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Abstract

:

Buried archaeological structures, such as earthworks and buildings, often leave traces at the surface by altering the properties of overlying material, such as soil and vegetation. These traces may be better visible from a remote perspective than on the surface. Active and passive airborne and spaceborne sensors acquiring imagery from the ultraviolet to infrared have been shown to reveal these archaeological residues following the application of various processing techniques. While the active microwave region of the spectrum, in the form of Synthetic Aperture Radar (SAR) has been used for archaeological prospection, particularly in desert regions, it has yet to be fully exploited to detect buried structures indirectly though proxy indicators in overlying materials in vegetated areas. Studies so far have tended to focus on the intensity of the SAR signal, without making full use of the phase. This paper demonstrates that SAR backscatter intensity, coherence and interferometry can be used to identify archaeological residues over a number of areas in the vicinity of Rome, Italy. SAR imagery from the COnstellation of small Satellites for the Mediterranean basin Observation (COSMO-SkyMed) have been obtained for the analysis: 77 scenes in Stripmap and 27 in Spotlight mode. Processing included multitemporal speckle filtering, coherence generation and Digital Elevation Model (DEM) creation from Small Baseline Subsets (SBAS). Comparison of these datasets with archaeological, geological, soil, vegetation and meteorological data reveal that several products derived from SAR data can expose various types of archaeological residues under different environmental conditions.
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1. Introduction


1.1. Archaeological Residues


Buried archaeological structures often leave traces on the surface by altering the properties of overlying material [1,2,3,4,5]. Such archaeological structures could include pits, post-holes, ditches and other earthworks, or constructions erected using building material (e.g., brick, stone and mortar). Under certain conditions, these structures may modify overlying material, such as soil, any vegetation growing in the soil [1,3,5], and may even effect the presence of snow and frost covering vegetated or bare soil [2]. Buried archaeological structures may also leave surface topographic traces.



When such buried features sufficiently change the overlying soil to enable their detection they are referred to as soil marks (see Figure 1). These are commonly formed when ploughing activity extracts and upends the topsoil at a sufficient depth to reveal traces of the underlying soil infilling archaeological structures. This underlying soil may differ in its chemical properties, or in the amount and nature of organic matter and anthrosols contained within it [1,2,3]. Ploughing action may also bring up fragments of constructions and man-made artifacts buried beneath the topsoil, and thus alter the appearance of the soil [6].



A manifestation of a buried archaeological structure in overlying vegetation is referred to as a crop mark (see Figure 2). Crop marks often emerge as areas of stunted growth (negative crop marks) or more abundant growth (positive crop marks), caused by underlying structures altering the depth and composition of soil in the rooting zone [1,5]. Drought can often enhance such differential vegetation growth, or reveal crop marks over archaeological structures buried at greater depths, given the need for vegetation to place deeper roots in search of moisture or nutrients [1,5]. However, the emergence of crop marks depends on many factors, including the type of vegetation and soil, depth of burial, surface morphology and local environmental conditions [7,8,9]. In certain conditions, crop marks can even become more apparent following a period of rainfall [10].



Crop marks, soil marks and other archaeological residues may be detected on remotely sensed images whilst often they may not be visible on the ground [4]. From the beginning of the 20th century archaeological residues have been discovered in panchromatic air photos acquired from remote platforms, such as balloons and aircraft [3,11]. The high reflection of near-infrared (NIR) radiation by the cell structure of healthy green plants [12] can be exploited to better enhance differential vegetation health due to buried structures [9]. Combining various measurements in the range of Photosynthetically Active Radiation (PAR) (400 to 700 nm) that photosynthetic plants absorb [13], with measurements in the NIR, can be used to further enhance subtle differences in vegetation stress [14]. Much research has been carried out on the use of multispectral [8,15,16] and hyperspectral [17,18,19] data for the enhancement of crop marks, exploiting multiple image bands from the visible to the NIR parts of the electromagnetic (EM) spectrum. The thermal infrared (TIR) part of the EM spectrum has also been used to detect buried structures due to their heat signature [20], which can be enhanced through calculations of the day-night thermal inertia [21]. Studies have also shown that ultraviolet (UV) remote sensing can enhance the visibility of crop marks in certain conditions [22].



The unique nature of microwave remote sensing, with its cloud penetration capability and independence from solar illumination has also been used for archaeological prospection. It has mainly been employed in desert regions, exploiting the capability of active microwave systems to penetrate dry sand and directly detect buried structures [23,24,25,26,27,28,29]. Over vegetated soils in temperate regions the subsurface imaging capability of current Synthetic Aperture Radar (SAR) sensors is likely to be negligible [23]. However, SAR has other unique properties that may be exploited for the detection of surface residues of buried archaeological structures. The sensitivity of microwaves to the complex dielectric constant of materials translates to a sensitivity to the moisture content of soils [30]. Another consideration is that backscatter from SAR instruments depends on the roughness and geometry of targets. These properties may be suitable for the detection of soil or vegetation residues of buried archaeological structures. Moreover, interferometric SAR (InSAR) has long been capable of measuring subtle surface topographic variations [31]. A prerequisite for repeat pass InSAR topographic mapping is high coherence. In vegetated areas coherence is usually low, given the likelihood of temporal decorrelation due to random movement of individual scatterers at the scale of the SAR wavelength. However, with a large time series of data, such decorrelation effects can be minimized with techniques such as Small Baseline Subsets (SBAS), which generate interferograms that are selected to minimise the temporal baselines between acquisitions (and also the spatial baselines when used to measure displacement velocities) [32].



Some attempts have been made to detect surface residues of buried archaeological structures in vegetated regions using SAR data, most notably in Angkor Watt [33,34], in Costa Rica [35], in Italy [36,37], and in China [38], but these have limited their analysis to SAR backscatter intensity, often focussing on the use of polarimetric SAR (PolSAR). In some cases SAR derived Digital Elevation Models (DEMs) have been used to detect topographic anomalies in vegetated areas, but only those generated from single pass InSAR or from airborne platforms, most notably to detect “bajos” in Guatemala [39], to predict the location of archaeological sites in San Clemente Island, California [40], and in Angkor Watt, to detect elevated archaeological sites [34].



The aim of this study is to assess, for the first time, the use of both the amplitude and the phase of the SAR signal (in the form of filtered backscatter, coherence and interferometric time series) to detect surface residues of buried archaeological structures. A number of sites have been selected surrounding the area of Rome where archaeological survey data exists. Over these areas 77 COSMO SkyMed (CSK) Stripmap and 27 CSK Spotlight imagery have been procured. Processing included multitemporal filtering of backscatter, calculation of coherence between consecutive image acquisitions and SBAS DEM generation over each subset area. Surface residues of buried structures have been found in all three layers of backscatter, coherence and DEM. In an attempt to understand the mechanisms and conditions responsible for the appearance of residues in each layer, an analysis of results has been carried out with interferometric coherence and Potential Soil Moisture Deficit (PSMD) data (calculated from rainfall and potential evapotranspiration).




1.2. Study Areas


The Areas Of Interest (AOIs) chosen for this study comprise a number of small (most no more than 10 km2) rural sites situated just outside the metropolitan area of Rome (see Figure 3). The land cover of each is mainly agricultural or pastural. The geology of the region is characterized by volcanic deposits (mainly pyroclastic tuff) from the Albano volcano district to the southeast and the Sabatino volcano district to the northwest, with alluvial sediments along the Tiber valley in between the two [41]. Figure 4 is a DEM of the area from the Shuttle Radar Topography Mission (SRTM). The topography gradually decreases from these two volcanic districts towards the Tiber, with valleys carved by fluvial erosion. The AOIs of Appia and Prenestina are located on the volcanic deposits of the Albano volcano, with undulating eroded valleys. The AOI of Veii is the site of an ancient Etruscan city perched on an area of volcanic deposits from the Sabatino district, in between valleys carved out from the tuff by fluvial erosion. The remainder of the AOIs are in the alluvial deposits of the Tiber, characterized by very flat topography: Salaria is in the Tiber valley, while Portus and Ostia are in the Tiber delta.



The climate of the AOIs is warm and temperate (Mediterranean), with cool winters and warm to hot summers. Figure 5 is a graph of rainfall and temperature in the time period of the SAR image acquisitions. In this period, the temperature almost every summer reached above 35 degrees centigrade, and in winters it seldom dropped below 5 degrees. The monthly rainfall was particularly high in November 2010 and November 2013, when it reached beyond 250 mm. In July and August of most years in the time period there was negligible rainfall [42].



All the AOIs are known to contain buried archaeological structures, mainly from the Roman to medieval periods. Some of these structures, perhaps not all, have been documented at various levels of detail following archaeological surveys including geophysical prospection, field walking or airborne or spaceborne optical remote sensing analysis [43,44,45,46,47,48]. A more detailed description of the archaeology, and other characteristics of each AOI, is described in the Results (Section 4).





2. Materials


SAR Data


Table 1 shows the characteristics of the COSMO-SkyMed (CSK) data. The CSK Stripmap images are all ascending pass, with a scene center incidence angle of 34 degrees and a polarization of Horizontal transmit and Horizontal receive (HH). 77 images were available in the e-geos catalogue with these characteristics over the AOIs at the time of the analyses. These were procured as they constituted the largest possible CSK Stripmap time series, with consistent geometry and polarization, that covered all AOIs.



The 27 Spotlight images also comprised the largest possible time series of CSK Spotlight data over any of the AOIs. For the CSK Spotlight coherence analysis, only the HH images were used since InSAR is very sensitive to differences in polarisation and a consistent dataset was required. For the CSK intensity time series analysis on the other hand, both the HH and Vertical transmit and Vertical receive (VV) images were used, since this analysis is less sensitive to changes in polarisation. For more precise characteristics of all data, including individual scene record numbers, see Table S1 in the Supplementary Data section.





3. Methods


Three types of SAR information layers were created from which surface residues of buried archaeological structures were detected and analysed: multitemporal speckle filtered σ0 backscatter, interferometric coherence and SBAS DEM. The methodologies of each are described respectively in Section 3.1, Section 3.2 and Section 3.3. Extracted features were analysed with meteorological data and interferometric coherence in an attempt to determine the cause of the appearance of features in the various SAR layers, the methodology of this is described in Section 3.4 and Section 3.5.



3.1. Multitemporal Speckle Filtered σ0 Backscatter


All 77 CSK Stripmap images in Single Look Complex (SLC) format were subsetted for each AOI and the 27 Spotlight SLC images were subsetted for the Prenestina AOI. The stacks over each AOI were then coregistered with the aid of the SRTM 1 arc-second (30 m) DEM. Over Prenestina each CSK image mode was coregistered separately. The images were then multilooked by a factor of 1 × 1 (CSK pixel dimensions are square at SLC), only to remove the phase component and convert the images from SLC to detected.



