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Abstract: The increasing availability of multiplatform, multiband, very-high-resolution (VHR) satel-
lite synthetic aperture radar (SAR) data has attracted the attention of a growing number of scientists
and archeologists. In particular, over the last two decades, archeological research has benefited
from SAR development mainly due to its unique ability to acquire scenes both at night and during
the day under all weather conditions, its penetration capability, and the provided polarimetric and
interferometric information. This paper explored the potential of a novel method (nonlocal (NL)-SAR)
using TerraSAR-X (TSX) and Constellation of Small Satellites for Mediterranean Basin Observation
(COSMO)-SkyMed (CSK) data to detect buried archeological remains in steep, rugged terrain. In this
investigation, two test sites were selected in southern Tunisia, home to some of the most valuable and
well-preserved limes from the Roman Empire. To enhance the subtle signals linked to archeological
features, the speckle noise introduced into SAR data by the environment and SAR system must
be mitigated. Accordingly, the NL-SAR method was applied to SAR data pertaining to these two
significant test sites. Overall, the investigation (i) revealed a fortified settlement from the Roman
Empire and (ii) identified an unknown urban area abandoned during this period via a field survey,
thus successfully confirming the capability of SAR data to reveal unknown, concealed archeological
sites, even in areas with a complex topography.

Keywords: archeology; interferometry; synthetic aperture radar (SAR); TerraSAR-X; concealed sites

1. Introduction

Over the last few decades, beginning with the use of aerial photos, optical satellite
remote sensing has played an essential role in archeological research [1–7]. Shadows,
crops, and soil marks are well-known markers commonly used in archeological photogra-
phy [8–12] as proxy indicators for the presence of ancient buried remains. Furthermore,
emergent, shallow, and buried remnants alter the albedo, physical, and chemical character-
istics of the surface, yielding objects visible from space.

Accordingly, several scientists have evaluated and debated the use of optical satellite
sensors to detect archeological traces [13–19]. The availability of imagery acquired by
very-high-resolution (VHR) satellite sensors, such as those on board Ikonos, QuickBird
and WorldView satellites, has sparked a surge in interest in space archeology, as is evident
from the increasing number of publications on topics ranging from site discovery to bet-
ter management and protection of archeological sites [11,14,20]. In fact, combined with
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aerial photos, optical satellite imaging has been used more extensively than radar data in
archeology to date. Nevertheless, it should be mentioned that the National Aeronautics
and Space Administration (NASA) released Shuttle Imaging Radar (SIR)-A/B/C, Airborne
Synthetic Aperture Radar (AIRSAR), and Shuttle Radar Topography Mission (SRTM) SAR
data in the 1980s, ushering in a new era of radar remote sensing in archeology at desert
sites [21,22] and tropical regions [23,24]. These advances have led to considerable progress
in archeological investigations employing SAR data. With the use of second-generation
spaceborne SAR systems, which include multiband and high-resolution systems, e.g.,
Advanced Land Observing Satellite (ALOS), Phased Array type L-band Synthetic Aper-
ture Radar (PALSAR), TanDEM-X, TerraSAR-X (TSX), Constellation of Small Satellites for
Mediterranean Basin Observation (COSMO)-SkyMed (CSK), and Radarsat-2, researchers
have focused on archeological detection and monitoring via techniques such as backscat-
tering change detection [25,26], polarimetric enhancement [27–29], penetration [30], and
deformation anomaly diagnosis [31–33].

