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Introduction 

It was 2000 when Piccarreta and Ceraudo, two Italian archaeologists, 

wrote the methodological introduction to their book “Manuale di 

fotografia archeologica”. Even though the spirit of the written is still a 

defence of the classical way to approach archaeology, they have a clear 

motion towards the aerial photograph considered important (but not 

essential) for the study of Ancient Topography. They considered that in 

modern periods, an adequate base of photographs and cartography is to 

be taken into account when starting to study a site depending, especially, 

from the environmental conditions. Aerial photograph started, thus, to be 

considered as one of the traditional sources from which benefit 

information for the archaeological research. Among the list of the 

technologies used as specialised techniques, the last point (but not the 

least) is the remote sensing technique described as promising and thanks 

to which several cartographies for archaeology were realised at that time 

thanks to optical satellites such as LANDSAT and SPOT. 

Radar is mentioned concerning GPR systems, but nothing is said about 

radar from satellite, excepted the only mention about discoveries realised 

in Sahara desert during a Shuttle campaign in 1983. 
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The advent of high spatial resolution, both for radar and for optical 

satellites, extended enormously potentialities and application fields of the 

archaeological research. 

Pursuant to IKONOS satellite launch, a sort of competition among the 

several space agencies started for the launch of satellites with more and 

more high resolutions (both spatial and temporal). The most important 

aspect is their conception for civilian applications. This, of course, drove 

researchers into an increasing fervour that brought the scientific 

community to discoveries going from land monitoring, to anthropic 

phenomena evolving in time, to cartography and environmental studies. 

In these last years, in particular, a great interest has been pointed towards 

radar applications. 

Radar advantages are linked to the 24-h observation independent from 

Sun illumination, the independence from clouds covering, and the 

possibility of sand and vegetation penetration (depending, respectively, on 

humidity ground content and sensor frequency band). Apart these general 

advantages of a remote sensing approach, what has not to be 

underestimated is the possibility of study those areas not reachable for 

different reasons due, for instance, to natural obstacles (in the case of 

forests) or to unstable political situations where also surveys by plane are 

not allowed anymore. In this way a documentation and a punctual study 

and monitoring of sites of interest is impossible to be realised. Till today, 

for politically unstable areas, old aerial photographs or optical satellite 

images were the base for the study of the environment. However, changes 

occurred in this last decades (due to natural disasters or human activities) 

need to be documented in order to give the possibility of a risk alert to be 

launched to the world community. 

This doctoral research goes farther to the idea strictly linked to a pure 

archaeological approach and to the limited and well-weighted use of aerial 

photographs, in order to test the extent to which an archaeological remote 
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sensed research can hazard. It focuses, specifically, on the use of SAR 

polarimetric sensors (RADARSAT-2 and ALOS PALSAR) for the 

investigation of the ancient city of Samarra (Iraq), one of the 26 cultural 

sites inscribed in the list of UNESCO sites in danger. 

THE RESEARCH 

This work is the result of a joint PhD between the University of Rome “La 

Sapienza” (Rome, Italy) and the University of Rennes 1 (Rennes, France). 

This gave also the possibility to get started a collaboration with the Italian 

establishment of the European Space Agency located in Frascati (ESA-

ESRIN, Italy). 

The idea of the research is a matter of the analysis of an archaeological site 

by means of SAR sensors. Before starting the study, however, some crucial 

questions were placed: 

- Which technique is possible to apply and which satellites can be useful for 

the archaeological purpose? 

- Which frequency band, among those available today, can be the most 

suitable for the scope? 

- Is SAR polarimetric spatial resolution appropriate for the study? 

- Which one, among the UNESCO World Heritage sites, is appropriate for 

the sensor spatial resolution employed? 

Outstanding examples of radar images where archaeological 

structures are well-detectable thanks to the high spatial resolution are 

those of Giza pyramids observed both by TERRASAR-X and Cosmo Sky-

Med SAR satellites. Although the very high radar spatial resolution, these 

satellites are not equipped with polarimetric sensors, characteristic that 

allows the discrimination of electromagnetic properties of the targets. 
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RADARSAT-2 and ALOS PALSAR satellites were, thus, the only two 

sensors with the capacity of acquisition in polarimetric mode. Polarimetry 

peculiarities, in fact, drove into the selection of this technique with the 

possibility of analysis of some important polarimetric descriptors both of 

RADARSAT-2 and ALOS PALSAR sensors. 

Therefore, as polarimetry was the technique selected, satellites 

selection was restricted to the two above-mentioned sensors. Their 

frequency bands (C-band for RADARSAT-2 and L-band for ALOS 

PALSAR) and their spatial resolutions (around 10 m RADARSAT-2 and 20 

m ALOS PALSAR) were considered apt instruments for this research 

towards the archaeological approach. 

Once satellites were identified, the attention turned on test site 

selection. The most important requisites were researched among the 

humidity soil conditions (according to temperatures and seasonal 

precipitations of the area) and, most important, the adequate structures 

largeness. On the base of the zone where the archaeological site is located, 

in fact, frequency band, together with dry soil conditions, is a fundamental 

parameter, for a correct structures identification and soil penetration, to 

be considered. There are zones (e.g. desert areas), in fact, for which an X-

band is sufficient for the investigation and other zones for which L-band 

is the only way to penetrate ground or vegetation (e.g. forests). The 

selection, thus, after an accurate evaluation of all these aspects, fell in the 

site of the ancient city of Samarra, in Iraq. 

The big challenge of this research is, therefore, to test polarimetry added 

value in the identification of archaeological structures already known for 

the individuation of a methodology considered the be the most suitable 

one to be followed for this case study. 
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This manuscript is structured into two parts and is composed of 11 chapters 

with the following topics. 

PART I 

Part I is dedicated to a historical presentation of remote sensing in 

archaeology, an introduction to the SAR (Synthetic Aperture Radar), to 

the polarimetric technique and satellites sensors used in the research (SAR 

and optical) and to the selection and presentation of the archaeological 

site investigated. 

CHAPTER 2. Historical overview of aerial photograph in 

archaeology introduces the topic of satellite remote sensing applied to 

archaeology dating back to the end of ‘800. Natural indicators for the 

individuation of buried ancient ruins are described. Some examples of 

modern application fields are illustrated, by means both of optical sensors 

and, especially, of SAR sensors. 

CHAPTER 3. Description of SAR remote sensing technique and 

explanation of what SAR sensors are, how they work, their resolutions and 

principal distortions. Introduction to polarimetric SAR technique 

employed for the research and its principal polarimetric descriptors and 

polarimetric parameters used in the study. 

CHAPTER 4. Technical description of the sensors employed in the 

research. 

CHAPTER 5. Explanation of the reasons why Samarra 

archaeological area was selected; its inscription in the list of UNESCO sites 

in danger, an excursus about the archaeological expeditions in the area, 

description of the geomorphology and the hydrology of the area, the 

climate of the region and, concluding, brief considerations of vantages and 

disadvantages of the remote sensing approach. 
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CHAPTER 6. Description of the dataset available employed for the 

study: SAR products, meteorological conditions, archaeological maps, 

optical satellite images and aerial photographs. 

PART II 

This second part is dedicated to the multi-incidence angle analysis carried 

out by means of RADARSAT-2 products and to the multi-frequency 

analysis realised by means of one ALOS PALSAR image. This second part 

ends with the GIS presentation. 

CHAPTER 7. Octagonal city of Ḥuṣn al-Qādisiyya. In this chapter a 

description of the processing chain applied is proposed. After the selection 

of the most suitable incidence-angle configuration among the SAR 

products available from a quantitative point of view, the individuation of 

the most suitable polarimetric descriptors and polarimetric 

decompositions is shown. 

CHAPTER 8. The racecourses stadiums, Dār al-Khilāfa palace and 

the cantonments. Presentation of SAR products available for the area. 

Selection of the most suitable incidence angle configuration and analysis 

of polarimetric descriptors and decompositions useful for archaeological 

structures individuation. 

CHAPTER 9. al-Mutawakkiliyya city. Presentation of SAR products 

available for the area. Evaluation of the responses observed over 

archaeological remains. Some considerations about the multi-incidence 

angle analysis carried out. 

CHAPTER 10. Analysis of ALOS PALSAR image. Illustration of the 

processing chain. Selection of the most suitable polarimetric descriptors 

identified. Considerations about the multi-frequency analysis performed. 
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CHAPTER 11. GIS implementation. Description of GIS as container 

of all the satellite data taken into account and illustration of its usefulness 

in the archaeological investigation. 

CHAPTER 12. The manuscript ends with conclusions of the work 

and outlooks. 

All the photographs, kindly given by Prof. Alastair Northedge, have been 

overshadowed for copyright reasons. 

  



 

8 



 

9 

Part I 

In this first part of the manuscript, several aspects that are at the base of 

the research are presented. It begins with an historical introduction to the 

first approaches of remote sensing in archaeology dating back to the end 

of 1800 and with the presentation of natural indicators that helped the first 

pioneers in identifying archaeological underground structures. This 

introductive overview ends with some examples of remote sensing 

applications (both SAR and optical) in present days (chapter 2). Then, 

following, a general overview of SAR system and their operations, principle 

of the polarimetric technique used in the research (chapter 3) with the 

illustration of SAR and optical satellites employed (chapter 4) are 

presented. The attention is then focused on a general evaluation for the 

site selection (chapter 5) and the dataset presentation (chapter 6). 
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Archaeology below Earth’s 

surface: state of the art 
This chapter wants to show the ascending curve of remote sensing in 

archaeology. Some historical details are shown about the history of the 

first approaches of remote sensing applied to archaeology, dating back to 

XIX century and going through the two World Wars, which left an 

indelible mark in the development of photointerpretation. Following, an 

explanation of natural indicators is presented. It is shown how 

archaeological underground ruins can be detected by airplane in the 

optical remote sensing domain. As conclusion to this chapter, some 

examples of the state of art based both on optical and SAR images are 

reported. 

2.1 Historical introduction 

Before starting with a brief historical introduction, it is important to define 

what remote sensing is. 

Remote sensing is the science of obtaining and interpreting information 

from a distance, using sensors that are not in physical contact with the 
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object being observed [1]. It includes aerial, spacecraft and satellites 

observations. 

According to this definition, here below is given an illustration of the first 

attempts in the European panorama, going from ‘800 to the Second World 

War, when the importance of the photography from airborne applied to 

the study of archaeological environment became clear to archaeologists 

and historians. 

2.1.1 The Beginnings 

The beginnings of the aero photointerpretation started in XVIII century 

with the philosopher and politician C.L. De Montesquieu who, during his 

stays in Italy was used to go on the top of bell towers to observe the 

landscape. Already in XVII and XVIII centuries, cropmarks were known 

with the name of “devil path” by Italians and subsequently correctly 

defined as cropmarks by British writers. These marks, well visible in crop 

fields, were conveniently interpreted as ancient cities viability. 

As known, photography was developed at half of the XIX century. Ancient 

cameras were not easy to be carried on board of balloons and the exposure 

time was too long. Even though these restrictions, in 1858 the first 

photograph over Paris was shot by “Nadar” (Gaspar Felix Tournachon). 

 

Figure 2.1 Military balloon tied to ground used by Giacomo Boni (1900) (© Piccarreta 1994) 
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In 1879, Franz Stolze documented Persepoli's excavations (Iran) by means 

of airborne photographs. It is the first example of an archaeological 

application of remote sensing. Twenty years later, in Italy, Giacomo Boni 

thanks to a collaboration with Scuola Reale di Ingegneri in Rome, 

assembled a camera on a balloon used by Brigata Specialisti del Genio 

Militare to support excavation at Foro Romano in Rome, (Figure 2.1). This 

collaboration has to be seen as a proof of exchange of favours, as 

archaeologists took advantages of Military Forces to perform the 

acquisitions they were interested in, while Military Force used archaeology 

as justification for recognising sensible targets. 

It was after these first attempts that aerial remote sensing for archaeology 

was born. 

Concerning the Italian scenario, in 1907 Aeronautica Militare took shots of 

Fiumicino (RM, Italy) and Isola Sacra (RM, Italy), while in 1910 an 

aerophotographic relief  of Pompei (NA, Italy) was realised. In 1911, Ostia 

Antica (RM, Italy) was documented and an interesting detail of the area 

was the discovery of the mark of an ancient cove of Tiber River. 

Importance of this anomaly is especially linked to the benefit given by 

remote sensing in understanding how ancient environments were and 

changed across centuries. 

A new era for the airborne photography started when, in 1903, Wright 

brothers took the first flight on board of a plane. It is some years later this 

flight experience that an Italian official understood the importance of sum 

up cameras and airplanes. This intuition, then, was extensively adopted 

during the First World War [2]. 

2.1.2 The World War I and post-war period 

First World War gave a big impulse to sectors such as aviation, cameras, 

film evolution to be employed for strategical aims. In this period, apart 
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from the big quantity of photographic material, many professional 

personalities such as pilots and observers were available for archaeological 

purposes. 

The most important period was the one immediately after the war. After 

some years, in fact, many photographic acquisitions taken first for military 

purposes were made available to archaeologists. These allow the 

identification of Roman cities in Palestine during aerial reconnaissance 

missions organised by Th. Wiegand, chief of the Turkish-German 

archaeological commission in Middle East (1919). 

Among the personalities of that period, O.G.S. Crawford played an 

important role in the English panorama. In 1920, he became the official 

archaeologist of the Ordnance Survey, the institute in charge of the 

cartographic realisation. In three years, he was able to provide proofs 

about the ancient agriculture organisation near Winchester by means of 

military photographs. 

During these years, England made a step forward thanks to the Major 

G.W.G. Allen that bought himself an airplane. Between 1932 and 1939, he 

acquired regularly oblique photos. This made possible the availability of 

several acquisitions over the same archaeological sites in the same periods 

of the year. Excavations confirmed observations of what noticed from 

airplane. This made possible to refine observation already carried out by 

Crawford. 

One of the biggest pioneers for the aero photointerpretation in the Middle 

East was Padre Antoine Poidebard. After serving the French church for 

several years, he became aviator and soldier in Armenia. In 1924 he was 

transferred to Lebanon as Professor at the University of Beirut. He started 

to study Syria landscapes, starting to understand the importance linked to 
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climate and soil. He went in depth with this topic and in 1926 started to 

investigate Roman and Byzantine ruins noticed during his first flights. 

In Italy as well, between these years, several experiments were carried out. 

Istituto Geografico Militare and other authorities developed 

photogrammetric restitutions during 1920s. At the end of 1930s, Giuseppe 

Lugli undertook an important initiative. He understood the informative 

potential of aerial photographs, especially for central and southern Italy. 

Unfortunately, this systematic documentation did not ensue because of 

the beginning of the Second World War aggravated by the creation of an 

Italian law (July 1939) that ratified to Italian citizens, companies and 

governmental bodies to obtain necessary authorisations and to be 

available for inspections and official approvals for the planning, 

acquisition and utilisation of photographs taken from aerial platform [3]. 

2.1.3 The World War II and post-war period 

The Second World War represents a pause in this direction. During the 

conflict millions of photographs were shot, primarily vertical. A good part 

of them was destroyed at the end of the war, but a good percentage is still 

traceable in archives. Many photos with strategic purposes were taken by 

RAF (Royal Air Force). 

It was only after 1945 that the research started again in all Europe. Among 

the researchers, John Bradford, official of the British aerial forces, took 

pictures during the war. These were reused after the conflict for 

archaeological purposes. He was able to detect a big amount of Neolithic 

villages in Puglia (Italy), Roman centuriation in North of Italy and 

important studies over Tanquinia and Cerveteri (RM, Italy). 

Noteworthy is Giulio Schmiedt, supervisor of the archaeological section at 

Istituto Geografico Militare (IGM). Between the two wars, he had the 

assignment of realise national covering over Italy. This activity started 
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before the Second World War, continued after it. The first coverage date 

back to 1954-55. These acquisitions were all followed by methodological 

publications. 

Eminent figure in the field of Ancient Topography was Ferdinando 

Castagnoli. His research was dedicated to the study of the Roman 

centuriation and of all those cities with an orthogonal map, typical of the 

Roman times. It is thanks to a collaboration between Castagnoli and Giulio 

Schmiedt that in 1956 the first application of aerophotogrammetry 

finalised to archaeology was realised. Starting from 1960s, the interest 

towards techniques finalised to an archaeological use grew up and as 

results had the X International Congress of Photogrammetry in Lisbon 

(1964) and the II International Symposium of photo interpretation in Paris 

(1966). 

The enthusiasm towards the new discipline brought to a big interest 

enlarged in other European countries [4]. 

2.2 The archaeological marks 

Although satellites aroused curiosity since 1970's, it is only thanks to the 

launch of higher spatial resolution sensors that the discipline of remote 

sensing was applied to the humanistic field, making it more and more 

independent by aerial photographs that, however, continue to keep their 

importance from an historical point of view. Of course, optical satellites 

revenge a very important role in the research thanks to platforms (such as 

IKONOS, QUICKBIRD, WORLDVIEW, etc.) that allow the individuation 

of archaeological ruins thanks to the very high spatial resolution. 

Possibility of detecting archaeological structures in the optical domain is 

made possible thanks to natural indicators that interact with finds still 
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underground, thus drawing buildings’ shape revealing the nature of the 

findings (villas, villages, streets and so on). 

The soil is modified on the surface on the base of the differences in 

humidity content and on the base of different influences that the buried 

structures exercise on vegetation growing above. Thus, humidity, humus, 

relief and vegetation are the mediators that help in recognising structures 

not visible to an observer standing on the ground. 

Marks are divided into six classes, each one associated to the element that 

gives rise to them: 1) humidity; 2) vegetation; 3) alteration of soil 

composition; 4) microreliefs; 5) anomaly; 6) continuity marks [4] 

2.2.1 Humidity marks 

Moisture marks are typical of soils without vegetation (Figure 2.2). They 

arise after rain precipitations because of changes in colour due to 

differences in water content in the humus. The time available for detecting 

them is quite short considering the whole cycle of water drying up. By 

considering this factor, the first and the last period of the cycle are not 

useful for detecting changes in colour because the terrain will be saturated 

by water or because too much dry. Furthermore, it has to be taken into 

account that also the structures depth influences the visibility of this 

category of marks, in fact, if too much in deep, different humidity content 

will  not be appreciable. 

 

Figure 2.2 Moisture marks (© Piccarreta 1994) 
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2.2.2 Vegetation marks 

Vegetation marks (Figure 2.3) are visible on vegetated terrains, mainly 

where domestic plants or spontaneous grass are cultivated. This anomaly 

is due to the roots growth disturbed because of structures presence 

underneath that prevent their regular growth, modifying both vegetation 

colour and development. The period involved in this phenomenon goes 

from seeds germination to the first phase of plants development. After this 

period, the phenomena flags till its disappearance. As in the previous 

example, also in this case structures size and depth play an important role. 

Tone inversions are possible. Instead of a bright colour due to the 

difficulties of growth, this colour inversion can appear when the 

archaeological structure is located near an area with a high content of 

humidity, supporting thus, a major vegetation growth. 

 

Figure 2.3 Vegetation marks (© J. Dassié) 

2.2.3 Alteration of soil composition marks 

The marks due to alteration of soil composition are visible in terrains with 

no vegetation and are detectable because of variation in ground colour, as 

visible in Figure 2.4. These can be due to materials that alter the terrain 

surface, with consequential changes in light reflection or because of 

materials that influence terrain coloration. One example is ascribable to 
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fields work. Agricultural instruments, in facts, erode ruins not in deep (e.g. 

walls) and fragments of them are brought to the surface, changing thus 

the superficial colour. 

 

Figure 2.4 Surface alteration marks (© Piccarreta 1994) 

2.2.4 Microrelief marks 

Microrelief marks are due to terrain height variations, visible with a 

stereoscopic observation or in specific moments of the day, as sunrise and 

sunset, thanks to the visibility of the shadows created by underground 

structures emerging on the ground, as visible in Figure 2.5. 