Multitemporal De Grandi speckle filtering was then applied to each stack. Conceptually, the De Grandi filter works by averaging in the temporal domain parts of images that are statistically homogenous. If such an area is interrupted by the appearance of a feature in one or more images, the areas to be averaged are divided to exclude this feature [49]. The De Grandi filter preserves the spatial resolution of the input images. Small scale structures in individual images are retained, making it suitable for identifying small anomaly features with only slight variations in backscatter from surrounding areas [49,50].



The speckle filtered imagery was then geocoded to the Universal Transverse Mercator (UTM) projection (Zone 33 North), with the World Geodetic System 1984 (WGS 84) datum. Terrain correction was performed with the SRTM 1 arc-second DEM. The pixel spacing of the CSK Stripmap imagery was set to 2.5 m and the CSK Spotlight to 1 m.



The imagery was calibrated to     σ 0     and converted to decibel (dB).




3.2. Interferometric Coherence


The interferometric coherence is a measure of the small scale randomness of the phase difference between coherent SAR signals. High coherence corresponds to no random difference, while low coherence corresponds to a high degree of randomness [51]. Loss in coherence may be due to many factors, one of which is the extent of small scale random movement, between image acquisitions, of individual scattering elements, such as leaves in vegetation blown by wind. This is referred to as temporal decorrelation [52].



The interferometric coherence was calculated between consecutive image acquisitions covering each AOI that have a temporal baseline of 16 days. In the case of the CSK Spotlight data, coherence was calculated between images with temporal baselines of 16 days and 1 day.



Prior to coherence generation, each SLC image pair was coregistered with the aid of a DEM (SRTM 1 arc-second). The coherence was then calculated over a window size of 5 × 5 pixels. Given the low resolution of the DEM compared to the CSK data, the local topographic phase was estimated in a 7 × 7 window and removed before coherence calculation.



The coherence images were then geocoded in the same way as that described in Section 3.1.



Coherences were plotted against the acquisition dates of both the master and slaves in all coherence charts displayed in the results (Section 4).




3.3. DEM


Given that SAR is a coherent system, the phase difference between SAR image acquisitions, separated by a perpendicular baseline, can be used for accurate terrain measurements [51]. Over vegetated areas, often temporal decorrelation prohibits the use of repeat pass InSAR for DEM generation [52]. However, with a large time series of data, this limitation can be overcome with techniques such as Small Baseline Subsets (SBAS). As described in Section 1.1, the SBAS technique generates interferograms that are selected to minimise the spatial (for displacement velocities) and temporal baselines between acquisitions, thus avoiding decorrelation effects [53]. While SBAS is primarily a technique for displacement measurement, it can also be used for DEM generation.



Over each study area, an attempt was made to generate a DEM using the SBAS technique with the available data. Given the high proportion of vegetation in all AOIs, the technique only worked well over the Prenestina AOI. However, over the Salaria AOI, despite the low coherence affecting most interferograms and/or the excessively small or large baselines, one interferogram (albeit noisy) clearly revealed the ancient Via Salaria. A DEM was therefore created from this pair alone using standard InSAR, without the need for SBAS processing.



The interferometric work flow was carried out using the ENVI SARscape software (version 5.2), the processing chain is shown in Figure 6. This is described in more detail for the Prenestina AOI in Section 3.3.1, and for the Salaria AOI in Section 3.3.2.



3.3.1. SBAS DEM: Prenestina AOI


With the availability of a time series of both Stripmap and Spotlight CSK data over the Prenestina AOI, two SBAS DEMs were created: the first using the Stripmap data, with the SRTM 1 arc-second DEM as a reference; the second using the Spotlight data, with the Stripmap SBAS DEM as a reference. The SBAS processing of the Stripmap data was therefore simply an intermediate step in the creation of the final SBAS DEM derived from the Spotlight data.



The first step in the SBAS process is to determine which image pairs to utilise to create interferograms [32]. This can be displayed graphically as a two dimensional plot (connection graph) showing the temporal and spatial baselines of the interferometric pairs. Figure 7 shows the connection graph of the Spotlight acquisitions. For both the Stripmap and Spotlight SBAS processing, image pairs were connected only if their perpendicular baselines were from 0 to 35 percent of the critical baseline, and if their temporal baselines were from 0 to 17 days. Disconnected blocks were permitted given that calculation of displacement velocities was not required.



Interferometric processing was then carried out for each connected image pair. This included DEM assisted coregistration, interferogram generation, interferogram filtering (Goldstein), coherence calculation and phase unwrapping (Minumum Cost Flow). A reference DEM was required for the DEM assisted coregistration and for topographic fringe removal to assist with the phase unwrapping. For the Stripmap data the SRTM (1 arc-second) DEM was used, while for the Spotlight data the Stripmap SBAS DEM was used.



The unwrapped interferograms were inspected. Connections yielding very noisy results were removed. In some cases, the unwrapping was repeated with the unwrapping coherence threshold readjusted.



On the selected remaining unwrapped phase images, Ground Control Points (GCPs) were placed over stable areas (mainly roads) and the unwrapped phases re-flattened to remove phase ramps due to orbit inaccuracies.



A first inversion was applied to the re-flattened, unwrapped interferograms to obtain the residual topography. Following this, a second unwrapping was performed as a further refinement. These final unwrapped interferograms were then used as input to a second inversion. The final DEM in slant range was produced following the second inversion.



The slant range DEM was geocoded to UTM zone 33 N, WGS 84. Some gaps in the DEM where the coherence was below the threshold for the phase unwrapping were interpolated.




3.3.2. InSAR DEM: Salaria AOI


During the SBAS process for the Salaria AOI, for all the interferometric pairs but one, either the coherence was very low, or the baselines were too large or small to permit DEM generation. However, during the inspection of the flattened interferograms, the trace of the ancient Via Salaria was very clearly visible in one flattened interferogram produced from the image pair acquired on the 10 and 26 August 2012. Even this interferogram had low coherence throughout most of the image, but less so than most of the other interferograms. The perpendicular baseline was 307 m and the altitude of ambiguity 21.6 m. It was decided therefore to produce a DEM over the Salaria AOI with only this image pair as a standard InSAR procedure, rather than using SBAS with the entire time series.



Due to the low coherence, the final DEM was very noisy, and no accurate absolute or relative heights could be derived from it. However, as a purely qualitative result, it was nonetheless possible to trace the line of the ancient Via Salaria in the DEM. This is discussed further in the results, Section 4.





3.4. GIS


All SAR products were imported into a Geographic Information System (GIS) [54] (using the software QGIS version 2.8.1) and compared with archaeological charts, optical images and DEMs.



Both the interpretation of the magnetometry survey published by Keay et al., 2005 [43] over the Portus AOI, and the map showing documented archaeological features by Quilici, 1974 [46] in the Prenestina AOI, were manually geometrically corrected by the author by collecting GCPs using the geocoded Pleiades imagery as a reference, and resampling the images using a first order polynomial. These could subsequently be superimposed on the SAR images in the GIS for comparison.




3.5. Analysis of Features


Having identified surface residues in the SAR data over locations in which buried archaeological structures are known, or suspected, to exist, the next step involved an in-depth analysis of these to attempt to understand why, and under what conditions, these residues are visible (or not visible) in the various SAR derived products of filtered σ0 backscatter, coherence and DEM. To achieve this, first the clarity (contrast) of identified features was quantified. This enabled the quality of archaeological residues to be compared in SAR products over time, and to be correlated with possible contributing factors relating to meteorological, vegetation and soil conditions.



3.5.1. Mean Ratio Detector (MRD)


To quantify the clarity of the identified archaeological residues, the standard Mean Ratio Detector (MRD) method was applied, as described in [55]. The MRD calculates the ratio of the local means of two areas as a measure of their difference in backscatter intensity according to the following expression:


    r  MRD   = 1 − min  {    μ X   μ Y   ,   μ Y   μ X    }    



(1)




where    μ X    and    μ Y    are the mean values of two subset regions [55]. The subset regions in this case comprise a region over the archaeological residue and a region outside but nearby (in some cases an average of two regions on either side of the archaeological residue). In the case of the σ0 backscatter images, the subset regions were extracted from the un-filtered images in linear scale.




3.5.2. Potential Soil Moisture Deficit (PSMD)


SAR is sensitive to variations of relative permittivity, which in soils is mainly determined by the presence of moisture. The higher the quantity of moisture in the soil, the higher the relative permittivity, which in turn produces a higher SAR backscatter [23,30,56]. SAR is also sensitive to roughness relative to the SAR wavelength [23], which may be affected by differential crop growth. As described in Section 1.1, a key contributing factor in the formation of many archaeological crop marks is moisture, in particular a moisture deficit which may exacerbate differential crop growth [1,3,5,10,15]. It is hypothesised therefore that there may be a correlation between archaeological residues in the SAR data and soil moisture. To test this hypothesis, the “Potential Soil Moisture Deficit” (PSMD), as described by Jones and Evans, 1975 [1], was calculated over each AOI and for each day from a month prior to the first CSK image acquisition to the date of the last CSK acquisition. The PSMD is a measure of the water available to plants. It is calculated as a difference between potential evapotranspiration and rainfall and is an approximation of actual Soil Moisture Deficit (SMD), which requires knowledge of soil and plant parameters. PSMD, on the other hand, is purely a meteorological concept [1]. Here it is calculated as the difference between local potential evapotranspiration using the Penman-Monteith formula [57], and local rainfall for each AOI individually.



Soil moisture datasets are available, such as those derived from the Advanced Scaterometer (ASCAT) of the Metop satellite [58], and from the Soil Moisture and Ocean Salinity (SMOS) satellite mission [59], but the spatial resolution of the data (25 km for ASCAT and 50 km for SMOS) was deemed too coarse for such high resolution analysis. It may have been possible to derive soil moisture directly from the CSK SAR data, but accurate SAR derived soil moisture retrieval is particularly challenging given the difficulty in separating backscatter variations due to dielectric differences from those due to roughness, with the latter usually exerting a greater influence [56]. It was decided therefore to derive information on soil moisture from calculations of PSMD using data from the extensive local network of weather stations maintained by the Italian Hydrographic Office of the Lazio region (Ufficio Idrografico e Mareografico) and the Italian Agricultural Innovation and Development Agency for the Lazio region, ARSIAL (Agenzia Regionale per lo Sviluppo e l'Innovazione dell'Agricoltura del Lazio).



