recorded by the National Meteorological Ad-
ministration’s station and the temperature values of each pixel of the satellite image time 
series that overlapped with the position of the ground station was statistically analyzed 
(Figure 18). The results were satisfactory, showing a moderate positive correlation [71] 
between the two data sets with a Pearson “r” coefficient of 0.61. 

 
Figure 18. Correlation between the Landsat brightness temperatures and the in situ measurements 
(1988–2019). 

It could be argued that since the results of the study represent the LST brightness 
temperature at sensor and not the actual temperature of the land surface, validating them 
based on the in-situ temperature data is unfeasible. However, the study aimed to identify 
the temperature trend over the years when the city expanded considerably and corrobo-
rate it with the trend of the temperatures recorded by the local weather station over the 
same time interval. 

The UHI analysis has major relevance for preservation measures [72]. It is well 
known that vegetation induces lower temperatures that are beneficial for a better preser-
vation of cultural heritage by “avoiding overheating on surfaces, reducing thermal stress 
and also damage due to rising damp and saline efflorescence” [73]. Higher temperatures 
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affect underground and aboveground structures. In addition, higher temperatures lead to 
higher humidity, as was noticed in numerous archaeological sites within Alba Iulia For-
tress. For Alba Iulia’s cultural heritage, the optimal temperature is a maximum value of 
22 °C and the optimal humidity is in the range of 40–60%. In the principia the humidity 
could reach 90%, thus causing the decomposition of the structures. The UHI analysis pro-
vides a detailed overview of the heat islands and this information can be directly used by 
the cultural management authorities to apply corrective actions. For example, the vegeta-
tion areas that cover the fortification walls can be extended in order to maintain lower 
temperatures. Likewise, the areas that are affected by higher temperatures require the 
planting of vegetation or the extension of the protection areas. In correlation with the de-
gree of physical structure degradation, the planted vegetation should be grass or other 
types of vegetation that would not further deteriorate the cultural heritage (for example, 
the roots of trees alter the structures, causing disintegration). 

3.3. Case Study (3): Assessment of the Ground and Structural Stability Based on PS-InSAR 
The PS-InSAR results consisted of the displacements in the LOS and the vertical di-

rection. As the test site was represented by an urban area, the PS-InSAR technique was 
optimal for the assessment of the building displacements and consequently of the cultural 
heritage condition. Five intervals were defined for the representation of the results, 
namely, vertical displacement velocity values higher than +3.50 mm/year were identified 
as the uplifting process, the values between +1.50 ÷ +3.50 mm/year were attributed to mod-
erate uplifting, the values between +1.50 ÷ −1.50 mm/year were considered to indicate sta-
bility, the values from the −3.50 ÷ −1.50 mm/year interval were attributed to moderate 
subsidence, and the values lower than −3.50 mm/year were associated with subsidence. 

It can be observed that subsidence in Figure 19 is concentrated mainly in the south of 
Alba Iulia city, whereas in Figure 20 it is located in the east part. The explanation resides 
in the fact that the data acquired from descending orbits is more sensitive to the defor-
mation that occurs in the west, northwest, and southwest directions, and the data from 
ascending orbits is more sensitive to deformation along the east, northeast, and southeast 
directions, as mentioned in [65]. 

The PS-InSAR results revealed that subsidence was encountered mainly in the dis-
tricts that were developed on the former marshland areas and that are currently affected 
by high groundwater levels that flood the foundations of the buildings when heavy rains 
occur. The use of SAR data acquired from different Sentinel-1 orbits (i.e., descending and 
ascending) enabled the identification of both areas of concern. Figure 21 illustrates a de-
tailed view of the vertical displacements of the buildings located on the eastern side of the 
fortress and the evolution of Alba Iulia city starting in the 18th century. The displacement 
map (Figure 21a) contains the PSs generated from the processing of the Sentinel-1A/B da-
tasets corresponding to this particular area of interest and with a vertical displacement 
velocity value lower than −1.50 mm/year in order to better emphasize the subsidence ar-
eas. The urban planning of Alba Iulia city (Figure 21b) depicts different stages of devel-
opment, namely, the areas elevated in the 18th century, 19th century, between 1900 and 
1945, and after 1945. 

