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SAR for Archaeological Prospection
in Europe and in the Middle East

Christopher Stewart

Abstract This chapter describes recent studies on the use of synthetic aperture radar
for archaeological prospection and anthropogenic feature extraction. Radar remote
sensing can provide unique information about objects on the ground from its sensi-
tivity to the relative permittivity of materials and to surface roughness, as a function
of the microwave wavelength. Methods have been developed to detect residues of
buried structures over land cover types typical to Europe and the Middle East. These
include agriculture, grassland and sand-covered areas. The techniques attempt to
exploit the full information content of radar data, contained in both the amplitude and
phase of the signal. They also attempt to make efficient use of time series. Results
show that surface residues of buried archaeological structures in temperate vegetated
areas can be identified in variously processed radar images. Anthropogenic features
in sand-covered areas can also be efficiently detected. Developments in Big Data
analytics and Earth observation data accessibility have the potential to bring radar
remote sensing closer to the cultural heritage community.

Keywords Synthetic Aperture Radar - Big Data - Cultural Heritage -
Archaeological Prospection

Introduction

Microwave signals emitted by active sensors are uniquely sensitive to various prop-
erties of target materials. Synthetic aperture radar (SAR) imagery can reveal subtle
variations in surface roughness, relative to the signal wavelength (Ulaby et al. 1982).
SAR is also sensitive to the relative permittivity of materials (Massonnet and
Souyris 2008), which, in the case of soils, is largely related to the presence of mois-
ture (Dubois et al. 1995). Variations in surface roughness and moisture content may
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indicate the presence of archaeological objects (Wiseman and El-Baz 2007; Stewart
2017). Moreover, in dry sand, the low relative permittivity may permit some signal
penetration, which can also be exploited for archaeological applications (Stewart
et al. 2016).

Despite the utility of SAR for archaeological applications, microwave remote
sensing has experienced a slower rate of uptake by the cultural heritage community
than remote sensing in the optical region. This is perhaps due to the challenges
associated with the processing and interpretation of radar data and, until recently,
high costs and lack of data availability.

We are currently experiencing an unprecedented increase in the volume, variety
and velocity of remote data acquisition, referred to as “Big Data” (Manyika et al.
2011). Moreover, we are seeing a positive trend in the availability, accessibility and
openness of scientific data and results. These developments are revolutionising the
way remote sensing is carried out and is opening up opportunities for users of exist-
ing and new application areas, including cultural heritage.

This chapter summarises recent studies that aim to take advantage of new oppor-
tunities brought by the Big Data revolution to exploit large time series of SAR data
for archaeological prospection. Two studies are described here. Each focuses on
very different geographical regions, land cover types and methods of prospection.
The first involves the use of SAR to detect vegetation or soil residues of buried
archaeological structures in areas surrounding the city of Rome, in Italy. The second
demonstrates the use of SAR to efficiently detect buried or surface traces of human
activity in sand-covered regions of North Sinai, Egypt.

SAR in Vegetated Areas

The aim of the study presented here is to assess the use of both the amplitude and
phase of the SAR signal to detect surface residues of buried archaeological struc-
tures in a temperate vegetated region. These are likely to be indirect indicators of
buried structures in the form of crop or soil marks. No significant penetration of the
radar signal into the ground would take place in these areas given the high relative
permittivity from the water in the soil and the overlying vegetation. The research
summarised here is described in more detail in Stewart (2017).

Six areas of interest (AOIs) have been selected for the analysis. These all sur-
round the area of Rome and comprise agricultural fields or pasture beneath which
archaeological structures are known to exist from noninvasive archaeological sur-
vey (see Fig. 1). The geology of three of the AOIs (Appia, Prenestina and Veii) is
characterised by volcanic deposits, mainly pyroclastic tuff, from the Albano and
Sabatino volcano districts, with undulating eroded valleys. The remaining three
AOIs of Ostia, Portus and Salaria are in the alluvial Tiber valley and delta, charac-
terised by very flat topography.

The SAR data procured for the analysis includes a large time series of very-high-
resolution imagery acquired by the Italian Constellation of Small Satellites for
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Fig. 1 Areas of interest (AOIs) shown in yellow polygons. Footprints of CSK stripmap and spot-
light data shown as dashed yellow rectangles

Table 1 Details of CSK data acquired for the analysis

Sensor mode Enhanced spotlight Stripmap HIMAGE
Number of scenes 27 77

Acquisition date range (year/month) 2010/06 to 2012/08 2011/03 to 2015/07
Polarisation 24 x HH, 3 x VV HH

Pass Asc Asc

Scene centre incidence angle 25.25 33.95

Spatial resolution I m 2.5m

Wavelength 3.1 cm (X-band)

Mediterranean basin Observation (COSMO-SkyMed) (see Table 1). This data was
provided by the Italian Space Agency (ASI). It was obtained for the following rea-
sons: (1) to have as large as possible a time series in order to cover a range of envi-
ronmental and ground conditions; (2) to have data at the highest available spatial
resolution, to resolve small-scale features corresponding to recognisable archaeo-
logical structures; and (3) to have the highest possible frequency of acquisition, to
be able to perform coherence and interferometric SAR (InSAR) digital elevation
model (DEM) calculation, without complete loss of coherence.