Calculation of PSMD requires measurements of potential evapotranspiration and rainfall. The potential evapotranspiration data, in mm per day, was obtained on request from ARSIAL. Data was obtained from several stations, including: Fiumicino, Maccarese (UTM 33N (X): 271.379, (Y): 4.633.596); Roma, Via Lanciani 38 (UTM 33N (X): 294.721, (Y): 4.644.111); and Roma, Ponte di Nona (UTM 33N (X): 305.016, (Y): 4.641.204). For each AOI, data from the station nearest the AOI was selected, and where there were gaps, these were filled by data from the next nearest station.



The rainfall data was obtained from the Italian Hydrographic Office of the Lazio region. Daily rainfall data is available from a dense network of stations through their website [42]. The data, in mm per day, was procured from the following weather stations: Isola Sacra, Ostia, Maccarese, Tor Vergata, Salone, Capannacce, Castelgiubileo, Fidene, Roma Nord and Monterotondo. The locations of these are shown on the Lazio Hydrographic Office website [42]. As with the evapotranspiration data, for each AOI, the rainfall data from the weather station nearest to the AOI was obtained, and where there were gaps, these were filled by data from the next nearest station.



To calculate the PSMD, first the daily potential evapotranspiration was subtracted from daily rainfall, then the sum of this difference for the last 30 days was calculated. This was done for each day in the time period of CSK image acquisitions. Negative values correspond to PSMD while positive values correspond to a Potential Soil Moisture Surplus (PSMS).



Finally, the PSMD was correlated with the clarity of archaeological residues in the various SAR products, and over time (see Section 4).




3.5.3. Coherence


Another key factor in the formation of archaeological residues in the SAR data products includes the state of vegetation. It may be that the archaeological residues in the SAR data are soil marks in fallow fields, or crop marks. Lacking precise information on the type of vegetation in each field of each AOI, an attempt was made to extract some information on the state of vegetation from the interferometric coherence. The temporal baseline between most of the consecutive CSK Stripmap acquisitions was 16 days, while for the Spotlight data, the most common temporal baselines were 16 days and 1 day.



Studies have shown inverse relationships between vegetation height and coherence at various SAR frequencies, including at X-band and with COSMO SkyMed [60,61]. However, with X-band, complete temporal decorrelation is soon reached with vegetation growth and short temporal baselines are necessary to derive quantitative information on crop height [60,61]. Moreover, the rate of temporal decorrelation depends on many factors, such as crop type, moisture and wind [62]. Another factor to take into account is the perpendicular baseline [51], which in the case of COSMO SkyMed, can vary considerably between image acquisitions. Given the complexity in establishing a quantitative relationship between coherence and crop height that takes into account these variables, and given primarily the long temporal baselines (16 days for the Stripmap data), the coherence calculated here provided only a rough qualitative idea of the ground conditions. For example, if very high coherence is observed in a particular field, this may be interpreted in different ways through analysis of the time series: it may coincide with a period in which the field is fallow, or if the high coherence is observed over a longer time period, the field may be occupied by a crop or structure characterized by little random movement (such as beanstalks tied to poles). To obtain consistent datasets, for the Stripmap data only the coherence between InSAR pairs with 16 day baselines were considered, while for the Spotlight data, both 1 and 16 day baseline pairs were considered as separate datasets.






4. Results


Comparison of the SAR data with the archaeological charts over all AOIs revealed archaeological residues in Portus, Prenestina and Salaria. No archaeological residues were identified in Appia or Veii. Over Ostia only very faint traces were observed which were difficult to quantify. An in-depth analysis of the AOIs, and the residues identified in them, is provided in this section. Each AOI is shown on a NIR, red (R) and green (G) colour composite of an optical satellite image, to highlight the vegetation characteristics. In Prenestina, the same residues were observed in both the CSK Spotlight and Stripmap data. Given that the clarity of these in all the SAR product types of filtered σ0 backscatter, coherence and DEM was enhanced in the Spotlight data, the analyses for Prenestina is limited to the Spotlight data.



4.1. Portus


The AOI of Portus is located between the hexagonal harbour of Trajan to the west, the Tiber river to the east, the “Fossa Traiana” to the south and the A91 Rome to Fiumicino highway and railway line to the north (Figure 8). Being in the Tiber delta, the area is very flat with an alluvial substrate [63]. Today the AOI is in a region comprising irrigated fields of arable crops [43,64]. It is traversed by a number of roads and there are some isolated farm buildings. To the west the area is more built-up and there are a greater number of trees.



The archaeology of the area is dominated by the presence of the ancient port of Rome, in particular, the hexagonal harbour of Trajan. Construction of Trajan’s harbour began in 100 AD as an enlargement of the artificial harbour initiated by Claudius in 42 AD and continued by Nero. The harbour complex, known as Portus, replaced Ostia as the principal port for the city of Rome up to the Byzantine period. While the coastline remained stable throughout the Roman period, it has since migrated seawards by several kilometres due to a combination of neotectonic movements, sea-level changes and sediment load variations of the Tiber River. The harbour of Portus would have silted up in post-Roman times [43,65].



Much archaeological research in this area has been carried out over the years, particularly by Lanciani [66], Lugli and Filibeck [67], Testaguzza [68], and more recently, by the Portus Project. The Portus Project involves extensive non-destructive archaeological survey of Portus including geophysical prospection (particularly magnetometry), air photo interpretation and systematic surface collection. The project began in 1997 and is on-going. The work is undertaken by the Soprintendenza per i Beni Archeologici di Ostia, the British School at Rome, and the Universities of Southampton, Durham and Cambridge [43,65]. It is primarily the results of this project (which integrates also the results of previous research) that has been used to compare with the results of the SAR data analysis.



Many archaeological structures are situated near the hexagonal harbour of Trajan (see Figure 8). In the open fields between the lake and the Tiber, the most significant buried structures identified to date include a canal to the north, referred to as the Northern Canal, and a canal to the south, along which ran a gravel road, aqueduct and various buildings. Near to the Tiber, the aqueduct changed direction to enclose a trapezoidal area between it and the Tiber. The region between the aqueduct and the Tiber appears to have been densely developed [43].



Many of the larger buried archaeological structures mapped by the survey are also visible as residues in the filtered σ0 backscatter images. These include the Northern Canal and the built-up area in between the road and canal to the south, and in between the aqueduct and the Tiber river. No residues are present on the coherence images. The Northern Canal and built-up area to the south are treated as two subset areas, as shown in Figure 8. It is difficult to derive any information on buried structures from the SAR data near the hexagonal harbour of Trajan due to the high density of trees and buildings in this area.



4.1.1. Portus Northern Canal


The Northern Canal is recorded in an inscription as having been constructed under the Emperor Claudius for flood relief. It was cut into the natural alluvium and had earth embankments. It connected the Tiber river to the sea. The width of the canal, as measured in the survey of Keay et al. 2005, seems to vary between 20 and 35 m [43].



Figure 9a shows a residue of the Northern Canal on an image of filtered σ0 backscatter acquired on 16 November 2011. This is one of the clearest images of this residue on the σ0 images. Figure 9b shows the same image with the interpretation of the magnetometer survey in [43] superimposed. Figure 10 is an optical Pleiades satellite image, covering the same extent as in Figure 9. It has been pan sharpened to 0.5 m spatial resolution, and displayed as a NIR, R and G colour composite. The yellow arrow points to the location and direction from which the photograph in Figure 11 was acquired. All residues of this feature appear in higher backscatter than surrounding areas. No traces of the feature are evident on the ground, as observed on 24 May 2013 (see photo acquired on that date in Figure 11). Traces are sometimes visible on optical air photos and satellite imagery. These are enhanced in the NIR (as in Figure 10).




4.1.2. Portus Southern Urban Area


This area is also crossed by a canal, which was constructed under Trajan. It was approximately 35 m wide and the magnetic survey of Keay et al., 2005 reveals that it was probably flanked by wide walls, about 3 or 4 m wide, that may have acted as towpaths. The canal connected the Fossa Traiana with the Tiber (see Figure 8) and was probably used for navigation. To the north of the canal was a road, about 15 m wide. However, the magnetic survey only noted the kerbs of this road. It is likely therefore that it had only a gravel surface rather than stone paving. To the north of the road passed an aqueduct, which was carried on piers. The geophysical survey revealed two phases of development of the aqueduct: the first phase predated the canal and road, while the second took place in the Trajanic period, probably at the same time as the canal and road were built. In between the canal and the road, a series of buildings have been detected by the geophysical survey. Also, as the aqueduct changes direction and forms a trapezoidal area between it and the Tiber, the area in between the Tiber and the aqueduct seems to have been densely developed. Surface ceramics from these areas suggest construction began primarily from the second century onwards. Development was thought to have been stimulated by the presence of the canal and road [43].



Figure 12a is a subset of a filtered σ0 backscatter image acquired on 9 July 2012. This is one of the images that best reveals residues of the buried urban structures in this area. These buried urban structures are between the canal (to the south) and the gravel road and aqueduct (to the north), and between the aqueduct, further to the north, and the Tiber river. Other structures, such as the canal, road and aqueduct, do not appear as residues in any of the SAR images. In all images in which traces of these urban structures are visible, they are visible as areas of lower backscatter relative to surrounding areas. Figure 12b shows the interpretation of the archaeological survey of Keay et al. [43] overlain. The vast majority of the features identified in this survey were from magnetometry prospection, but a few structures were identified in crop marks on air photos, such as the isolated building to the west of the aqueduct as it travels roughly parallel to the Tiber. Figure 13 is another subset of the same Pleiades image as in Figure 10, also pan-sharpened and displayed in the same band combination. Some of these structures are also faintly visible in this Pleiades image.




4.1.3. Portus Features Analysis


Figure 14 shows the location of subset areas extracted over and outside of each of the residue areas in the Portus AOI for the MRD contrast analysis. Figure 15 shows the contrast of the residues in the σ0 backscatter over time, and plotted with PSMD. No clear correlation in the clarity of the two features over time is present. Perhaps this is not surprising, given that the two residues are of a completely different nature (possibly manifestations of positive and negative crop marks respectively). The contrast of neither residue appears to correlate with PSMD. However, this may not play a role if the residues are situated in irrigated fields [64].