However, although tests have been reported [34] utilizing simulated data, thereby
correlating shadows/dark marks in SAR images with archeological features, all of the
above mentioned studies leveraged the penetrative or polarimetric capacity of satellite L-,
C-, and X-band SAR systems to identify archeological sites, crops, and soil marks [24]. In
contrast, the use of aerial [35] and spaceborne SAR data [36] in the detection of evidence
of archeological relevance represents a relatively new approach. In particular, NASA [35]
explored the development of a systematic approach to survey vast areas using airborne
SAR and satellite multispectral data [37] and proposed the use of multitemporal CSK data
as a first step in the detection of known archeological traces. Schiavon et al. performed
multitemporal analysis [35] to decrease speckle noise impairing SAR data. Nevertheless,
despite the significant progress achieved in recent years, the use of SAR remote sensing
to discover ancient sites remains immature, particularly in regard to X-band sensors such
as the CSK sensor (for additional details, please refer to the COSMO-SkyMed System
Description and User Guide) [38]. Chen et al. [36] effectively applied CSK intensity data in
archeological prospecting by analyzing the roughness and microtopography (in addition to
soil and vegetation markings) at a variety of sites, including Luoyang in China, Sabratha in
Libya, and Metapontum in Italy. Gade and Kohlus [37] employed the TSX staring spotlight
(ST) acquisition mode, which achieves a pixel size of 0.3 m, to discover archeological sites
in Wadden Sea intertidal flats off the German North Sea coast.

When comparing current satellite L- and C-band SAR systems to X-band SAR sys-
tems, the latter is expected to offer information on a wider range of minor archeological
features due to its higher geometric resolution. Thus, even though the use of satellite
radar in archeology remains at the early stages, satellite radar systems exhibit an enor-
mous potential for a variety of applications, including paleolandscape reconstruction [29],
buried site detection [39], and cultural heritage (CH) documentation and monitoring, as
demonstrated in a recent study using VHR data retrieved from satellites such as TSX
and CSK satellites [40,41]. Consequently, there exists a pressing need in the field of SAR-
based archeology to conduct additional research, particularly across multiple environments
(desert, semiarid, Mediterranean, etc.) and varying land-use/cover types, to develop better
interpretation and modeling methodologies that may be adapted or generated ad hoc for
diverse environments.

Within this context, this study provides a first-of-its-kind assessment of the potential
of satellite SAR data in the detection of traces of archeological relics. SAR processing chains
often include a multilook filter to reduce speckle noise at the expense of notable resolution
loss. The preservation of point-like and fine structures and textures requires locally adapted
estimation. The nonlocal (NL) means algorithm can successfully modify the smoothing
filter by deriving data-driven weights from the similarity between small image patches.
Hence, the generalization of NL approaches offers a flexible framework for resolution-
preserving speckle reduction. We describe a general method, i.e., NL-SAR, which builds
extended NL neighborhoods to denoise amplitude, polarimetric, and/or interferometric
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SAR images. In particular, we present and examine the results of collaborative efforts of
archeologists and remote sensing professionals to assess the utilization of high-resolution
TSX and CSK data within various contexts and environmental situations. To achieve this
goal, two key test sites in the Wadi El Maleh Valley (WMV, southern Tunisia) were chosen,
as this region is characterized by diverse archeological features (ranging from roads to
defense walls, ditches, and building structures) as a result of a long history of occupation
before and by the Romans.

2. Materials and Methods
2.1. Purpose of the Study

The purpose of this study was to exploit the highest-resolution SAR data available
to survey archeological areas in the currently inaccessible Sahara Desert in Tunisia. The
objective was to use SAR data to detect possible undiscovered buried structures at known
archeological sites. SAR data analysis was conducted involving TSX data acquired in both
spotlight (SL) and ST modes and CSK data acquired in the SL mode.

2.2. Study Area

The Roman archeological site investigated herein was recently discovered in 2017 on
the eastern border of the city of Gafsa in Tunisia, approximately 50 km west of the town
of Metloui along the southern frontier of the Roman Empire, the boundaries of which are
referred to as the Roman limes. The limes remaining today comprise defense walls, ditches,
fortresses, watchtowers, and civilian settlements. At Gafsa, most of these fortified structures
are hidden beneath the desert, as the area is almost entirely covered with a layer of aeolian
sand. The site is situated at the periphery of the WMV (both ancient and contemporary).
The climate is warm and temperate, and the average annual temperature reaches 19.6 ◦C;
the area receives less than 100 mm of precipitation annually [42]. As shown in Figure 1,
the study area (between 34◦11′56.58′′N and 34◦16′18.63′′N and between 8◦29′14.48′′E and
8◦32′49.66′′E) and the city of Gafsa, southern Tunisia, are located within the WMV. The
WMV, whose topography progressively decreases toward the south, geomorphologically
comprises high plains delimited by mountains and reaches a maximum altitude of 1479 m.
A considerable amount of work has been conducted to better understand the Roman
frontiers, and systematic research projects have been conducted in most of the countries
once occupied by the Roman Empire. A comprehensive series of works and monographs
and an immense number of other contributions and papers have been published [43–47].