Processing was carried out to derive three types of information from the SAR
data, including (1) multitemporal speckle filtered backscatter, which may be sensi-
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tive to roughness and moisture anomalies at the surface caused by underlying
archaeological structures; (2) interferometric coherence, which may be sensitive to
small-scale random change between acquisitions, which in turn may provide an
indicator of vegetation characteristics altered by the presence of buried structures;
and (3) DEM, derived from interferometry, to detect subtle surface topographic
traces of archaeological features beneath the ground.

Filtered Backscatter (Roughness and Moisture Anomalies)

As previously stated, SAR backscatter is sensitive to variations in both surface
roughness and soil moisture content. Subtle changes in either may be due to the
presence of buried structures, which may result from the same mechanisms which
lead to the well-studied phenomena of crop and soil marks (Jones and Evans 1975;
Evans and Jones 1977; Wilson 2000; Agapiou et al. 2013). These may be visible as
differences in SAR backscatter. To better distinguish these from the image speckle,
a method was adopted to remove as much of the image speckle as possible while
retaining the spatial resolution and small differences which may appear in individ-
ual images. To achieve this, multitemporal De Grandi (1997), speckle filtering was
carried out. The De Grandi filter averages in the temporal domain parts of images
that are statistically homogenous, reducing the speckle, but retaining key statistical
backscatter properties of each single image. If an area of the coregistered images
contains a feature in only one or a few images, the areas to be averaged are divided
to exclude this feature (De Grandi et al. 1997). The De Grandi filter preserves the
spatial resolution of the input images. The De Grandi filter is thus suitable for iden-
tifying small anomaly features with only slight variations in backscatter from sur-
rounding areas (De Grandi et al. 1997; Stewart et al. 2016).

Interferometric Coherence (Small-Scale Random Change
Between Acquisitions as Indicator of Vegetation Characteristics)

Another type of information that was extracted from the SAR data for the analysis
includes the interferometric coherence between consecutive CSK image acquisi-
tions. The interferometric coherence can provide an indication of the extent of ran-
dom and small-scale spatial change in surface materials between image acquisitions.
Such change may include the position and orientation of plants as they are blown by
the wind. This in turn may provide information on vegetation type and growth, as
the extent of random wind-driven displacement differs by vegetation type and stage
of growth. Subtle differences in vegetation type and height may be due to underly-
ing archaeological structures.
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DEM (Subtle Surface Relief Variations)

A third type of information includes heights calculated through SAR interferometry
(InSAR). Given the right conditions, with InSAR it is possible to derive height infor-
mation through the phase difference between SAR image acquisitions separated by a
spatial baseline perpendicular to the satellite azimuth. To derive such information
over mainly vegetated areas, it was necessary to apply a technique called SBAS
(small baseline subsets) (Berardino et al. 2002). SBAS works through the generation
of many interferograms, each with minimal spatial (for displacement velocities) and
temporal baselines between acquisitions to avoid decorrelation effects (Berardino
et al. 2002). SBAS is mainly used to calculate small-scale displacement, but it can
also be used for DEM generation.

Analysis of Features

Surface residues of buried structures have been found in the filtered CSK backscat-
ter, coherences and DEMs. In an attempt to understand the mechanisms and condi-
tions responsible for the appearance of residues in each layer in which they were
present, an analysis of results has been carried out with interferometric coherence
(calculated from the SAR data) and potential soil moisture deficit (PSMD) (derived
from rainfall and potential evapotranspiration measurements). The methodology is
described in more detail in Stewart (2017).

Results

Archaeological residues were found in all three types of processed SAR data
(backscatter, coherence and DEM). More residues were found in the area of the Tiber
valley and delta, characterised by alluvial substrate and flat topography. Less residues
were found in the volcanic districts on either side of the Tiber valley, characterised by
a volcanic substrate and undulating topography. Residues were found in particular in
three of the AOIs (Portus, Salaria and Prenestina). In these areas, features in the pro-
cessed SAR data corresponded with archaeological finds documented in the archaeo-
logical surveys. These are discussed here according to the type of SAR processed data
on which they appeared.

