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In the last two decades, archaeology has benefited from the development of earth observation (EO) tech-
nologies, including optical multispectral, LiDAR and synthetic aperture radar (SAR) remote sensing. The
latter is gaining the attention of an expanding community of scientists and archaeologists due to the
increasing availability of multi-platform, multi-band, multi-polarization and very high-resolution satel-
lite SAR data. It is increasingly becoming an important tool in archaeology owing to specific characteristic
of its operational modalities, e.g. all-weather, penetration, polarization and interferometry. However,
compared to other EO technologies, SAR is encountering more difficulties in realizing its full potential for
archaeological applications due to the greater complexity of data processing and interpretation tools. In
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this paper, SAR-based approaches for the reconnaissance of archaeological signs and SAR interferometry
for the monitoring of cultural heritage sites are discussed. Ways and means to reduce complexity of data
processing and interpretation tools are also explored.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Research aims

The paper deals with the state-of-the-art spaceborne SAR
remote sensing for archaeology, including SAR-based approaches
for the reconnaissance of archaeological signs and SAR interferom-
etry for the monitoring of cultural heritage sites. It also discusses
the optimization of SAR data for typical problems of archaeological
researches.

2. Introduction

The availability of numerous multifrequency, multi-polarization
and very high-resolution (VHR) satellite SAR data has opened a
new era in the spaceborne radar technology. This is particularly
important for a number of applications, as in archaeology, that was
historically limited by low spatial resolution of the early satellite
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SAR sensors. Up to now, research based on spaceborne SAR data
have been generally limited compared to that based on optical
imagery, due to the scarce public availability of data, complexity of
data processing and software and the difficulty of interpreting the
results from an archaeological perspective. Today, satellite SAR has
entered into a golden era of applications mainly due to the increas-
ing availability of abundant historical archives and active satellite
platforms, ranging from free of cost, as provided via Sentinel-
1, to high-resolution data available through TerraSAR/TanDEM-X,
COSMO-SkyMed, Radarsat-2 and ALOS PALSAR-2. The latter offers
data at a scale of one meter or higher. Furthermore, a number
of user-friendly commercial and open source software have been
recently developed. We now have around twenty spaceborne SAR
sensors operating (Table 1) and new SAR systems will be launched
within the next 5 years assuring a rich availability of data for the
coming years.