2.3. Data

The spaceborne SAR data, i.e., one frame of TSX SL archived time series data (solid
red rectangle), one frame of CSK data (dotted red rectangle), and two frames of TSX ST
archived time series data (solid blue rectangles), were acquired and are shown in Figure 2.
TSX data were obtained from the German Aerospace Center (DLR) through the TSX and
CSK new acquisitions research project (project ID 37046). In regard to the experiments
described in this paper, we used six TSX images and three CSK images. The details of these
images are listed in Table 1. TSX employs different acquisition modes. In our experiments,
we used both TSX SL and ST data. In addition, we used CSK SL data. The CSK SL mode
is the standard acquisition mode of SAR sensors at an approximate resolution of 1 m. In
the above two TSX modes (i.e., SL and ST), during acquisition, the squint angle of the
sensor shifts from a slightly forward-looking angle to a slightly backward-looking angle.
This shift increases the acquisition time and is used to enhance the spatial resolution along
the azimuthal direction of the sensor, allowing an increased resolution of approximately
1.3 m in the standard SL mode. In the ST mode, the acquisition time is further increased,
leading to an approximate azimuthal resolution of 0.22 m. We, therefore, assumed that we
could most effectively detect potential archeological targets in ST-mode images. Table 1
provides the characteristics of the considered TSX data. Three TSX ST images of the study
area were acquired. These time series data were needed to reduce image speckle noise by
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implementing a speckle filter in the time domain while preserving the spatial resolution.
The time series data further helped to identify and discard temporary features.

Figure 1. (A) Location of Tunisia relative to the world; (B,C) location of the study area in Tunisia;
(D) 30 m resolution Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
global digital elevation model (GDEM) and hill shade of southern Tunisia showing the location of the
archeological site; (E) slope map derived from the ASTER GDEM of the relief of Gafsa.

Table 1. Summary of the TSX and CSK data used to develop the case studies examined in this paper.
SL—spotlight; ST—staring spotlight.

Site Sensor Radar Band Instrument Mode Incidence Angle Range Resolution (Res.) (M) Azimuth Res. (M)

Site 1

TSX X-band SL 38.5895 1.3641 (slant range) 1.8273

TSX X-band ST 20.6381 0.4000 (ground range) 0.4000

TSX X-band ST 38.8575 0.2200 (ground range) 0.2200

TSX X-band ST 38.6253 0.2200 (ground range) 0.2200

CSK X-band SL 24.0098 0.9749 (slant range) 1.8005

CSK X-band SL 26.6448 0.9295 (slant range) 2.2041

Site 2

TSX X-band SL 38.5895 1.3641 (slant range) 1.8273

TSX X-band ST 21.0969 0.3800 (ground range) 0.3800

CSK X-band SL 26.6448 0.9295 (slant range) 2.2041
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Figure 2. Distribution of the obtained SAR images in the study area: one frame of TSX SL archived
time series data (solid red rectangle), one frame of CSK data (dotted red rectangle), and two frames
of TSX ST archived time series data (solid blue rectangles).

ZY-3 (Ziyuan-3 or Resources-3) is China’s first civil high-resolution mapping satellite.
Launched in the spring of 2012, it provides 2.1 m resolution PAN and 5.8 m resolution
multispectral (MS) image products for topographical mapping and observation of land
resources (Table 2). The ZY-3 PAN imagery used in this study was acquired from the China
Center for Resources Satellite Data and Application.

Table 2. Characteristics of the Ziyuan-3 (ZY-3) data.