Filtered Backscatter

De Grandi speckle filtering made a huge difference in the ability to detect potential
archaeological features. Figure 2 shows the difference that De Grandi filtering can
make on the clarity of features.
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Fig.2 Example of De Grandi multitemporal speckle filter. Left: Single image with surface residue
of a buried Claudian canal (in yellow ellipse), barely evident in the Portus AOI. Right: The same
image after having undergone De Grandi multitemporal speckle filtering using all 77 images in
time series. The residue of the Claudian canal appears much clearer on the De Grandi filtered
image

Several features of both high and low relative backscatter corresponded with
buried archaeological structures in the Portus, Prenestina and Salaria AOIs.

In the Portus AOI, a feature of lower backscatter corresponds with built-up
areas detected by a magnetometry survey carried out by Keay et al. (2005)
(see Fig. 3). In the same AOI, a feature of higher backscatter corresponds with a
Claudian canal, detected in the same survey (see Fig. 4). The two features are not
correlated, in that they are not always visible in the same filtered imagery. Neither
corresponds with PSMD.

The Claudian canal is more visible in times of high coherence (see Figs 4 and 6).
At X-band wavelengths and 16-day temporal baselines, coherence is almost imme-
diately lost (Zalite et al. 2016; Zalite et al. 2014). If coherence is high, it is likely
therefore that the field is fallow or that it contains vegetation that does not move
very much in the wind (such as beans tied to poles). In either case, it is likely that
the feature is a soil mark.

The urban feature never appears clearly at times of high coherence (see Fig. 4).
It is therefore possible that this is a crop mark, as vegetation tends to cause loss in
coherence. The fact that the mark is distinguishable by lower backscatter would
suggest the surface is less moist, or smoother; this would correspond with a negative
crop mark, characterised by stunted growth caused by buried building material.

A feature of high backscatter was observed in some of the filtered backscatter
imagery in the Prenestina AOI (see Figs 7 and 8). The feature corresponds with
the suspected continuation of a buried road, documented by Quilici (1974). This
may be a crop mark, given that the area is always characterised by low coherence.
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Fig. 3 Residue of buried buildings on image of De Grandi speckle filtered backscatter acquired on
9 July 2012. Overlain in yellow on the image below is the interpretation by Keay and his col-
leagues of the integrated archaeological survey (mainly magnetometry) published in Keay et al.
(2005). COSMO-SkyMed data provided by the Italian Space Agency
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Fig. 4 Residue of Claudian canal (highlighted by yellow ellipse) on image of filtered backscatter
acquired on 22 April 2011 (left) and 8 May 2011 (right). In the centre is the coherence image
between these two acquisitions. Very-high coherence can be observed over the fields in which the
residue is visible. The green arrow indicates the location and direction from which the photo in
Fig. 5 was acquired. COSMO-SkyMed data provided by the Italian Space Agency
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Fig. 5 Photo acquired of the location of the residue of the Claudian canal. Photo acquired on 24

May 2013 at 18:45. No trace of the Claudian canal is visible on the ground at the time of photo
acquisition
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Fig. 6 Graph showing feature contrast (clarity) of the Claudian canal (in blue diamonds) and the
urban area (in red squares), plotted against coherence. Where high coherence is observed, the
contrast of the Claudian canal is often high, while the contrast of the urban area is consistently low.
These patterns are shown in green ellipses

Moreover, it may be a positive crop mark, given that the feature is characterised by
higher backscatter, due either to higher moisture or roughness, which may be a
result of more abundant vegetation. The time of greatest feature visibility corre-
sponds with highest PSMD. This would support the argument of a crop mark, which
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Fig. 7 Left: Residue of road visible on image of filtered backscatter, acquired on 25 July 2010.
Right: Archaeological chart of Quilici (1974) of the same area overlain on true-colour Pleiades
image acquired on 20 April 2014. Red arrow indicates location and direction from which photo in
Fig. 8 was acquired. COSMO-SkyMed data provided by the Italian Space Agency. Pleiades data
provided by the European Space Agency

Fig. 8 Photo of residue shown in Fig. 7, acquired on 19 September 2015 at 17:03. No evidence of
residue was visible on the ground at that time

is more likely to appear at times of low moisture. No residues were found over the
other features documented in this area. However, in most cases these have been
interpreted from scant surface fragments which do not have a coherent form and are
unlikely to leave a recognisable trace in the SAR data.
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Fig. 9 Left: Image of filtered backscatter acquired on 7 April 2013 showing a trace of the ancient
Via Salaria (highlighted by yellow ellipse). Red arrow indicates location and direction from which
photo was acquired. Right: Photo acquired on 1 October 2016 at 17.14 of the location of the trace
of the ancient Via Salaria. There was no visible evidence of the ancient Via Salaria on the ground
at this time. COSMO-SkyMed data provided by the Italian Space Agency