The use of multifrequency, multisensor, multitemporal, quad-
polarization (as PALSAR-2) SAR data can provide powerful
information for archaeological investigations [1] ranging from
archaeological/historical landscape, former environment, site
detection (buried or emerging archaeological remains) and moni-
toring. SAR can overcome limits of passive optical data in being able
to sense a target at any time of day or night, and, to some extent,
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Table 1
SAR system parameters.
SAR system Band Polarization Incident angle (°) Resolution (m) Swath width (km) Organization Altitude (km) Orbit inclination (°) Launch
year
SEASAT L HH 23 25 100 NASA 790 108 1978
SIR-A L HH 45 30 50 NASA 225 57 1981
SIR-B L HH 20-60 30 50 NASA 225 57 1984
ALMAZ-1 S HH 30-60 15 20-45 RSA (PKA) 300 72.7 1991
ERS-1 C A% 24 25 100 ESA 790 97.7 1991
JERS-1 L HH 35 18 76 NASDA/MITI 568 97.7 1992
SIR-C CL All 17-60 25 15-100 NASA 225 57 1994
X-SAR X VvV 17-60 25 15-40 DLR/ASI 228 57 1994
ERS-2 C HH 24 25 100 ESA 785 97.7 1995
SAR-SAT C HH 17-50 10-100 50-170 CSA 790 98.6 1995
PRIRODA S,L HH 35 30 120 RSA/DLR 394 51.6 1995
Radarsat-1 C HH 10-59 10-100 50-500 CSA 796 98.6 1995
ENVISAT C All 20-45 30 50-400 ESA 800 100 1998
SRTM C HH 20-60 30 60 NIMA/NASA 233 57 2000
PALSAR L HH; VV; HV; VH 20-55 10-100 70-250 NASDA/MITI 700 98 2002
Light SAR L All 20 25-100 50-500 NASA 790 97.7 2003
Radarsat-2 C All 20-60 3-100 20-500 CSA 796 98.6 2007
COSMO-Sky Med X One and two polarization 20-59 16-100 100-200 ASI 620 97.8 2007
Scan SAR modes (HH, VV, HV, or VH)
COSMO-Sky Med X 20-59 3-20 30-40 ASI 620 97.8 2007
Strip Map
COSMO-SkyMed X 20-59 1 10 ASI 620 97,8 2007
Spot Light-2
TerraSAR-X X (HH, VV), (HH/VV) 20-60 1 10 DLR-ASTIRUM 514 97.44 2007
Spot Light mode
TerraSAR-X X (HH/VV), (HH/HV), VV/VH 20-60 3 30 DLR-ASTIRUM 514 97.44 2007
Strip Map mode
TerraSAR-X X HH, VV 20-60 18.5 100 DLR-ASTIRUM 514 97.44 2007
Scan SAR mode
TerraSAR-X X HH, VWV 20-60 Up to 0.25 4-5 DLR-ASTIRUM 514 97.44 2013
Staring Spot Light mode
Sentinel-1 C VV+VH 20-45 5 80 ESA 693 98.18 2014
Strip Map HH+HV
Sentinel-1 HH 5x20 250
Interferometric Wide A%
Sentinel-1 20 x 40 400
Extra Wide
Sentinel-1 5 20
Wave mode
PALSAR-2 L HH, VV, HV 8-70 1-3 25 JAXA 636-639 97.92 2014
Spot Light
PALSAR-2 HH, VV, HV 3/6/9 50-70
Strip Map (HH+HV), (VV+VH)
(HH+HV +VV+VH)
PALSAR-2 HH, VV, HV 100 350-490
Scan SAR (HH+HV), (VV+VH)

National Aeronautics and Space Administration (NASA); Shuttle Imaging Radar-A (SIR-A); Shuttle Imaging Radar-B (SIR-B); Russian Space Agency (RSA); European Remote-Sensing Satellite-1 (ERS-1); European Space Agency
(ESA); Japanese Earth Remote-sensing Satellite-1(JERS-1); National Space Development Agency (NASDA); Ministry of International Trade and Industry(MITI); Shuttle Imaging Radar-C (SIR-C); X-Band Synthetic Aperture Radar
(X-SAR); Deutsche Forschungsanstalt fur Luft-und Raumfahrt (DLR); Agenzia Spaziale Italiana(ASI); European Remote-Sensing Satellite-2 (ERS-2); Search And Rescue Satellite Aided Tracking (SAR-SAT); Canadian Space Agency
(CSA); Synthetic Apeture Radar Satellite-1 (Radarsat-1); Environmental Satellite (ENVISAT); Shuttle Radar Topography Mission (SRTM); National Imagery and Mapping Agency (NIMA); Phased Array type L-band Synthetic Aperture

Radar (PALSAR); Synthetic Apeture Radar Satellite-2 (Radarsat-2); Phased Array type L-band Synthetic Aperture Radar-2 (PALSAR-2); Japan Aerospace Exploration Agency (JAXA).
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‘penetrate’ vegetation and soil depending on sensor bands, surface
characteristics (ice, desert sand, close canopy, etc) and conditions
(surface moisture content).

Different from optical, SAR remote sensing actively transmits
signals and then receives backscattering of observed scenarios for
imaging. Generally, there are two components in a SARimage [2,3]:

¢ the backscattering amplitude;
e the phase.