Sensors Ziyuan-3 (ZY-3)

Wavelength (µm) PAN 0.50–0.80

MS

0.45–0.52 Blue

0.52–0.59 Green

0.63–0.69 Red

0.77–0.89 NIR

Spatial resolution (m) PAN 2.1

MS 5.8
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2.4. Processing Strategy: Rational Basis

As highlighted in Section 1, the use of satellite radar data in archeology still occurs at
the experimental stage, but this approach undoubtedly offers a vast potential for manifold
applications. However, compared to the use of optical data, the application of SAR data in
archeology encounters critical issues: (i) the use (especially the interpretation process) of
SAR data by archeologists is highly complicated, and (ii) the subtle signals of archeological
interest in SAR images can be masked by noise. Recently, Sentinel-1 data have been used to
monitor CH sites, and pioneering studies have demonstrated that multitemporal Sentinel-1
data can be employed to extract information on paleorivers and paleochannels, which
are not evident in optical images of the present-day terrain [48,49]. Despite the promise
and early successes of satellite SAR data, the application of Sentinel-1 data in archeology
remains uncertain and is hindered by numerous challenges. Among these issues, despite
their indisputable potential, multitemporal and/or time series SAR data are plagued by
noise, the removal of which is not only a time-consuming endeavor but also not achievable
for non-systematically acquired data, as is the case of VHR SAR data. To overcome this
issue, in this paper, we propose a methodology for noise level reduction, which constitutes
a crucial step whose success or failure can strongly influence the capability of SAR data
to detect the faint signals of archeological features. A flowchart of the data processing
scheme adopted herein is shown in Figure 3, and the data processing scheme comprises
three main steps.

Figure 3. Flowchart of the NL denoising method.

Step 1: A homogeneous region is selected in the SAR image to estimate noise statistical
characteristics. The selected homogeneous region should not contain an obvious ground
structure.

Step 2: The equivalent number of looks (ENL) of the SAR amplitude image is deter-
mined. The ENL is defined by Equation (1).

ENL(I) =
(

0.5227
β

)2
(1)

where β is the ratio of the standard deviation to the mean of a large homogeneous region in
the SAR image.
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Step 3: On the basis of the NL-SAR method, the obtained noise statistical characteristics
are used in image denoising, and the denoised image is then geocoded in the geographic
coordinate system. Section 2.5 introduces the statistical characteristics of SAR and the
NL-SAR denoising process in detail.

2.5. SAR Image Statistics

Speckle noise occurs in SAR images because the scattered signals between scatterers at
the cell resolution interfere with each other. Speckle noise can seriously affect the analysis
of SAR intensity signals. Therefore, it is necessary to model and minimize SAR speckle
noise. Below, we describe the statistical behavior of SAR speckle noise.

When an SAR satellite observes the ground once, an SAR image can be obtained,
which can be represented by the scattering vector u. The dimension D of u is related to the
SAR polarization observation mode. In regard to single-polarization data, D = 1, and, in
regard to full-polarization data, D = 3. The scattering vector u follows a D-dimensional
complex circular Gaussian distribution.

Single-look complex (SLC) SAR images contain unwanted speckle noise resulting from
interference among elementary scatterers within each resolved cell. In terms of SLC SAR
images, in each pixel x (D = 1 for a single-polarization image), a D-dimensional scattering
vector k is produced from polarimetric SAR images, with a total of k entries matching the
amplitudes of the different polarizations. The thusly formed scattering vector k follows a D-
dimensional circular complex Gaussian distribution under two assumptions, namely, fully
developed speckle and homogeneity of elementary scatterers within a resolved cell [50].

p(u|Σ) = 1
πD|Σ|

exp
(
−u∗TΣ−1u

)
, (2)

where Σ = E
[
u u∗T

]
is the complex covariance matrix, u∗T represents the complex con-

jugate transpose, and |Σ| represents the determinant of Σ. For the SAR image of a single
observation, it can be represented by a complex number z, and its phase angle(z) is uni-
formly distributed; thus, it cannot be used. Only its abs(z) amplitude is useful, where the
intensity abs(z)2 follows an exponential distribution, as shown by Equation (2). We as-
sumed that single-polarization images are preprocessed (flat earth fringes are removed, and
orbital imperfections are corrected) so that a flat and homogeneous region is approximated
by a constant covariance matrix Σ.