In the Salaria AOI, a trace of the ancient Via Salaria is visible in some of the
imagery (see Fig. 9). This appears as low backscatter. There is no clear correspon-
dence between the feature clarity and PSMD, although the times of highest contrast
coincide with a period of low PSMD, which is not a characteristic of crop marks.
Throughout most of the time series, there is no clear feature contrast, and coherence
is consistently low. At the time of feature contrast, the coherence is at the same low
value as throughout most of the time period. Given that the feature is characterised
by low backscatter, and given the low coherence in all images, it is likely that these
residues are manifestations of negative crop marks. This would be possible if the
paving stones of the ancient Via Salaria were buried beneath the ground.

Interferometric Coherence

In some cases, residues were present in the coherence images. These residues only
occur over the Prenestina AOI and are always characterised by lower coherence. The
residues correspond with the location of ancient roads documented by Quilici (1974).
An inspection of these areas on the ground showed that most correspond with slight
topographic valleys, although in one case no topography was visible on the ground.
However, in this last case, a very-high-resolution DEM was produced from UAV
photogrammetry in which a very slight topographic trace was notable. It may be
therefore that the low coherence features are due to increased crop growth at the
bottom of valleys where water would collect. The coherence residues generally
appear at times of high soil moisture deficit and less with high soil moisture surplus.
This also supports the argument that the coherence residues are crop marks.
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Fig. 10 Coherence image from CSK spotlight INSAR pair acquired on 9 and 25 July 2010 over
the Prenestina AOI. Green ellipses show the locations of residues. The yellow arrow shows the
location and direction from which the photo in Fig. 12 was acquired on the ground. COSMO-
SkyMed data provided by the Italian Space Agency

Only some of the coherence residues correspond with faint backscatter traces,
apart from one feature (see inset of Fig. 10), which clearly corresponds with a back-
scatter residue (see Figs. 7 and 8). Aside from this last feature, all correspond with
clear topographic traces on the SBAS DEM (see Figs. 11 and 13).

DEM

An attempt at deriving heights using the SBAS technique only worked well for the
Prenestina AOI. Over all other AOIs, the coherence was too low for most of the
interferograms for the technique to work. The topographic features on the Prenestina
AOI correspond with the location of ancient roads documented by Quilici (1974)
(see Figs. 13 and 14). The scale of the topographic traces range from 50 m to 145 m
in width and were all around 2 m in height.

Over the Prenestina AOI, while most of the interferograms had too low coher-
ence, a very coarse DEM was possible from the image pair acquired on 10 and 26
August 2012 (see Fig. 15). The DEM is very noisy given the low coherence, but the
ancient Via Salaria can be seen very clearly as a valley or ditch traversing the fields.
This corresponds with the filtered backscatter residue (see Fig. 9), but interestingly,
no obvious topographic trace is visible on the ground (see Fig. 9).

The image pair used for the DEM is not amongst those that reveal residues of the
Via Salaria as backscatter anomalies. The presence of this slight valley may be
the reason why the backscatter residue appears more clearly at a time of low PSMD,
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Fig. 11 Subset of archaeological chart over the Prenestina AOI published by Quilici (1974) as part
of the Forma Italiae series. Red features show documented archaeological structures. Green
ellipses and blue rectangle show the locations of residues visible in Fig. 10. The yellow arrow
shows the location and direction from which the photo in Fig. 12 was acquired on the ground

-

Fig. 12 Photo acquired of one of the residues shown in Fig. 10. The photo shows that this residue
is situated in the centre of a broad valley. The photo was acquired on 6 October 2015 at 12:36

as this would perhaps enhance the difference between abundant vegetation growth
in the valley and stunted growth over the buried road.

The DEM image acquisitions coincide with high PSMD and high coherence.
Perhaps shorter and dryer vegetation is less likely to contribute to temporal decor-
relation than if the vegetation were healthy and abundant. Crop marks typically
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Fig. 13 SBAS DEM produced from CSK stripmap imagery over the Prenestina AOI. Green
ellipses show the locations of archaeological features. Yellow arrow shows the location and direc-
tion from which the photo in Fig. 12 was acquired. COSMO-SkyMed data provided by the Italian
Space Agency
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Fig. 14 Subset of archaeological chart over the Prenestina AOI published by Quilici (1974) as part
of the Forma Italiae series. Annotations in red show documented archaeological structures. Green
ellipses show the locations of residues. Yellow arrow shows the location and direction from which
the photo in Fig. 12 was acquired
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Fig. 15 DEM over the Salaria AOI derived from InSAR using the CSK stripmap image pair
acquired on 10 and 26 August 2012. Yellow ellipse shows location of the residue of the ancient Via
Salaria. The DEM is very noisy, but the residue of the ancient Via Salaria can clearly be seen. Red
arrow shows the direction and location from which the photo in Fig. 9 was acquired

emerge in such conditions when plants are in need of moisture (Jones and Evans
1975; Evans and Jones 1977; Agapiou et al. 2013). It may be therefore that the topo-
graphic anomaly is due to differential crop growth, perhaps not as enhanced as at
other times but possible to measure with InSAR due to the higher coherence.