An analysis of the vertical displacements within Alba Iulia Fortress revealed that 
overall the area is stable. Some of the PSs indicated the presence of subsidence and require 
further investigation using either a larger Sentinel-1 time series (with a shorter revisiting 
time for the acquisition of the images and also by adding new data in order to observe 
whether the trend remains unchanged) or multitemporal SAR imagery acquired by other 
satellite missions (e.g., TerraSAR-X, COSMOSkyMed) over the same time frame. 
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Figure 19. The vertical displacement map obtained from Sentinel-1A data (© background data source: OSM). 

 
Figure 20. The vertical displacement map obtained from Sentinel-1B data (© background data source: OSM). 
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Figure 21. The subsidence areas within the district affected by high groundwater levels: (a) the vertical displacement map 
obtained from Sentinel-1A/B (© background data source: OSM) and (b) urban development evolution of Alba Iulia city 
after 1700 (© [44]). As previously mentioned, PS-InSAR enables the assessment of the structural preservation state also at 
the individual building level.  

Figure 22 illustrates the results of the PS-InSAR processing for an emblematic build-
ing of Alba Iulia Fortress, namely Coronation Cathedral. 

 
Figure 22. Coronation Cathedral vertical displacement velocity map obtained from Sentinel-1A/B (color symbols as above 
figures; © background data source: Google 2020). 
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The values on the map represent the vertical displacement velocities derived from 
the processing of the two Sentinel-1 datasets. Although the values were mainly within the 
stability interval (as defined above), the results indicate a slight subsidence trend (on the 
northern and southern sides, to the west) as well as a slight uplift trend (on the northern 
side, to the east) for the perimeter buildings. The previous ground examinations revealed 
that the cathedral presented deformations caused by subsidence. 

It could be argued that the results are not completely reliable and their interpretation 
is difficult to some extent. However, the results are valuable and accurate, as the displace-
ments were measured at the individual building level. The PS-InSAR technique signaled 
the potential susceptible areas that require further analysis using satellite data or ground 
investigations (e.g., terrestrial measurements, visual inspections, field surveys). From this 
perspective, PS-InSAR is excellent for the early detection of the potential threats to the 
cultural heritage sites. In addition, the results’ level of detail is adequate also for archaeo-
logical research. From the cultural heritage management perspective, the early detection 
of building instability (e.g., inclination, displacement, deformation) is extremely im-
portant. For example, an inclination of more than 2 degrees suggests an ongoing deterio-
ration process. In addition, horizontal displacements of 1–2 cm signify structural instabil-
ity or subsidence. These types of processes cannot be observed during a visual inspection, 
as they are imperceptible to the human eye. Hence, PS-InSAR provides essential infor-
mation for cultural heritage management, as timely specific intervention actions could be 
undertaken to safeguard the buildings. It is also important to find the underlying cause of 
these processes. For example, if the inclination is caused by vibrations, then the cultural 
heritage building requires reparation work using filling materials. If the inclination is 
caused by displacements, then major intervention work must be performed at the foun-
dation of the affected building. In these cases, a detailed analysis regarding the building 
integrity is also performed locally by construction experts. As the displacements of cul-
tural heritage are critical and require high restoration costs, early identification leads to 
diminished risks and lower intervention costs. 

3.4. Relevance of the Results for Cultural Heritage Management 
The results obtained within the three cases studies strengthen cultural heritage man-

agement by supporting the prioritization of intervention actions. In addition, the results 
contribute to the elaboration of the site intervention documentation and to the assessment 
of cultural heritage’s structural integrity. In Alba Iulia, the cultural heritage management 
plan is elaborated both at the level of the territorial administrative unit and individualized 
for each area. Hence, each cultural heritage site has a distinct management plan. The sat-
ellite-derived results are pertinent to the revision of the management plans. 