 

Figure 2.5 Microrelief marks (© Musson et al. 2005) 
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2.2.5 Anomalies marks 

Anomalies marks (Figure 2.6) are linked to archaeological evidences 

known to be ancient ruins, but by observing them in the global contest, 

they create a clashing evidence. Examples of this mark typology are 

cultivated fields where, the presence of obstacle elements reproduces the 

shape of the archaeological ruins. Among them, some examples are human 

activities in a field concealed by the time that look-like natural elements 

of the environment; anomalies in the terrain morphology; irregular trend 

of water drainage due to the presence of ancient ruins. 

 

Figure 2.6 Anomalies marks (© Piccarreta 1994) 

2.2.6 Continuity marks 

Outliving marks, visible in Figure 2.7, is the last class to be listed. Among 

this category, there are archaeological marks not buried, whose material 

persistence is lost, but its function (partial or total) is still existing. Two 

well-known examples are: Roman centuriation and ancient urban viability. 

These elements, even if anomalous, have coherence among them and help 

archaeologists in recognise them. 
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Figure 2.7 Continuity marks (© Musson et al 2005) 

2.3 Last decades in remote sensing for archaeology 

Thanks to the great potential aerial photography demonstrated for the 

archaeological investigations, the interest for a new complementary 

remote source of research began to increase at the beginning of 2000. In 

fact, satellite remote sensing acquisitions, especially the optical ones with 

their high spatial resolution, constituted soon a new possible tool for a 

remote observation of anthropic elements on the ground. Marks of 

Prehistoric huts, Roman ditches and Medieval fortresses started to be 

recognized from archaeologists also on this new promising data, following 

the same principles of ground surface alterations aerial reconnaissance 

provided. 

Besides the LANDSAT-TM (Thematic Mapper) first studies of satellite 

data analysis for archaeology, the availability of KVR-1000 imagery, 

declassified after the end of the Cold War, lead to the identification of crop 

and soil marks in the Stonehenge site as well as to the study of the ancient 

city of Zeugma, crossing point on the Euphrates river from Mediterranean 

to Mesopotamia. Moreover, also the imagery of the American strategic 

reconnaissance satellite Corona become available, thus permitting the 
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spread of archaeological remote observations, as the case of Early Bronze 

Age ancient road systems of Ur [5]. 

Starting from 2000s, thanks to the launch of VHR (Very High Resolution) 

satellite data as IKONOS in 1999 and QUICKBIRD in 2001, the monitoring 

and observation of archaeological complexes increased, therefore opening 

new perspectives in archaeological research. The already high spatial 

resolution has increased then with Worldview and GeoEye, with a spatial 

resolution of 50 cm in the panchromatic acquisition (0.41 and 0.46 cm for 

military purpose only) and 2 m in the multispectral (1.65 m and 1.80 m for 

military purpose). The contribution of VHR satellite data showed, and still 

shows, its usefulness in the study of ancient landscapes, not only due to 

the possibility to have stereoscopic view and the realisation of Digital 

Elevation Models, but also thanks to its role of complementary non–

invasive source of information for the traditional archaeological research. 

Many studies have been carried out to monitor and document ancient 

complexes using optical data, although archaeological pattern recognition 

and classification by means of satellite data is a quite recent method of 

investigation in the field of cultural heritage. 

Different archaeological periods have been investigated by means of 

remote sensing techniques. Masini et al. [6] focused the attention on the 

medieval village of Yrsum, located in Basilicata, Southern Italy, to analyse 

and identify archaeological crop marks, micro relief and geomorphological 

features. Pansharpening, edge detection algorithms and vegetation indices 

over Quickbird data showed ground features caused by archaeological 

deposits, detectable thanks to difference in soil moisture content and 

changes in colour and height of vegetation in the area. 

More recently, the archaeologist Sarah Parcack showed how thanks to the 

optical infrared wave, is possible to detect ancient structures, in certain 
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conditions. During a project which aim was to look for Egyptian sites via 

satellite, Parcak uncovered 17 potential new pyramids, more than 1,000 

tombs and more than 3,000 ancient settlements. On location, she and a 

team of archaeologists were able to confirm and unearth many of those 

discoveries. The effects population growth, looting, urban expansion, and 

war have on archaeological sites, especially in in Egypt, can be recordable 

by analysing multispectral imagery (Figure 2.8) [7]. 

 

Figure 2.8 The NASA satellite image, shows an infra-red image of a pattern of streets and 

houses in the buried ancient city of Tanis, Egypt. (© University of Alabama) 

Concerning the applications of satellite SAR remote sensing in this field, 

the situation appears more complex. The great limit of a not enough high 

spatial resolution for archaeological contexts prevented a so deep 

development of knowledge in this sense, although their 24 hours 

acquisitions independent from the day light, represent a decisive aspect 

respect to optical data in general. However, some scientists exploited the 

capability of such a data in very dry environments and in specific 

morphological and meteorological conditions. In the last decades, SAR 

remote sensing increased its application field, as is the case of archaeology. 
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The first applications did not convince the academic archaeological 

community because of the complexity of a visual interpretation of data, 

which is immediate and easier with optical imagery, and due to the spatial 

resolution, still not suitable for the reconnaissance of archaeological 

patterns. From this last point of view, the more recent launch of satellite 

radar sensors with a higher spatial resolution as COSMO Sky-Med (2007-

2010) and TerraSAR-X (2007) opened new perspectives in the observation 

of ancient complexes. In relation to the subsurface observation of 

archaeological marks, we need to refer to SAR polarimetric sensors. As 

already introduced, SAR sensors could have a very high potential in the 

detection of underground structures as a result of their penetration 

capabilities, according to their wavelength, potential that increases with 

polarimetric SAR sensors, which are able to derive electromagnetic 

properties of the target. This real new quality of the polarimetric technique 

shows its capability to look underneath the surface in precise conditions 

and in specific environment, giving information about the geometry of the 

structure, the orientation of the target as well as its geophysical properties. 

This characteristic, often considered a limit due to its restrictive 

applications, represents, on the contrary, a capable tool of investigation, 

especially in those areas where traditional field archaeology is 

impracticable for some reasons and optical aerial and satellite data are 

limited to day-time acquisitions and affected by cloud coverage. In this 

scenario, the present work demonstrates the promising capabilities of SAR 

polarimetric technique. 

The proved effectiveness of polarimetric applications for different land 

studies, as the evaluation of RADARSAT-2 quad-pol data for functional 

assessment of wetlands for the Fougeres wetlands in Brittany (France) [8], 

or the detection of sub-soil moisture for the identification of paleo-

hydrology [9], does not exclude the possibility of a full positive 

exploitation of polarimetry also for archaeological investigations. Still 
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many steps have to be done in this direction, considering the link between 

spatial resolution and structures dimensions and the penetration 

capability for each specific site. To this end, the development of a study 

towards a semi - automatic extraction of archaeological features from SAR 

data in a user-friendly methodology is required, also for a future spread of 

these promising remote sensing data in the whole archaeological 

community. 

2.4 Overview of SAR Remote Sensing applications 

for archaeology 

Satellite Synthetic Aperture Radar in archaeology provides a new and 

powerful tool in the study of Cultural Heritage, especially thanks to the 

possibility to extract, in specific cases, information about ancient 

complexes behind the contemporary landscape. 

Compared to optical imagery, SAR data require a more complex data 

processing, particularly evident for archaeology users. However, the very 

first applications of SAR for archaeology date back to the 1980s, when the 

first shuttle imaging SAR SIR-A allowed NASA researchers to identify 

unknown paleo-channels under the desert sand in Northern Sudan and 

Southern Egypt, discovery that lead to implications in the geo-archaeology 

of prehistoric environments of the Sahara [10]. SIR-C data allowed to 

detect a portion of the Great Wall of China [11] and to identify the 

convergence of several ancient roads in the city of Ubar, desert of Oman 

[12]. 

SIR-A and SIR-B wavelengths and multi polarization technology was then 

overcame by the NASA SIR-C/X-SAR, that lead to the discovery of a vat 

water management system under tropical forests in the archaeological 

complex of Angkor, Cambodia [13]. 
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The Shuttle SAR Topography Mission SRTM (2000) provided and still 

provides SAR-based products that are used in archaeology and landscape 

studies, thus assuring a virtual survey of large areas for the detection of 

huge archaeological features. SAR satellite for archaeology are still in an 

experimental stage, even though it offers a great potential for applications 

ranging from the detection of ancient features and sites, the 

reconstruction of former landscape, the monitoring and the preservation 

of archaeological remains. 

The reason for using SAR in archaeology is based on the different 

scattering characteristics that different surfaces and features present. 

Moreover, based on the given SAR observation parameters (wavelength 

range (band), polarization and incidence angle), the backscattering 

coefficient provides information about roughness, geometry and dielectric 

properties of the target. 

The advent of the quite new generation of space borne radar sensors, such 

as ENVISAT/ASAR (2002-2012, C band, dual), ALOS PALSAR (2006-2011, L 

band, quad pol), Radarsat-2 (2007, C band, quad), COSMOSkyMed (2007, 

X band, dual), TerraSAR-X (2007, X-band, dual) opened new application 

possibilities for archaeology. In particular, COSMOSkyMed and TerraSAR-

X sensors offered a very-high spatial resolution, even though they both 

have a limited penetration capability (Table 2.1) [14]. 
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Table 2.1 SAR Systems parameters 
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2.5 Examples of SAR applications for archaeology 

In the following section, the more recent examples of SAR applications for 

archaeology are shown. They give an idea of the current state of the art in 

the field. 

2.5.1 Archaeological site detection: a case study from Egypt 

L-band HH polarization of ALOS PALSAR sensor capability for 

archaeology has been studied in a joint research by the University of Tokai, 

the National Authority for Remote Sensing and Space Science (NARSS) 

and the Japan Aerospace Exploration Agency (JAXA). The L-band is known 

to be able to penetrate the sand layer of the extremely arid desert, thus 

permitting the discovery of previously unknown ruins buried in the 

ground. In particular, two ancient Egyptian complexes ruins (Site No. 29 

and Site No. 39), buried in the desert at the Necropolis of Memphis, were 

successfully discovered. The discovery of these ruins demonstrates the 

effectiveness of detecting ruins in the desert by means of satellite L-band 

HH polarization. 

With the aim of establishing if space borne SAR could be an effective 

general system for detecting ruins, clarifying the relationship between the 

SAR system parameters and the ones of the target, in this case the ruins, 

the research group focused the attention on SAR incident angle, which has 

been noted to have a great impact on the detection of ruins. 

A visual interpretation of L-band HH polarization PALSAR images at 

different incident angles and observation directions was performed, and 

together with ground truth results of the actual ground structure, 

composition, and moisture content, the influence factor of each parameter 

on the search for ruins was investigated. One of the most difficult 

obtaining parameter they considered is the one of the contemporaneity of 
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acquisition of data and ground survey, which in this case, was possible as 

PALSAR data observation was carried at the same time as ground truth. 

The analysed data of this case study were five ALOS PALSAR images 

acquired between August 2006 (50.8° and 36.9° ascending mode) and 

August 2007 (off-nadir angle: 34.3° descending mode), one SIR-C image of 

1994 (April) and two JERS-1/SAR of 1994 (August/November), used as 

validation of ALOS PALSAR results. Moreover, ground truths of soil 

moisture content were carried out between February 2006 and July 2007, 

so to investigate the relation between soil moisture content and SAR 

backscattering strength. From February 21st, 2006, the soil moisture 

content of the target area was measured four times. Of these, the three 

measurements on August 12th and 14th, 2006, and July 27th, 2007, were 

scheduled to coincide with PALSAR observations. The measured soil 

moisture content was in the range from 0% (Site No. 39: July 27th, 2007) to 

6.3% (Site No. 29: August 14th, 2006). 

According to previous observation results from JERS-1/SAR and SIR-C, the 

so called Site No. 29 is identifiable in images acquired at JERS-1/SAR’s off-

nadir angle of 35.0°, while Site No. 39 is identifiable in images acquired at 

only SIR-C’s off-nadir angle of 61.5° (Figure 2.9). Hence, the researchers 

stated that incident angle is considered to have a strong impact on the 

detectability of buried ruins. 

They observed two PALSAR images of August 2006, at off-nadir angles of 

50.8° and 36.9° (both with only HH polarization). Generally, since L band 

SAR can penetrate a layer of sand under arid conditions, the back 

scattering coefficient is small for empty desert, which appears dark in the 

images; on the other hand, the back scattering coefficient is comparatively 

large for most artificial structures such as buildings and roads, which 

appear light in the images. PALSAR data obtained from an observation 

mode with an off-nadir angle of more than 41.5° suffer from range 
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ambiguity due to the transceiver characteristics of the sensor, and it is 

considered that removing this noise is not possible. Nonetheless, the most 

well-known of the large ruins, the pyramids, are visible in the image 

acquired on July 31st, 2007, at an off-nadir angle of 34.3°. This data differs 

from other data in that the image was taken in the HH/HV fine beam 

double (FBD) polarization mode. 

A further factor they consider was both the illumination and the 

orientation effect. The illumination direction of JERS-1/SAR, which 

contributed to the discovery of Site No. 29, was approximately WNW 

(descending mode); however, the existence of Site No. 39 could not be 

identified from this image. On the other hand, the illumination direction 

of SIR-C, which contributed to the discovery of Site No. 39, was 

approximately SE (ascending mode), but the existence of Site No. 29 could 

not be identified. 

This is likely attributable to the influence of illumination direction of SAR. 

Site No. 29 was identifiable in 2 scenes from JERS-1/SAR that were acquired 

in descending mode, as well as from PALSAR in ascending mode (July 31st, 

2007), and thus the influence of the SAR observation direction on the 

discovery of the ruins is considered small (Figure 2.9) [15]. 
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Figure 2.9 Archaeological structures in the data collection 

2.5.2 The Archaeological Heritage of Nazca, PERU 

Nazca lines and their environment are investigated since long time by 

archaeologists and specialists of remote sensing techniques. EO optical 

imagery already provided information about anomalies attributable to 

buried settlements, looting activities over the area, hydraulic 

infrastructure. The researchers of British Geological Survey of NERC 

(Natural Environmental Research Council, UK), the Institute for the 

Conservation and Valorization of Cultural Heritage (ICVBC-CNR), the 

Institute for Archaeological and Monumental Heritage (IBAM-CNR, Tito 

Scalo, Italy) and the Institute of Methodologies for Environmental 
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Analysis (IMAA-CNR, Tito Scalo, Italy), exploited eight ENVISAT ASAR 

IS2 descending images (February 2003 - November 2005) and five 

corresponding ascending imagery (July 2005 – November 2007) [16]. 

The nominal ground range resolution of about 30 m is not the suitable one 

for archaeological pattern recognition. Nevertheless, it gave information 

about the former environment of the observed area, including ancient 

waterways and sources of irrigation (strategic for such an arid region) and 

about the preservation conditions, as well as the monitoring of looting 

activities and their effects on cultural heritage. 

The analysis performed over a sector of Nazca lines and other ancient 

features (the puquios of Rio Taruga and the archaeological site of 

Cahuachi) confirmed that the identification of surface marks analyzing 

SAR amplitude could help in recognition of ancient patterns. The time 

series extracted from a Multilook Intensity (MLI) generation, as well as the 

observation of 0 (sigma nought) values variations, helped in distinguish 

over the sites geoglyphs from the surrounding bare soil or a puquio 

(horizontal water wells aqueducts) from neighboring vegetation, 

underlining the helpfulness of SAR amplitude information for archaeology 

(Figure 2.10). Moreover, other remote sensing studies carried out by 

Lasaponara et al 2012, already suggested the presence of illegal excavation 

in the site of Cahuachi, highlighted by a variation of 0 values in the more 

recent study of Tapete et al, 2013 [17]. 
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Figure 2.10 RC colour composite of the ASAR MLIs acquired on 30 November 2004 and on 15 

November 2005. The yellow arrows indicate the location of an ancient puquios (© Tapete 

et al.) 

Earth Observation techniques can help to reconstruct environmental and 

cultural lasdscape, their evolution in time, climate factors that affect them 

and to evaluate the natural processes impact over the cultural heritage. 

This is truer in those areas where the construction material of ancient 

buildings is made of the same local natural material. The previous studies 

over the Nazca region were based on a change detection approach based 

on interferometric coherence, which offered an effective indication of 

ground changes between two different SAR images. To complete this 

approach, limited by vegetation cover, Cigna et al. proposed to apply a 

change detection approach based on SAR amplitude, that can provide 

further insights in changes occurred over an area, by observing temporal 

variations of the backscattering coefficient of the target surface.  The 

temporally averaged radar signatures of the observed targets highlighted 

the signatures of different surfaces, as well as colour composite between 

different scenes showed modification occurred in time over the area. 

Indeed, 0 changes can be related to the movements of surface materials 

producing a consequent variation of the local incidence angles of newly 

developed radar-backscattering surfaces. 
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2.5.3 The case study of the Roman Fortress of Qreiye, SYRIA 

TerraSAR-X applications for archaeology are quite new in the remote 

sensing for archaeology scenario. 

Although the technical characteristics of TerraSAR-X sensor are not the 

suitable one for archaeological prospection, apart from its spatial 

resolution of up to 1m, an exploitation attempt of this kind of data has 

been carried out by Linck et al, over the archaeological site of Qreiye, Syria. 

Antoine Poidebard already investigated the archaeological area in 1929 by 

means of aerial photographs, showing the presence of the ancient Roman 

fortress of Qreiye, in the framework of his systematic survey of Syrian 

Desert. 

The disadvantage of this sensor is that its X-band waves have a wavelength 

of around 3 cm. According to electromagnetic theory, the penetration 

depth is inversely proportional to the wavelength, so only a limited 

penetration of the subsoil is possible at this wavelength. However, Linck 

et al, have tried to demonstrate the ground penetration capabilities of X-

band, using as guideline the results of a ground-penetrating radar 

campaign performed over the area. 

The area of interest, located on the right bank of the river Euphrates, 

presents a various morphology, interested by alluvial flooding ancient 

phenomena and sedimentary rocks. The researchers analyzed seasonal 

climate conditions, noting not so intense rain phenomena especially in 

summer time, and absence of precipitation for the considered acquisition 

period, the spring of 2012. These considerations led the researchers to 

conclude that the conditions of the area would have been suitable for 

testing the penetration depth of TerraSAR-X signal [18]. 

The researchers tested a stacking series of nine consecutive TSX images 

between February and May 2012. The images were acquired in a horizontal 
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polarization and the experimental 300MHz bandwidth high-resolution 

Spotlight mode. By using the first acquisition as reference, the other eight 

have been resampled with a cubic resampling method to the image bounds 

and the pixel spacing of this master image and compiled in a multichannel 

stack. From this stack different multitemporal (three, six and all nine 

dates) average images are calculated by evaluating the unweighted average 

of the scenes on the basis of the radar brightness 0 with consideration of 

the inclination angle, calibration constant and intensity. 

The researchers stated that as the optical image of OrbView-3 observed 

does not show any superficial archaeological remains in the area of the 

fortress, except the enclosure wall as a slight elevation, all structures 

visible in the SAR image have to be due to buried ancient structures. 

Analyzing then the available results GPR survey provided, they follow the 

same archaeological features over TerraSAR-X data, affirming that all the 

detected marks belong to structures appearing for the first time at a depth 

of 20 cm, as the GPR can detect further anomalies at a depth of 30 cm. On 

these bases, Linck et al proposed a shallow penetration of X-band waves 

in dry desert soils (Figure 2.11). 

 

Figure 2.11 TerraSAR-X of the Roman Fortress overlaid with the digital interpretation of the 

visible remains (© Linck et al.) 
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2.6 Conclusions 

Since the XVIII century, the aerial observation of landscapes provided a 

different point of view for the study of territorial analysis. Soon, aerial 

photographs became the new method of investigation for archaeologists, 

who started to derive information about ground anomalies linked to 

ancient features. Different kind of ground anomalies were thus classified 

and became the basis of the aero photography interpretation. With the 

arrival of satellite images, investigation possibilities increased in 

archaeology, first with optical data, then with SAR sensors. The 

exploitation of optical data for archaeological purposes has been widely 

applied, thanks to the very high spatial resolution they present. 

Concerning SAR sensors, which today still present a not enough spatial 

resolution, the analysis is still at its initial level. Their capability to 

penetrate ground and provide 24h acquisitions constitutes a high potential 

for archaeological investigation. Case study from different areas of the 

world have been here presented to show how SAR data analysis for 

archaeology requires a specialized knowledge and a not-immediate visual 

interpretation. 