Conclusions

This study demonstrates that surface residues of buried archaeological features in
temperate vegetated areas can (in some cases) be detected in SAR data. It also
shows that full use of all information contained in both the amplitude and phase of
SAR data can greatly enhance the detection capability. The study reveals that some
archaeological features are better visible as one of either coherence, topographic or
backscatter residues. Analysing all three not only helps to detect features, but it also
helps to interpret them as either soil marks or as positive or negative crop marks,
which in turn provides more information on the structure buried beneath the ground.

The study also demonstrates how a large time series of data can greatly aid detec-
tion of features. The more data is available, the better the speckle can be removed
through filtering in the temporal domain, to preserve spatial resolution. A large time
series also improves the ability to produce a DEM in vegetated areas using the SBAS
technique. Finally, with a coherence time series, additional information on the state of
the vegetation cover can be derived, which can aid interpretation of features.
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SAR in Desert Areas

The sensitivity of SAR to roughness and relative permittivity renders it very useful
in desert environments. Under certain conditions, microwave radiation can pene-
trate into dry sand. The penetration depth, Jp, is a function of the microwave wave-
length, A, and the relative permittivity, e = ¢ — j&', according to the expression
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This is valid when 8%, < 0.1, which is the case for most natural land surfaces,
including sand (Ulaby et al. 1982).

For dry sand, the imaginary component of the relative permittivity is very low,
which explains why signal penetration occurs at microwave wavelengths. The
expression also shows that the longer the wavelength, the greater the penetration.

The real interest in the use of SAR remote sensing for geoarchaeological applica-
tions followed the Shuttle Imaging Radar (SIR-A) discovery of buried palaeorivers
in the Sahara in November 1981. The imagery acquired over the Selima Sand Sheet,
and drift sand of the eastern Sahara, revealed previously unknown buried valleys
and geologic features (McCauley et al. 1982). SIR-A operated at L-band wave-
length (24 cm), but even shorter wavelengths can reveal features beneath a layer of
sand due to signal penetration. Figure 16 shows a part of the area first imaged by
SIR-A, revisited with Sentinel-1 and Sentinel-2. Even at the shorter frequency of
C-band, the palaeorivers of the Bir Safsaf area of the Eastern Sahara are clearly vis-
ible in the Sentinel-1 data, while the Sentinel-2 data provides information on the
surface characteristics.

A recent study is summarised here on the systematic extraction of anthropogenic
features in the North Sinai desert, taking advantage of the unique characteristics of
microwave interaction with dry sand. To fully exploit these characteristics, both the
amplitude and phase of long-wavelength SAR data from the phased array type
L-band SAR (PALSAR) sensor have been used. A full description of the research is
described in Stewart et al. (2016).

The North Sinai desert was chosen as a test area due to its archaeological impor-
tance as a land bridge connecting Africa and Western Asia (e.g. Mumford (2015)
and Oren (1989)). The area is composed mainly of Aeolian sand dune fields and
interdune areas, referred to as the northern Sinai dune field, or the Sinai-Negev erg
(Muhs et al. 2013). A significant problem in the region is caused by sand drift and
dune migration, which can rapidly bury ancient sites that may have been excavated
in the past (Di Iorio et al. 2010), and even modern structures (Misak and Draz 1997;
Hermas et al. 2012). The large size of the region, combined with the inhospitable
terrain and frequent political instability (Gold 2014), makes regular systematic sur-
vey of the area challenging. Efficient and cost-effective methods for regular, large-
scale surveys of such areas are therefore very much required. This area was chosen
as a test site to determine whether SAR remote sensing techniques could meet these
requirements (see Fig. 17).
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Fig. 16 (a) Map of the Bir Safsaf area where the images in (b) and (¢) were acquired. (b)
Sentinel-1A TW GRD VV ¢° backscatter (in dB) image acquired on 11 February 2016. (c)
Sentinel-2A L1C image acquired on 20 March 2016 corresponding to the same area as in (b).
Displayed as a true-colour combination of band 4 (red), band 3 (green) and band 2 (blue). Contains
modified Copernicus Sentinel data 2017