Figure 16 shows the contrast of residues in the σ0 backscatter with residue coherence over time, while Figure 17 compares them in a scatter plot. Over the Northern Canal residue, in most cases, high contrast in the σ0 backscatter is observed with high coherence. The image pair acquired between 22 April and 8 May 2011, for example, has a coherence of 0.68 over a temporal baseline of 16 days. In both images the Northern Canal residue appears clearly (see Figure 18). The coherence prior to this date is unknown, as there is a gap in the interferometric time series of six months. However, in the following interferometric pair (from 8 to 24 May 2011), the coherence drops to 0.31 (approximately the same coherence value as in the surrounding fields), and the canal contrast also drops in the σ0 backscatter. As mentioned in Section 3.5.3, very high coherence may be observed over a fallow field, or over a field of crops characterized by very little movement, such as dried stems or crops tied to poles. In both cases, it is possible that the cause of the residue is in the soil. It may be therefore that the residues of the Northern Canal in the images acquired on 22 April and 8 May 2011 are soil marks. Between the image pair acquired on 13 and 29 October 2012 there is also a high coherence of 0.52 over the Northern Canal residue. Also in this case the residue is clearly present in the σ0 backscatter of both images. Before and after this image pair, the contrast of the residue rapidly declines, as does the coherence. Where there is low coherence and high residue clarity, the residue may still be a soil mark, only there may have been some change to the field, such as rainfall, strong winds or human activity sufficient to reduce the coherence.



Over the southern feature, the residues appear with greatest clarity at times of low coherence. The fact that the residues appear as areas of lower than surrounding backscatter (in contrast to the Northern Canal) may be a result of negative crop marks. This could be explained by the buried urban structures hindering vegetation growth, as described in Section 1.1.





4.2. Ostia


The AOI of Ostia is bordered to the north and west by the excavated part of the ancient Roman port city of Ostia, to the east by the Viale dei Romagnoli, and to the south west by the Via di Tor Boacciana (which also traverses the centre of the AOI) (see Figure 19). It is situated very close to the Portus AOI, and is also in the Tiber delta, thereby characterised by very flat topography and alluvial substrate [63]. The area today comprises fields of grass, dotted with the occasional tree. The soil is of class 3, with notable limitations mainly due to stoniness and shallow depth (as a result of the buried structures), and possibly also to poor texture or chemistry [69].



The ancient city of Ostia predates Portus. Historical accounts state the city was founded, as a colony of Rome, in the seventh century BC. However, the oldest archaeological remains date back only to the fourth century BC [70]. Following the construction of Portus, Ostia gradually fell into decline and was eventually abandoned in the 9th century AD [71].



Extensive excavations were carried out in Ostia from 1938 to 1942 for the World Exhibition of 1942 in Rome. However, around 50 to 60 per cent of the area remains unexcavated [44]. In the fields of the AOI, buried streets and buildings continuing from the excavated part of Ostia have been identified as crop marks in air photos and in geophysical surveys carried out by Becker and his team [44]. An attempt was made by Linck et al. to identify archaeological residues over the same area surveyed by Becker and his team using TerraSAR-X High-resolution Spotlight (1 m resolution) data acquired in October 2012 in the experimental 300 MHz bandwidth. Only a few faint traces of buried structures were visible [72]. Also in the analysis of the CSK filtered σ0 backscatter described in this paper, only a very few faint traces were observed, which were difficult to quantify or unequivocally attribute to buried archaeological structures. No structures were identified in the coherence time series, which was characterized throughout by low coherence. This also inhibited InSAR or SBAS DEM generation.




4.3. Appia


The AOI of Appia comprises the area selected by the project “Mapping the Via Appia”. This area surrounds a part of the ancient Appian Way at the 5th Roman mile from its origin in Rome. It is bordered to the north by the Via di Tor Carbone, to the south by the Via Torricola, to the east by the Via Appia Nuova and to the west by the Via Ardeatina. The AOI is within the “Parco Regionale dell’Appia Antica”. This is one of the larger AOIs. Figure 20 shows the location of the AOI on a NIR colour composite image. Figure 21 is a geolithological chart of the AOI, which shows the lava tongue on which the ancient Appia road was built, and from which the basalt paving stones of the road were quarried. The majority of the surrounding geolithology is also volcanic and comprises pyroclastic deposits, including tuff [63]. Figure 22 shows the agropedology of the area, which consists of soils of class 1, 2 and 3. The limitations of the class 2 and 3 soils are mainly due to stoniness, shallow depth, poor texture or chemistry [69]. Figure 23 is a land use map of the area, with particular attention given to vegetation classes. Most of the AOI is taken up by arable land [64].



The archaeology of the area is dominated by the Appian Way, the construction of which began in 312 BC [45,74]. Many structures were built in proximity to the road in antiquity, particularly tombs, but also inns, workshops and villas [45,74]. The AOI was chosen by the Mapping the Via Appia project due to its lack of modern development and the abundance of structures that were known to exist here in antiquity, and many of which are no longer present on the surface. These structures have been identified in various ancient sources: These include maps, such as from Carlo Labruzzi (1748–1817); etchings, such as those of Giovanni Battista Piranesi (1720–1778), and other sources. Various prospection techniques have been applied in the area by the Mapping the Via Appia project, including geophysical prospection (magnetometry, georadar and resistivity), analyses of historical air-photos and satellite imagery, and excavation. The results of these have been inserted into a project GIS [45]. This GIS has been used as a source of comparison for the SAR analysis.



Analysis of the SAR data did not reveal any features which could be unequivocally associated with the presence of buried archaeological structures: neither in the filtered σ0 backscatter, nor in the coherence time series. The coherence time series was characterized throughout by low coherence, which inhibited InSAR or SBAS DEM generation.




4.4. Prenestina


The AOI of Prenestina comprises an isolated rural area situated south of the modern Via Prenestina, and between the urban areas of Prato Fiorito (to the east), Torre Gaia (to the south) and Torre Angela (to the west) (see Figure 24). Most of the AOI is occupied by arable fields of non-irrigated crops [64] (see Figure 25). The topography throughout the area is undulating. The soil is mainly of class 3. Its suitability for cultivation may be hindered by stoniness, shallow depth, poor texture or inferior chemical composition [69] (see Figure 26). The substrate is mainly pyroclastic, from the Albano volcano district, with some alluvial material in the valleys [63] (see Figure 27). This is one of the two largest AOIs (together with the Appia).



The AOI lies approximately half way between the ancient cities of Rome and Gabii. It was traversed in antiquity by a number of Roman roads, including, amongst others, the Via Gabina, which then became the Via Prenestina. The Alessandrina aqueduct also crossed the area. Numerous other archaeological structures have been, to varying degrees of accuracy, identified in the area, including villas, tombs, wells and cisterns, and even small settlements [46]. A few structures have been excavated in the course of urban development. During the construction of Tor Bella Monaca in the 1980’s, a part of the Via Gabina was excavated, revealing basalt paving stones. Part of the bath complex of a villa, in use from the fourth century BC, was also excavated, and the remains of a portico belonging to a Roman farmhouse [75]. Some structures are still upstanding, including some of the arches of the Alessandrina aqueduct. Most of the AOI has been un-touched by excavation and many archaeological features have been interpreted from scarce fragments of material at the surface following ploughing, such as ceramic, brick and stone [46].



The area in which the AOI is situated has, since the late 1950’s, seen rapid and extensive urban development as a vast expansion of suburban Rome, as a result of which many archaeological sites have been destroyed [46]. The fast pace of development stimulated Lorenzo Quilici, in 1969, to begin a massive archaeological survey of an area of just over 10 × 10 km surrounding, and including, the AOI. This survey reports on the results of field walking, air photo interpretation and excavation, wherever these were undertaken. It provides a comprehensive description of all finds, including photos. It summarises the results of previous research in the area, such as that carried out by Pietro Rosa, Rodolfo Lanciani, Thomas Ashby and Jean Coste [46]. The 938 page volume was published in 1974, and this is the source used to validate archaeological residues identified in the SAR imagery of the area.



Over this AOI, archaeological residues were identified in all three SAR product types, and in both the Stripmap and Spotlight data. Results are reported here only of the Spotlight data processing given that the residues are generally clearer and more often present in all the product types of the Spotlight times series. This is probably due to the enhanced resolution, and the availability of 1-day as well as 16-day InSAR pairs.



Figure 28 shows one of the CSK Spotlight filtered σ0 backscatter images, acquired on 25 July 2010. Figure 29 shows one of the Spotlight coherence images, derived from the InSAR couple acquired on 9 and 25 July 2010 (16 day temporal baseline). Figure 30 shows the Spotlight SBAS DEM. Figure 31 shows the subset covering the AOI of the map showing all the archaeological structures documented by Quilici, 1974 [46]. Figure 32 shows a Pleiades image over the AOI acquired on 20 April 2014 as a colour composite of NIR, R and G displayed respectively as R, G and B.



On each of Figure 28, Figure 29, Figure 30, Figure 31 and Figure 32 archaeological residues are highlighted in yellow. These are named according to their catalogue number in the archaeological chart of Quilici [46]. Their clarity differs between the various SAR products. The residues are all of roads. Most other structures recorded in this area in Quilici [46] have been interpreted from scant surface fragments, and they may not have a coherent form.



4.4.1. Road 384


In the archaeological chart of Quilici, 1974 [46], a road has been recorded that traversed the AOI horizontally, to the south of, and parallel to, the modern Via Prenestina. The road (with catalogue number 384) was also identified in parts by scholars such as Rodolfo Lanciani and Thomas Ashby. Traces of it are visible in air photos as crop marks [46]. A part has been excavated at Tor Bella Monaca Figure 33, revealing the basalt paving stones of two phases of development. This excavated part continues for no longer than around 245 m. Elsewhere in the AOI the only traces at the surface are topographic. In some cases as a very narrow trough Figure 34, and in others as a wider valley Figure 35. The road has been identified as the Via Gabina, which then became the Via Prenestina [75]. However, for consistency, here it will be referred to by its catalogue number in Quilici as “Road 384”.



This feature is visible in all the SAR product types: in the filtered σ0 backscatter images the centre is most visible (where there is a narrow trough), in the coherence images the parts of the road that continue along wider valleys appear clearest, while in the DEM, most sections are visible. It is likely that the topography itself is the cause of the residues in all SAR products. The filtered σ0 backscatter is sensitive to the narrow trough probably due to its geometry, the sides of which possibly act as corner reflectors. This would explain why this segment of the road is visible in all the images of filtered σ0 backscatter, as the geometry is less ephemeral than a crop or soil mark. The coherence residue, which is always distinguished by lower coherence over the feature with respect to surrounding areas, is likely due to increased crop growth at the bottom of the wider valleys where water would collect. The best example of the coherence residue is in the 9 and 25 July 2010 pair (16 day temporal baseline).