Today, there is still a lack of correspondence between the great amount of 

SAR data and effective methods to extract information linked to past 

human activity in the environment. The future scientific challenge could 

be the communication between them for the conservation and 

preservation of Cultural Heritage. The promising usefulness of SAR 

sensors for archaeological investigation is to be exploited and spread 

among archaeologists as well as Earth Observation users to manage World 

Heritage sites.
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SAR remote sensing and 

polarimetry 

In the present chapter, an overview about SAR systems and the 

polarimetric technique employed for the research are presented. 

3.1 Radar remote sensing advantages 

As already pointed out, definition of remote sensing is linked to the 

science of obtaining and interpreting information from a distance, using 

sensors that are not in physical contact with the object being observed [1]. 

This term is generally used for methods that detect and measure 

electromagnetic energy (Figure 3.1). Images acquired by airborne are an 

important source of information for aspects that go from the monitoring 

of natural and human disasters, to urban expansion, to the study of the 

environment in general. According to the necessity, dedicated sensors are 

realised, whose characteristics are strictly linked to the scope they are built 

for. For example, in case of environmental changes, where a huge area is 

involved in the observation, satellites with a very high spatial resolution 

will not be necessary. At the contrary, in studies such as archaeology, a 
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high/very-high spatial resolution will be essential in order to identify 

ground anomalies or structures already surfaced to be studied by a remote 

approach. 

 

Figure 3.1 Electromagnetic spectrum 

These general characteristics above indicated are valid both for radar and 

for optical sensors. While optical sensors need the light for illuminating 

the Earth surface, radar sensors have the peculiarity of illuminating 

themselves the scene by electromagnetic waves transmitted toward the 

ground and backscattered to the sensor. Radar systems present several 

advantages that render this instrument of analysis very attractive. These 

advantages, varying according to the system frequency, are listed below: 

 small sensitivity of clouds and light rain (low frequency); 

 independence of Sun illumination; 

 no effects of atmospheric elements (high frequency); 

 sensitivity to surface roughness (high frequency); 

 capability in distinguishing dielectric properties; 

 accurate measurements of distances; 

 ground and vegetation penetration (low frequency). 
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In spite of all these positive aspects, there are some characteristics that 

make its use exclusive only to a part of the scientific world. This is due to: 

 data of not immediate comprehension, as it is not what we are used 

to watch in an image; 

 speckle noise effects that makes the image difficult to be analysed; 

 distortions of the image that falsify the reality. 

In this scenario SAR (Synthetic Aperture Radar) is placed. SAR is 

intrinsically the only viable and practical imaging radar technique to 

achieve high spatial resolution, also from space-platforms. SAR 

synthesizes a long aperture by the motion of the radar platform. Synthetic 

Aperture Radar imaging is a well developed coherent and microwave 

remote sensing technique for providing large scaled 2-D high spatial 

resolution images of the Earth’s surface reflectivity. 

The imaging SAR system is an active radar system operating in the 

microwave region of the electromagnetic spectrum, usually between P-

Band and Ka-Band. It is usually mounted on a moving platform (airplane, 

UAV, space-shuttle or satellite) and operates in a side-looking geometry 

with an illumination perpendicular to the flight direction [19]. 

3.2 Radar viewing geometry 

Imaging geometry in a radar system is different from the optical one 

(Figure 3.2). A radar platform flights forward a flight direction (A) with the 

nadir under the platform (B). The antenna transmits the microwaves in a 

side-looking way to the ground, illuminating a ground portion called swath 

(C). This oblique view is typical of radar systems. 

The signal coming back to the sensor (echo) is backscattered and recorded 

in a fraction of second later by the same transmitting antenna. According 

to the time delay between the transmission of the electromagnetic waves 
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and their returns to the sensor, distance from the sensor and their 

locations are determined, creating thus, a two-dimensional image of the 

surface. 

 
Figure 3.2 Radar viewing geometry 

The local incidence angle is referred to the angle between the radar line of 

sight and the normal to the surface (Figure 3.3, A). The radar look angle 

(Figure 3.3, B), increases moving across the swath. In the near range (the 

portion of the swath closest to the sensor) the viewing geometry is 

considered to be steep, while in the far range (the farther part of the swath) 

the viewing geometry is shallow. 

 

Figure 3.3 Incidence angle 

At all ranges the radar antenna measures the radial line of sight distance 

between the radar and each target on the surface. This is the slant range 

distance in the image (Figure 3.3, C), different from the ground-range 
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(Figure 3.3, D) that is the true horizontal distance along the ground 

corresponding to each point measured in the slant-range. 

3.3 SAR resolution 

Range or across-track resolution is dependent on the pulse length (Figure 

3.4, P). 

 

Figure 3.4 Range or across-track resolution 

Two separated targets will be distinguished in the range dimension if their 

distance on the ground is bigger than half the pulse length. An example is 

given in Figure 3.4, where targets 1 and 2 will not be detected as separated, 

while targets 3 and 4 will be well distinguished. 

Azimuth or along-track resolution is determined by the angular width of 

the radiated microwave beam and the slant range distance. This beam-

width (Figure 3.5, A) is a measure of the width of the illumination pattern. 

As visible, radar illumination propagates as the distance from the sensor 

increases. As consequence, the azimuth resolution decreases. Targets 1 and 

2 are separable (near range) while targets 3 and 4 will not. 

As high resolution in azimuth requires large antennas, the solution to 

achieve high resolution without the use of large antenna is given by the 

concept of “synthetic aperture”, which is based on the construction of a 

larger effective antenna by moving the real sensor antenna along the flight 
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direction. Thus, the azimuth resolution is determined only by physical size 

of the real antenna of the radar system and is independent of range and 

wavelength. Therefore, the azimuth resolution is equal to half the length 

of the real antenna on-board. 

 

Figure 3.5 Radar illumination propagation 

Apart from these resolutions mentioned above there are other three 

important characteristics of a SAR system to be considered. These are the 

spatial, spectral, temporal and radiometric resolutions. Each of them 

provide important information that can be selected according to the 

necessities of the research. 

Spatial resolution places limits on which information we can derive from 

remotely sensed images. Spatial resolution, in fact, is a measure of the 

spatial details perceived in an image, depending on technical properties of 

the sensor and altitude of the sensor. In digital images, spatial resolution 

is expressed as ground dimension of an image pixel. The smaller is the 

target distinguishable in the image, the higher is the spatial resolution of 

the sensor. 

Temporal resolution is linked to the time-interval separating successive 

acquired images. This kind of resolution is very useful especially 

considering the dynamic surface environment of the Earth. It is important 

for the study of changes occurring in time, especially considering the 

necessity of repeated observations over area interested, as instance, by 

floods or earthquakes. 
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Radiometric resolution is referred to the range of brightness of the system 

that, in the case of a radar sensor, amounts to 100.000 levels 

distinguishable. It is related to the sensor sensitivity in measuring the 

electromagnetic energy coming back to the sensor from each target of the 

scene. However, as the human eye is able to detect only 40 levels, radar 

images are sampled at 16 or 8 bits [20]. 

3.4 SAR geometric distortions 

As optical images, also radar is affected by distortions. These distortions 

have to be taken into account according to the morphology of the area 

analysed. 

The first distortion mentioned is the one due to radar sensors geometry of 

acquisition : the slant-range scale distortion (Figure 3.6). This distortion is 

due to the way of observation of the sensor that is side-looking. Because 

of this configuration, the sensor does not measure the real distance of the 

objects, thus targets in the near range will appear compressed compared 

to the ones located in the far range. 

 

Figure 3.6 Example of slant-range scale distortion 

A second distortion is the relief displacement. This displacement occurs 

perpendicular to the flight path and is typical for targets of outstanding 
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height that assume a laid down position. Consequence of this distortion 

are the foreshortening and the layover. 

The first one is probably the most striking feature in SAR images 

concerning the geometry effects in range direction. This effect is visible as 

“compression” of the image. This is caused because the SAR measures 

signal travel time and not angles as optical systems do. As basics of SAR 

measuring, the time delay between the radar echoes received from two 

different points determines their relative distances in the image. This 

effect is displayed when radar microwaves reach first the base (Figure 3.7, 

C, A) and then the peak of it (D, B). The slope will appear compressed and 

its length falsify (Figure 3.7, C'D', A'B'). Depending on the angle of the 

mountain and on the radar incidence angle, the severity of the 

foreshortening varies, till the overlapping between the base and the peak 

of the mountain (Figure 3.7, C'D'). Foreshortening effects are greatest in 

the near range and less pronounced in the far range. 

 
Figure 3.7 Example of foreshortening 

Layover (Figure 3.8) occurs when, in the case of a very steep slope, targets 

in the valley points of mountains have a larger slant-range than the 

mountain top, then the foreslope is reversed in the slant range image. 

Thus, the ordering of surface elements on the radar image is the reverse of 

the ordering on the ground: radar microwaves reaches the top of a tall 
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target before its base. The signal coming from the top of the feature will 

be received first. The result is a mountain, for example, displaced towards 

the radar and "lays over" the base of the target. 

 
Figure 3.8 Example of layover 

Radar shadow (Figure 3.9) is the last distortion in radar images. This 

distortion occurs when radar microwaves are not able to illuminate the 

ground. It is visible for those high targets (e.g. mountains) beside which 

radar signal does not arrive. Therefore, this distortion corresponds to an 

absence of information and on the radar image is detectable as a black 

feature that remembers the shadow visible on optical images. The radar 

shadow can help us in understanding where the microwaves are coming 

from and the relief height observed [20]. 

 
Figure 3.9 Example of radar shadow. Black parts in the image and in the drawing do not 

contain information (© CCRS/CCT) 
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3.5 Image appearance 

Targets inside an image can vary in brightness. This variation depends on 

the quantity of the backscattered energy to the radar. Brightness intensity 

depends on how the microwaves interact with the surface depending, 

however, on several parameters. These parameters are linked, in fact, both 

on the characteristics of the radar system (polarization, viewing geometry, 

frequency…) and on surface characteristics (land cover type, relief, 

topography…). Among these lasts, the most important are surface 

roughness, radar viewing and surface geometry relationship, moisture 

content and electrical properties of the target. 

Surface roughness varies according to the average height variations of the 

surface. One surface can be defined rough or smooth on the base of the 

wavelength and the incidence angle. For example, a surface is defined 

smooth if the variations in height are smaller than the radar wavelength, 

while it is said rough if the height variations are larger than the 

wavelength. A smooth surface causes specular reflections and, as 

consequence, only a small part of the transmitted energy is backscattered 

to the sensor. A rough surface, at the contrary, scatters the energy equally 

in all the directions and a significant part of it turns back to the sensor. 

3.6 Target interaction 

There exist different kinds of reflection and they depend on the surface 

characteristics of the target, on the position of each target and on the 

shape of the illuminated targets. According to the typology of interactions 

between the target and the signal, different reflections are possible. A 

corner reflection (double bounce, Figure 3.10) occurs when two or more 

surfaces are positioned at right angles. This surface disposition causes 

most of the radar energy reflected back to the antenna due to the double 

bounce (or more) reflection. This kind of scattering mechanism is typical 
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of urban environments (e.g. buildings, streets, bridges…) and appears in 

the image as very bright targets. 

 
Figure 3.10 Example of double bounce 

In the case of forests or areas where vegetation is present, a different 

scattering mechanism occurs. This is the volume scattering (Figure 3.11). It 

consists of multiple bounces and reflections from different components 

within the volume. In a forest, for example, this scattering mechanism may 

come from leaf canopy at the top of the trees, the leaves and branches 

further below, tree trunks and soil at the ground level. Related to this 

scattering mechanism, brightness in the images varies according to 

quantity of the energy scattered out of the volume and back to the radar. 

 
Figure 3.11 Example of volume scattering 

The last typology of backscatter is the surface scattering mechanism 

(single bounce, Figure 3.12). This backscatter occurs when a target is moist, 
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wet or rough. In this case, if the reflection is specular, little of the energy 

sent by the sensor comes back. The signal will be mostly or totally lost 

according on how rough the material appears to the radar [20]. 

 
Figure 3.12 Example of single bounce 

Following the dissertation on Radar Remote Sensing, the next paragraphs 

focus on the basic concepts of Polarimetry technique. The different 

polarimetric descriptors analysed in the Ph.D. research are here presented 

and discussed. 

3.7 Electromagnetic waves and Polarisation 

As electromagnetic waves have intrinsic vector nature, the concept of 

“wave polarization” is necessary for the comprehension of the complete 

description of propagation and of scattering phenomena. An 

electromagnetic plane wave is composed of Electric and Magnetic Field 

vectors varying in time and space in a plane perpendicular to the direction 

of propagation. In free space, these two fields propagate at the speed of 

light and according to the Maxwell’s equations are orthogonal. For this 

reason, the electromagnetic wave behaviour can be observed taking into 

account the electric field vector as a function of time and space and takes 

the following vectorial form: 
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At a fixed time t = t0, the electric field is composed of two orthogonal 

sinusoidal waves with, in general, different amplitudes and phases at the 

origin, as shown in Figure 3.13. 

 
Figure 3.13 Spatial evolution of a circularly polarized plane wave (© Lee-Pottier 2009) 

In the general case, the spatial evolution of a monochromatic plane wave 

follows a helical trajectory along the ẑ axis. From a practical point of view, 

three-dimensional helical curves are difficult to represent and to analyse. 

This is why a characterization of the wave in the time domain, at a fixed 

position, is generally preferred [21] [22]. 

The temporal behaviour is then studied within an equi-phase plane, 

orthogonal to the direction of propagation and at a fixed location along 

the ẑ axis. As time evolves, the wave propagates «through» equi-phase 

planes and describes a characteristic elliptical locus as shown in Figure 

3.14, which is called the polarisation ellipse that describes the wave 

polarisation [19] [23]. 
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Figure 3.14 Temporal trajectory of a monochromatic plane wave at a fixed abscissa z = z0 (© 

Lee-Pottier 2009) 

3.8 Scattering matrix 

An electromagnetic plane wave traveling in time and space can reach a 

particular target, and then interacts with it, as shown in Figure 3.15. 

The most fundamental form to describe the interaction of an 

electromagnetic wave with a given target is the so-called radar equation 

[24]. This equation establishes the relation between the power that the 

target intercepts from the incident electromagnetic wave and the power 

reradiated by the same target in the form of the scattered wave. 

 

Figure 3.15 Interaction of an electromagnetic wave and a target (© Lee-Pottier 2009) 

The radar cross-section σ, determines the effects of the target of interest 

on the balance of powers established by the radar equation given by  
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If we denote by p the polarization of the incident field and by q the 

polarization of the scattered field, we can define the following polarization 

dependent radar cross section  
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The elements of the scattering matrix can be related with the radar cross 

section of a given target as follows: 

2
qpqp S4   

It follows that in the Cartesian basis or in the Horizontal-Vertical basis, 

the 2x2 complex back-scattering S matrix can be expressed as [25] 
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The elements SHH and SVV produce the power return in the co-polarized 

channels (HH = horizontal transmitting and horizontal receiving, VV = 

vertical transmitting and vertical receiving) and the elements SHV and SVH 

produce the power return in the cross-polarized channels (HV = 

horizontal transmitting and vertical receiving, VH = vertical transmitting 

and horizontal receiving). If the role of the transmitting and the receiving 

antennas are interchanged, the reciprocity theorem (in case of reciprocal 

propagation medium) requires that the back-scattering matrix be 

symmetric, with SHV = SVH [19]. 
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3.9 Polarimetric Coherency T matrix 

The concept of "distributed target” arises from the fact that not all radar 

targets are stationary or fixed, but generally are situated in a dynamically 

changing environment and are subject to spatial and temporal variations. 

This can be analyzed more precisely by introducing the concept of space 

and time varying stochastic processes where the target or the environment 

can be described by the second order moments of the fluctuations, which 

will be extracted from the polarimetric coherency T matrix given by [19]: 
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3.10 Polarimetric descriptors 

The present paragraph describes and illustrates the most significant 

polarimetric descriptors that have been analysed in this research activity. 

3.10.1 Pauli Decomposition 

Pauli decomposition constitutes one of the first polarimetric descriptors 

that visualises polarimetric information coded as a colour. 

This decomposition expresses the scattering S matrix as the complex sum 

of the Pauli matrices, where an elementary scattering mechanism is 

associated for each basis matrix, with: 
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where a, b, c, and d are all complex and are given by 
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The application of the Pauli decomposition to deterministic targets may 

be considered the coherent composition of four scattering mechanisms: 

the first being single scattering from a plane surface (single or odd-bounce 

scattering), the second being diplane scattering (double or even-bounce 

scattering), the third corresponding to volume scattering (random 

scattering) or oriented target scattering, and the final element being all 

the antisymmetric components of the scattering S matrix [19]. 

In the monostatic case, where SHV= SVH, the Pauli matrix basis can be 

reduced to the three first matrices, leading to d=0. 

Consequently, an RGB image can be formed (Figure 3.16) with the 

intensities |a|2, |b|2 and |c|2, which correspond to clear physical scattering 

mechanisms: respectively single bounce, double bounce, and volume 

scattering, with 

|a| =  푇 =  
1
2 | 푆    푆 | = 푠푖푛푔푙푒 푏표푢푛푐푒 

|b| =  푇 =  
1
2 | 푆    푆 | = 푑표푢푏푙푒 푏표푢푛푐푒 

|c| =  푇 =  
1
2 | 푆 | = 푣표푙푢푚푒 푠푐푎푡푡푒푟푖푛푔 표푟 표푟푖푒푛푡푒푑 푡푎푟푔푒푡 

 
Figure 3.16 Pauli decomposition RGB image : |Shh + Svv| |Shh - Svv| |Shv| 
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Thus, the resulting colour image (Figure 3.16) can be employed, from a 

qualitative point of view, to interpret the physical information related to 

the scattering mechanisms that occurs in each pixel. 

3.10.2 Entropy (H) and Alpha angle () polarimetric descriptors 

In 1997, S.R. Cloude and E. Pottier proposed a method for extracting 

average parameters from experimental data using a smoothing algorithm 

based on second order statistics [26]. This method does not rely on the 

assumption of a particular underlying statistical distribution and so is free 

from the physical constraints imposed by such multivariate models. An 

eigenvector analysis of the 3x3 coherency T3 matrix is used since it 

provides a basis invariant description of the scatterer with a specific 

decomposition into types of scattering processes (the eigenvectors) and 

their relative magnitudes (the eigenvalues). From the eigenvalues, the 

entropy polarimetric descriptor (Figure 3.17, left) is defined with values 

ranging from 0 < H < 1. This polarimetric descriptor provides information 

about the randomness of scattering mechanisms associated to the T3 

matrix.  

If the polarimetric entropy H is low (H<0.3), then the system may be 

considered weakly depolarizing and the dominant scattering mechanism 

in terms of a specifically identifiable equivalent point scatterer may be 

recovered. However, if the entropy is high, then the scatterer ensemble is 

depolarizing and there no longer exists a single equivalent point scatterer. 

In the limit case, when H=1, the polarization information becomes zero 

and the target scattering is truly a random noise process. 

From the eigenvectors, it is possible to define a parameter named alpha 

angle (Figure 3.17, right) describing the backscattered phenomenon of the 

target, with values ranging from 0 <  < 90°. With  = 0 the scattering 

mechanism corresponds to single bounce, while with  = 90° the 

scattering mechanism corresponds to double bounce. Intermediate values 
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( = 45°) corresponds to random scattering or volume scattering 

mechanism. 

 
Figure 3.17 Entropy (H) and Alpha Angle () visualisation 

In 1997, Cloude and Pottier proposed an unsupervised classification 

scheme based on the use of the two-dimensional H / plane, where all 

random scattering mechanisms can be represented [26]. The key idea is 

that entropy arises as a natural measure of the inherent reversibility of the 

scattering data and that the alpha angle () can be used to identify the 

underlying average scattering mechanisms. The H / plane is sub-divided 

into nine basic zones characteristic of classes of different scattering 

behavior, in order to separate the data into basic scattering mechanisms, 

as shown in Figure 3.18. 