Table 2 shows the characteristics of the SAR data used for the analysis. Seventy-
four PALSAR-1 images in fine beam single and fine beam dual polarisation modes
were obtained from the European Space Agency (ESA). These were acquired over
nine tracks and frames which together almost completely cover the North Sinai des-
ert (see Fig. 17). For each track and frame, a time series of (on average seven) images
was available with a date range from 2007 to 2010 or 2011. Over a small subset area,
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Fig. 17 Map showing North Sinai with the footprints of the PALSAR-1 and 2 imagery used for
the analysis. The track/frame identification number of each PALSAR-1 stack is shown. The loca-
tions of features and areas of interest are shown by green and blue stars and red rectangle. The
background image is a near-infrared and visible false-colour composite of an ENVISAT Medium-
Resolution Imaging Spectrometer (MERIS) image at 300 m resolution with band 10 (754 nm)
displayed as red, band 5 (560 nm) as green and band 2 (443 nm) as blue. Data provided by ESA

Table 2 Characteristics of PALSAR-1 and 2 imagery used for the analysis

Sensor PALSAR-1 PALSAR-2
Number of scenes 74 7

Acquisition date range (year/month) 2007/06 to 2011/02 2015/08 to 2015/10
Polarisation HH HH

Pass Asc Des

Scene centre incidence angle 38.7 40-49

Final pixel spacing 10 m 2m

Wavelength 23.6 cm (L-band) 22.9 cm (L-band)

new acquisitions of PALSAR-2 data in spotlight mode were requested to the
Japanese Space Agency (JAXA), who provided seven new data acquisitions in 2015.

The objective of the analysis and the chosen dataset was to experiment with dif-
ferent techniques for anthropogenic feature detection over multiple areas and make
full use of the information content of the time series. Techniques were applied on
both the amplitude and the phase of the data in single-look complex (SLC) format.
With the amplitude data, multitemporal De Grandi speckle filtering was applied to
reduce the image speckle while preserving spatial resolution. Time series analysis
was carried out to determine the utility of the mean, maximum, minimum, standard
deviation and other parameters calculated from the time series. Processing of the
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phase involved coherence calculation between consecutive image acquisitions and
averaging all coherences.

An analysis of all imagery was carried out by a multidisciplinary team of
Egyptologists, geologists and SAR experts. A comparison of the SAR-derived
information was also made with other raster and vector information layers in a
geographic information system (GIS). These layers included geological and
archaeological charts, remotely sensed optical imagery and web map service
(WMS) vector layers of infrastructure (roads, railways, canals, etc.). The objec-
tive of this analysis was to assess whether any potential anthropogenic features
existed which were uniquely identified, or better highlighted, in the variously
processed SAR data.

Results of this analysis revealed that many seemingly man-made features were
distinguished by abnormally high backscatter compared to the surrounding sand.
Many of these were in linear form. A much smaller number of potential anthropo-
genic structures were characterised by lower backscatter relative to surrounding areas.
These were mainly confined to an area near the eastern Nile delta and Mediterranean
coast, around the archaeological sites of Tell el-Farama, Tell el-Mahzan and Tell
el-Kanais (see Fig. 17). It was decided to focus further research on two areas of
interest (AOIs):

AOI 1. The region east of Ismailia: An area of mobile sand dunes where many
anomaly linear features of high relative backscatter were identified.

AOI 2. The area of Tell el-Farama, Tell el-Mahzan and Tell el-Kanais: A coastal
area with potential archaeological features of low relative backscatter.

Over AOI 1, many of the features of high backscatter that seemed likely to be
anthropogenic were of a linear nature. A method was attempted to extract these and
convert them to vector format to facilitate comparison and analysis with other layers
in the GIS. A linear feature detection algorithm was thus developed. This was first
attempted using the multitemporal De Grandi speckle filtered imagery as input. It
worked by performing the following tests, for straight lines in all orientations, in a
moving window of pixels:

a. X, >T *X, ()
b. o, >T, *o, 3)
c. 0" (Oroen )< T, “)

where, for a line of a particular orientation, X, is the mean value of pixels along
the line, X, is the mean value of background pixels (outside the line, but within the
moving window of pixels), o; is the standard deviation of line pixels, o5 is the stan-
dard deviation of pixels outside the line, 6% (0 ocar) is the variance of the local
incidence angle (calculated from the SRTM 1 arc-second DEM) and T, T, and T;
are threshold values.
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Test ¢ was necessary to discard lines caused by high backscatter from sand dunes.
At small incidence angles, peak backscatter usually occurs at the incidence angle
equal to the angle of repose of sand dunes (Blom and Elachi 1987). Particularly for
sand dunes oriented along the SAR azimuth direction, a line of bright pixels can be
seen along the dunes.