4.4.2. Road 492


This road is recorded in Quilici [46] as having been identified by Pietro Rosa in the late 19th century [76] as surface remains in open fields which are now occupied by modern urban development. The road was also observed as crop or soil marks in air photos, and pieces of stone paving, brought to the surface by ploughing, can be found occasionally throughout the course of the road [46]. In this short stretch between the urban areas of Valle Fiorita and Tor Bella Monaca, it appears clearly on the DEM and in the same coherence images in which the residue of Road 384 appears as it crosses the same field. It is much less evident in the images of filtered σ0 backscatter.




4.4.3. Road 497


This road, which connected the settlement of Osteria dell’Osa with the Via Casilina, was still in use in the first decades of the 20th century. The segment of this road highlighted in Figure 28, Figure 29, Figure 30, Figure 31 and Figure 32 shows on the archaeological chart of Quilici (Figure 31) as a continuous line followed by a dashed line (after a fork in the road). The line becomes dashed as no physical traces remained of the segment at the time the archaeological chart was published. However, based on evidence elsewhere along its course, it was suspected to have continued along the route of the dashed line [46].



Parts of this road are visible in some of the images of filtered σ0 backscatter (see Figure 36a), and coherence (see Figure 36b). Along the dashed line there is no longer any topographic trace in the DEM (see Figure 36c). On 6 October 2015 a UAV was flown over this part of the feature and a very high resolution photogrammetric DEM was produced, with a spatial resolution of 12 × 12 centimeters (see Figure 36d). In this DEM a trace of the road is visible where it is suspected to continue. It is also visible in the UAV orthophoto that was used as input to the DEM (see Figure 36e). It is partly visible in a Pleiades image acquired on 20 April 2014, displayed as a colour composite of NIR, R and G displayed respectively as R, G and B in Figure 36f. A subset of this area in the archaeological chart of Quilici is shown in Figure 36g. No topographic or other traces are visible on the ground (see photo 5 in Figure 36h).



The archaeological chart of Quilici documents the presence of other roads, and a villa with unknown perimeter, in the same area as the segment of Road 497 discussed here (see Figure 36g). None of these have been identified in any of the imagery, SAR or optical. From extensive surface finds, the villa is thought to be at the centre of a vast archaeological area [46]. Perhaps the remains of these features are scattered, due to damage or looting, to the extent that they no longer have a coherent shape that may be detectable on remotely sensed imagery.




4.4.4. Prenestina Features Analysis


The contrast of the archaeological residues in the various SAR images were quantified and compared over time. They were also correlated with PSMD and coherence, as described in Section 3. Figure 37a shows the MRD subsets over a western part (green) and an eastern part (red) of Road 384 overlain on one of the clearest images on which these residues appear: the coherence image from the CSK Spotlight pair acquired on 9 and 25 July 2010. Figure 37b shows the MRD subsets over Road 497 overlain on the clearest image on which this residue appears: the CSK Spotlight image of filtered σ0 backscatter, acquired on 25 July 2010. Figure 38a shows the areas where profile plots were produced from the Spotlight SBAS DEM of the topographic residues of Road 384. Figure 38b shows the area where a profile plot was produced from the UAV DEM of the topographic residue of Road 497.



The reason for selecting two areas for MRD calculation along Road 384 is that they are both in different fields and the similarity in the contrast of the two archaeological residues are not the same in all images. No analysis was done of Road 492 due to the fact that the archaeological residue over the western part of Road 384 lies in the same field as the residue of road 492, and the difference in the clarity of each is the same for every image (the residue of the western part of Road 384 is always a little clearer than that of Road 492).



Figure 39 compares the clarity of each of the archaeological residues in each of the Spotlight SAR products (filtered σ0 backscatter, 1 and 16 day coherence), plotted over time and with PSMD. The DEM is not included as this was calculated using the entire time series. The chart shows that the coherence residues over the eastern and western parts of Road 384 and over Road 497 all have similar contrast changes over time. The clearest coherence residues are in the 16 day coherence imagery from July 2010, in particular for the western part of Road 384. The σ0 residues over the three features do not vary consistently over time as do the coherence residues. However, in the case of the σ0 residues over Road 384, the residues seem more to be due to a geometric effect of the topography, particularly in the central part (the eastern part revealing no significant residue, while the western part a little more, but still not varying significantly over time). The σ0 residue over Road 497 on the other hand may more likely be a crop or soil mark than a geometric effect of the topography, and the peak residue contrast coincides with the peak coherence contrast in July 2010.



There does not appear to be any correlation between the σ0 residues and PSMD, although the time of peak visibility of the σ0 residue over Road 497 coincides with the time of greatest soil moisture deficit. This supports the argument that the σ0 residue over Road 497 may be a crop mark, given that archaeological crop marks caused by differential crop growth often occur at times of drought (see Section 1.1). In contrast, there does seem to be some correlation between PSMD and the coherence residues, which appear with greater contrast 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. The fact that all the coherence residues are due to lower coherence than surrounding areas leads further to interpret the features as positive crop marks.



Figure 40 compares the contrast of the three coherence residues with the coherence of each respective residue (calculated over the subsets which include the residues only). Interestingly, for the 16 day coherences there seems to be a proportional relationship between residue contrast and coherence, while over the 1 day coherences there appears to be an inversely proportional relationship. Given that coherence is entirely lost over the vegetated areas in most of the 16 day coherence images, it is not surprising that low residue contrast coincides generally with low coherence. However, the coherence is never entirely lost over the vegetated areas in any of the 1 day coherence images, as a consequence of which the relationship has more significance. The lower coherence may be a result of higher vegetation and a greater sensitivity to differential vegetation growth. The lower coherence may of course be due to other factors, such as rainfall, but the high contrast in 1-day coherence residues also coincide with greater soil moisture deficit (see Figure 39).



Figure 41 compares the contrast of the σ0 residues over time with coherence over the residues. No particular correlation is observable between the residues over Road 384 and their coherences, but as stated above, these residues are likely to be geometric and due to a lesser extent to environmental or vegetation factors. Over the σ0 residue of Road 497, while there is little observable correlation in the absolute values (exacerbated by the difference between 1 and 16 day coherences), there is nonetheless some similarity in their patterns over time, with highest coherence observed at times of highest σ0 residue contrast.



Figure 42 compares the contrast of the σ0 residue with the 1 and 16 day coherence residues of Road 497. Some correlation can be observed with the 16 day coherence residues, supporting the argument that these are manifestations of positive crop marks on both the σ0 and coherence images. No significant correlation exists with the 1 day coherence residues, although residues were identified over Road 497 neither in the 1 day coherence images, nor in the σ0 images on the dates of the 1-day coherence acquisitions.



Figure 43 shows the topographic profile of the eastern and western residues of Road 384 on the DEM derived from the SBAS processing using the Spotlight data, and the topographic profile of the residue of Road 497 on the DEM produced by optical UAV photogrammetry. The residues of Road 384 show clear valleys of differing widths. The residue of Road 497 shows a very slight topographic trace, but this is negligible compared to surrounding topography, and is not visible on the ground.





4.5. Salaria


The AOI of Salaria is the smallest AOI. It includes two fields of irrigated arable crops [64] traversed by the ancient Via Salaria 10 Roman miles from its origin [47]. The area is situated on the edge of the flat lands of the Tiber valley, north of the settlement of Settebagni and in between the modern Via Salaria (to the right) and the A1 “Roma Nord” motorway (see Figure 44). The substrate is alluvial [63] and the soils of the fields are of class 2, with only minor limitations for cultivation due to stoniness and excess water, either in the form of stagnant water in the soil or possible flooding [69].



The ancient Roman Via Salaria is believed to have been constructed as a paved road from the beginning of the third century BC [77]. No trace of the ancient Via Salaria is visible on the surface of the fields, but the line of the road has been identified as crop marks in optical air photos (e.g., by Quilici and Quilici Gigli in the 1970s [47]) and in optical satellite imagery (e.g., by Panu Hyppönen in 2014 [78]). In 1977, a cylindrical stone was found in the area, which is believed to be the 10th milestone. It was discovered at a depth of around 70 cm, during ploughing, at around kilometre 17.7 of the modern via Salaria [47,78]. The standard width of “viae publicae” (public roads) constructed from the third century BC was generally around 4.2 meters, which was sufficient to allow two way traffic [79], this corresponds with the width of crop marks over the road in the AOI.



Figure 45 is a Pleiades image of the Salaria AOI acquired on 22 May 2014 and displayed as a colour composite of NIR, R and G as R, G and B respectively. Figure 46 shows the AOI on a filtered σ0 backscatter image acquired on 7 April 2013. This is the filtered σ0 image on which the residue of the ancient Via Salaria appears clearest as a line of low backscatter traversing the field adjacent to the modern Via Salaria. All the residues on the filtered σ0 images appear as areas of lower backscatter relative to surrounding areas. No residues were identified in any of the coherence images.



Figure 47 shows the DEM produced from the image pair acquired on 10 and 26 August 2012. The result is very noisy given the low coherence, but the ancient Via Salaria can be seen very clearly as a slight topographic depression traversing the fields. This was one of the few image pairs from which it was possible to derive a DEM (albeit noisy) and the only one on which the Via Salaria is visible.



Figure 48 is a photo acquired of the area on 1 October 2016. No topographic, or any other, trace of the ancient Via Salaria is visible. Figure 49 shows the best available example of the ancient Via Salaria as a straight negative crop mark surrounded by positive crop marks, in an optical image available on Google Earth, acquired on 11 September 2009. The location and direction from which the photo in Figure 48 was acquired is shown as a yellow arrow on this image.



Salaria Features Analysis


Figure 50 shows the subset areas over the ancient Via Salaria, and on either side of it, which were used to quantify the residue contrast in each of the σ0 backscatter images. Figure 51 compares the σ0 residue contrast of the Via Salaria over time and with PSMD. The graph shows no clear correspondence between PSMD and σ0 residue contrast, although the times of highest contrast coincide with a period of high PSMS, which is not characteristic of crop marks.



Figure 52 shows σ0 residue contrast with residue coherence. Throughout most of the time series there is no clear σ0 residue contrast and coherence is consistently low. At the time of greatest σ0 residue contrast, the coherence is at the same low value as throughout most of the time period.