C(x) =
1
L

L

∑
t=1

utut∗, (3)

where L represents the number of looks, and the vector ut represents the t-th single-look
data sample. Let A = LC; then, A conforms to the complex wishart distribution. When
D = 1, the distribution of one-dimensional multilook SAR intensity A is as follows [51]:

p(L)
A A =

LL|A|L−1exp
(
−L ∗

(
A
C

))
Γ(L)|C|L

, (4)

where Γ(•) represents the gamma function.

(A) Generic nonlocal NL denoising of SAR imagery

The covariance matrix of each pixel in a given SAR image contains complete scattering
and interference information, including intensity information used in this paper for site
detection. The covariance matrix further contains considerable speckle noise; thus, a large
number of homogeneous samples are needed to estimate the covariance matrix in an
unbiased manner. The overall scheme of our method for NL estimation of covariance
matrices is described in this section.
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The essential steps of the approach are summarized in Figure 3. Beginning with an
SLC SAR image or an MLC image, an empirical pre-estimation is obtained, which is then
used to identify comparable pixels within the search window. A test is performed to detect
identical covariance matrices. Then, a weighted maximum likelihood estimation approach
is employed, wherein weights are determined on the basis of similarities and employed for
sample balancing. NL estimation is followed by a bias reduction step similar to local linear
minimum mean square estimation to obtain a suitable bias/variance trade off.

(B) Nonlocal NL estimation with a weighted maximum likelihood

The NL means approach can reduce additive white Gaussian noise in images [52].
The NL means approach applies a weighted average after computing weights w(x, x′)
on the basis of squared differences across patches and an exponential kernel. Via the
introduction of a weighted maximum likelihood, this method has been expanded to more
general estimation problems [53,54].

.Σ̂
NL

(x) = argΣ max ∑x′ w
(
x, x′

)
p
(

C
(
x′
)∣∣Σ) (5)

(C) In the above equation, the weights can be determined as explained in the previous
paragraph. The total weight is calculated from all pixels within the search window.
To preserve the original resolution, Equation (5) uses only full-resolution input image
covariance matrices C.

(D) Bias reduction step

Although a patch with a bright target in pixel x′ and a patch containing only back-
ground are extremely different, these two patches remain quite similar. The weighted mean
in Equation (6) causes the bright target to become somewhat blurry. Thus, we include a
bias reduction phase after NL estimation to decrease the blurring phenomenon of bright
structures. According to Lee [55], bias can be mitigated by combining the (potentially over
smoothed) NL estimation with the noisy empirical covariance in a convex way.

Σ̂
NLRB

(x) = Σ̂
NL

(x) + α
[
C(x)− Σ̂

NL
(x)
]

(6)

where the NL reduced bias (NLRB) estimate is denoted as Σ̂
NLRB

. Highly similar weight
values preserve the NL estimate, whereas contrasting weight values replace the NL estimate
with the original (noisy) empirical covariances. After several NL estimation steps are con-
ducted, the best estimate is locally chosen to generate a single restored image characterized
by a well-preserved radar structure.