Accordingly, the users of these results are the authorities in charge of the conserva-
tion and protection of the cultural heritage sites. Alba Iulia City Hall, in collaboration with 
the National Museum of Unification Alba Iulia, manages the local cultural heritage sites. 
A new department will be established within City Hall with the aim of enabling an im-
proved management of cultural heritage by using an integrated approach. At national 
level, the National Heritage Institute and the Ministry of Culture represent potential users 
of the results. 

A diagram showing the overall concept of the research and the relevance and useful-
ness of the results in the context of cultural heritage management is presented in Figure 23. 
Summing up, the results of the Alba Iulia study consist of an analysis of the urban expan-
sion that consequently might lead to increased pollution and more demanding archaeo-
logical interventions within the areas with changed land use, an investigation regarding 
the ascending temperature trend that represents a key element of climate change that di-
rectly affects the conservation of the cultural heritage, and an evaluation of the ground 
and structural integrity, which have a clear value for preservation measures. Without ex-
ception, the results of the study can be exploited for improved individual management 
plans for cultural heritage sites. 
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Figure 23. Relevance of the satellite-derived urban development multifaceted analysis in the con-
text of cultural heritage management. 

4. Discussion and Conclusions 
The main objective of the present research was to demonstrate and promote the use 

of satellite remote sensing as a convenient approach for the generation of sustainable re-
sults in the process of cultural heritage stewardship, preservation, and management. 

The study contributes to a better understanding of the extent and impact of the pri-
mary and secondary factors that affect Alba Iulia’s cultural heritage sites. Urban expan-
sion is associated with increased residential areas and commercial and industrial devel-
opment. Consequently, these factors generate an increased use of transport infrastructure, 
air pollution, temperature rise, and altered environmental or biological factors such as 
humidity and dust. Additionally, climate change also contributes to local temperature rise 
and increased hazard risks. Moreover, other human activities such as illegal construction 
threaten the integrity of cultural heritage. In general, all the related urban development 
factors are recognized as having a major impact on heritage sites [74]. In this context, sus-
tainable urban development should be strongly linked to the protection of cultural herit-
age [75], and thus information regarding the current state of conservation and the chal-
lenges faced by urban heritage is essential [76]. The urban analysis performed in this study 
based on multitemporal satellite imagery generated significant results that can be further 
exploited by the responsible authorities (i.e., Alba Iulia City Hall) to adapt the individual 
management plans for cultural heritage sites. 

Specifically, the study enabled a detailed analysis of the temporal and spatial evolu-
tion of the Alba Iulia territorial administrative unit’s urban growth. Besides an accurate 
quantification of the magnitude of urban expansion, the study identified the specific time 
frame in which the most significant changes occurred. Furthermore, the study provided 
evidence that upholds the analysis and monitoring of the vicinities of the investigated 
cultural heritage site, as these areas usually offer essential information that should be 
taken into consideration by cultural heritage site managers when revising protection and 
conservation strategies. Therefore, the accurate assessment of the urbanization trend ob-
tained based on the LULC analysis expands the knowledge related to the risk factors that 
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can irreparably destroy cultural heritage. The upward trend in built-up land can contrib-
ute to an upward trend in pollution caused either by intensified vehicle traffic or newly 
developed industrial areas. Over time, pollution represented a key factor in the degrada-
tion of the surfaces of historical buildings and monuments. Pollutants emitted into the 
atmosphere can have a major and sometimes irreversible impact on the objectives of cul-
tural heritage, through phenomena of corrosion caused by chemicals or soiling caused by 
particles [48]. The early identification and anticipation of this threat contribute to the de-
velopment of strategies and the adoption of techniques for safeguarding cultural heritage. 
In the past, the third gate of the fortress was affected by pollution due to various atmos-
pheric agents that produced the physical disintegration of the cultural monument, for 
which restoration work was required. Thus, the early identification of these threats con-
tributes to risk mitigation and implicitly lowers intervention costs. 