The first is influenced by speckle, layover, shadow and fore-
shortening, and the second by the variation of backscattering and
movements. Exploiting the backscattering in terms of intensity or
polarization [4] we can retrieve information on the surface char-
acteristics (revealing in some cases the presence of archaeological
features); whereas exploiting the phase information, we can obtain
topography and subtle deformations from interferometric analyses
based on multiple data acquisitions, such as tandem configura-
tion or a multitemporal dataset. Topography is an important factor
influencing the detection and discovery of heritage targets (e.g.
proximity to ancient rivers or located in high-level wetland plat-
forms) [5], whereas, the identification of subtle deformations has
potential relevance for preventive diagnosis of the vulnerability of
monuments and surrounding environments and providing early-
warning risks [6].

Satellite SAR is a rapidly evolving remote sensing technol-
ogy that offers great potential for detecting, documenting and
monitoring heritage targets in tropical regions (cloud penetration
capability), in dry-sand sediments (soil penetration capability) as
well as in Mediterranean climates (capability of anomaly detection,
in terms of moisture, vegetation and corresponding archaeological
features). This paper provides a short review on the main stages
of evolution and the progress in satellite SAR remote sensing tech-
niques and their application in archaeology.

3. Radar space view of archaeological features
3.1. Physical basis

SAR signal has various properties that can be exploited for
archaeological prospection. The backscattering coefficient informs
us about surface characteristics according to the wavelength range
(band), incidence angle, and polarization. It is important to consider
that there are significant differences between the interpretation of
microwave and optical images. A correct interpretation of radar
images is not a straightforward task and requires knowledge about
ground surface conditions as well as about the interaction mecha-
nisms between radar waves and surface sensed. First of all, it should
be considered that for each pixel, the intensity represents the pro-
portion of microwave backscattered from the target area, whose
value depends on a number of factors or parameters including the
characteristics of the radar system (frequency, polarization, view-
ing geometry, etc.) as well as on the characteristics of the surface
(landcover type, topography, relief, dielectric constant, moisture
content, conductivity, etc) and features (i.e. surface roughness, geo-
metric structure, orientation). Many of these characteristics and
parameters are closely interrelated so that the brightness of fea-
tures in an image is usually a combination of several variables.
Nevertheless, the parameters that have akey role in the interactions
between radar energy and target are:

¢ surface roughness;
¢ radar viewing and surface geometry relationship;
e moisture content and electrical properties of the target.

3.2. Space radar for archaeological prospection

Human activities over time produce landscape alterations and
environmental changes that can be recognized even after centuries
and millennia. The traces of such alterations are generally subtle.
Furthermore, the deposition processes and/or alluvial phenomena
tend to mask these signs.

Other kind of signs related to human frequentation is linked to
the presence of organic materials or ash introduced by prehistoric
occupants. They can be detected based on changes in soil composi-
tion, superficial roughness and/or moisture content as revealed by
radar satellite sensors. The reconnaissance of archaeological signs
by radar data is more complex than that feasible using optical data
[7-10] due to a greater number of factors characterizing the SAR
geometry acquisition and interaction mechanisms towards radar-
targets. For an easier understanding of the problem, we refer to
the classification of archaeological signs (shadow/crop/damp) [11]
commonly used in the optical remote sensing domain [8].

In optical images acquired with low angle sunlight conditions
the shadow can reveal the presence of cultural micro/medium-
topographic relief related to earthworks, platforms, ditches and
shallow remains. On the other hand, in radar data, only very steep
slopes cause shadows, which rarely provide any information of cul-
tural interest. However, the detection of cultural topographic relief
is possible, though it is strongly conditioned by the acquisition
geometry and incidence angle which should be given due consid-
eration. A model simulating the interaction between radar energy
and the most common topographic relief of cultural interest is lack-
ing. On the base of some experiences of the authors in some sites
in Peru and Northern Africa and by approaching the problem in an
heuristic way, the interaction between radar and micro/medium-
topographic relief could be seen according two different response
modes (Fig. 1):

e diffuse backscattering for microrelief (that is rough surface);
¢ and double bounce, when the radar detect outstanding relief.