Given that the σ0 residues appear as areas of lower relative backscatter, and given the low coherence in all images, it is likely that these residues are manifestations of negative crop marks, as is the case with the image on Google Earth. The presence of the topographic anomaly on the DEM indicates that there is still a slight topographic trace of the road. The photograph of the location of the residue on the ground shows that this is not visible at the surface (at least not at the time the photo was acquired). The negative crop mark along the buried road in the image on Google Earth is perhaps due to paving stones beneath the ground hindering crop growth. The positive crop marks on either side of the road in the same image may correspond with ancient drainage channels, but their broad and irregular nature, and the fact that they are mainly in the southern part of the road, suggests that they may instead be due to the accumulation of water within the slight valley causing enhanced crop growth where this is not hindered by the ancient road. The presence of this slight valley may also be the reason why the σ0 residue appears more clearly at a time of high PSMS, as high PSMS perhaps enhances the difference between abundant vegetation growth in the valley with stunted growth over the buried road. Although this is in contrast with the appearance of the residue in the available optical imagery of the area, on which it appears mainly in the hot summer months of July, August and early September, when the vegetation is parched. However, the appearance of crop marks in optical images is a result of colour differences, which is not the case for SAR.



The CSK Stripmap images used to produce the DEM were acquired on 10 and 26 August 2012. This does not coincide with high contrast of residues on the σ0 backscatter, but it does coincide with high PSMD and high coherence. Perhaps the stunted and parched vegetation is less likely to contribute to temporal decorrelation than healthy, abundant growth. This may also be a time for the emergence of crop marks, as confirmed in the available optical images. It may be therefore that the topographic 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.





4.6. Veii


The AOI of Veii is situated in the rolling countryside between the Tiber valley and the Sabatino volcano district, on a raised plateau of tuff from the pyroclastic deposits of the Sabatino volcanic eruptions [63]. It is located to the east of the small settlement of Isola Farnese (see Figure 53). The landscape comprises arable fields and permanent pasture [64]. The soils include class 1 (very productive) to class 2 (some minor limitations for cultivation) and class 3 (more significant limitations for cultivation). The limitations of the class 2 and 3 soils are mainly due to stoniness, shallow depth, poor texture or chemistry [69].



The area was the site of the ancient Etruscan city of Veii, the richest city of the Etruscan League. It prospered until its defeat by Rome in 396 BC. It continued to be occupied under the Romans, but its eminence declined until the city was eventually abandoned [80]. From the 19th century, the site was studied by many scholars, including Gell, Nibby, Canina, Dennis, Stefani, Lanciani, Colini and Giglioli. After the Second World War, significant archaeological research in Veii was carried out by John Ward-Perkins of the British School at Rome [80]. More recently, the La Sapienza University of Rome carried out an extensive survey of the area as part of the “Veii Project”. This includes analysis of a large archive of air photos and large scale geophysical (magnetometry) prospection. The magnetometry survey has covered almost the entire plateau and has revealed a dense network of buried streets and buildings [48]. This dataset has been used to compare with the SAR data.



Analysis of the SAR data did not reveal any features which could be unequivocally associated with the presence of buried archaeological structures: neither in the filtered σ0 backscatter, nor in the coherence time series. The coherence time series was characterized throughout by low coherence, which inhibited InSAR or SBAS DEM generation.





5. Discussion


Archaeological residues in the CSK data were clearly visible in 3 out of the 6 AOIs. The AOIs situated in the flat alluvial Tiber river valley and delta were perhaps more successful at revealing residues: in both the Portus and Salaria AOIs, features were clearly visible. Even in the Ostia AOI some very faint traces were found. The AOIs situated over the pyroclastic deposits of the Albano and Sabatino volcano districts were a little less successful at revealing residues and these were only found in 1 of the 3 (Prenestina). Moreover, in the case of Prenestina, most (if not all) of the anomalies appeared to be of a topographic nature. In most areas the soil types were of class 2 and 3, in most cases limited by stoniness, shallow depth, poor texture or chemistry, and in others by excess water, either in the form of stagnant water in the soil or possible flooding. Residues were found on all these soil types. They were also present on both irrigated and non-irrigated agricultural land.



No clear correlation could be found between residue contrast and PSMD. The residue of Road 497 in the Prenestina AOI was most apparent at a time of high water stress, but this was not the case for the other residues. However, the other residues that were not of an obvious topographic nature were situated over the alluvial Tiber plain, in irrigated fields. Over these areas PSMD may have been less relevant.



Not all archaeological structures documented in each area left residues in the SAR data. Mainly linear features, such as roads and canals, were evident. This is perhaps due to the easy recognition of the shape of such features. Many of the archaeological structures identified in the various surveys that took place in the AOIs were interpreted from scant surface remains. This is particularly the case for the survey reported in Quilici, [46] over the Prenestina AOI. These structures may no longer have a coherent shape that would allow easy interpretation on remotely sensed data.



Where archaeological residues were found, they were present in either the filtered σ0 backscatter, the interferometric coherence (of 1 or 16 day temporal baseline), or the DEM (produced either by SBAS or InSAR). The sections below discuss the results of archaeological residue detection in each of the SAR data products.



5.1. Filtered σ0 Backscatter


Multitemporal speckle filtering made a significant difference in the ability to distinguish archaeological residues in the σ0 backscatter. Figure 54 illustrates this by comparing an image of σ0 backscatter acquired on 20 December 2012 over the Northern Canal residue of the Portus AOI (Figure 54a), with the same image after having applied De Grandi speckle filtering using only 10 images (Figure 54b), and using all 75 images of the time series (Figure 54c). The filtering preserves the spatial resolution and the details in the image become increasingly clear the more images are used in the filtering. With 10 images, and particularly with 75 images, it is possible even to detect plough lines in the fields.



Residues were found in the images of filtered σ0 backscatter both from higher and lower backscatter relative to surrounding areas. Each is described in the subsesctions below.



5.1.1. Filtered σ0 Residues Due to High Relative Backscatter


Over both the Northern Canal in the Portus AOI and Road 497 in the Prenestina AOI, residues were distinguished by high backscatter.



In the case of the Northern Canal, the peak residue contrast was observed during times of very high coherence. Given the rapid temporal decorrelation in X-band SAR coherence over vegetated areas [60,61], it is unlikely that significant loose vegetation is present in areas where X-band coherence is high after a temporal baseline of 16 days. If coherence is high, it may be that the fields are occupied by bare soil, or rigid vegetation (e.g., dried stumps or crops fixed to poles). If either is the case, it is suggested that it may be properties of the soil (differences in moisture or composition) that reveal the buried structures. The photograph of the residue revealed no topographic (or any other) trace. No correlation between the contrast of the Northern Canal residue and PSMD was observed, but if the residue is situated in irrigated fields, it may be less likely to be affected by external moisture conditions.



The residue of Road 497 in the filtered σ0 backscatter in the Prenestina AOI is also distinguished by high relative backscatter. In this case the coherence is always low. The UAV DEM reveals the presence of a very slight topographic valley corresponding to this feature. It may be that the high relative backscatter is a result of increased scattering from more abundant vegetation growth (positive crop mark), or an increased moisture presence. Such vegetation or moisture differences may be a result of subtle differences in water drainage in the valley. The valley itself is not visible on the ground, nor is any trace of the residue. The residue of Road 497 appears clearly at times of high PSMD, which is known to provoke the appearance of negative crop marks [1,5].




5.1.2. Filtered σ0 Residues Due to Low Relative Backscatter


Over the built-up areas to the south of the Portus AOI, and over the AOI of the ancient Via Salaria, residues were distinguished by lower backscatter relative to surrounding areas. It is likely that these are both due to negative crop marks. In both cases low coherence is observed throughout the occurrence of residues, which may be a result of vegetation cover. The low backscatter may be indicative of shorter, stunted vegetation (smoother relative to the incident microwave signal), or it may be a result of a lower dielectric constant due to lower levels of moisture in parched vegetation, or shallower soil. These arguments are supported by the fact that both archaeological features causing the residues are objects made from construction material: confirmed by the magnetometer survey in the Portus AOI, and the negative crop mark in the optical image of the Via Salaria (probably due to basalt paving). No particular correlation was observed with PSMD, but this may again be expected if the residues in both AOIs are situated in irrigated fields.



The Portus AOI lies in the geologically flat area of the Tiber delta. Aside from on freely available topographic datasets from SRTM and ASTER GDEM, the topography of the Portus AOI was not measured at very high vertical accuracy. Moreover, the southern urban feature was not inspected, given access constraints. However, the nearby Northern Canal was possible to inspect, during which time no topographic trace was evident. When the area of the Via Salaria residue was inspected, it appeared flat, but the InSAR DEM revealed a clear low topographic anomaly over the Via Salaria itself. If this is due to stunted vegetation, it would support the interpretation of the low relative σ0 backscatter residue as a negative crop mark.





5.2. Coherence


While the coherence was used throughout the AOIs to obtain additional surface information, the actual detection of residues on coherence images was limited to the Stripmap and Spotlight data over the Prenestina AOI. Here residues of lower relative coherence were identified that correspond to known archaeological structures. These residues are interpreted as positive crop marks, given that more abundant vegetation is likely to reduce coherence [61,62]. In most cases the residues were in topographic valleys, and it is likely that the coherence anomalies are a result of topography induced moisture and soil differences resulting in differential vegetation growth. If this is the case with the residue of Road 497, it would suggest that even very subtle variations in the topography, not visible to the naked eye at the surface, are sufficient to cause coherence residues. Over the ancient Via Salaria, a topographic anomaly was detected, but this was not identified in any of the coherence images. However, low coherence was observed throughout most of the InSAR time series in this area, and the few occasions when coherence was not completely lost did not coincided with the appearance of σ0 residues. It is likely therefore that the conditions for differential crop growth were not present when they may have been detected in the coherence.



The coherence residues occurred at times of peak PSMD (in dry periods). The peak residue occurred in a coherence image with a 16 day temporal baseline (between 9 and 25 July 2010). However, this happened to span the time of peak PSMD in the time series and in general the 1 day coherences yielded higher contrast residues.




5.3. DEM


The SBAS processing was successful only over 2 of the 6 AOIs using both Stripmap (Prenestina and Salaria) and Spotlight (Prenestina) CSK data. However, over Salaria only a very noisy result with one interferometric pair was possible. In both AOIs topographic anomalies corresponding to locations of known archaeological structures were detected. In the case of Prenestina, these were visible on the ground as valleys of varying width, but in the case of Salaria, there was no topographic evidence on the ground. However, the area was not inspected at the same time as the acquisitions of the images with which the DEM was created. There may have been differential vegetation growth, in the form of a negative crop mark, sufficient to be detected on a DEM derived from Stripmap data, even if not on the σ0 imagery. In the case of Prenestina, the topographical anomalies seemed permanent.