The location of the boundaries within the feasible combinations of H and 

 values is set based on the general properties of the scattering 

mechanisms. There is of course some degree of arbitrariness on the setting 

of these boundaries, which are not dependent on a particular data set. 
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Figure 3.18 H/Alpha plane (© Lee-Pottier 2009) 

3.10.3 Shannon Entropy polarimetric descriptor 

Since the publication of the H / A /  decomposition in 1997, it is amazing 

to have seen all the research activities that have been conducted, based on 

the use of this original approach. Among them, one interesting approach 

has been selected, revealing a specific scientific interest and presenting an 

important starting point for future development: the Shannon Entropy. 

The Shannon Entropy (SE) has been introduced by J. Morio [27] [28] as a 

sum of 2 contributions related to: intensity (SEI) and polarimetry (SEP), 

given by 

  PI SESEeSE  3
33log T  

where SEI is the intensity contribution that depends on the total 

backscattered power, and SEP the polarimetric contribution that depends 

on the Barakat degree of polarization pT. These two terms are given by: 

 

 
  



























3
3

32

3

27log1log

3
log3

3
log3

TTr
T

TTr

TP

T
I

pSE

eIeSE 

 



 

57 

Figure 3.19 shows the Shannon Entropy (SE) parameter and the intensity 

(SEI) and polarimetric (SEP) contribution terms when applied on the 

Samarra site PolSAR image. 

 
Figure 3.19 Shannon Entropy descriptors: (a) Polarimetry; (b) Intensity; (c) Shannon 

Entropy  

3.10.4 Model based Decomposition 

The Freeman-Durden decomposition is a technique for fitting a physically 

based, three-component scattering mechanism model to the polarimetric 

SAR observations without utilizing any ground truth measurements [29] 

[30]. The mechanisms are canopy scatter from a cloud of randomly 

oriented dipoles, even- or double-bounce scatter from a pair of orthogonal 

surfaces with different dielectric constants, and Bragg scatter from a 

moderately rough surface. 
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This three-component scattering power model can be applied successfully 

to decompose SAR observations under the reflection symmetry condition 

(Figure 3.20).  

 

Figure 3.20 Model – based Freeman decomposition 

The Freeman-Durden model-fitting approach has the advantage that it is 

based on the physics of radar scattering, not a purely mathematical 

construct. This model can be used to determine to first order what are the 

dominant scattering mechanisms that give rise to observed backscatter in 

polarimetric SAR data. 

While this decomposition can always be applied, it contains one important 

assumption which limits its applicability : the reflection symmetry that is 

not always valid [19]. Scattering symmetry assumptions about the 

distribution of the scatterers lead to a simplification of the scattering 

problem and allow quantitative conclusions about their scattering 

behaviour [26]. If the scattering matrix S for a target is known, then the 

scattering matrix of its mirrored or rotated image in certain symmetrical 

configurations can be immediately derived [19]. 

Considering a distributed target that has reflection symmetry in the plane 

normal to the line-of-sight, whenever there is a contribution from a point 
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P there will always be a corresponding contribution from its image at point 

Q (Figure 3.20). 

It can be possible to find some areas in a SAR image for which the 

reflection symmetry condition does not hold, like in urban areas. Based on 

the 3-component scattering model approach, Yamaguchi et al. proposed, 

in 2005, a 4-component scattering model by introducing an additional 

term corresponding to non-reflection symmetric cases [19]. In order to 

accommodate the decomposition scheme for the more general scattering 

case encountered in complicated geometric scattering structures, the 

fourth component introduced is equivalent to a helix scattering power. 

This helix scattering power term appears in heterogeneous areas 

(complicated shape targets or man-made structures) whereas disappears 

for almost all natural distributed scattering (Figure 3.21). 

 

Figure 3.21 Model –based Yamaguchi 4 component decomposition 

This decomposition has a result a RGB image where the red channel 

corresponds to the double-bounce scattering, the green channel 

corresponds to volume scattering and the blue channel corresponds to 

single-bounce scattering. The fourth scattering mechanism, helix, can be 

considered in a separate channel. 

The decomposition allows an interpretation of the physics behind the 

colours represented in three resulting RGB decompositions: Yamaguchi4 

Y4O, Yamaguchi4 Y4R and Yamaguchi4 G4U1 (Figure 3.22). 

The Yamaguchi Y4O (Figure 3.22, top) represents the classical 

decomposition of the three above mentioned, in which the oriented 
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targets present a volume scattering contribution and urban areas appears 

still saturated [31]. 

Applying a de-orientation for each pixel, Yamaguchi defines the second 

decomposition: Y4R, in which case a wave rotation is applied along the 

radar line of sight (Figure 3.22, middle), resulting in a better distinction of 

urban areas (double bounce) [31]. 

The last step in development of Yamaguchi decomposition is then 

represented by the Yamaguchi G4U1 descriptor. Redefining the Freeman 

model, in which the asymmetry coming from different kind of forest trees 

was not contemplated (trees are represented by three different model), 

Yamaguchi includes different kind of responses for different kind of 

targets applying a complex rotation matrix, equivalent to a polarimetric 

basis change along the line of sight of the radar (Figure 3.22, bottom) [31]. 
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Figure 3.22 Yamaguchi Y4O (top), Yamaguchi Y4R (middle) and Yamaguchi G4U1 (bottom) 

decomposition RGB images 

  



 

62 



 

63 

  

Spaceborne sensors 

In the present chapter, all the sensors, both polarimetric and optical, used 

for the research are illustrated. The research focused, primarily, on the use 

of polarimetric SAR RADARSAT-2 data with differences in incidence angle 

configuration and, secondarily, on one ALOS PALSAR image, allowing, 

thus, also a multi-frequency analysis over ancient structures. The 

archaeological purpose had the aim to study the radar backscattered 

responses over features already known according to the incidence angle 

and to exploit the potential of radar wave penetration in the ground, if 

possible. Nevertheless, also some optical sensors, thanks to their very high 

spatial resolution, have been employed as an “image truth” where 

particular responses were observed in SAR images. 

4.1 RADARSAT-2 

RADARSAT-2 (Figure 4.1) is a jointly-funded satellite mission of CSA 

(Canadian Space Agency) and MDA (MacDonald Dettwiler Associates Ltd. 

of Richmond, BC). RADARSAT-2, launched on December 4th 2007, is an 

advanced state-of-the-art technology follow-on satellite mission of 

RADARSAT-1 with the objective to provide marine surveillance, ice 
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monitoring, disaster management, environmental monitoring, resource 

management and mapping applications. The sensor works in C - band with 

a central frequency of 5.405 GHz. The RADARSAT-2 SAR sensor is very 

flexible. It is possible to reprogram the sensor, for example, according to 

resolution and swath width (Figure 4.2). Thanks to this flexibility 

(incidence angle range: 18°-52°), two different configuration modes have 

been selected for the present work (23° and 43°) [32]. Technical details in 

Table 4.1. 

 

Figure 4.1 RADARSAT-2 satellite (© CSA) 

 

Figure 4.2 RADARSAT-2 observations mode (© CSA) 
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Table 4.1 RADARSAT-2 technical characteristics (© CSA) 

4.2 ALOS 

Japanese ALOS (Advanced Land Observing Satellite) satellite was launched 

by JAXA (Japanese Aerospace Exploration Agency) on January 24th 2006 

(Figure 4.3). This satellite, no more operative since April 2011, was the 

successor of JERS-1. It was one of the most important satellites in orbit for 

the Earth observation. It was conceived for the following purposes: 

providing maps for Japan and other countries including those in the Asian-

Pacific region; performing regional observation for "sustainable 

development", harmonization between Earth environment and 

development; conducting disaster monitoring around the world; 
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surveying natural resources; developing technology necessary for future 

Earth observing satellite [33]. 

 

Figure 4.3 ALOS satellite (© JAXA) 

The satellite was equipped with three sensors: a polarimetric radar sensor 

PALSAR (Phased Array L-band Synthetic Aperture Radar), a multispectral 

sensor AVNIR-2 (Advanced Visible and Infrared Radiometer type 2) and a 

panchromatic sensor PRISM (Panchromatic Remote sensing Instrument 

for Stereo Mapping). Their characteristics are illustrated here below. 

4.2.1 PALSAR sensor 

The development of Phased Array type L-band Synthetic Aperture Radar 

(PALSAR) is a joint project between JAXA and the Japan Resources 

Observation System Organization (JAROS). It was an active microwave 

sensor using L-band frequency conceived to achieve cloud-free and day-

and-night land observation. It provided higher performance than the 

JERS-1's Synthetic Aperture Radar. Fine resolution was its conventional 

mode, but PALSAR had another advantageous observation mode ScanSAR 

(Figure 4.4), which enabled to acquire a 250 to 350 km width of SAR images 

(depending on the number of scans) at the expense of spatial resolution. 

This swath was three to five times wider than conventional SAR images 

[34]. Details in Table 4.2. 
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Figure 4.4 PALSAR observations mode (© JAXA) 

 

Table 4.2 PALSAR technical characteristics (© JAXA). ** Only the 21.5deg incidence angle 
beam was calibrated for the polarimetric mode. 
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4.2.2 AVNIR-2 sensor 

AVNIR-2 was the successor to AVNIR that was on board the Advanced 

Earth Observing Satellite (ADEOS), launched in August 1996. The 

Advanced Visible and Near Infrared Radiometer type 2 was a visible and 

near infrared radiometer for observing land and coastal zones. It provided 

better spatial land-coverage maps and land-use classification maps for 

monitoring regional environments. AVNIR-2 provided 10 m spatial 

resolution images. The pointing angle of AVNIR-2 was +44 and-44 degrees 

(Figure 4.5). In Table 4.3, AVNIR-2 details are shown [35]. 

 

Table 4.3 AVNIR-2 technical characteristics (© JAXA) 

  
Figure 4.5 AVNIR-2 acquisitions mode (© JAXA) 
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4.2.3 PRISM sensor 

The Panchromatic Remote-sensing Instrument for Stereo Mapping 

(PRISM) is a panchromatic radiometer with 2.5 m spatial resolution at 

nadir. The extracted data were conceived to provide a highly accurate DSM 

(Digital Surface Model). PRISM has three independent optical systems for 

viewing nadir, forward and backward producing a stereoscopic image 

along the satellite's track (Figure 4.6). 

The nadir-viewing telescope covers a width of 70 km; forward and 

backward telescopes cover 35 km each. Forward and backward telescopes 

are inclined +24° and -24° from nadir to realize a base-to-height ratio of 1.0 

[36]. Details in Table 4.4. 

 

 
Figure 4.6 PRISM acquisition modes (© JAXA) 
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Table 4.4 PRISM technical characteristics (© JAXA) 

4.3 IKONOS 

The IKONOS Satellite is an optical high-resolution satellite operated by 

GeoEye. It was launched on September 24th 1999 (Figure 4.7). Its 

capabilities include capturing a 3.2 m spatial resolution (multispectral and 

Near-Infrared) and 0.82 m spatial resolution (panchromatic) at nadir. Its 

applications include both urban and rural mapping of natural resources 

and of natural disasters, tax mapping, agriculture and forestry analysis, 

mining, engineering, construction, and change detection [37]. In Table 4.5 

sensor details. 

 

Figure 4.7 IKONOS satellite (© SIC) 
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Table 4.5 IKONOS technical characteristics (© SIC) 

4.4 LANDSAT ETM+ 

In 1992, the US Congress authorized the procurement, launch and 

operation of Landsat satellite. Landsat 7 (Figure 4.8), launched in April 

1999, was the latest of a series of Earth observation satellites dating back 

to 1972. The forty-year record of data acquired by the Landsat satellites 

constitutes the longest continuous record of the Earth's surfaces. The 

Earth observing instrument on Landsat 7, the Enhanced Thematic Mapper 

Plus (ETM+), replicates the capabilities of the highly successful Thematic 

Mapper instruments on Landsat 4 and 5 [38]. ETM instrument covers the 

visible, near-infrared, shortwave, and thermal infrared spectral bands of 

the electromagnetic spectrum [39]. Spatial resolution is 15 m in the 

panchromatic channel, 30 m in the blue, green, red, NIR and MIR channels 

and 60 m in the thermal infrared channel. Details in Table 4.6. 
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Figure 4.8 Landsat 7 satellite (© NASA, USGS) 

 

Table 4.6 LANDSAT ETM+ technical characteristics (© NASA GOV)
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Samarra case study 

In this chapter, the archaeological area of interest, its history, as well as 

the climatic, geomorphological and hydrological characteristics are 

delineated in order to show the reasons that drove the Ph.D. research in 

selecting this test site. 

Diagram 5.1 shows four blocks containing the principal phases of the work.  

The first block is referred to a “pre-phase” in which the test site was 

selected according to some criteria, such as geomorphological and climatic 

information about the site, evaluation of structures size, importance of the 

area under analysis and considerations about previous analysis conducted 

by means of SPOT optical satellite where the dangerous situation was 

already pointed out in occasion of the Planet Action project 2010, whose 

results are available on the web [40]. The second block is about SAR data, 

ancillary data collection and their punctual evaluation. The third block 

concerns the processing chain applied, according to the necessities of the 

purpose of the work (that means find the most suitable compromise 

between SAR data and the archaeological scope) and the products 

evaluation. Last block is about the creation of a GIS where all the data 
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(SAR, optical and archaeological maps) were collected as final step of the 

work. 

 

Diagram 5.1 Work phases 

In this chapter, the “pre-phase” block is debated. 

5.1 Test site selection: Samarra case study 

After a first analysis of archaeological sites inscribed in the list of UNESCO 

sites in Danger, the choice has fallen on the ancient city of Samarra (Figure 

5.1), the capital of the Abbasid Caliphate (from 836 to 892 A.D.). 

The Abbasid city is located in Iraq, in the Salah al-Din Governorate 

(central coordinates N 43°45'-43°51', E 34°25'-34°05'), about 125 km North 

of Baghdad. Mysteriously and suddenly, the city was abandoned and this 

rapid abandonment is the reason why Samarra represents today one of the 
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best preserved urban plan of an ancient large city, attestation of 

architectural and artistic innovations of that period. 

Together with the good preservation of the urban network that allows a 

punctual observation of the archaeological remains extended for 15,058 ha 

(buffer zone of 35,414 ha), Samarra was selected as test site also for other 

properties not negligible for this study. These important factors go from 

the size of palaces, mosques and buildings of any kind, to the suitable 

meteorological conditions and geomorphological characteristics of the 

area [41]. 

Before starting with the illustration of the site in all its aspects, UNESCO 

criteria for its inscription in the list of World Heritage sites and a brief 

historical introduction of the first surveys in the area are presented. To 

follow, illustration of geological and geomorphological situations and the 

climatic conditions of the zone are exposed. To conclude this chapter, a 

paragraph with some considerations about the employment of satellite 

data is proposed. 
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Figure 5.1 Near-East map (© Northedge 2007) 

5.2 The UNESCO site in danger 

Historical and architectural importance of Samarra, jointed to the 

dangerous situation of the country in these two last decades, caused its 

inscription in the UNESCO list of sites in danger since 2007. Among the 

ten criterion [42] necessary for the inscription in the UNESCO World 

Heritage list, the (ii), (iii) and (iv) are those identified for the Samarra 

property [43]. They are illustrated above. 

Criterion (ii): Samarra represents a distinguished architectural stage in the 

Abbasid period by virtue of its mosques, its development, the planning of 

its streets and basins, its architectural decoration, and its ceramic 

industries. 
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Criterion (iii): Samarra is the finest preserved example of the architecture 

and city planning of the Abbasid Caliphate, extending from Tunisia to 

Central Asia, and one of the world's great powers of that period.  The 

physical remains of this empire are usually poorly preserved since they are 

frequently built of unfired brick and reusable bricks. 

Criterion (iv): The buildings of Samarra represent a new artistic concept 

in Islamic architecture in the Malwiya and Abu Dulaf mosques, in the form 

of a unique example in the planning, capacity and construction of Islamic 

mosques by comparison with those which preceded and succeeded it.  In 

their large dimensions and unique minarets, these mosques demonstrate 

the pride and political and religious strength that correspond with the 

strength and pride of the empire at that time. 

Reasons linked to the dangerousness in which the city experiences are 

connected to circumstances came in succession since 2003. After the war 

begun in Iraq, the area have been occupied by military forces that used 

this zone as theatre of military operations. This unstable situation is the 

cause of the inability of the responsible authorities to exercise control over 

the management and conservation of the site, as protective procedures 

have been in abeyance since 2003, being this one of the most serious 

threats the city has. Apart from these problems linked to authorities’ 

inability of preventive actions, additional threats are compromising the 

integrity of the site. The area, which was well preserved until early 20th 

century, in fact, started to be threatened by ploughing, cultivations and 

urban expansion, as shown later in part II. 

5.3 An excursus from the first archaeological 

expeditions to modern days 

Felix Jones made a first partial representation in occasion of his study on 

the Nahrawan canal in 1846. It was in 1903 that Ernst Herzfeld realised the 
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first overall schematic plan published in the “Samarra, Aufnahmen und 

Untersuchungen zur islamischen Archäologie” (1907). According to him on 

the base of what written in his later notebooks, the observations he made 

for Samarra (and for other sites) were realised by timing his ride with a 

stopwatch from horseback. 

It was a German military surveyor, named Hauptmann Ludloff, who 

realised the first real map of Samarra in occasion of the German Samarra 

expedition during its second campaign for a period of two months between 

December 1st 1912 and February 5th 1913. It was plotted at a scale of 1:25,000 

in three sheets. This fine map (preserved in the Herzfeld Archive, Freer 

Gallery of Art, Washington) was never published in its original form, and 

a modified version has been published by Leisten. It was intended to be 

published in Herzfeld’s “Geschichte der Stadt Samarra”, but the plates were 

destroyed during the Second World War. Nevertheless, many areas are not 

detailed. How the map was realised by Ludloff is not described by 

Herzfeld, but it is probable that triangulation by theodolite, or by plane 

table, was used [44]. 

In April 1917, the military survey, after the capture of Samarra by the British 

Mesopotamian expeditionary Force and the establishment of a front line 

position at Samarra intended to protect Baghdad, made nine sheets of a 

map at a scale 1:10,560 of the area around the modern city of Samarra, and 

five sheets of the area around Istablat. A slightly larger area was included 

in a series of four sheets at a scale of 1:21,120. Finally, a larger area up to 

Tikrit was included in two sheets at a scale of 1:63,360. The technique used, 

clearly oriented to the military purposes of the war, made archaeological 

details vague and distorted. It was intended make a mosaic of the simple 

air photographs possible in the circumstances, and then to survey on the 

ground control, including contours, using a plane table. 
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In 1961-1962, new topographical maps (based on air photography by KLM 

Aerocarto) were made at scale 1:50,000, with revision in 1975. 

Although the Iraq Directorate-General of Antiquities undertook new 

excavations (1936 onward), no new maps of the site were undertaken 

before 1982. In this year, the Directorate-General of Antiquities set a team 

of 20 land Indonesian topographical surveyors to map the site in 1 

kilometre squares at a scale of 1:2,000 by using theodolites and, probably, 

distance-measuring equipment. The following year, the series was about 

three quarters complete. The area planned covers the remains to the North 

of modern city of Samarra (East bank), to the South of the town as far as 

Balkuwara and a few kilometres squares to the West of the Octagon of 

Ḥuṣn al-Qādisiyya. No work was realised on the West bank. However, the 

reason that let consider this work not useful from an archaeological point 

of view, is due to the fact that land surveyors were not archaeologists and 

were not trained to interpret the ruins and, besides, the work was quite 

rapidly done. 

In the spring of 1983, a project with the scope of an overall mapping and 

recording of the remains at Samarra started. It was based on the available 

air photography. In a first campaign (02/09-03/31), a ground control of 37 

points was surveyed. In addition to it, a preliminary assessment was made 

of the site from the ground, including a small amount of surface sherding. 

Between April and October 1984, the available stereoscopic air 

photography was plotted onto polyester. The traverse was calculated and 

the plot was made by two cartographic photogrammetric technicians. In 

1986–7, a second field campaign was conducted during which a surface 

survey was conducted. In 1989, a third campaign was carried out 

(February/April). During it, excavation at one of the long-period 

occupation sites was conducted in the site of the medieval town of al-

Qādisiyya. 
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A fourth field season was planned for 1991. However the Kuwait War 

intervened to prevent it [44]. 