In the latter case, the pixel brightness is greater relative to the
first one, thus facilitating the extraction of cultural features. In the
first case, geometric shapes could facilitate the interpretation of
surface roughness (linked to microrelief) as potential archaeologi-
cal patterns.

The observation of crop-signs is the most effective way to iden-
tify features of archaeological interest by using and processing
optical data with any spectral resolutions in the visible and near-
infrared domain [8,10,12-14]. The presence of buried walls and/or
filled ditches produce local variations in moisture and nutrients
content and, consequently, in the growth of vegetation, which are
all detectable by observing and analyzing the spectral response. On
the other hand, it is much more complicated to understand and
model the interaction between radar and surface in the case of
crop-signs. We are in presence of a great number of factors and
interaction mechanisms whose effects are far from being discrimi-
nated. A promising approach is based on multitemporal amplitude
data processing particularly when SAR image acquisition covers an
entire plant growth cycle [11,15]. However, also single data analy-
ses along with the use of adequate filtering methods could provide
good results. In this case, it is important to select data acquired in
the most favorable period of crop-signs when they are associated
with the greatest spatial change in moisture content [11].

Damp marks occur when archaeological deposits, such as buried
walls, filled ditches and pit etc., induce local changes in the drainage
capability of the soil. This could reveal moisture changes whose vis-
ibility from optical remote sensing data [8] depend on the soil type,
climate and meteorological conditions, and, the nature of remains.
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Fig. 1. Heuristic model of interaction between radar and some typical archaeological features.

The same moisture induces variations in the dielectric property of
the soil and consequently the scattering of radar signal.

Compared with optical imagery, penetration is one of the prin-
cipal merits of SAR remote sensing. This capability is useful for
detection of relics in rainforests and buried remains (settlements
and ancient water systems) in deserts using backscattering. Pen-
etration depends on the wavelength (the longer wavelength the
deep penetration), as well as on surface properties (roughness and
moisture content) and imaging geometry. Until today the lack of
high-resolution data at bands with greater penetration capability
(i.e. L- and P-band) limited the use of SAR data for detecting buried
remains. The recent launch of ALOS-2 carrying onboard PALSAR-2
capable of acquiring data at higher resolution (1 x 3 m per pixel in
Spotlight mode) could open encouraging perspectives in the field
of archaeological prospection.

As a general role, the ability to discriminate archaeological signs
is an issue linked both to the ratio signal-noise and to the differen-
tial scattering behavior between target/feature and its surrounding.
Some recent applications suggest a strategy based on the use of
filtering, the multitemporal data processing when the data are
available, and the knowledge of the problem/site to investigate in

(N40.357°,E93.858°)

(N40.337°,E93.858°)

(@)

(N40.357°,E93.874°)  (N40.357°,E93.858°

(N40.337°,E93.874°) (N40.337°,E93.858°)

order to perform a careful choice of the data acquisition period
especially for the detection of seasonal variations [11]. Moreover,
it should be considered that the acquisition geometry and the SAR
illumination according to the ascending or descending acquisi-
tion could affect the visibility of archaeological signs and heritage
targets. As an example, Fig. 2 shows some linear archaeological fea-
tures of Great Wall near the Yumen Frontier Pass. Such features are
more evident in ascending acquisition than in descending acquisi-
tion due to its parallel direction compared with the satellite flight
path.

3.3. Progress of spaceborne SAR technologies in archaeology

Unexpected capabilities for archaeology were accessed by NASA
researchers from data provided by the first shuttle imaging SIR-
A: unknown palaeochannels buried under the desert in northern
Sudan and southern Egypt were identified by McCauley et al. [16].
This discovery lead to subsequent implications in the geoarchae-
ology of prehistoric environments of the region (see also [17]).
An old buried river system was detected later using SIR-A data
in the Taklamakan desert [18]. Guo [19] identified the ancient

(N40.357°,E93.874°)

(N40.337°,E93.874°)

(b)

Fig. 2. Two TerraSAR-X Stripmaps images (a) and (b) related to the same scene including the Great Wall in Han dynasty (marked by red arrows) and Yumen Frontier Pass
(marked by the purple ellipse), and acquired in ascending and descending mode, respectively. Blue and green arrows indicate the flight path and direction of SAR illumination.
The two data have been acquired on 28.04.2013 with 41° incidence angle and 23.09.2012 with 39° incidence angle, respectively.
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Fig. 3. Nazca lines observed from SRTM image.