The urban heat islands that were delineated inside the study area represent useful 
information for cultural heritage authorities. In this way, the intervention measures that 
can be undertaken (e.g., establishment of new vegetation areas, extension of the existing 
ones) would be more effective when using the information related to the location of the 
heat islands. 

The remote sensing analysis also exposed the potential vulnerable areas within the 
study area. Currently, PS-InSAR represents the most advantageous tool for the accurate 
and rapid identification and assessment of ground and structural displacements. PS-In-
SAR results flag the buildings that might require further on-ground investigations and, in 
this manner, strengthen the preventive measures within the cultural heritage manage-
ment process. 

Overall, the results obtained in the three case studies contribute to a better character-
ization of the Alba Iulia territorial administrative unit that encloses the Alba Iulia Fortress 
cultural heritage site. Remote sensing enables the analysis and monitoring of cultural her-
itage sites over impressive time spans. In addition, due to the recent Earth Observation 
data policies that allow the free use of data, studies have become more complex and the 
integration of different approaches has enriched the variety of the results and enhanced 
their join interpretation. The outcomes of the study strengthen archaeological research 
and integrate a wider spectrum of information that is fundamental for advanced cultural 
heritage management decisions and actions. 

Considering the impact of air pollution on cultural heritage conservation, future 
work will focus on the quantification and monitoring of air pollution levels based on sat-
ellite data. The recently launched Sentinel-5P satellite mission is dedicated to air quality 
monitoring and enables the identification of trace gases and pollutants [77]. Using an in-
terdisciplinary approach, the study will target the identification of the pollutants and par-
ticles with a high impact on cultural heritage, as well as the improvement of conservation 
and risk mitigation solutions. 

Furthermore, future work involves the use of very high-resolution optical remote 
sensing data for the identification and monitoring of the urban changes at a very detailed 
scale. Such an analysis would enable the detection of individual buildings that are con-
structed within the boundaries of the protected cultural heritage site. For example, the 
early identification of illegal constructions based on satellite imagery can prevent the de-
terioration of the cultural heritage site by adopting counteractive measures. In addition, 
in some cases, ground inspections cannot be performed due to various reasons; accord-
ingly, satellite monitoring would represent a feasible source of accurate information. Not 
only can illegal constructions affect cultural heritage sites, but also the buildings that re-
ceive formal approval for construction within the protected area of the archaeological 
sites. For example, changes to the skyline can have a major impact on the historic land-
scape, consequently affecting the value of the cultural heritage site. Therefore, the contin-
ued monitoring of cultural heritage sites using very high-resolution satellite imagery 
would provide essential information for management authorities to change the General 
Urban Plan. For more accurate results, processing very high-resolution satellite data will 
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be performed based on modern classification algorithms such as Support Vector Machine 
(SVM) or object-based image analysis (OBIA). 

Likewise, future work involves the application of PS-InSAR based on very high-res-
olution SAR imagery (e.g., TerraSAR-X, COSMOSkyMed). The purpose of this approach 
targets multiple aspects, such as the generation of more PSs for an improved examination 
of cultural heritage buildings, and the cross-validation of the displacement trends ob-
tained from the exploitation of the Sentinel-1 data. In addition, in order to continue and 
complement the analysis of the multitemporal SAR series, the processing of newly ac-
quired Sentinel-1 data is foreseen. A special emphasis will be placed on the validation of 
the SAR interferometric processing results based on in situ observations (e.g., geodetic 
measurements performed in reference test sites, integration of data collected by the Global 
Navigation Satellite Systems (GNSS) permanent stations). 

Lastly, the study demonstrated in all respects the potential of Earth Observation data 
to provide meaningful information for cultural heritage management, especially for the 
assessment of the conservation state, the early detection and impact estimation of different 
threats/factors, and the planning of intervention actions. In addition, multitemporal and 
multisensor remote sensing analysis indirectly contributes to target 11.4, “Strengthen ef-
forts to protect and safeguard the world’s cultural and natural heritage” [78], of the United 
Nations Sustainable Development Goals (UN SDGs). 
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