5.4 Geomorphology and hydrology 

Understanding the geomorphology of an area is an important starting 

point in order to know a priori what to expect from a remote sensing 

observation, especially if the observation is based on SAR remote sensed 

products where dielectric properties of targets are distinguishable by 

sensors. 

The area of the modern city of Samarra is close to the boundary between 

the alluvial plain (South) and the Tigris valley (North), two great 

environmental zones of the country. 

Iraq presents its variety of characteristics that make this country various 

from a geomorphological point of view. The area near Baghdad is 

composed by a desert plain interested by 108 mm of rain per year and is 

traversed by Tigris and Euphrates rivers that run across the country 

coming from Eastern Anatolia and ending in the Gulf. Their itinerary 

towards the Gulf goes parallel until they are near Baghdad, diverging again 

before meeting North of Basra. Here the two rivers share an alluvial plain, 

which extends north to al-Qādisiyya (25 km south of Samarra), where 

Tigris altitude is 50 m. From here to its estuary (around 600 km South), 

the fall of the river is a gradient of 1:12.000. This slow-moving water is cause 

of silt deposition and, as a consequence, of riverbeds movements. 

Samarra is located North of the limit of the alluvial plain on the edge of 

the Tigris valley (Figure 5.2), where the river is incised between 15 and 20 

m into the rolling steppe East and West of the river and the floodplain is 

2-4 km wide. This river dominates the geology of the Samarra region. 

Steppe, on both the sides of the river, is composed of three fluvial terraces 
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formed by deposits of Tigris and Euphrates during the Pleistocene era, 

with large numbers of river-stones present in the matrix. In the ‘50s, the 

terraces of the Samarra region were given the names Mutawakkil, 

Mu‘tasim and Mahdy. In the zone where Samarra stands, the Mutawakkil 

terrace is dominant. It is composed of rounded pebbles and gravels, 

limestone and metamorphic rocks in an argilliceus and siliceous matrix. 

This kind of material is relatively easy to erode by water or wind action 

and is relatively easy to excavate. The soil of this terrace is characterised 

by sandy, loamy and silty materials mixed with gravel and reddish-brown 

soils [45] [46]. 

Considering the West side of the river, the steppe forms a dissected 

plateau varying in elevation between 85 m and 110 m above MSL. The 

vegetation in the area is not spread and is characterised by little 

vegetation. 

The East side bank is characterised by a featureless and undulating surface 

varying from 55 m and 87 m MSL. Annual grasses without trees compose 

vegetation in this area and the soil has the sufficient covering for 

cultivation when water is available [46]. 

Concerning the current vegetation, the diffusion of a circular field with a 

centre-pivot irrigation system is the real threat for the zone. A centre‐pivot 

system is an overhead irrigation system consisting of several segments of 

pipe and because of his circular shape is also called “circle irrigation”. This 

technique is compromising ruins of the ancient site due to humidity, to 

which the building materials of these structures (fired brick, mud ‐brick 

and adobe and the mortar of gypsum or mud) are particularly sensitive 

[47]. 
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Figure 5.2 Geological map (© Northedge 2007) 

5.5 Climate of the region 

The climate in Samarra region is not so different from that of Baghdad, 

where rainfall precipitations are recorded since 1888. 
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Samarra is characterised by a semi-desert climate, peculiar of central Iraq. 

It is an extremely dry continental version of the Mediterranean one, 

characterized by sparse rainfall falling during winter months, and high 

temperatures in summer. Rainfall at Samarra results from depressions 

tracking across the Mediterranean, and crossing the Syrian Desert before 

depositing rain on Iraq. 

Late 1890 is considered to be a period probably linked to the end of the 

“Little Ice Age” that interested Europe in the 16th century and that probably 

influenced also Middle East, even if no local data can confirm it. 

Taking into account more recent periods, averaged precipitation level 

recorded between 1928 and 1939 is about 97.1 mm, not so far from 

precipitation levels recorded in Baghdad (108.4 mm), while in 1948/1963 

precipitations recorded in Samarra were around 153 mm (annual average), 

a little bit more than in Baghdad (134 mm). 

Direct data about the climate during the Early Islamic period (700-1000 

AD) are not available, but some information suggest that in Europe the 

climate was characterised by warm temperatures and as consequence it 

can be assumed that in Iraq as well it was a warmer period. Variations in 

Samarra rainfall are important not for the environment, as the quantity of 

water is not sufficient for agriculture, but changes in Anatolia rainfalls 

could have had influences concerning movements of the riverbed [46]. 

However, considering the scope of the present research activity, archived 

daily meteorological information are important, especially for the analysis 

of SAR images where the knowledge of humidity content is essential in 

order to understand the influences water gives to data interpretation. 

More details and a punctual analysis of meteorological conditions will be 

given in Chapter 6. 



 

84 

5.6 The study from a remote point of view: 

advantages and disadvantages of the approach 

Once came at this point of general evaluation of the Samarra area, a 

consideration about the usefulness of a remote sensing application is 

necessary. 

This, in fact, gives the possibility to appreciate the range of changes 

occurred in these last years in the area due to all the threats listed above, 

especially agricultural and urban expansion. 

An example of the human threat is showed in Figure 5.3, where a simple 

comparison between an aerial photograph (1953) and a satellite 

panchromatic image (IKONOS, 2008) gives the idea of the progressive loss 

of whatever kind of information: shape, extension, walls’ height, itinerary, 

etc. The apparition of modern streets cutting ancient remains (red arrows) 

gives the dimension of the quantity of information lost forever if not 

recorded in time by archaeological expeditions or remote observations. 

The possibility of dispose of images coming from airborne or satellite can 

help in the study of a city highly compromised by men’s activities, as 

Samarra is [46]. 

However, not all the remote sensing devices could be used for any kind of 

archaeological applications. In the case of Samarra, in fact, being 

archaeological remains of enormous extension, the use of drones is not 

sufficient to catch the whole scene containing all the information 

necessary for the topographic reconstruction of the area. 

In dangerous areas and with unstable political situations, where also an 

airborne campaign could be risky at present day, the use of satellites is 

becoming more and more important for a non-risky intervention in order 

to study the state of ruins (from a macroscopic point of view) and, 
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hopefully, for a plan of activities of preservation or restrictions (where 

possible) of the archaeological heritage. 

 
Figure 5.3 Aerial photograph (1953) and IKONOS panchromatic image (2008) in the area of 

the cloverleaf stadium (© Northedge 2007) 

Despite these well-known advantages, limitation occurs concerning the 

possibility of verifying in situ what observed from satellite. This is true 

especially for SAR images where surveys in the area investigated could be 

of help in understanding the nature and the truthfulness of anomalies 

observed in the products, thus to validate or reject hypothesis. 

Despite these difficulties, the Ph.D. research over the site was carried on. 
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Main and ancillary data 

This Ph.D. research wants to test the possibility of archaeological 

structures detection by means of RADARSAT-2 and ALOS PALSAR 

polarimetric images for, respectively, a multi-incidence angle and a multi-

frequency analyses. 

SAR products used are here presented, together with the meteorological 

conditions relative to the days of acquisitions and ancillary data collected. 

These last ones revealed to be precious information that, merged among 

them, help in understanding better the scattering responses of microwaves 

over the archaeological structures of Samarra. 

6.1 SAR dataset presentation 

The main idea of the work was to schedule RADARSAT-2 satellite 

acquisitions for a multi-incidence angle analysis (chapters 7, 8, 9). 

Different incidence angles, in fact, were selected in order to better detect 

single bounce and double bounce scattering mechanisms responses 

associated to archaeological structures already known. 
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In addition to these RADARSAT-2 polarimetric products acquired 

properly for the research, also one ALOS PALSAR polarimetric image 

(chapter 10) is here presented for a multi-frequency case study. Moreover, 

one Ultra-Fine RADARSAT-2 product is employed in order to present the 

complete design situation of data in hand. 

All the images were acquired in SLC (Single Look Complex) format. The 

product SAR SLC is a single look complex digital image, phase preserved, 

slant range image generated from raw SAR data using up-to-date auxiliary 

parameters. The SLC is intended for use in SAR quality assessment, 

calibration and interferometric applications. Only a minimum number of 

corrections and interpolations are performed on the data [48]. 

RADARSAT-2 data were provided by the VigiSat ground station located in 

Brest (France) [49], in the frame of the GIS BRETEL program [50]. ALOS 

PALSAR image was provided by ESA, on the on line catalogue (EOLiSA) 

[51] in the frame of the collaboration among the Universities of Sapienza 

and Rennes 1 with the Italian establishment ESA-ESRIN (Frascati, RM, 

Italy). 

6.1.1 RADARSAT-2: the multi-incidence angle approach 

As mentioned above, the main idea was to dispose of several images 

acquired in different incidence angles. Specifically, data were acquired in 

26° and 43° incidence angles configuration between April 2012 and July 

2013. The idea behind this choice is that, ideally, in a 26° incidence angle 

antenna configuration, whose example is visible in Figure 6.1, single 

bounce scattering mechanism coming from flat surfaces, such as floors 

and streets, could better underline these kind of targets. At the contrary, 

a 43° incidence angle configuration, could be the most suitable to detect 

double bounce scattering mechanism linked, most likely, to walled cities 

or building’s walls. 
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Figure 6.1 Examples of single bounce (left) and double bounce (right) 

The choice of acquiring data in different periods of the year, moreover, was 

related to the fact that an analysis over seasons combined with different 

incidence angles could permit a better identification of the two scattering 

mechanisms above mentioned, aided or disturbed by meteorological 

situation. 

As the area of the city has an extent of around 40x8 km, RADARSAT-2 

swath in the Fine Quad pol mode was not able to cover all the area 

interested by the presence of known archaeological structures of the 

Samarra properties. 

The attention, thus, was mostly concentrated in the Southern part of the 

site that comprises the Octagon of Ḥuṣn al-Qādisiyya until the modern city 

of Samarra in the top of the SAR image (Table 6.1, ID 1-6) where the areas 

of the three racecourses, the Dār al-Khilāfa palace and its cantonments are 

located. For these areas, an analysis over seasons was possible due to the 

comparison of polarimetric descriptors and decompositions among the 

different dates. 
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Table 6.1 RADARSAT-2 acquisitions 

On the contrary, last two images acquired in July 2013 (Table 6.1 ID 7, 8) 

cover mostly the Northern part, where al-Mutawakkiliyya city is located 

and where there is a high concentration of ancient ruins with a very strict 

twine of mosques, palaces and cantonments. The case of the al-

Mutawakkiliyya, in fact, can be considered as an “isolated” case study for 

which no comparison among images was possible. Image at 26° incidence 

angle of July 2013, in fact, is the only one to cover the Northern part of the 

archaeological area, as visible in Table 6.1, ID 7. Reasons that drove in the 

selection of the acquisition of this isolated image are linked to the 

necessity of disposing of an overview of the whole area of Samarra 

properties and to the possibility of disposing of at least one acquisition in 
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July. In summertime, in fact, meteorological situation is characterised by 

dry terrain conditions and no precipitations phenomena are recorded 

starting from June, guaranteeing, thus, ideal terrain aridity conditions. In 

Figure 6.2 an example of the span of the four 26° incidence angle images is 

presented. 

 

Figure 6.2 Span of the four 26° incidence angle RADARSAT-2 images 

6.1.2 Ultra-fine RADARSAT-2 image: the high spatial resolution 

One ultra-fine RADARSAT-2 image, visible in Figure 6.3, was acquired as 

well in order to dispose of a very high SAR spatial resolution image. In this 

way, details in the area could be better visualised. Also in this case, the 

area covered by the sensor does not include the Northern part of the 

Samarra properties. 



 

92 

The image was acquired on April 23rd 2012 in a 38° incidence angle 

configuration. The polarisation of this SAR product is HH, therefore, no 

polarimetric descriptors and decompositions were performed. Usefulness 

of the data is mostly linked to its high spatial resolution that was used as 

a term of comparison with polarimetric SAR data. 

 
Figure 6.3 Ultra-fine RADARSAT-2 image 

6.1.3 ALOSPALSAR: an analysis in L-band 

ALOS PALSAR image (Table 6.2) used in this study has to be considered 

as an important term of comparison, as the sensor acquired in L-band. 

Image available in the EOLiSA on line catalogue was acquired on 

November 15th 2008 in full polarimetric mode. Incidence angle mode is 23°. 

Time elapsed since time acquisition (2009) and different bands between 

the two sensors made interesting and useful the comparison with 

RADARSAT-2 data. 
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Table 6.2 ALOS PALSAR acquisition (© Google Earth) 

6.2 Ancillary data presentation 

The study of archaeological evidences by means of SAR images requires 

different ancillary information that contribute to understand better the 

panorama for a correct interpretation of SAR products. 

In the study of Samarra properties, meteorological conditions, 

archaeological maps and optical data are used as an important source of 

information and evaluation of the analysed area. 

Meteorological conditions were fundamental for the knowledge of water 

content in the terrain. 
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Archaeological maps were important for the comparison between them 

and SAR signal and for the right identification of archaeological structures 

already known.  

SAR data and archaeological maps are then linked together by satellites 

optical images and aerial photographs that were analysed in order to have 

a more precise idea of the area investigated, being impossible to go there 

for surveys in situ. 

Here below a detailed illustration of the different ancillary data that were 

used along the study. 

6.2.1 Meteorological condition. The importance of archives: 

Baghdad and Tuz Khormato stations 

Meteorological conditions constitute a basic information in interpreting 

SAR data. The presence of water in the terrain and the knowledge, even 

approximately, of its quantity are relevant information in order to be more 

aware about the responses observed and in order to evaluate the quality of 

the responses analysed. 

According to what generally observable in Iraq and according to 

meteorological archives of the country, it is possible to affirm, at least, that 

the best period for the observation of the Samarra area is the period 

between June and July, while the most critical period is recorded on the 

months of April and October, as shown in Graph 6.1. 
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Graph 6.1 Graphs of annual average conditions 

6.2.1.1 Meteorological conditions during RADARSAT-2 acquisition 

To have this kind of information and to have access to a database with all 

the historical records, contacts have been established with the Iraqi 

Meteorological Organization. The lack of answers and the absence of 

meteorological stations in Samarra, prevented the possibility of knowing 

the quantity (mm) of water felled monthly and daily and, consequently, to 

estimate the humidity situation over the area in the days of acquisitions. 

Therefore, data here illustrated refer to meteorological stations situated in 

Baghdad (about 125 km South of Samarra) and Tuz Khormato (about 110 

km North-East of Samarra) available on WunderMap® website [52]. 

Both the cities were chosen as reference points because, in the case of 

Baghdad, the climate is not so much different from the one of Samarra, 

while Tuz Khormato was selected in order to have a wider spectrum of the 

probable meteorological situation in Samarra. 

It is necessary to point out that radar data available on the web for the 

knowledge of clouds coverage were not consulted, as the presence of 

clouds is not guarantee of rainfalls occurred over the area, thus, these data 

were not considered useful for the scope of the research activity [53]. 
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Data reported in Table 6.3 and Table 6.4 are related to the day of the 

images acquisitions, the three previous days, plus general observations of 

the month at issue. 

By comparing the records among them, it is possible to observe differences 

existing between the two stations. These are foreseeable as distance 

between Tuz Khormato and Baghdad is approximately of 200 km. Despite 

of it, it is possible to say that wintry seasons are those with a higher level 

of rainfalls phenomena in both the stations and that, thus, an 

accumulation of high percentage of humidity in the ground is predictable. 

Comparing synoptically meteorological data, a good correspondence 

among the data of the two stations is observable. The majority of the rainy 

days are common both to Baghdad and Tuz Khormato: 11th, 12th of April 

2012; 21st, 22nd, 25th of October 2012. Similar conditions are recorded also 

for January 2013 and July 2013. The most discordant data is relative to the 

month of May 2012 where in Baghdad no rainfalls phenomena are 

recorded, contrary to Tuz Khormato where on 3rd, 4th and 5th of May 2012 

precipitations occurred. 
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Table 6.3 Baghdad meteorological station 
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Table 6.4 Tuz Khormato meteorological station 

  



 

99 

6.2.1.2 Meteorological conditions during ALOS PALSAR acquisition 

Also for the ALOS PALSAR image, meteorological data recorded in 

Baghdad and Tuz Khormato stations were taken as references 

(WunderMap® website). 

As visible in Table 6.5, no precipitations are recorded in Baghdad for the 

day of the acquisition and the three previous ones. Furthermore, no 

rainfall phenomena occurred in the first half of the month. This situation, 

if applicable also to Samarra city, and the mild temperature could 

rendered the zone an ideal field of application for a radar analysis of the 

ground and, thus, for the detection of the structures, being the soil with a 

low level of humidity. 

Concerning Tuz Khormato meteorological station, no historical data are 

available on the WunderMap® website, neither in other websites 

consulted. Meteorological data available on the web, in fact, do not date 

back to 2008. 

 
Table 6.5 Baghdad meteorological station 
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6.2.2 Archaeological maps and their importance 

The fact that only little portions of the archaeological area have been 

excavated, made necessary the inception of the mapping project of the 

Abbasid city that begun in 1983. This project ended in the realisation of a 

book containing all the possible information of the ancient city that are 

progressively lost because of the high speed of economic development in 

the country and because impossibility for the Directorate-General of 

Antiquities to protect the large surface of Samarra properties. This book, 

entitled “Historical Topography of Samarra” [46] was written by Prof. 

Alastair Northedge (Sorbonne University, Paris) and was used for this 

Ph.D. research in order to have all the possible and complete information 

of the three test areas investigated. 

Following, a brief summary of all the documentation Prof. Northedge used 

to realise the archaeological maps. Because of unstable political situation, 

the study and the documentation of archaeological remains was carried 

out by means of photographs, being impossible to survey all the area. Rare 

supports from the ground were given when possible. These photographs, 

in fact, were extremely useful for the study of the topography of the zone. 

Its urban plant is clear from airborne as from optical satellites but, because 

of its bigness, kites, oblique photos or photos taken from the ground are 

not useful to understand the development of the area from an urban point 

of view. Among the photographs available, the ancient ones, as usually 

happens in archaeology, are the most interesting and rich in details. 

Realisation of archaeological maps had the contribution of three different 

techniques employed according to the technological progress. In the first 

period of the work, air photographs were obtained and plotted using 

traditional techniques of stereo-pair photogrammetry (Department of 

Photogrammetry and Surveying, University College, London). The second 
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phase consisted in the digitalising of all the maps. The third phase took 

advantage of satellite images. 

Here below a brief illustration of the material (vertical photographs and 

satellite optical images) used for the creation of the maps. 

-Vertical photographs 

- 1917. Two mosaics taken by the RAF and used for creating the 6” to the 

mile map of Samarra (Royal Geographical Society, London); 

- 1924. RAF stereopair of the walled city (Institute of Archaeology, 

London); 

- 1928. Three RAF rolls totalling 155 photographs taken during training 

missions from Habbaniyya airbase (Institute of Archaeology, University 

College); 

- 1930. RAF mosaic of 10 photographs of the Octagon at Qādisiyya 

(Institute of Archaeology, University College, London); 

- 1937. A series of vertical photographs from Samarra South to Balkuwara 

and, separately, Istablat, Qādisiyya, al-Quwayr, and Huwaysilat (Iraqi Air 

force); 

- 1953. Three runs oriented N-S, totalling 55 stereoscopic photographs, 

taken by Hunting Aerosurveys; 

- 1961. Overall coverage by KLM Aerocarto. 

- Satellite imagery 

Satellite images used by Prof. Northedge and his team for the realisation 

of the maps are pertinent to CORONA and QUICKBIRD satellites. The 

choice of these two sensors was due to specific characteristics listed above. 
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- CORONA. The importance is linked to its historical value, as many of the 

archaeological marks clearly traceable in its images are not visible 

anymore;  

- QUICKBIRD. Its importance is linked to the high spatial resolution that 

helps in identifying individual walls [44]. 

All the photographs and images listed above, were then conveniently 

treated so that archaeological maps were produced. Here below an 

example of the detailed maps obtained (Figure 6.4). 