It was noticed that the average coherence revealed the same pattern of high-
backscatter features (but as areas of high coherence) but without the lines over the
sand dunes. The linear feature extraction algorithm was therefore applied using the
average coherence as input and discarding test c. This yielded much better results.

Over AOI 2, a time series of PALSAR-2 spotlight imagery was procured to com-
plement the existing data. Processing included a range of multitemporal techniques
to better extract the low-backscatter anomaly structures. These were then inter-
preted through comparison with other information layers and with the results of
previous archaeological survey in the area.

Results
High-Backscatter Features

An example of a seemingly man-made feature of high backscatter is shown in
Fig. 18. This is one of the many features identified by the team of geologists, archae-
ologists and remote sensing experts that do not appear in any of the available optical
remote sensing imagery or WMS data. The concentric circles shown in Fig. 18 are
present in all the seven De Grandi speckle filtered PALSAR-1 images in the time
series acquired over this area from November 2007 to April 2010. As shown in the
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Fig. 18 Left: Feature identified in PALSAR-1 De Grandi filtered backscatter imagery. The feature
is centred at 30.544° latitude and 32.452° longitude. Centre: Optical image of the same area, avail-
able on Google Earth, acquired on 5 May 2010. Right: Optical image of same area, available on
Google Earth, acquired on 7 February 2007. PALSAR-1 data provided by ESA



78 C. Stewart

figure, the same features are not evident in the two very-high-resolution (VHR)
optical images available on Google Earth, reported, respectively, in February 2007
and May 2010. While the shape of this feature may resemble that of early Bronze
Age sites, such as those illustrated in Arieh (1974), its scale does not. The feature in
the SAR imagery is around one order of magnitude larger than the early Bronze Age
sites in Arieh (1974). It is more likely that this particular feature is a buried relic of
a military installation from one of the past wars that took place in this region, such
as the Six Day War (Dunstan 2012).

Over AOI 1, results of the linear feature extraction algorithm applied to the aver-
age coherence image are shown in Fig. 19. Figure 19a shows a Sentinel-2 optical
image of the AOI overlain with all available vectors of infrastructure which appear on
at least one of the following WMS: Google Maps, Open Street Map, Bing Maps and
Apple iPhoto map. Figure 19b shows the same Sentinel-2 image overlain with the
vectors of anthropogenic linear features extracted automatically from the average
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Fig. 19 Top: Sentinel-2 image over AOI 1 overlain with all WMS vectors of infrastructure (in red)
from Google Maps, Open Street Map, Bing Maps and Apple iPhoto map. Image acquired on 19
February 2016. Full-resolution (10 m) true-colour composite. All vectors correspond to roads.
Bottom: Lines extracted from average PALSAR-1 coherence (in blue) overlain on the same
Sentinel-2 subset image as in top part of figure. Yellow rectangle shows location of detail in Fig. 20.

Contains modified Copernicus Sentinel data 2016
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Fig. 20 Detail of partially buried road junction on optical remotely sensed images available on
Google Earth acquired on 5 May 2010 (left) and 7 February 2007 (right). Lines extracted from
average PALSAR-1 coherence overlain in blue. The road junction is an example of a feature not
present on any of the available WSM vector layers. It appears unchanged from 2007 to 2010 and
is visible in multitemporal speckle filtered PALSAR-1 imagery also from 2007 to 2010

coherence image. Many linear features extracted from the SAR data are not present
in any of the considered WMS vectors. Figure 20 shows a close-up of an area con-
taining such features overlain on VHR optical imagery available on Google Earth,
purported to have been acquired on 7 February 2007 and 5 May 2010, respectively.
In both images traces of partially buried tracks correspond with the SAR-derived
vectors overlain. The pattern of sand dunes in both images seems the same and
suggests that no significant sand dune movement took place between the two
acquisition dates.

Low-Backscatter Features

Over AOI 2, the features of potential archaeological interest characterised by low
backscatter are evident in Fig. 21. This shows the areas surrounding Tell el-Farama,
Tell el-Mahzan and Tell el-Kanais in the average of De Grandi filtered PALSAR-1
images in Fig. 21a, and a close-up of the areas of Tell el-Mahzan and Tell el-Kanais
in the coefficient of variation (CoV) of the De Grandi filtered PALSAR-2 spotlight
images in Fig. 21b. Figure 22 shows the same area and close-up detail as in Fig. 21,
on a VHR optical satellite image acquired by the Pleiades sensor.
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32.560 : 32.580

Fig. 21 Top: Average of De Grandi filtered PALSAR-1 images over the region of tells in AOI 1
(Tell el-Farama, Tell el-Mahzan and Tell el-Kanais). Yellow rectangle shows area of bottom part of
figure. Data provided by ESA. Bottom: Coefficient of variation of seven PALSAR-2 spotlight
multitemporal De Grandi speckle filtered images over the region surrounding Tell el-Mahzan and
Tell el-Kanais. PALSAR-2 data provided by JAXA