3. Results and Discussion

In this experiment, SAR image preprocessing and geocoding occurred in GAMMA
software. The georeferencing capability of TSX is highly precise because its orbit is well
known, whereas the azimuthal accuracy is determined mostly by the orbit precision and
timing error and can reach an absolute precision as low as one decimeter. In contrast,
the range accuracy of a signal is determined by the signal air travel delay and a variety
of additional error factors [56,57]. In regard to TSX images acquired under a stereo ar-
rangement, an absolute location precision lower than one decimeter in both range and
azimuth can be attained after correcting for these defects [40]. With the use of only the
path delay information contained in TSX header files as a guide, we used SLC data for
georeferencing in the subsequent tests to apply appropriate data corrections. The main
purpose of this experiment was to assess the capabilities of X-band TSX and CSK data
in the detection of image archeological features and their characteristics. To this end, we
obtained unaltered SAR images to thoroughly analyze the detection capability without
introducing additional noise upon data resampling. Consequently, rather than resampling
the obtained SAR images into a geographic or local coordinate system, we transformed
the corresponding survey data into the SAR coordinate system. As previously stated, the
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ground survey-based coordinates are relatively accurate. Thus, after incorporating height
information retrieved from GPS measurements, the coordinates in the radar coordinate
system were transformed with the range–Doppler model.

3.1. Assessment of the Detectability of Archeological Structures
3.1.1. CSK Data

As shown in Figure 4, we could detect some already known fortress structures, but it
was generally very difficult (if not impossible) to recognize archeological features without
any previous knowledge. This example demonstrates that CSK data are unsuitable for the
detection of these types of archeological structures.

Figure 4. Results obtained with the NL-SAR method involving CSK SL data. (A–C,E) Original
CSK intensity images: (A,C) CSK SL images acquired on 9 February 2018 (SAR image © DLR,
2018) in the independent mode under horizontal–horizontal (HH) polarization; (E) CSK SL image
acquired on 21 March 2018 (SAR image © DLR, 2015) in the descending mode under HH polarization;
(B,D,F) corresponding NL-SAR CSK SL images. The pink arrows denote some features of the ancient
fortress in the eastern part of the study area.
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3.1.2. TSX SL Images

In the TSX SL mode, images were acquired at an incidence angle of 38◦ and a ground
resolution of 1.3 m. As shown in Figure 5, a fortress could be identified in the TSX SL
images. Nevertheless, structures were generally too small to be clearly identifiable. The
visibility was much better in Figure 4 (a descending-track CSK SL image acquired on
21 March 2018 at an incidence angle of 24◦ and a ground resolution of 0.9 m) than that in
Figure 5 (a descending-track TSX SL image with an incidence angle of 38◦ and a ground
resolution of 1.3 m). Even in the VHR images shown in Figures 5 and 6, we could detect
only some fortress structures. In contrast, it was generally highly difficult to recognize any
archeological features in the TSX and CSK SL-mode images. Hence, we considered the
fortress to be undetectable in all the SL images.

Figure 5. Results obtained with the NL-SAR method involving TSX SL data. (A,C) Original TSX
intensity SL images acquired on 8 November 2011 (SAR image © DLR, 2011); (B,D) anomalies on
bare ground observed in an enhanced TSX SL image at a ground resolution of 1.3 m and an incidence
angle of 38◦.The pink arrows denote some features of the ancient fortress in the eastern part of the
study area.
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Figure 6. Identification of the archeological features of the ancient fortress (site 1) at Henchir BouGôra,
Tunisia, from TSK ST data after application of the NL-SAR method. (A) High-resolution TSX ST-mode
image of site 1 acquired on 20 February 2021 with a spatial resolution of 0.4 m under HH polarization
at an incidence angle of 20.6◦ (© DLR, 2021); (C) high-resolution TSX ST-mode image of site 1 acquired
on 26 February 2021 with a spatial resolution of 0.22 m under HH polarization at an incidence angle
of 38.8◦ (© DLR, 2021); (B–D) NL-SAR intensity result. The red polygons and yellow circle enclose
features of the ancient fortress in the eastern part of the study area.