Great Wall in Sui and Ming dynasties in the border area of the
Ningxia Hui Autonomous Region and Shaanxi Province, China using
multi-band and multi-polarization SIR-C/X-SAR data. Blom et al.
[20,21] discovered the lost City of Ubar in the desert of Oman
(http://visibleearth.nasa.gov/view_rec.php?id%536). To overcome
the drawbacks due to low spatial resolution, they identified the
urban settlements by investigating the convergence of several
ancient roads. Finally, Maya’s ancient irrigation canals and culti-
vated wetlands were discovered in the Yucatan peninsula using
SEASAT data [22-26]. Generally, the occurrence of human settle-
ments is in proximity to water-sources; Richason IIl and Hritz [27]
investigated settlements and river systems using the Canadian SAR-
SAT data in the lower Mesopotamian Plain (Nippur archaeological
sites in Iraq); other discoveries were made in the monumental site
of Angkor, Cambodia using NASA SAR data [28,29].

Nevertheless, during the last decade, the application of imag-
ing SAR in archaeology has been limited due to the relatively low
spatial resolution of SARs (in L- and P-bands), the complexity in
interpreting data from SAR-based products, and the difficulty to
access low-cost data sets (such as SIR-A, SIR-B, and SIR-C). The
huge archives, currently available with their friendly user-access
(see ESA and NASA catalogues), has recently stimulated new inter-
ests in the use of spaceborne SARs in archaeology, thus giving
fresh impetus to this research field (see the special 2013 issue of
Archeological Prospection [30-33]). SAR derived products have been
also used in the context of a holistic research including archaeo-
logical record, to provide new insights to understand present-day
landscape dynamics affecting archaeological heritage [34,35]. The
nearly global availability of the SRTM offers the archaeologists the
opportunity to have a prompt virtual survey of large areas for the
detection and mapping of huge archaeological features such as

mm/yr

mounds in the Middle East and the Nazca lines in Peru (Fig. 3).
With the start of the TanDEM-X mission, 3D digital models at an
unprecedented resolution could be derived for several applications
including landscape archaeology and palaeoenvironmental studies
[36].

4. Satellite SAR interferometry for monitoring
4.1. General description

The ‘radar interferometry’ remote sensing technique combines
two or more radar images over the same area to detect changes
occurring between acquisitions. Interferometry allows for the
monitoring of even slight ground movement —-down to a few
millimetres — across wide areas. Differential Interferometric SAR
(DInSAR) techniques date back to 1989 when L-band SEASAT SAR
data was first exploited for this purpose [37]. Since 2001, the
capability of DInSAR has been considerably improved by using
MultiTemporal Interferometric SAR (MT-InSAR) [38-42] adopted
to reduce noise and retrieve consistent estimation.

4.2. Cultural heritage monitoring by satellite SAR interferometry

In the last decade, growing interest has been directed towards
the exploitation of remote sensing for monitoring cultural heritage
using DInSAR as relevant tool for deformation monitoring and pre-
ventive diagnosis of monuments and surrounding environments
[6]. For example, Parcharidis et al. [43] focused on the ancient
Olympic site (Greece) to monitor ground subsidence; Tapete et al.
[44] tested the capabilities of MT-InSAR techniques for preven-
tive diagnosis of deformation threatening the structural stability

Fig. 4. Historical Centre of Rome: Velocity maps obtained by processing a data set of two interferometric stacks of COSMO-SkyMed Stripmap from March 2011 to June 2014.
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of archaeological monuments in Italy. UNESCO has recommended
InSAR for World Heritage site preservation and management. For
instance, based on a request from UNESCO, DLR-Germany acquired
high-resolution interferometric TerraSAR-X data for monitoring
ground subsidence in the ancient Mexico City due to impacts of
a complex of anthropogenic activities [45].