Repeat pass SAR interferometry may not be the most efficient technique for DEM generation over vegetated areas. Nonetheless, the results presented here show that it can in some cases be applied successfully. This may complement information provided by backscatter intensity and coherence derived from the same data. DEMs produced from the TanDEM-X mission have been used for the detection of palaeolandscape features [81]. TanDEM-X takes advantage of two satellites flying in close formation, thus minimising temporal decorrelation [82]. The vertical accuracy of spaceborne InSAR may not match that of airborne systems, but it may be sufficient to identify archaeological structures. Even if these are evident on the ground, the synoptic view enables a much better distinction between natural and artificially created topographic relief (such as that created by an ancient road).





6. Conclusions


In vegetated areas around the city of Rome, surface residues over buried archaeological features clearly appear in imagery derived from both the intensity and the phase of SAR data. This imagery includes multitemporal speckle filtered σ0 backscatter, interferometric coherence, and DEMs derived from InSAR and SBAS. The clarity of residues in each of these types of SAR data often differs between features and over time. The application of both intensity and interferometric SAR processing therefore contributes to increasing the probability of detecting traces of buried archaeological structures. It also combines to provide a better understanding of their underlying cause. Comparisons between σ0 backscatter, coherence and DEMs have aided interpretation of trace features as manifestations of positive and negative crop marks, soil marks and topographic residues.



A large time series of SAR data greatly improves the quality of information and potential for extracting small scale features, such as buried structures. With such a time series the speckle in images of backscatter intensity can be greatly reduced while preserving spatial resolution if techniques such as De Grandi filtering are applied [49]. The ability to derive topographic information using repeat pass interferometry is significantly limited in vegetated areas by temporal decorrelation. However, with a large time series, techniques such as SBAS can in some cases overcome such limitations. The interferometric coherence can be used to derive some information on surface characteristics, such as the fallow or vegetated state of a field. With a time series, such information can be derived with higher confidence if the measurements can be correlated with a possible crop cycle, or vegetation growth. Archaeological residues can be notoriously ephemeral, and their appearance depends on many factors, which are often very site specific. The higher the frequency of acquisition, the more likely an archaeological residue can be detected when it appears.



In practice a large time series may be difficult to acquire for archaeological analysis. Moreover, the processing techniques described are complex and time consuming, especially SBAS. However, the current trend in Earth Observation (EO) is characterized by an unprecedented rate of increase in the volume, variety and velocity of remotely sensed data, now coined as “Big Data”. This is becoming progressively available to users as access restrictions are lifted. Developments in EO closely accompany advances in IT, and complex data processing is increasingly automatized with the aid of cloud computing and big data analytics.



SAR data analysis could in the future become a routine and cost effective technique for extracting high quality information on buried archaeological structures. It is unlikely to replace existing, more conventional methods for archaeological survey, such as active (LiDAR) and passive optical remote sensing and geophysical survey. However, it may complement these by providing unique information. The identification of archaeological structures is of paramount importance for their documentation, preservation and valorisation.
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Figure 1. Soil marks: surface residues in bare soil of a buried wall (left) and a buried ditch (right). 
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Figure 2. Crop marks: surface residues in the overlying vegetation of a buried wall (left) and a buried ditch (right). 
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Figure 3. Areas Of Interest (AOIs) shown as yellow polygons on true colour, 10 m resolution Sentinel-2 image acquired on 28 December 2015 (bands 4, 3 and 2 displayed as red (R), green (G) and blue (B) respectively). Contains modified Copernicus Sentinel data 2016. 
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Figure 4. Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) at a spatial resolution of 1 arc-second (30 m) with AOIs (yellow polygons) overlain. SRTM data courtesy of the United States Geological Survey (USGS, 2006). 
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Figure 5. Graph showing rainfall and temperature in time period of Synthetic Aperture Radar (SAR) image acquisitions. The data from which the graph was produced was obtained from the Italian Hydrographic Office of the Lazio region (Ufficio Idrografico e Mareografico) [42]. 
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Figure 6. Flow chart showing the Small Baseline Subsets (SBAS) processing chain. This was implemented for both the CSK Stripmap and Spotlight time series using the SARscape software (version 5.2). 
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Figure 7. SBAS connection graph for the CSK Spotlight data. Connected pairs are shown that have perpendicular baselines from 0 to 35 percent of the critical baseline, and temporal baselines from 0 to 17 days. Disconnected blocks are permitted given that displacement velocities are not required to be calculated. Selected and discarded images are displayed respectively as green and red points. The yellow point shows the super master image. 
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Figure 8. Portus AOI shown as yellow polygon on Pleiades image acquired on 8 May 2014. The Northern Canal and southern urban area subsets are shown by the green rectangles. The image was pan-sharpened to 0.5 m spatial resolution, and is displayed as NIR, R and G respectively as R, G and B. Pleiades data provided by the European Space Agency. 
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Figure 9. (a) Residue of Northern Canal on image of filtered σ0 backscatter acquired on 16 November 2011; (b) Overlain with features interpreted by magnetometry survey published by Keay et al., 2005 [43]. COSMO SkyMed data provided by the Italian Space Agency. Vectors of interpreted features, copyright Keay et al., 2005 [43]. 
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Figure 10. Residue of Northern Canal on Pleiades image acquired on 8 May 2014, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively. Yellow arrow shows direction and location from which photo in Figure 11 was acquired. Pleiades data provided by the European Space Agency. 
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Figure 11. Photo acquired over site of Northern Canal on 24 May 2013 at 18:45 Central European Time (CET). No traces are evident of the Northern Canal. The shadow of the photographer in the center shows the direction of the sun. The location and direction from which the photo was acquired is shown in Figure 10. 
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Figure 12. (a) Residue of buried buildings on image of filtered σ0 backscatter acquired on 9 July 2012; (b) Interpretation by Keay et al., 2005 of integrated archaeological survey (mainly magnetometry) published in [43] overlain. The residues in the SAR image correspond to the built-up areas, not to the canal or the gravel road. COSMO SkyMed data provided by the Italian Space Agency. Vectors of interpreted features, copyright Keay et al., 2005 [43]. 
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Figure 13. Southern urban area subset of Portus AOI (same extent as Figure 12) on Pleiades image acquired on 8 May 2014, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively. Pleiades data provided by the European Space Agency. 
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Figure 14. Subset areas used for Mean Ratio Detector (MRD) contrast analysis shown as: (a) green polygons, over and outside of a part of the Northern Canal residue; and (b) red polygons, over and outside of a part of the southern urban area residues. Polygons are overlain on the image of filtered σ0 backscatter acquired on 16 November 2011. COSMO SkyMed data provided by the Italian Space Agency. 
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Figure 15. Graph showing clarity (contrast) of the two archaeological residues of the Northern Canal (in green) and the southern urban area (in red), plotted over time and with PSMD. The clarity of residues is quantified as a ratio (MRD). For the PSMD, negative values correspond to high PSMD (dry conditions), while positive values correspond to high PSMS (wet conditions). 
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Figure 16. Graph showing contrast, quantified by means of MRD, of the two archaeological residues of the Northern Canal (in green) and the southern urban area (in red), plotted with their respective coherences (dotted lines) over time. The coherence values are provided both for the master and the slaves of InSAR pairs. Where a master is also a slave, it takes the value of the slave. 
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Figure 17. Graph showing contrast, quantified by means of MRD, of the two archaeological residues of the Northern Canal (in green) and the southern urban area (in red), plotted against their respective coherences. Where high coherence is observed, the contrast of the Northern Canal residue is often high, while the contrast of the southern urban area is consistently low. These patterns are shown in black ellipses. 
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Figure 18. Example of a case in which very high coherence is observed over some fields in the CSK Stripmap pair with a temporal baseline of 16 days: from 22 April to 8 May 2011 (a); Residues of the buried Northern Canal are visible in the filtered σ0 backscatter of both images of the pair, shown as red ellipse on filtered σ0 image acquired on 22 April (b) and 8 May (c). COSMO SkyMed data provided by the Italian Space Agency. 
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Figure 19. Ostia AOI shown as yellow polygon on Pleiades image acquired on 8 May 2014. The image was pan-sharpened to 0.5 m spatial resolution, and is displayed as NIR, R and G respectively as R, G and B. Pleiades data provided by the European Space Agency. 






Figure 19. Ostia AOI shown as yellow polygon on Pleiades image acquired on 8 May 2014. The image was pan-sharpened to 0.5 m spatial resolution, and is displayed as NIR, R and G respectively as R, G and B. Pleiades data provided by the European Space Agency.
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Figure 20. Kompsat-2 image of the Appia AOI (shown in yellow polygon) acquired on 21 April 2011, pansharpened to 1 m spatial resolution. False colour composite of NIR, R and G displayed as R, G and B respectively. Kompsat-2 data provided by the European Space Agency. 






Figure 20. Kompsat-2 image of the Appia AOI (shown in yellow polygon) acquired on 21 April 2011, pansharpened to 1 m spatial resolution. False colour composite of NIR, R and G displayed as R, G and B respectively. Kompsat-2 data provided by the European Space Agency.
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Figure 21. Geolithological chart of Appia AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [63]. 
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Figure 22. Agropedological chart of Appia AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [73]. 
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Figure 23. Land use map of Appia AOI (shown in red polygon), last updated in 2007, courtesy of the Comune di Roma [64]. 
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Figure 24. Pleiades image of the Prenestina AOI (shown in yellow polygon), acquired on 20 April 2014, pan-sharpened to 0.5 m spatial resolution and displayed as a false colour composite of NIR, R and G displayed as R, G and B. 
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Figure 25. Land use map of Prenestina AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [64]. 






Figure 25. Land use map of Prenestina AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [64].



[image: Remotesensing 09 00118 g025]







[image: Remotesensing 09 00118 g026 550] 





Figure 26. Agropedological chart of Prenestina AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [73]. 
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Figure 27. Geolithological chart of Prenestina AOI (shown in red polygon), last updated in 2007. Copyright: Comune di Roma [63]. 
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Figure 28. Image of filtered σ0 backscatter over the Prenestina AOI acquired on 25 July 2010. Annotations in yellow show the locations of residues and the locations and directions from which photographs were acquired on the ground. COSMO SkyMed data provided by the Italian Space Agency. 
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Figure 29. Coherence image from CSK Spotlight InSAR pair acquired on 9 and 25 July 2010 over the Prenestina AOI. Annotations in yellow show the locations of residues and the locations and directions from which photographs were acquired on the ground. COSMO SkyMed data provided by the Italian Space Agency. 