3.1.3. VHR TSX ST Images

With the use of the TSX ST mode, we acquired multilook images along the azimuthal
direction four times to reduce the speckle effect before data analysis. As shown in Figure 6,
archeological structures could clearly be identified in the obtained TSX ST images. How-
ever, because all structures were highly visible, there occurred an increased likelihood
of confusing archeological structures, as shown in Figure 6. Likewise, the above fortress
structures could be identified exceptionally well in the TSX ST images, as shown in Figure 7.
These results demonstrate that large buried structures could be identified in the TSX ST-
mode images. Nevertheless, the detectability of buried structures strongly depended on
the image spatial resolution. The TSX ST images acquired under HH polarization (Figure 8)
clearly showed the notable discoveries at sites 1 and 2. These archeological sites could be
clarified at high spatial resolution. In other words, TSX ST data helped in the detection of
buried features.
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Figure 7. Identification of the archeological features of the deserted fortress (site 1) at Henchir
BouGôra, Tunisia, from TSK ST data after application of the NL-SAR method. (A) High-resolution
TSX ST-mode image of site 1 acquired on 27 February 2021 with a spatial resolution of 0.22 m under
HH polarization at an incidence angle of 38.6◦ (© DLR, 2021); (B) NL-SAR intensity result. The red
polygons and yellow circle enclose features of the ancient fortress in the eastern part of the study area.

3.2. Optical Image Interpretation Results

Figure 9 shows the VHR panchromatic (PAN) images based on Ziyuan-3 (see Table 2)
images of sites 1 and 2. Images in this band could reveal the highest contrast. On the right
side of the image (site 1), archeological ruins are highlighted with a yellow circle. Below
these ruins, in sand-covered areas, the same anomaly features revealed in the TSX data were
also observed. Some of the features marked with yellow arrows closely correspond with
unearthed structures (Figure 8). Only a few of the surveyed structures could be partially
identified in the Ziyuan-3 images, although other structures could not be identified at all,
as a result of subsequent burial by shifting sand, or the structures were too small to be
distinguished in the optical images. There also occurred various archeological features in
the TSX data that did not correspond with structures identified in the Ziyuan-3 images
(highlighted in red polygons in Figure 7). In the left part (site 2), the red square is related to
anomaly 2, which is highlighted in Figure 8C depicting the results obtained based on the
TSX imagery.
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Figure 8. Identification of the archeological features of the ancient fortress (site 2) at Borj Gourbata,
Tunisia. (A) TSX 0.38m resolution ST-mode image acquired on 22 February 2021 under HH polariza-
tion at an incidence angle of 38.5◦ (© DLR 2021); (B) NL-SAR intensity result; (C) magnified view
of the results obtained with the NL-SAR method. The red box highlights the ancient fortress in the
eastern part of the study area.

Figure 9. Results obtained from pansharpened Ziyuan-3-based PAN image data of sites 1 and 2,
acquired on 9 July 2018, at a resolution of 2.1 m; the yellow polygons in the left part mark features of
anomaly 1 (B), and the red box highlights anomaly 2 in the right part (A).
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Figure 9A,B verify how backscattering anomalies can be easily distinguished on
ground surfaces with limited vegetation coverage. A backscattering anomaly was captured
at the archeological site on 22 February 2021 in the TSK image acquired in the enhanced
spotlight mode at an incidence angle of 38.5◦. A polygonal pattern comprising pixels
brighter than the surrounding soil pixels was observed, matching archeological sites 1
and 2 identified in the VHR Ziyuan-3 images, possibly indicating the presence of a buried
structure at shallow depths.

3.3. Ground Verification and Discussion

The above-discovered anomalies were verified in the field of Gafsa, southern Tunisia
at Ziyuan-3 data. Apart from the enclosure wall and remains of the western part of the
fortification system (Figure 10), no further archeological remains were observed on the
surface. Instead, nearly all visible features in the analyzed TSX data were attributed to
microtopographical marks of archeological interest. Moreover, a large number of other
linear features could be distinguished in the TSX imagery. As a result of the limited
resolution, however, not all detected walls and buildings could be identified. Nevertheless,
the proposed NL-SAR method revealed a distinct layout of Roman archeological remains,
and the results corresponded very well to structures observed in the field. In addition to
these known Roman features, several structures corresponding to other buildings were
found, and fortification walls in the south were observed to continue [13,14]. Wall extension
was determined in the TSK ST images, as the grid enveloped the interior of the fortress and
a small proportion of the surrounding area. Detailed SAR image analysis demonstrated
that the reflections from walls could not be distinguished from those from mud bricks in
the obtained TSK ST images and were mainly manifested as dark anomalies. The field
survey performed in this area (Figure 10) revealed the presence of a farm dated between
the early Roman Empire and early Byzantine periods on the basis of the discovery of tiles
and pottery fragments originating from these eras. Buried walls and microrelief anomalies,
indicating the occurrence of hidden sites, were also unearthed. From the VHR SAR data of
the prospective subarea, circles and red polygons can be seen northwest of site 1 (Figure 7)
and a square can be seen northwest of site 2. Each side of site 2 (Figure 8) was measured as
being~50 m long. The anomalies 1 and 2 had no complete walls; however, the remains of
four wall piers were investigated.