 

Figure 6.4 Historical aerial photograph and archaeological map derived (© Northedge 2012) 

Concerning this PhD research, importance of this documentation is linked 

to the help that georeferenced archaeological maps give when overlapped 

to SAR products for the understanding of the signal backscattered, both 

for those zones where archaeological maps are known and for those areas 

where, apparently, no archaeological remains seem to be present. An 

example is shown in Figure 6.5. In this figure, a portion of the area where 

three stadiums are located is visible. It is clear that a precise overlapping 

is essential for a correct connection among SAR data and archaeological 

structures documented on the maps. Contours of building’s main profiles 
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are well detectable in SAR data (left part of the Pauli RGB image), while 

shapes and outlines of the three racecourses are ambiguous and not 

defined anymore because of the agricultural expansion of the country that 

is compromising this site. 

 

Figure 6.5 Example of overlay between Pauli RGB decomposition and archaeological maps 

More details are shown on chapters 7, 8, 9, 10. 

In paragraphs 6.2.2.1, 6.2.2.2 and 6.2.2.3, the three archaeological areas 

investigated in the Ph.D. research are presented. It is important to point 

out that the treatment of the zones is not conceived taking into account 
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the different historical periods of the ruins present in each area. The 

investigation was conducted per zone where a higher concentration of 

archaeological remains was recognized. 

6.2.2.1 Ḥuṣn al-Qādisiyya octagonal city 

The first of the three areas investigated is located in the Southern part of 

the Samarra properties (Figure 6.6). This area is characterised by several 

archaeological groups: 1) a multi-period tell; 2) the Octagon of Ḥuṣn al-

Qādisiyya with outlying buildings; 3) an area of Abbasid avenues and 

buildings to the East of the Octagon; 4) al-Musharraḥāt palace. 

The first archaeological evidence, is a typical archaeological tell, divided 

into four mounds, measuring 750 m x 280 m and having a deposit of about 

4-5 m high. 

The second and the most important archaeological evidence in this work 

is the octagonal city. Distance between the sides of the Octagon varies 

from 1476 m to 1508 m. The eight sides vary from 612 m to 623 m in length. 

Each side is characterised by half round towers. In the centre of each side, 

there is a gate. Only the fortification walls were built up, while inside the 

city very little was created. However, low mounds still visible in the 

interior give an idea of what was created. From North, East and West, three 

avenues led to a central square (300 m x 320 m). A rectangle, identified as 

a mosque, laid out within this square (104 m x 156 m). A second rectangle 

(320 m x 420 m), identified as a palace, adjoins the square to the South. 

Concerning the water supply of the city, a surface canal 15 m wide enters 

the Octagon at the North-West gate and divides into three branches. This 

ends in basins. The terminal channels were laid out for the use of builders 

and it was intended to cover over the channels when the Octagon was 

completed. Seventeen rectangular basins were also excavated inside the 

East wall of the Octagon, probably used for store the water during the 
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construction. In the city, also a double line of qanāt, off-taking from Tigris, 

was realised. A qanāt is a system of underground channel realised to 

provide water for human settlements and irrigation in hot, arid and semi-

arid climates. This system is realised by a series of well-like vertical shafts 

connected by sloping tunnels. Advantages of this kind of constructions, 

typical of arid zones, is the possibility of water transportation over long 

distances without loss of much of the water due to evaporation. An 

example is shown in Figure 7.14 Example of construction of a qanāt (© 

Muslim Heritage.com)Figure 7.14. 

Pertaining to this area, other structures, such as an avenue in the East part 

outside the city and a complex North-East of the Octagon, were traceable. 

The third archaeological evidence includes an avenue and a group of 

buildings on the Tigris; a second avenue and buildings adjacent to the 

Nahr al-Qā’im canal and a number of separated sites at the East end [46]. 

On the Northern bank of Nahr al-Qa’im canal, al-Musharraḥāt palace is 

located. It was identified as a hunting palace but, unfortunately, its walls 

were robbed out. 

 

Figure 6.6 General map of the Samarra property (left) and detail of the octagonal city (right) 

(© Northedge 2007) 
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6.2.2.2 The racecourses, the Dār al-Khilāfa palace and the 

cantonments 

The second archaeological area investigated is characterised by a) the area 

of the reserve al-Ḥayr, b) the three racecourses and c) the Dār al-Khilāfa 

palace and the cantonments (Figure 6.7). 

The reserve of al-Ḥayr is an area defined by a single wall of coursed earth. 

Today the zone is totally invaded by agricultural fields. For this reason it 

is not presented in this work. 

The area of the three racecourses is more and more interested by the 

presence of man activities. Following, some characteristics are presented. 

The first racecourse is composed of three parts: the parachute shaped 

course, the artificial mound of Tell al-‘Alīq and the triangular enclosure 

and building to the North at al-Madrasa. The walled track goes parallel to 

the urban area. The track is 80 m wide and has a length of 4.950 km. The 

Western part of the curve and the Southern part of the West straight have 

disappeared completely. 

The second racecourse resembles to a bottle. The complete track, 80 m 

wide and 10.500 km in length, was visible as late as 1968 in the CORONA 

imagery. Already in 1989, only the beginning and part of the curve were 

still visible. Unfortunately, much of the remainder was then ploughed up. 

The third racecourse, the cloverleaf-shaped, is visible only in part. It is 

wide from 78 m to 69 m and a length of about 5.310 km. Different modern 

infrastructures compromise the safety of the area that is no more and more 

visible in optical images. A road cuts the Western part and a quite recent 

raised earth cut the Southern-West circle of the racecourse. In recent time, 

also the presence of cultivations on the East and North sides is affecting 

the area as well as its employment for rubbish dump. 
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The Dār al-Khilāfa is characterised by the presence of the caliphal palace, 

with a role both of residence and for public ceremonial. At the North of 

this palace, cantonments of al-Jawsaq and al-Wazīriyya are located [46]. 

 

Figure 6.7 General map of the Samarra property (left) and detail of the reserve of al-Ḥayr, 

the racecourses stadium, Dār al-Khilāfa and the cantonments (right) (© Northedge 2007) 

6.2.2.3 The site of al-Mutawakkiliyya 

This zone (Figure 6.8) is a complex area, characterised by the presence of 

a city based around a central avenue. This city, whose palace of al-Ja’farī is 

isolated and located in the farthest North part of the Samarra properties, 

is characterised by a main avenue and two secondary avenues. The first 

parallels the main avenue 660 m to the West and leads up to the Abū Dulaf 

mosque. The path of the avenue, lost at the present day, is rebuildable 

thanks to the placement of buildings in the area. From this avenue, a 

second smaller runs to al-Māḥūza over a length of 1,270 m. 

The al-Mutawakkiliyya city is characterised by the following groups of 

buildings: some constructions adjacent to the palace gate, associable to 
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cantonments units; the Abū Dulaf mosque, characterised by a 34 m high 

spiral minaret; a cantonment unit to the East of the avenue; a cantonment 

unit oriented Northwest, South of the Abū Dulaf mosque; a cantonment 

unit between the Grand Avenue and the bank of the Tigris; a group of 20 

large houses on both the sides of the Grand Avenue; two Muṣallās (sites 

outside the city intended for the festival prayers of ‘Īd al-Fiṭr and ‘Īd al-

Aḏḥā) [46]. 

This dense combination rendered the zone very interesting from a SAR 

point of view. 

 

Figure 6.8 General map of the Samarra property (left) and detail of al-Mutawakkiliyya city 

(right) (© Northedge 2007) 

6.2.3 Optical data used for the study of the environment (IKONOS, 

ALOS PRISM, ALOS AVNIR-2, Google Earth, Landsat ETM+) 

High and very high spatial resolutions are extremely important in order to 

observe all the structures with archaeological value and with limited 
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dimensions. Thanks to the launch of optical satellites with very-high 

spatial resolution and thanks to the more and more important diffusion of 

free images available on the web (such as Google Earth tool and 

declassified satellites images of CORONA), researchers coming from 

different fields of applications started to approach to satellite imagery for 

their own works. 

In the study of the Abbasid city, six images of IKONOS satellite, acquired 

between 2003 and 2008 mosaїcated among them, 17 Google Earth scenes 

mosaїcated, one Landsat ETM+, two ALOS PRISM mosaїcated and one 

ALOS AVNIR-2 were used as optical references. 

The six IKONOS images, visible in Figure 6.9, unfortunately, were not 

covering all the area of interest as the satellite swath is 11.3 km at nadir and 

13.8 km at 26° off-nadir and being Samarra dimension around 40x8 km. 

 

Figure 6.9 Six IKONOS images 

In order to appreciate details of the archaeological buildings not well 

detectable in IKONOS images or not falling inside one of the six images, 
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Google Earth tool was used. Images available in Google Earth had their 

usefulness because of their very high spatial resolution. Details can be 

appreciated in Figure 6.10. 

 
Figure 6.10 Google Earth detail (© Google Earth) 

Landsat ETM+ image, showed in Figure 6.11, was available on the GLCF 

centre website [54]. It was employed in order to extract classes to be 

included in the GIS project. No analysis were made with the data, being 

the spatial resolution not adequate to the purposes. 

 

Figure 6.11 Landsat ETM+ image 
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ALOS PRISM and ALOS AVNIR-2 images (Figure 6.12) were used as an 

additional help for features recognition and for the observation of changes 

occurred in the zone in last years. 

 
Figure 6.12 ALOS PRISM (left) and ALOS AVNIR-2 (right) images 

6.2.4 Aerial photographs 

During the research, it was possible to get in contact and have a meeting 

with Prof. Alastair Northedge (Sorbonne University, Paris, France), in 

occasion of which there was the possibility of consulting some oblique 

aerial photographs, two of them illustrated in Figure 6.13. This gave the 

chance to “see” the surrounding environment, especially thanks to the low 

altitude of the sensor. These photographs offered the possibility of 

watching more into details ground conditions and to appreciate the 

plausible shapes and materials the constructions are made of, as well as 

the chance to observe some of the marks visible in optical data, as close as 

it was in possibility to do. 

Thus, having the possibility to see closer some details, it was “easier” to 

understand responses of radar signal for a likely interpretation of the data. 
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Thanks to all the data above described, it was possible to identify the better 

season for SAR acquisitions in the zone of the Salah-al-Din Governorate 

and the most suitable incidence angle configuration for archaeological 

structures to be applied, hopefully, in those geographic areas with the 

same characteristics (soil, environment, seasons, and meteorological 

conditions) where archaeological sites are located. 

 
Figure 6.13 Samarra Aerial photographs (© Pictures taken anonymously in 2012)
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Part II 

In previous chapters, history of remote sensing in archaeology, state of the 

art, theory of polarimetry, a brief illustration of the ancient city of Samarra 

and the dataset employed were described as introductive to the out-and-

out research activity. 

In this second part of the manuscript, the heart of the study developed is 

presented with a punctual analysis over the three archaeological zones, 

described previously in chapter 6 from an archaeological point of view, by 

means of RADARSAT-2 and ALOS PALSAR polarimetric sensors. All the 

products presented and retained to be useful for the archaeological 

objective were then collected in a GIS project where other kinds of output 

were generated, such as 3D reconstructions. 

The first three chapters are focused on the multi-incidence angle analysis 

performed by means of eight RADARSAT-2 polarimetric SAR images. Each 

of these chapters is dedicate to a specific zone. 

Chapter 7: Octagon of Ḥuṣn al-Qādisiyya area. 

- Qualitative evaluation and selection of the most suitable 

configuration mode among images; 

- Identification of polarimetric descriptors and polarimetric 

decompositions suitable for the archaeological research. 
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Chapter 8: the racecourses, Dār al-Khilāfa palace and the cantonments 

area. 

- Qualitative evaluation of the products; 

- Analysis of polarimetric descriptors and polarimetric 

decompositions already identified in the study of the Octagon of 

Ḥuṣn al-Qādisiyya. 

Chapter 9: al-Mutawakkiliyya city. 

- Qualitative evaluation of the products; 

- Analysis of polarimetric descriptors and polarimetric 

decompositions already identified for Ḥuṣn al-Qādisiyya and the 

racecourses, Dār al-Khilāfa and its cantonments areas. 

Chapter 10 concerns the multi-frequency analysis developed with the 

addition of ALOS PALSAR sensor to the already analysed RADARSAT-2 

products. The criterion followed is the same used for RADARSAT-2. The 

study, in fact, is presented per zone and starts from a qualitative point of 

view up to the individuation of the most suitable polarimetric descriptors 

and decompositions useful for the archaeological purpose. 

Chapter 11 is about a GIS project created specifically for the research. The 

aim of this chapter is to present the GIS not only as an instrument for data 

geographic connection (SAR, optical images and archaeological 

cartography), but also as a powerful tool for archaeology where SAR 

products play an innovative role, especially for the potentialities linked to 

its new employment in the archaeological investigation.
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The Octagon of Ḥuṣn al-

Qādisiyya 

After the illustration of the processing chain adopted, a presentation of the 

RADARSAT-2 dataset available for the area, the analysis from a qualitative 

point of view of the most suitable incidence angle configuration mode and 

an evaluation of the most useful polarimetric descriptors and polarimetric 

decompositions are proposed in this chapter. 

The area taken into account is the one of the octagonal city in the South 

of the Samarra property, characterised by the well-defined shape of an 

octagon plus others archaeological features spread in the surroundings. 

7.1 RADARSAT-2 processing chain 

RADARSAT-2 data were acquired in 26° and 43° incidence angles 

configuration mode. As already explained, the selection of different 

incidence angle images is linked to the possibility of a better detection of 

single and double bounce scattering mechanisms related to archaeological 

features (paragraph 6.1.1). All the images are processed by means of 

PolSARpro [55] and NEST tools [56]. In particular, PolSARpro software is 
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used for the extraction of polarimetric descriptors and decompositions, 

while NEST software is employed for data georeferencing. 

By means of these tools, thus, it was possible to extract several polarimetric 

descriptors and polarimetric decompositions georeferenced. The goal of 

the georeferenced products is to find, first, the exact correspondence 

among SAR responses and archaeological structures, then, the most 

suitable incidence angle configuration for the comprehension of 

microwaves behaviour over archaeological structures already known or to 

be discovered and, at the end, the most suitable products for the purpose. 

The following diagram (Diagram 7.1) shows the processing chain 

performed independently from the incidence angle of SAR products. 

 
Diagram 7.1 RADARSAT-2 processing chain 

After importing in the software all the information necessary for the 

lecture of the data (spaceborne sensor, platform and polarisation mode of 

the product), the extraction of T3 matrix is performed in full resolution 

mode. It is selected a full resolution mode instead of a multilook (as done 

with PALSAR product, see chapter 10), because of the more 

understandable visualization of the single-look complex product given by 

a nearly square shape of RADARSAT-2 pixels. It permits to preserve, thus, 
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as much as possible spatial resolution, fundamental for archaeological 

purposes. 

After this first step, the georeferencing method is experienced. 

Georeferencing process, in fact, is an essential step for archaeological 

goals, as the exact and accurate correspondence among SAR data, 

archaeological maps and optical images, is a crucial point for a correct 

interpretation of the backscattered signal. 

After T3 matrix extraction, all T3 matrix elements are georeferenced by 

means of NEST software (Figure 7.1) and imported again in PolSARpro. 

Polarimetric descriptors and polarimetric decompositions are then 

extracted already georeferenced as visible in Diagram 7.1. 

NEST software requests, for the georeferencing process, all the T3 matrix 

elements. The processing of georeferencing is realised by means of SRTM 

data covering the area of the image to be orthorectified, which are 

automatically downloaded from the Joint Research Center FTP [57]. The 

software realises, then, an orthorectified product in the WGS84 

geographic coordinates system [56] using as resampling method the 

bilinear one. 

This approach of automatic georeferencing is the one selected and applied 

to all the RADARSAT-2 products. The manual georeferencing, in fact, is 

discarded because of the possibility of equivocal GCPs manually taken. 

Polarimetric descriptors and polarimetric decomposition are then 

extracted. During this processing, a 3x3 boxcar is used in order to minimize 

the speckle effect and to have a better estimation of the parameters with a 

minimum bias. 
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Figure 7.1 Example of RADARSAT-2 image before (left) and after (right) the georeferencing 

process in NEST 

The workflow for the first area investigated is the following: 

- Illustration of the archaeological area of the Octagon of Ḥuṣn al-

Qādisiyya and its peculiar archaeological features already known and 

partially still visible in optical data; 

- Comparison of Pauli RGB decompositions pertaining to images 

acquired between April 2012 and January 2013 with both incidence 

angles; 

- Selection of the most suitable incidence angle configuration 

according to a qualitative evaluation; 

- Analysis of polarimetric products and polarimetric decompositions 

of the selected image useful for the identification of ancient structures. 

7.1.1 Evaluation of the most suitable incidence angle configuration 

Before showing Pauli decompositions pertaining to the six images 

acquired over the area (Table 7.1), the archaeological map of the zone is 
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shown accompanied by a legend reporting the most relevant 

archaeological features (Figure 7.2). 

 
Table 7.1 Table of the images acquired over the area of Ḥuṣn al-Qādisiyya 

Ḥuṣn al-Qādisiyya city is selected as first test zone because in this area, 

and more precisely inside the octagonal city, the soil is still quite virgin, as 

the inhabitants let it rather untouched from an agricultural point of view 

and where many archaeological evidences are still in loco. Most of these 

ancient features are large enough to be recognised by satellites and consist 

of: the Nahr al- Qā’im canal crossing W-E the area; the little canal running 

N-S the area; features with a linear path (avenue and qanāt); big 

constructions as al-Musharrahāt palace (more detail in paragraph 6.2.2.1). 

 

Figure 7.2 Archaeological map with relevant ancient features 
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As already said, both for 26° and 43° incidence angle images, the same 

processing chain is applied. When all the products are processed, a 

comparison among them is performed. 

Pauli RGB decomposition is the first elaboration observed. As already 

mentioned in chapter 3, this decomposition of the scattering matrix is 

often employed to represent all the polarimetric information in a single 

SAR image. It is starting from this point that a first qualitative evaluation 

is performed. 

A punctual analysis is conducted for each couple of images. In Figure 7.3, 

a comparison among the first couple of images (May 2012 on the top – 26°- 

and April 2012 on the bottom – 43°) is illustrated. 

In this portion of the Samarra archaeological area, it is possible to 

appreciate part of the biggest ruins lying in the zone. The accurate 

comparison between the two RADARSAT-2 images points out some 

interesting aspects: the canal running in N-S direction at the exterior of 

the Western wall of the octagonal city is clearly distinguishable in the 26° 

incidence angle image (N.1), whereas in the 43° incidence angle 

configuration it is difficult to follow the lower part of its course. The qanāt 

(N.2), the wadi (N.7) and canal system inside the Octagon (N.1) are visible 

in both images although a better visualization from the single bounce 

scattering mechanism is provided in the 26° incidence angle image. 

Enclosures (N.3) and the avenue (N.5) are better detected in the 26° 

incidence angle image, while nearly nothing of the backscattered signal is 

associable to the al-Musharraḥāt palace (N.4). 
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Figure 7.3 Comparison among Pauli RGB decompositions. On the top, image of May 2012 

(26°); on the bottom, image of April 2012 (43°) 
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Taking into account what observed in these images, the two couples of 

images acquired in October 2012 and January 2013 are compared following 

the same criterion. 

 
Figure 7.4 Pauli RGB decompositions comparison. On the left, the 26°incidence angle 

images; on the right, the 43° incidence angle ones 

In Figure 7.4, four Pauli decompositions are reported having, on the left 

and on the right, respectively, 26° incidence angle and 43° incidence angle 

products. 

Numbers help in recognising archaeological structures and/or features 

already observed in images of Figure 7.3 and in the map in Figure 7.2. In 

the four images, the major features are very well distinguishable, such as 

the octagonal shape of the walled city, the Nahr al-Qā’im canal running 

W-E, the interior system of canals inside the Octagon and the double line 

of qanāt. However, paying attention to the images details, it is quite clear 

that the Pauli decompositions that better display archaeological known 

structures are those with 26° incidence angle configuration mode. 
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At this point of the qualitative evaluation, images with 43° incidence angle 

configuration are discarded as considered to be the less appropriated for 

the identification of archaeological features. 

By considering only the three images with a narrow incidence angle, next 

passage is to understand the reasons why, despite the same angle 

configuration, not all of them are useful at the same level. 