Figure 29. Coherence image from CSK Spotlight InSAR pair acquired on 9 and 25 July 2010 over the Prenestina AOI. Annotations in yellow show the locations of residues and the locations and directions from which photographs were acquired on the ground. COSMO SkyMed data provided by the Italian Space Agency.
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Figure 30. SBAS DEM produced from CSK Spotlight imagery over the Prenestina AOI. Annotations in yellow show the locations of residues and the locations and directions from which photographs were acquired on the ground. COSMO SkyMed data provided by the Italian Space Agency. 
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Figure 31. Subset of archaeological chart over the Prenestina AOI taken from Quilici, 1974 [46] and published as part of the Forma Italiae series. Annotations in red show documented archaeological structures, annotations in yellow show the locations of residues and the locations and directions from which photographs were acquired on the ground. 
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Figure 32. Pleiades image acquired on 20 April 2014 over the Prenestina AOI, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively. Pleiades data provided by the European Space Agency. 
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Figure 33. Photograph acquired of the part of Road 384 that was excavated during the construction of Tor Bella Monaca in the 1980’s. Two phases of development can be seen from the two layers of paving and different widths. The photograph was acquired on 16 March 2013 at 18:27 CET. 
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Figure 34. Photograph acquired of the location of a part of Road 384, evident as a narrow trough in the center of a broad valley. The photograph was acquired on 16 March 2013 at 17:01 CET. 
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Figure 35. Photograph acquired of the location of a part of Road 384, situated in the center of the broad valley visible in the photograph. The photograph was acquired on 6 October 2015 at 12:36 CET. 
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Figure 36. Subsets of Road 497, as shown in yellow rectangle in Figure 28, Figure 29, Figure 30, Figure 31 and Figure 32: (a) CSK Spotlight image of filtered σ0 backscatter, acquired on 25 July 2010; (b) CSK Spotlight coherence image with 16 day temporal baseline from image pairs acquired on 9 and 25 July 2010; (c) SBAS DEM produced from CSK Spotlight time series; (d) DEM derived from UAV photogrammetric imagery acquired on 6 October 2015, overlain on imagery in part (a); (e) Orthophoto acquired by UAV on 6 October 2015, overlain on imagery in part (a); (f) Pleiades image acquired on 20 April 2014, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively; (g) Archaeological chart of Quilici, 1974 [46] overlain on true colour Pleiades image acquired on 20 April 2014; (h) Photo 5. Acquired on 19 September 2015 at 17:03 CET. The location and direction from which the photo was taken is shown in Figure 28, Figure 29, Figure 30, Figure 31 and Figure 32. COSMO SkyMed data provided by the Italian Space Agency. Pleiades data provided by the European Space Agency. 
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Figure 37. Subset areas shown as coloured polygons over and outside of residues used for MRD contrast analysis: (a) Green and red polygons over and outside of residues of Road 384. Polygons are overlain on CSK Spotlight coherence image from InSAR pair acquired on 9 and 25 July 2010; (b) Blue polygons over and outside of residue of Road 497. Polygons are overlain on σ0 image acquired on 25 July 2010. COSMO SkyMed data provided by the Italian Space Agency. 
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Figure 38. Profiles over residues in Prenestina AOI. Height measurements along the profiles in the various DEMs are plotted in Figure 43. (a) Profiles (in green and red) over residues of Road 384 overlain on SBAS DEM produced from CSK Spotlight time series. COSMO SkyMed data provided by the Italian Space Agnecy; (b) Profile (in blue) of residue of Road 497 overlain on DEM derived from UAV photogrammetry. 






Figure 38. Profiles over residues in Prenestina AOI. Height measurements along the profiles in the various DEMs are plotted in Figure 43. (a) Profiles (in green and red) over residues of Road 384 overlain on SBAS DEM produced from CSK Spotlight time series. COSMO SkyMed data provided by the Italian Space Agnecy; (b) Profile (in blue) of residue of Road 497 overlain on DEM derived from UAV photogrammetry.
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Figure 39. Graph showing clarity (contrast) of the archaeological residues in Prenestina: eastern part of Road 384 in red, western part of Road 384 in green and Road 497 in blue. Residues in the filtered σ0 images are shown as dotted lines, in the 16-day coherence images as continuous lines, and in the 1-day coherence images as bold continuous lines. The clarity of residues is quantified as a ratio (MRD). PSMD and PSMS plotted as a grey dashed line. Negative values correspond to high PSMD (dry conditions), while positive values correspond to high PSMS (wet conditions). 
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Figure 40. Graph showing contrast of coherence residues, as described in Figure 39, and coherence over each residue (in dotted lines). The coherence values are provided both for the master and the slaves of InSAR pairs. Where a master is also a slave, it takes the value of the slave. 
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Figure 41. Graph showing contrast of σ0 residues, as described in Figure 39, and coherence over each residue (in dotted lines). The coherence values are provided both for the master and the slaves of InSAR pairs. Where a master is also a slave, it takes the value of the slave. 
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Figure 42. Graph showing clarity of σ0 residue of Road 497, plotted against clarity of 16-day (blue) and 1-day (red) coherence residues of the same feature. Linear trend lines and R2 values are shown in blue for the 16-day coherence/σ0 plot, and red for the 1-day coherence/σ0 plot. A better correlation can be seen for the 16-day coherence/σ0 plot. 






Figure 42. Graph showing clarity of σ0 residue of Road 497, plotted against clarity of 16-day (blue) and 1-day (red) coherence residues of the same feature. Linear trend lines and R2 values are shown in blue for the 16-day coherence/σ0 plot, and red for the 1-day coherence/σ0 plot. A better correlation can be seen for the 16-day coherence/σ0 plot.
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Figure 43. Graph showing height profiles over archaeological residues: western (green) and eastern (red) parts of Road 384, both taken from SBAS DEM derived from CSK Spotlight data, and Road 497 (blue), taken from DEM derived from UAV photogrammetry. Annotations for each profile are shown in their respective colours. The locations of the profiles are shown in Figure 38. 
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Figure 44. Pleiades image of the Salaria AOI (shown in yellow polygon) acquired on 22 May 2014, pansharpened to 0.5 m spatial resolution and displayed as a false colour composite of NIR, R and G respectively as R, G and B. Pleiades data provided by the European Space Agency. 






Figure 44. Pleiades image of the Salaria AOI (shown in yellow polygon) acquired on 22 May 2014, pansharpened to 0.5 m spatial resolution and displayed as a false colour composite of NIR, R and G respectively as R, G and B. Pleiades data provided by the European Space Agency.
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Figure 45. Pleiades image acquired on 22 May 2014 over the Salaria AOI, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively. Yellow ellipse shows location of the residue of the ancient Via Salaria. Pleiades data provided by the European Space Agency. 






Figure 45. Pleiades image acquired on 22 May 2014 over the Salaria AOI, pan-sharpened to 0.5 m spatial resolution. NIR, R and G displayed as R, G and B respectively. Yellow ellipse shows location of the residue of the ancient Via Salaria. Pleiades data provided by the European Space Agency.
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Figure 46. Image of filtered σ0 backscatter over the Salaria AOI acquired on 7 April 2013. Red ellipse shows location of the residue of the ancient Via Salaria. COSMO SkyMed data provided by the Italian Space Agency. 






Figure 46. Image of filtered σ0 backscatter over the Salaria AOI acquired on 7 April 2013. Red ellipse shows location of the residue of the ancient Via Salaria. COSMO SkyMed data provided by the Italian Space Agency.
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Figure 47. DEM over the Salaria AOI derived from InSAR using the CSK Stripmap image pair acquired on 10 and 26 August 2012. Red 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. 






Figure 47. DEM over the Salaria AOI derived from InSAR using the CSK Stripmap image pair acquired on 10 and 26 August 2012. Red 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.
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Figure 48. Photo 6 acquired at the location of the residue of the ancient Via Salaria (see Figure 49 for location and direction of photo). Photo acquired on 1 October 2016 at 17:14 CET. On this date, no trace is visible of the archaeological feature on the ground. 
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Figure 49. Optical image available on Google Earth, acquired on 11 September 2009. The ancient Via Salaria (highlighted by the red ellipse) is clearly visible as a negative crop mark with positive crop marks on either side along the southern part of the feature. Yellow arrow shows location and direction in which photo 6 was acquired (Figure 48). Courtesey of Google Earth. 
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Figure 50. Subset areas used for MRD contrast analysis shown as red polygons over and outside of the Via Prenestina residue. Polygons are overlain on the image of filtered σ0 backscatter acquired on 7 April 2013 and Pleiades image acquired on 22 May 2014. COSMO SkyMed data provided by the Italian Space Agency. Pleiades data provided by the European Space Agency. 
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Figure 51. Graph showing clarity (contrast) of the residue of the ancient Via Salaria (in red), plotted over time and with PSMD (blue dotted line). The clarity of residues is quantified as a ratio (MRD). For the PSMD, negative values correspond to high PSMD (dry conditions), while positive values correspond to high PSMS (wet conditions). 
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Figure 52. Graph showing clarity (contrast) of the residue of the ancient Via Salaria (in red), plotted over time and with residue coherence (in green). The clarity of residues is quantified as a ratio (MRD). 
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Figure 53. Sentinel-2 image of the Veii AOI (shown in yellow polygon), acquired on 28 December 2015. 10 m spatial resolution. Displayed as band 8 (NIR), band 4 (R) and band 3 (G) respectively as R, G and B. Pleiades data provided by the European Space Agency. 
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Figure 54. Examples of De Grandi multitemporal speckle filtering. (a) σ0 backscatter image over Northern Canal in Portus AOI, acquired on 20 December 2012. Location of Northern Canal shown in red ellipse; (b) Same image as in (a) but De Grandi speckle filtered with 9 additional images. The Northern Canal is now easier to distinguish; (c) Same image as in (a) but De Grandi filtered with all 75 images in Stripmap time series. The Northern Canal appears a lot clearer. COSMO SkyMed images provided by the Italian Space Agency. 
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Table 1. CSK data characteristics. For precise characteristics of all data, see Table S1 in the Supplementary Data section.
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Number of Scenes

	
Sensor Mode

	
Acquisition Date Range

	
Polarisation

	
Pass

	
Scene Center Incidence Angle






	
27

	
ENHANCED Spotlight

	
June 2010 to August 2012

	
24 × HH

	
Asc

	
25.25




	
3 × VV




	
77

	
Stripmap HIMAGE

	
March 2011 to July 2015

	
HH

	
Asc

	
33.95
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