With the use of SAR data surveying, this study detailed the discovery of a buried
Roman fortification in Gafsa strategically located along the southern boundary of the
Roman or Byzantine Empire in southern Tunisia. The results of this study indicated that
high-resolution SAR data comprise a crucial tool for the imaging of microtopographical
features of archeological interest. SAR images have important potential for identifying
the structure of sites, but high-resolution SAR images are also more severely affected by
noise. The NL-SAR method is often used for denoising of low- and medium-resolution SAR
images, and this paper introduces it into denoising for ultrahigh-resolution SAR images.
The results indicate that NL-SAR can make the intensity signal of the site clearer. However,
since the noise statistical characteristics of ultrahigh-resolution SAR images are different
from those of low- and medium-resolution SAR images, the denoising performance is
limited. The findings are highly fascinating from an archeological standpoint. Obviously,
through the NL-SAR method, CSK SL and TSX SL data have a denoising effect, whereas
these two data are not very convenient to identify sites; TSX St data are able to identify
sites, but their denoising effect is not so accurate.

Our findings revealed that very high-frequency TSX X-band signals, which can pene-
trate the uppermost ground surface layer, could be used to support archeological studies.
Moreover, the new high-resolution TSX ST acquisition mode facilitated the detection of
various types of archeological structural remains. Correspondingly, we verified the discov-
ery of a Roman fortress in the obtained TSX images under different acquisition modes. As
such, the ST mode might pave the way toward the increased use of SAR data in archeologi-
cal research.
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Figure 10. (A,D) Magnified views of site 1 and 2 with field photos of the wall remains; (B,E) Google
Earth image of sites 1 and 2 from 2009 with detected changes due to looting; (C) photo of the
northwestern the entrance of the fortress; (F) pottery fragments (the black box in G).

The proposed NL-SAR method is ideally suited for ancient site surveying in arid
southern Tunisia, where the political environment in similar regions frequently prevents
ground-based research (e.g., via geophysical methods or excavation). Furthermore, our
findings fundamentally highlighted the vast possibilities of satellite radar data in the
field of archeological prospecting. With this tool, we could achieve tremendous progress,
both technologically and archeologically. Despite challenging working conditions, the
performed GPS-based field survey in southern Tunisia confirmed the sites identified in the
VHR TSX images. Furthermore, ground-truth data pertaining to the research area were
used to verify and complete the information suggested by the NL-SAR algorithm.

The findings are highly fascinating from an archeological standpoint. Overall, the
proposed SAR-based archeological prospecting approach allowed us to (i) discover a previ-
ously unknown fortification, of which historical sources provide very little information, and
to (ii) shed light on a fortress from the age of the Roman Empire, thereby providing fresh
insights for future archeological research in Tunisia. In situ investigations confirmed our
findings, demonstrating that key distinguishing features such as fortress walls could be de-
tected and extracted with the proposed NL-SAR approach. Small characteristics attributed
to subterranean structures could be identified in the area via visual evaluation of SAR data.
This work is intriguing for a number of reasons, including the opportunity to investigate
(i) the influences of climatic and environmental changes (and natural disasters) and (ii) the
notable scientific and archeological challenge of imposing ad hoc procedures employing
remote sensing technology on the basis of SAR data obtained at archeological sites.
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