Some portions of the three images are compared according to a synoptic 

lecture of the data (Figure 7.5). The portions selected for the comparison 

are chosen according to their significance from a backscattering point of 

view. These small areas are 1) the Western perimetral wall of the octagonal 

city, 2) the external enclosures (South of the Octagon) and 3) the double 

line of qanāt. 

 

Figure 7.5 Comparison among some portions of the octagonal city 
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This evaluation bring to the selection of the image of May 2012. 

At this point, it is necessary to find the reasons why this image can be 

considered the most suitable one among the others. 

Motivations are looked for through meteorological conditions at the time 

of products acquisition. 

The three images were acquired, in chronological order, on 2012-05-07, 

2012-10-25 and 2013-01-02. To recapitulate weather conditions, an extract 

of Table 6.3 and Table 6.4 with the meteorological information of the two 

stations considered for the study (Baghdad and Tuz Khormato), are here 

proposed again (Table 7.2). 

 

Table 7.2 Meteorological conditions in Baghdad and Tuz Khormato stations 
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By considering the weather forecasts of both the stations, it is possible to 

notice that the most interesting conditions are, on average, those of May 

2012. In fact, for the days of 2012-10-25 and 2013-01-02, rainfalls are recorded 

on both the stations of Baghdad and Tuz Khormato, while for the 

acquisition of 2012-05-07 only the station located in Tuz Khormato 

recorded some precipitations. 

Even supposing humidity in the soil, some considerations are necessary to 

be done at this point: 

- temperature in May were enough high (average of 30°C) to permit 

water evaporation; 

- the image was acquired at 2:57 pm and the weather forecasts does 

not procure time of the meteorological phenomena; 

- it is possible to suppose that the precipitation could have been 

occurred at the first hours of the day (having the water time for 

evaporation) or after image time acquisition (no problem for SAR 

product interpretation); 

- the data was recorded in Tuz Khormato and not in Samarra itself. 

It is possible to assume that image of May 2012 can be chosen as the most 

suitable one among the three. 

According to this first qualitative evaluation, only SAR product acquired 

in May 2012 with 26° incidence angle configuration is considered for the 

subsequent analysis here proposed. 

7.1.2 Towards the identification of polarimetric descriptors 

On the base of what stated in previous paragraph, in the current one the 

identification of polarimetric descriptors and polarimetric decompositions 
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for the archaeological structures of the Octagon of Ḥuṣn al-Qādisiyya is 

proposed. 

The first polarimetric descriptors analysed are entropy (H) and alpha angle 

(). The choice of these two polarimetric scattering parameters is linked, 

as said in Chapter 3, respectively, to their possibility of defying the degree 

of statistical disorder of each distinct scatter type (H) and to the capacity 

of identifying the dominant scattering mechanism. 

As visible in Figure 7.7, only the perimetral walls of al-Qādisiyya city and 

Nahr al-Qā’im canal running W-E are clearly identifiable, while 

archaeological structures, mentioned in paragraph 7.1.1 and clearly well 

distinguishable in Pauli RGB decompositions, are not detectable at all. 

Entropy records low values in the portion of the perimetral walls (around 

0.15). When H value is inferior to 0.3, the system may be considered weakly 

depolarising and the dominant scattering mechanism may be recovered. 

Alpha value in the same portion of the wall analysed, is equivalent to an 

average of 3.4°. For alpha low values, single bounce mechanism occurs. 

The employment of the H/plane, in unsupervised classifications, helps 

to represent all random scattering mechanisms (see chapter 3, Figure 3.18). 

 

Figure 7.6 H/α plane with distributed data 
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By matching the values observed, the interested zone is Zone 7. This zone 

of the plane is associated to surface scattering, Bragg surface scattering 

and specular scattering phenomena, which do not involve 180° phase 

inversion between Shh and Svv. Figure 7.6 proposes the distributed data for 

the area investigated. 

 
Figure 7.7 Alpha angle (top) and entropy (bottom) polarimetric descriptors 
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The typology of backscattering obtained has to be considered anomalous 

as, for a wall, it is easier to expect a double bounce scattering mechanism. 

More detailed considerations are carried out in the paragraph 7.2. 

As these two polarimetric descriptors are not able to identify the 

structures showed in the archaeological map (with the exception of the 

perimetral wall of the city), other products are analysed in order to better 

detect the elements of interest over the area. 

Shannon entropy RGB image is the following polarimetric descriptor here 

presented. Its importance is related to information given by contributions 

of intensity and polarimetry that are summed among them indicating, 

thus, the degree of stability or randomness for a given target. It can be 

useful in understanding the behaviour of electromagnetic waves at the 

passage of the satellite and the response over known archaeological 

structures. 

This polarimetric descriptor shows the possibility of a clear detection of 

the majority of the archaeological structures mentioned above: the city 

octagonal-shaped, the double line of qanāt, the big canal Nahr al- Qā’im 

running WE, the system of canals inside the city, some external enclosures 

and the avenue located East of the city are clearly detectable. Some of these 

examples are reported in Figure 7.8. Over archaeological structures low-

medium values are recorded. 

Unfortunately, some archaeological evidences are not distinguishable 

because of high entropy values due to the presence of cultivated fields in 

the area that are compromising several structures of historical interest. 

The low archaeological information gained with H and  polarimetric 

descriptors and the first observations made with Shannon entropy turned 

the attention to other parameters in order to test the validity of the 

scattering mechanisms both upon the already known structures and in the  
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Figure 7.8 Shannon entropy and details overlapped to the archaeological map 
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areas around them. Thus, the attention turned out to the Yamaguchi four-

component decomposition. 

As outlined in Chapter 3, the three-component scattering power model 

proposed by Freeman and Durden can be successfully applied to 

decompose SAR observations under the reflection symmetry condition. 

Despite its usefulness, Freeman three-component decomposition images 

is not showed in the manuscript but, at the contrary, Yamaguchi four-

component decomposition is presented. 

In Figure 7.9, a comparison among the three Yamaguchi decompositions 

(Y4O, Y4R, Y4U1) obtained is presented. The selection among the three is 

realised both considering what is the nature of targets that is underlined 

by the decomposition and the qualitative point of view. 

 

Figure 7.9 The three results of the Yamaguchi RGB four-component decomposition 

Yamaguchi Y4O decomposition is discarded because not appropriate in 

detecting volume scattering and double bounce because of its linear 
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signal. Yamaguchi Y4R is a decomposition in which, compared to the 

previous one, double bounce scattering mechanism is better visible thanks 

to the rotation applied to the emitted signal. Yamaguchi G4U1, on the 

other hand, is more dedicated to vegetated areas. This last decomposition, 

in fact, takes into account scatterers with different shapes such as long and 

thin trees, trees with a flat crown or classical trees. Consequently, this last 

one is the more indicated for vegetation discrimination, a parameter not 

so predominant in the investigated area. 

Performing a qualitative comparison among the three decompositions, 

paying attention to the visibility of the archaeological features and 

considering that the area of the octagonal city and Samarra zone in 

general, are not characterised by trees and high percentage of vegetation, 

Yamaguchi Y4R is the polarimetric decomposition employed in the 

subsequent analysis that fits well together double bounce scattering 

mechanism and volume scattering. 

The analysis of a portion of the Yamaguchi Y4R RGB decomposition is 

presented in Figure 7.10 where the area of the Octagon and a detail of the 

Eastern wall is proposed. 

 
Figure 7.10 Yamaguchi RGB Y4R decomposition overlapped to archaeological map. On the 

right a detail of the Eastern wall 
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As visible in the zoomed window of the Eastern portion of the city’s wall, 

a punctual analysis can be carried out. Two colours are clearly observable: 

green (interior side) and blue (external side). 

According to the Yamaguchi colour codification, they correspond, 

respectively, to volume scattering and single bounce. In accordance to 

what already observed in the H/ plane mentioned in previous pages, the 

scattering mechanism associated to the wall is a single bounce. The 

volume scattering mechanism, however, is not discriminated by these two 

polarimetric descriptors. The only noteworthy characteristic of 

polarimetric descriptors presented above is the higher value of Shannon 

entropy recorded in the inner part of the Eastern wall (Figure 7.8, N.4). 

Although this response, the nature of the higher value of Shannon entropy 

was not possible to be understood. It is for this limitation in interpretation 

of the data that Yamaguchi four-component decomposition is employed, 

so that the nature of the target, in which the attention is focused on, could 

be identified. This decomposition is compared and overlapped to the 

archaeological map conveniently georeferenced. According to the 

literature, these “anomalies” seem to correspond to the seventeen 

rectangular basins realised in the East side of the city wall that were built 

during the city construction for storing water [46]. They are visible in the 

detail of the archaeological map that allow to appreciate their positioning 

(Figure 7.11, A). 

The archaeological map and photographs taken from a very low altitude 

permit to have a “photo truth” validation, being the ground truth 

impossible to perform because of the political unstable situation of the 

country that prevents from the possibility of in situ validation of the 

observations done. 
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In the synoptic vision of the portion investigated, the archaeological map, 

the Y4R decomposition and the aerial photograph are presented (Figure 

7.11). 

 

Figure 7.11 Synoptical view of the Eastern wall: A) archaeological map; B) Y4R 

decomposition; C) aerial photograph (© Picture taken anonymously in 2012) 

In the archaeological map (A), part of the basins constructed for water 

storage are indicated in yellow rectangle, while the wall is underlined in 

red. In image (B), the Yamaguchi Y4R RGB polarimetric decomposition is 

presented overlapped to the archaeological map: yellow rectangle encloses 

the volume scattering mechanism visible in the green channel, while red 

rectangle encloses single bounce displayed in the blue channel. In the right 

image (C), an oblique photograph taken from a very low altitude is 

displayed. As visible, a green coloration of the soil is appreciable in the 

photograph. This characteristic is traceable for part of the perimeter of the 

city wall where basins are located and some other portions corresponding 

to the internal system of canal where an alternation between single bounce 

and volume scattering is detectable (Figure 7.13). 

The prevalence of volume scattering response is probably linked to some 

vegetation present on the ground in this period, maybe due to the higher 

content of humidity (compared to the surroundings) that allowed 

vegetation growth. 
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To validate this hypothesis, a cross check is performed with the Yamaguchi 

G4U1 decomposition acquired in January 2013, when higher levels of 

precipitation are recorded and, as consequence, higher probabilities of 

vegetation growth are possible due to the major presence of water in the 

ground. 

By analysing this product in Figure 7.12, it is possible to appreciate that 

vegetation contribution is more visible. What is interesting in this winter 

image, apart from the green colour persistence in the inner portion of the 

Eastern wall, is a strong green\blue pattern starting from the middle of the 

city and going out from the city across the South East wall (Figure 7.12, 

yellow shape). Part of this pattern corresponds to a wadi (the bed of a 

torrent in which water flows or flew only in some periods of the year) and 

part to a branch of internal canals. This could explain why in the image of 

January 2013, when precipitations are higher, it is so well detectable as is 

not during dryer seasons. It seems possible to confirm observations made 

for the image of May 2012. 

 

Figure 7.12 Yamaguchi RGB G4U1 polarimetric decomposition. Yellow feature: the wadi; red 

rectangle: double line of qanāt 
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Also in the zone of the double line of qanāt a prevalence of volume 

scattering with some single bounce is appreciable (Figure 7.12, red 

rectangle). It is possible to validate these observations also thanks to aerial 

photographs.   

 
Figure 7.13 Aerial photograph in the area of the canal bifurcation in the N-W zone of the 

Octagon (© Picture taken anonymously in 2012; © Google Earth) 

By analysing them and with the help of GeoEye images from Google Earth, 

a change in colour surface is visible, both in the area of the double line of 

qanāt and in the basins. An example of qanāt construction is shown in 

Figure 7.14. It is known that it is no more operative and so no water is 

flowing there anymore. However, due to the presence of the vertical shafts 

on the ground, a higher quantity of humidity could probably allow some 

low vegetation growth in these points of higher accumulation of humidity. 

Where no vegetation is visible, a prevalence of single bounce is detectable, 

as for others archaeological structures in the area. 
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Figure 7.14 Example of construction of a qanāt (© Muslim Heritage.com) 

7.2 Conclusions 

After comparing and analysing the six RADARSAT-2 products available for 

the zone here presented, it can be affirm that the most suitable 

configuration mode is the one with 26° incidence angle. Among the three 

images acquired with this antenna configuration, the one that helps in 

ruins identification is the image of May 2012. It is starting from this 

product that all the polarimetric descriptors and polarimetric 

decompositions shown in this chapter were performed. 

This incidence angle configuration, jointed to the season of acquisition, in 

fact, is able to put in evidence archaeological features already known 

according, however, to the level and quantity of vegetation that today 

hides or surrounds the archaeological site. 

The most interesting remark to be done is the type of response of the 

perimetral wall of the octagonal city in H and α polarimetric descriptors. 

As seen in paragraph 7.1.2, the nature of its scattering mechanism is 
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associated to a single bounce, whereas the response expected was a double 

bounce. The reasons linked to this “unexpected” response are due to the 

combination between wall inclination and narrow SAR incidence angle 

(Figure 7.15). 

 
Figure 7.15 Example of interaction between microwaves and perimetral wall of the city (© 

Picture taken anonymously in 2012) 

It can be concluded, thus, that a narrow incidence angle acquisition mode 

seems to be the most suitable one in this area for the detection of known 

archaeological structures. 

  



 

138 



 

139 

  

The racecourses, Dār al-

Khilāfa palace and its 

cantonments 

In this chapter, the three racecourses, Dār al-Khilāfa palace and its 

cantonments are shown. This area, as the previous one, is of great interest 

for the research because of the presence of large structures, most of them 

appreciable from optical satellites and some of them not more detectable 

because of human expansion. 

The workflow for this zone is the following one: 

- illustration of the archaeological area and its peculiar 

archaeological features; 

- comparison of Pauli RGB decompositions among images acquired 

between April 2012 and July 2013 with both incidence angle 

configurations; 

- selection of the most suitable incidence angle mode according to a 

qualitative evaluation; 
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- analysis of polarimetric products and polarimetric decompositions 

of the selected image useful for the detection of ancient structures 

already identified in chapter 7. 

8.1 Illustration of the area and evaluation of the 

incidence angle configuration 

As already described in detail in chapter 6, racecourses have typical shapes 

that could be easily identified: a) a parachute-shaped extending South 

from Tell al- ‘Alīq; b) a bottle- shaped running East from the site of the Dār 

al- Khilāfa; c) a cloverleaf-shaped circuit located Southeast of the Dār al-

Khilāfa. 

Their peculiar shapes, their size and the risk to which they are exposed 

turned out to be determinant in the choice of this portion of the Samarra 

property. 

The scope, in this area, is to experiment if SAR could detect what from 

optical sensors is no more visible and what is still visible but with some 

difficulties. 

At the contrary of the situation of the octagonal city, the portion of land 

in which the three stadiums lie is almost totally invaded by human 

activities whose effects are listed contextually to their description in 

paragraph 6.2.2.2. A brief recapitulation is given here below. 

The first racecourse is composed of three parts: the parachute shaped 

course, the artificial mound of Tell al- ‘Alīq and the triangular enclosure 

and building to the north at al-Madrasa. The Western part of the curve 

and the Southern part of the West straight has disappeared completely 

due to the enormous expansion of agricultural activities. The second 

racecourse, the bottle-shaped, showed its complete track as late as 1968 in 

the CORONA imagery. Already in 1989, only the beginning of it and part 

of the curve were visible. Unfortunately, much of the remainder was then 
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ploughed up. The third racecourse, the cloverleaf-shaped, is visible, today, 

only in part. Different modern infrastructures compromise the safety of 

the area that is less and less visible in optical images. A road cuts the 

Western part and a quite recent raised earth cuts the Southern-West circle 

of the racecourse. In recent times, also the presence of cultivation on the 

East and North sides is affecting the area as well as its employment for 

rubbish dump. 

Dār al-Khilāfa and the cantonments, at the contrary, are little bit more 

preserved from an archaeological point of view compared to the Eastern 

part where agricultural fields hided the few structures located there. 

Here below, the archaeological map of the zone is proposed again (Figure 

8.1). The buildings complexes mentioned in the chapter are underlined to 

facilitate their positioning. 

 

Figure 8.1 Archaeological elements characterizing the area 
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For these areas, all the RADARSAT-2 images spanning from the springtime 

2012 to summertime 2013 are employed in the analysis (Table 8.1). 

 
Table 8.1 Images available for the study of the area 

Processing chain adopted for the two images acquired in July 2013 and not 

analysed in the previous area, is the same debated in detail in paragraph 

7.1. 

As for the previous case, analysis of racecourses, Dār al-Khilāfa and its 

cantonments started from a qualitative point of view by means of Pauli 

RGB decompositions observation, in order to have a first evaluation of the 

scattering mechanism behaviour over the investigated targets. 

In chapter 7, the most suitable incidence angle selected is the 26° 

configuration mode, where almost the totally of the biggest known 

archaeological structures of the Octagon are better detected. 

In order to identify if, as in the case of the Octagon, the 26° configuration 

is the most suitable also in this case, the two images of July 2013 are 

compared here below (Figure 8.2). 
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Figure 8.2 Pauli RGB decompositions: 26° incidence angle (upper image); 43° incidence 

angle (bottom image) 
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The details of the two images show the portion of the area of Dār al-

Khilāfa, where the palace with a system of basins and courtyards is located. 

It is evident that in the 26° configuration (upper image) the single bounce 

scattering mechanism (blue colour) is the prevalent one that better 

responds, coinciding both with bare soils of agricultural fields and with 

flat surfaces in general encountered by the microwaves. Although it can 

seem that the image with 43° incidence angle has a better pixel definition 

of the image along structures (due to the antenna inclination at 43°), also 

in images of July 2013 archaeological structures are better detected in the 

narrow incidence angle configuration. One element that comes 

immediately evident and that can be well appreciated, is the feature in red 

circle in Figure 8.2. It was the tribune where spectators took place to assist 

at the races of horses. 

Therefore, also for the study of this second area, the configuration mode 

taken into account is the 26° incidence angle. However, before continuing 

with the analysis of the polarimetric products and decompositions, a 

further comparison among the four images acquired with 26°incidence 

angle over the area is performed, in order to validate the image more apt 

for the identification of structures still visible. 

Images in Figure 8.3 are the four Pauli RGB decompositions. As in the case 

of the Octagon, a mere visual comparison is performed. 

To better identify the most appropriate image among the four, only some 

portions of the Pauli RGB decompositions are taken into account, jointly 

to the consideration of the meteorological data for a more clear evaluation 

of SAR products. 

Portions of the image considered to be sensitive because of the presence 

of archaeological structures, are those indicated in red and yellow 

rectangles corresponding, respectively, to the mound of the parachute-

shaped racecourse (tell al-‘Alīq) and a portion of Dār al-Khilāfa palace, 
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more precisely the area where the rounded sunken basin and a squared 

pavilion are located. 

 

Figure 8.3 Four Pauli RGB decompositions at 26° incidence angle configuration mode 

By considering vegetated areas in the Eastern part of Dār al-Khilāfa, the 

image of October 2012 is the one where vegetation is predominant. Green 

colour (volume scattering mechanism), in fact, is the dominant 

component not only on the Eastern part of Dār al-Khilāfa, but also along 

the Tigris River (Western part of the image). This is probably linked to the 

autumn period of acquisition in which precipitations are recorded in both 

the meteorological stations of Baghdad and Tuz Khormato taken into 

account, favouring, thus, vegetation growth. This could also justify some 

lack of information over some agricultural fields and courtyards of ancient 

buildings identifiable with black colour. This could mean that probably 

SAR response was lost because of the mirror effect of microwaves that were 
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not scattered to the sensor. Also considering the mound of the stadium, 

less details are traceable. Image of October 2012, thus, is discarded. 

Considering the remaining three Pauli RGB decompositions, the image of 

January 2013 can be excluded as well. In fact, by observing it, it is possible 

to note that content vegetation in the image forbids the possibility of 

analysis over the archaeological structures and in the area where ruins are 

supposed to be. 

Once discarded two of the four images, the selection is restricted to the 

image of May 2012 and July 2013, for which several remarks can be done.  