Owing to the occurrence of multi-platform and high-resolution
data, fine structural monitoring and preventive diagnosis of
ancient monuments have become increasingly feasible with the
development of the Differential Tomography SAR (D-TomoSAR)
and Ground-Based Interferometric SAR (GB-InSAR) technologies.
Fornaro et al. [46] applied D-TomoSAR into 4D imaging exper-
iment (3D positioning and 1D deformation velocity) in Rome.
Fratini et al. [47] assessed the vibration reduction on the Bap-
tistery of San Giovanni in Florence after vehicular traffic block
by analyzing data from a GB-InSAR system. Recently, Cigna et al.
[48] carried out a comprehensive study focused on SAR-based
investigations on Rome over time. In particular, outputs from X-
band COSMO-SkyMed time series processed using the Stanford
Method for Persistent Scatterers (StaMPS), confirms the persis-
tence of ground motions affecting monuments, and subsidence
in southern residential quarters adjacent to the Tiber River (see
Fig. 4).

5. Discussions

The occurrence of multi-mode SAR systems provides abun-
dant images with different spatial-temporal resolutions, bands,
incidence angles, polarizations and revisit cycles. Taking the diver-
sity of physical heritage properties and its surroundings into
account, it is necessary to develop an application-oriented strategy
for the optimal selection of SAR data. Generally, when the inci-
dence angle is constrained, SAR images with a long wavelength
are suitable for heritage target detection due to SAR’s penetra-
tion capability, particularly in dry-alluvial deserts. Polarimetric
high-resolution SAR data are ancillary for scattering property
identification and the extraction of weak information from her-
itage targets. For linear ancient remains, the flight path of SAR
images should be in parallel with the direction of observed tar-
gets for the formation of dihedral and helix scatterings based
on the theory of radar physics, which is beneficial for improved
detection of potential targets. When the spatial distribution and
dominant direction of heritage targets are unknown, multi-angle
observations are recommended for a comprehensive analysis. For
heritage sites monitoring and preventive diagnosis, the landscape
and dimension should be considered in the selection of SAR data.
In general, SAR data with a long wavelength are recommended
for natural areas (i.e. Geoparks and Natural reserves) covered by
vegetation in order to enhance capabilities of penetration and
coherence maintenance; in contrast, SAR data with a short wave-
length are preferred in settlement regions in order to enhance the
accuracy of estimated deformations using DInSAR or MT-InSAR
models (the accuracy of InSAR-derived deformation is inversely
proportional to the wavelength). Median-resolution spaceborne
SAR data are recommended for large-scale heritage sites to reflect
the entire landscape and its spatial-temporal patterns; while
for a specific local-scale ancient settlement, high-resolution SAR
data are preferred for fine monitoring and preventive diagno-
sis.

6. Conclusions

For the ease of understanding, this paper reviews the state-of-
the-art of spaceborne SAR remote sensing for archaeology from

aspects of the mechanisms and characteristics of sensors. Two
potential applications are further emphasized:

e new-heritage detection and discovery;

e existing-heritage monitoring and diagnosis, taking advantage of
the merits of SAR remote sensing in terms of penetration, polar-
ization and interferometry.

Optimization of SAR data is discussed, providing insights into
promotion of the technology for archaeological studies.

It is time to make SAR operative for archaeological research;
however, the challenge is intriguing as well as difficult. The cou-
pling mechanism of surface roughness, incidence angle and the
scattering and propagation mechanism of SAR signals, interacting
with heritage targets beneath the surface should be investigated
in detail in order to establish SAR image interpretation rules for
archaeology. To this aim it is desirable to apply SAR technology
to more studies and investigations on an increasing variety of
archaeological typologies and their environs with ground truth val-
idations.
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