Tell el-Kanais

[

32.570 32.580

32.560

Fig. 22 Pleiades image acquired on 24 November 2015, covering the same area as in Fig. 21.
Image has been pansharpened to 0.5 m pixel spacing and is displayed as enhanced true-colour
composite. Pleiades data provided by ESA
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The tells were thriving inhabited areas when the Pelusiac branch of the Nile was
active and when the Mediterranean coastline was situated just to the north of the
tells. Its importance declined when the coastline migrated north and the Pelusiac
Branch silted up and was eventually abandoned by the time of the Crusades (Stanley
et al. 2008). The area comprises silt and sand, covered in places with salt crusts
(Jaritz et al. 1996).

For the areas of Tell el-Mahzan and Tell el-Kanais, Jaritz and his colleagues
published a map showing the distribution of anthropogenic surface remains in four
density classes. The map shows that surface remains seem to be clustered in a num-
ber of islands (Jaritz et al. 1996). It was suggested by the authors of this map that
these islands may have been dry areas, more attractive for settlement, surrounded by
wet and marshy land. Interestingly, the dark features on both the PALSAR-1 and 2
data show a similar pattern of island features, characterised by lower backscatter
and lower CoV of backscatter. It is suggested by Stewart et al. (2016) that a possible
reason why this pattern is also visible in the SAR data is that there may still be a
higher concentration of moisture in the formerly inundated areas. This increased
moisture presence would likely produce a higher SAR backscatter response given
the increased relative permittivity (Ulaby et al. 1982).

Conclusions

The sensitivity of SAR to surface roughness and the relative permittivity of materials
have long been recognised as useful for archaeological applications in desert
regions. The recent study carried out by Stewart et al. (2016) demonstrates the
added value that can be derived from using the phase in addition to the amplitude of
SAR data for feature extraction in desert regions. It also shows the utility of having
a time series.

Analyses of long-wave PALSAR-1 and 2 data over the North Sinai desert show
that features of historical interest can be efficiently identified and extracted over large
areas. These features may be characterised by high backscatter and high coherence
relative to surrounding areas, or by low backscatter. An interpretation of such
features can be challenging and is often not possible using the SAR data alone.

In the case of the high-backscatter features, an automatic extraction algorithm
was devised to detect only linear anthropogenic structures. It was discovered that a
distinction between backscatter due to natural sand dunes and anthropogenic fea-
tures could be more efficiently carried out with images of average coherence rather
than backscatter intensity. However, in either case, no distinction was made between
ancient and modern features. Nonetheless, efficient techniques to detect human
infrastructure (modern or ancient) abandoned or partially covered by sand could be
of significant utility in North Sinai given the problems associated with sand drift
and dune migration in the region, which can rapidly bury modern structures (Misak
and Draz 1997; Hermas et al. 2012) or ancient sites that may have been excavated
in the past (Di Iorio et al. 2010).
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In a coastal region of the eastern Nile delta, a number of low-backscatter features
were evident in the areas of Tell el-Farama, Tell el-Mahzan and Tell el-Kanais. A
possible interpretation of these was suggested by Stewart et al. (2016) following the
comparison of SAR-derived results with the outcome of previous research in the
region. Identification of features in the SAR data was aided by the availability of not
just one but a time series of SAR imagery. This enabled speckle reduction and the
extraction of parameters such as the coefficient of variation, in which features of
potential archaeological interest were more evident. Identification of features was
also facilitated by the availability of higher resolution data in the form of a time
series of PALSAR-2 spotlight imagery.

Discussion

Microwaves interact uniquely with surface materials. Recent studies present novel
ways that this interaction can be exploited for archaeological applications over land
cover types typical to Europe (such as areas of bare soil, crop and grassland) and the
Middle East (such as desert sand and coastal mudflat). These attempt to exploit the
full information content of SAR data, contained in both the amplitude and phase of
the signal. They also attempt to make efficient use of time series.

These studies have been carried out at a time of unprecedented increase in the
quantity and availability of data which is stimulating a complete transformation in
scientific analysis and operational usage. Previous limitations on data volume,
costs, analysis time and complexity are progressively being overcome, and we are
seeing the potential for new applications and user communities to reap the benefits.
The complexity of SAR data processing and interpretation has always been chal-
lenging and has hindered its uptake in many application areas, including cultural
heritage. Demonstrations of the successful utility of SAR for cultural heritage
managers could help to raise awareness of its benefits and accelerate its eventual
adoption as an operational tool.
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