It is possible to notice in Figure 8.4 that the artificial conical mound of tell 

al-‘Alīq (red rectangles) is mostly covered (if compared to the image of 

May 2012) by vegetation in the acquisition of July 2013 (Oriental portion) 

despite the dry season. This forbids a limpid identification of the mound. 

On the other hand, considering the portion of the palace of Dār al-Khilāfa 

(yellow rectangles), it is possible to appreciate some details of the palace 

reported in the archaeological map. Here, part of the spectator’s lodge is 

visible in both the images as well as the big square of the Throne Halls and 

some other walls of the big palace. Even if these considerations can be 

done for both the images, once more, the image of May 2012 seems to be 

the one in which these details are better appreciable. 

Thus, the image evaluation is not linked only to the meteorological 

conditions, but also to the conditions of vegetation level according to the 

seasonal growth. 

Therefore, after this pure qualitative evaluation, also for the Dār al-Khilāfa 

area, the cantonments and the racecourses, the image analysed is the one 

of May 2012 with the 26° incidence angle configuration. 

Because of the physical extension of the archaeological ruins in term of 

metres squares and because of the well-defined archaeological features, 
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each portion is debate singularly in order to show in detail observations 

made. 

 

Figure 8.4 Portions of the Pauli RGB decompositions. On the left, 26° incidence angle image 

of May 2012; on the right, 43°incidence angle image of July 2013; in the center, archaeological 

map 

The illustration starts from the area of the three stadiums, continues in the 

zone of the palace, and concludes in the area of cantonments of al-Jawsaq 

and al-Wazīriyya. For each archaeological evidence, all the products 

considered to be the most suitable are illustrated. 

8.1.1 Parachute shaped course 

Concerning the parachute-shaped racecourse, precious little of it survived 

to the agricultural expansion of modern times. In Figure 8.5, Pauli RGB 

decomposition is shown. To facilitate the comprehension of the SAR data, 

the decomposition is displayed both with and without the overlapping to 

the archaeological map together with the detail of Tell al-‘Alīq in the 

IKONOS image. As visible, almost the totally of the artificial mound is 

appreciable in the SAR product, including the Western portion of the two 

wedge-shaped walled areas of the outer circle. Of these two walled areas, 

the Western one is very well detectable as single bounce scattering 

mechanism (blue colour), but less and more confused is the response of 
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the Eastern one where a confused signal typical of non-pure target is 

visible. 

Concerning other portions of the stadium, it is clear how the cultivated 

fields prevent from the possibility of detection of the parachute-shaped 

course, whose path is not visible in the Pauli RGB decomposition. 

 
Figure 8.5 Pauli RGB decomposition. On the right, IKONOS detail of the Tell al-‘Alīq  

This is confirmed also by entropy and alpha angle polarimetric descriptors 

here not shown. By analysing their values along the parachute path, in fact, 

the low values of alpha angle and the high values of entropy fall in the not 

feasible region of the H/ plane (chapter 3). This does not allow to identify 

the nature of the associated scattering mechanism. 

Shannon entropy is then analysed in order to check if, as for the area of 

the Octagon, responses from archaeological remains are more visible or 

not. Figure 8.6 represents the portion of the parachute shaped-stadium 

and a detail of the artificial mound of tell al-‘Alīq. It is possible to observe 

that, from a first approach, entropy values are lower in the great part of 

the tell, expected zones where high values are expected to be high as the 

slope looking in the radar direction or vegetated and built areas. 

Unfortunately, once more, vegetation over ancient structures of the 
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parachute-shaped course prevent from the possibility of detecting its route 

South toward the modern city. 

 

Figure 8.6 Shannon entropy overlapped to the archaeological map. On the right, a detail of 

Tell al-‘Alīq 

Concerning Yamaguchi Y4R and Yamaguchi G4U1, no added values are 

given for the detection of the stadium. 

8.1.2 The bottle-shaped stadium 

Nothing of the bottle-shaped stadium is visible in any of SAR products. 

Also in the optical images, it is totally lost because of the presence of 

vegetated fields totally superimposed to the ancient structure of this 

stadium. In CORONA images as well, the complete plan was visible as late 

as 1968, while in 1989 only the beginning of the course and parts of the 

curve at the far end were still detectable. This could mean that also SAR 

data cannot help in detecting the course, not because its uselessness, but 

because this human heritage has been lost forever. An example of the 

situation of the zone is shown in Pauli RGB decomposition in Figure 8.7. 
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Figure 8.7 Pauli RGB decomposition in the area of the bottle-shaped stadium overlapped 

to archaeological map 

8.1.3 The cloverleaf-shaped racecourse 

The area of the cloverleaf-shaped racecourse is almost totally interested by 

the presence of agricultural fields and by modern roads that cut several 

parts of the area. The Western side is cut by a modern road that goes from 

Samarra to al-Dūr and, from that road, a recent raised earth road runs due 

East across the Southern part of the site. The State Drug Industries 

pharmaceutical factory was built in the 1950’s clear of the site to the South. 

No more construction at the moment seem to be built over, but 

agricultural fields are superimposed more and more in the area. In Figure 

8.8 an ancient photograph of the stadium dating back to 1953 (left) and an 

IKONOS image acquired in 2008 (right) are shown in order to give an idea 

of the conditions in which the stadium experiences today. 

 
Figure 8.8 Optical images over the cloverleaf-shaped stadium. On the left, aerial 

photograph (1953). On the right, IKONOS image (2008) 
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Figure 8.9 shows a synoptical view of Pauli RGB decomposition, Shannon 

entropy and Yamaguchi Y4R decomposition, debated here below. The 

cloverleaf-shaped racecourse, as the previous ones, is not visible both in 

the Pauli RGB decomposition and in entropy and alpha angle polarimetric 

descriptors (here not presented). Shannon entropy as well is not useful in 

discriminating this archaeological feature. The reasons are probably linked 

also to the nature of construction of the racecourse. Its height, in fact, is 

calculated to be 1.2 m on the base of some remains surviving and this can 

explain the easiness in destroying it and the previous stadium. 

 

Figure 8.9 Cloverleaf-shaped stadium. On the top, Pauli RGB decomposition; on the lower 

left image, Shannon entropy; on the lower right image, Yamaguchi Y4R decomposition 

As entropy is the parameter that indicates the degree of randomness and 

the statistical disorder of the scattering mechanism, it is possible to notice 

high/medium-high values corresponding to agricultural fields and 

manmade structures, while low values are recorded in correspondence of 

the part of the cloverleaf not yet interested by man activities. Despite some 
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parts still survive, it is not possible to trace its shape. Unfortunately, 

Yamaguchi decompositions, as well, are not of usefulness in the 

archaeological features discrimination. 

Pauli decomposition, Shannon entropy and Yamaguchi decomposition are 

all characterised by the predominance of vegetation, modern buildings 

and elements that affect SAR signal. 

8.1.4 The Dār al-Khilāfa and the cantonments 

The area of Dār al-Khilāfa and the cantonments is a zone in which a 

network of walls, gardens and complicated structures are present. This 

area is analysed according to the two zones characterising the area: the 

palace and the cantonments. 

The area of the palace complex is a zone with wider spaces that are 

singularly detected by SAR sensor. Its layout is based on two architectural 

palace units that in this session will be debated jointly. 

In Figure 8.10, Pauli RGB decomposition shows clearly how RADARSAT-2 

sensor can detect structures visible in this portion of the Samarra property 

and only in part affected by human activities. The same consideration can 

be done also in Yamaguchi Y4R decomposition. In both the 

decompositions, a prevalence of single bounce scattering mechanism is 

traceable. The superimposition to the archaeological map of the area helps 

in following the linearity of the structures, especially for the archaeological 

pattern with an orientation N-S. Apart from the walls of the palace, also 

the big circular sunken basin is identifiable (red circle) and the rectangular 

area immediately South of it (red arrow). 

As appreciable in the Yamaguchi Y4R decomposition, archaeological 

structures mostly correspond to single bounce scattering mechanism. 

Some double bounce and volume scattering response clearly visible are 

linked to sparse spontaneous vegetation or to the morphology of the area. 
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Figure 8.10 Portion of the Dār al-Khilāfa palace. On the left, Pauli RGB decomposition; on 

the right, Yamaguchi Y4R decomposition. In red circles the circular sunken basin. Red 

arrow indicates a rectangular area 

Shannon entropy, as regards to the area analysed, confirms a low value in 

the portions interested by gardens and basins and medium-high values 

probably linked to surface roughness and some structures restored in 

previous years, or differences in height of the ground. Figure 8.11 gives an 

idea of the sunken basin and its surroundings.  

 
Figure 8.11 Shannon entropy detail of the circular sunken basin. Aerial photograph as a 

validation of the Shannon entropy values (© Pictures taken anonymously in 2012) 
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It is possible to appreciate how high Shannon entropy values correspond, 

in this case, to well precise surface roughness of the zone. 

The zone of the cantonments of al-Jawsaq (Figure 8.12, A) and al-Wazīriyya 

(Figure 8.12, B) is located immediately North/North-West respect to the 

palace just analysed. 

The area of al- Wazīriyya (North-West) is interested, at the present days, 

by man activity that brings, as results, very high values of Shannon 

entropy. Agricultural fields, in facts, involve almost the whole area with an 

exception in the extreme North portion of this diamond-shaped complex. 

The area of the cantonment of al-Jawsaq, is interested, at the contrary, only 

minimally by man activity. The portions where agricultural fields are 

present are underlined in the aerial photograph (Figure 8.12, C, red arrows) 

used as validation that confirms the results obtained in SAR polarimetric 

descriptor (Figure 8.12, A, black arrows).  

 

Figure 8.12 Shannon entropy. In the rectangles, the two cantonments of al-Jawsaq (right 

rectangle) and of al-Wazīriyya (left rectangle) (© Picture taken anonymously in 2012) 

In Figure 8.13, Yamaguchi decomposition is proposed in order to show the 

whole area handled above, including both the cantonments and the area 

of the palace of Dār al-Khilāfa. Specifically, decomposition YG4U1 is 

C 
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selected in order to better underline volume scattering contribution over 

the area. This decomposition, as well, confirms results showed above. 

 
Figure 8.13 Yamaguchi G4U1 decomposition over the area of the cantonments 

8.2 Conclusions 

In this chapter, it can be affirmed that, as for the previous one, the most 

suitable incidence angle is the 26° configuration mode. It has been shown 

how, not only the humidity conditions of the soil and the presence of 

cultivated/vegetated areas play a fundamental rule in the good operation 

of SAR sensor, but also, how the seasonal plantations have importance for 

a good detection. In fact, image of July 2013 that was expected to be the 

most useful one, was discarded despite the dry seasonal conditions in the 

area. Once more, it is demonstrated how, especially as seen in the area of 

the three stadiums, human activity predominance is totally obfuscating 

the memory of part of this Iraqi human heritage.  
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al-Mutawakkiliyya city 

The last zone investigated is the Northern part of the archaeological 

property of Samarra. This last area includes: the palace of al-Ja’farī in the 

extreme North (included, however, only partially in the SAR image with 

26° incidence angle configuration and totally omitted in the image with 

43° incidence angle) and the city of al-Mutawakkiliyya with its 

cantonments. In Figure 9.1 the archaeological map of the zone is proposed 

again. 

9.1 Qualitative analysis over al-Mutawakkiliyya 

city 

The only two images available for the zone  are those of July 2013 (Table 

9.1). 

 
Table 9.1 List of the SAR products employed in the area of al-Mutawakkiliyya city 
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Processing chain adopted for these two images is the same debated in 

detail in paragraph 7.1 and already used for the previous areas presented. 

As in previous case studies, the analysis of the city of al-Mutawakkiliyya 

and the cantonments started from a qualitative point of view by means of 

a comparison of Pauli RGB decompositions, in order to have, also in this 

case, a first evaluation of the scattering mechanisms behaviour and in 

order to evaluate which incidence angle configuration could be the most 

suitable one for archaeological purposes. 

 
Figure 9.1 Archaeological elements characterizing the area 

In previous case studies debated in chapter 7 and chapter 8, the incidence 

angle configuration selected as the most suitable one is the 26°incidence 

angle. In the al-Mutawakkiliyya case as well, the better solution is, in fact, 

the one at 26° incidence angle. It has also to be taken into account the fact 
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that this image with a narrow angle covers a wider portion (about 4 km 

more) of the property, compared to the 43°configuration mode, not yet 

investigated (Figure 9.2), specifically, the zone where the Abu Dulaf 

mosque is located. The products performed over the area are, thus, 

pertinent to the image of July 13th 2013. 

 
Figure 9.2 Pauli RGB decompositions. On the left, 26° incidence angle mode; on the right, 

43° incidence angle mode 

9.2 Products overview 

By observing Pauli RGB decomposition in Figure 9.3, it is clear how the 

most important archaeological features are detected by SAR sensor. The 

qanāt (NW/SE), the big avenue (NW/SE) and the interior walls of the Abu 

Dulaf mosque are, in fact, clearly visible. 

For this area as well, a prevalence of single bounce scattering mechanism 

is relevant in correspondence of almost all the structures, while some 

volume scattering mechanism is distinguishable along the qanāt and the 

avenue, as already observed for the double line of qanāt inside the 

octagonal city (Figure 7.3). 

Considering Shannon entropy (Figure 9.4), it is possible to see how the 

high values correspond to vegetated areas, being this area not preserved 
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by human activity. By comparing Shannon entropy to ALOS AVNIR-2 

multispectral product, it is clear that, despite AVNIR-2 image was acquired 

in 2008 when situation was not yet so critical for the archaeological 

property of Samarra, vegetated areas are those that cause this disorder in 

the signal backscattered to the sensor. Although the agricultural fields are 

less in expansion compared to the most recent years as already outlined in 

the PLANET ACTION project (2011) [40], it is easy to understand the 

impact over the archaeological site. 

 
Figure 9.3 Pauli RGB decomposition and the archaeological map of al-Mutawakkiliyya city 

Apart from the danger for the ancient structures, this comparison between 

the two images underlines the progressive increase of agricultural fields 

over the area during years. 
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Figure 9.4 Shannon entropy, on the left. ALOS AVNIR-2 image, on the right 

The nature of this status is confirmed also by Yamaguchi Y4R 

decomposition where a prevalence of volume scattering mechanism is easy 

to be distinguished, accompanied by single bounce scattering mechanism. 

In Figure 9.5, some portions of the area taken into account are analysed 

into more closely. Observing the area where the Abu Dulaf mosque is 

located, a strong response of single bounce is detectable. Here, a non-

invasive use of the soil is recorded. For this portion, in fact, only along the 

canal running N-S a preponderant use of the soil is visible. As already seen 

in the analysis of the Octagon of Ḥuṣn al-Qādisiyya, the qanāt response is 

characterised by a prevalence of volume scattering and some single 

bounce (red arrows). 

In white colour, agricultural fields with central pivot technique (East side 

of the canal, white circles) and rectangular fields (West side of the canal, 

white shape), are indicated to give an idea of the threat of the area. 

One important remark to notice is the minaret of the mosque that is 

clearly detected as double bounce (red circle in the photograph and in the 

figure). This means that this target is seen as a strong corner reflector by 

SAR sensor. 
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Figure 9.5 Yamaguchi Y4R decomposition. On the left, aerial photograph (1937) of the Abu 

Dulaf mosque (© Northedge 2007) 

The Southern part of the area here analysed presents a more complicated 

situation. The zone, in fact, is characterised by the presence of the 

cantonments of al-Karkh and al-Dūr ( 

Figure 9.6), which result in a very dense network of buildings. 

 
Figure 9.6 al-Dūr and al-Karkh cantonments (© Northedge 2007) 

Figure 9.7 shows a comparison among Pauli decomposition (A), Shannon 

entropy (B) and Yamaguchi Y4R decomposition (C). 
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Also from a first qualitative analysis, in Pauli RGB decomposition (A), a 

prevalence of single bounce and volume scattering mechanisms is visible. 

The single bounce scattering mechanism, however, is not associable to 

archaeological structures (as observed earlier) as the perfect squared shape 

and the homogenous colour inside the square are indicative of a source of 

response different from the one of archaeological remains. 

Shannon entropy polarimetric decomposition values (B), recorded in this 

portion of the al-Mutawakkiliyya city, are very high. The red colour, 

predominant in the scene, means a big disorder over the structures, 

copious in the area. 

Shannon entropy disorder is associated to agricultural fields or, in general, 

to human activities. Comparing optical images to SAR product, it is 

deducible how most of the single bounce mechanisms recorded by SAR 

sensor seems to be pertinent to modern buildings built in the area among 

the archaeological structures and probably linked to agricultural fields 

arise. Also aerial photographs prove human activity. 

However, in Yamaguchi Y4R decomposition (C), there are some portions 

where buildings pertinent to cantonments are detectable. This is true for 

those portions of the area where clear straight features are recorded and 

visible. In Figure 9.8, where a comparison between Yamaguchi Y4R 

decomposition and ALOS PRISM image is proposed, red arrows and circles 

underline those portions detectable by the sensor. Among them, there are 

the qanāt path, the big Avenue going N-S and buildings pertaining to the 

cantonments of the Turks at al-Karkh 1 (the portion in the West part of 

the big Avenue). 
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Figure 9.7 Southern part of al-Mutawakkiliyya city. A) Pauli decomposition; B) Shannon 

entropy; C) Yamaguchi Y4R decomposition 
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Figure 9.8 Yamaguchi Y4R decomposition (top) and ALOS PRISM image (bottom) 

overlapped to the archaeological map 

9.3 Conclusions 

This last area investigated confirms what observed in the previous two 

zones presented in chapter 7 and chapter 8. The 26° incidence angle 

configuration is, in this case as well, the most suitable configuration mode 

for the detection of archaeological structures. Archaeological structures 

detected by the sensor are better identified in a single bounce scattering 

mechanism but, as already pointed out in previous chapters, vegetation 

represents an obstacle for a good microwaves features detection. 

The big disadvantage in the study of the area is mostly linked to the unique 

image available for the zone, as comparison among different products was 
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not possible. It could be of help to know the nature of agricultural fields 

in the zone in order to select, in the case of further acquisitions, the most 

appropriate season for a good SAR employment.
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ALOS PALSAR investigation 

As outlined in the introduction to this second part of the manuscript, the 

research was conducted also by means of ALOS PALSAR sensor for a 

multi-frequency analysis over the area of Samarra property. Advantages of 

the Japanese satellite are linked to its L-band that, due to the lower 

frequency and higher wavelength, has the advantage of a higher 

probability of penetration in the ground, jointly to the advantages of the 

polarimetric data about the knowledge of target electric properties. 

Limitations, on the other hand, are linked essentially to its spatial 

resolution (around 20 m after processing). The sensor, in fact, was able to 

detect only some of the archaeological features with a certain size and 

orientation. 

As for the case-study conducted by means of RADARSAT-2 images, 

workflow in this chapter follows the same criterion. 

- illustration of the ALOS PALSAR processing chain applied; 

- Octagon of Ḥuṣn al-Qādisiyya area analysis: 

o qualitative evaluation of the image; 
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o identification of polarimetric descriptors and polarimetric 
decompositions; 

- racecourses, Dār al-Khilāfa palace and its cantonments analysis: 

o qualitative evaluation; 

o analysis of polarimetric descriptors and polarimetric 
decomposition already identified; 

- Al-Mutawakkiliyya city analysis: 

o qualitative evaluation; 

o analysis of polarimetric descriptors and polarimetric 
decompositions already identified; 

10.1 ALOS PALSAR image and processing chain 

The only PALSAR polarimetric image used (Table 10.1) was acquired on 

November 15th 2008 and was available via the European Space Agency 

(ESA) on line catalogue EOLI-SA (ESA, 2009). It was acquired in 

polarimetric mode having an incidence angle of 23° configuration mode. 

Given that the satellite activity ended in April 2011, it was not more possible 

to schedule additional images acquisitions over the area to be compared 

to the latest RADARSAT-2 ones. As a result, multitemporal analysis among 

images is not performed. 

 
Table 10.1 ALOS PALSAR image information 

Polarimetric SAR processing chain, shown in Diagram 10.1 is carried out by 

means of PolSARpro software, while georeferencing phase is carried out 

by means of commercial software (ENVI). 
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Diagram 10.1 ALOS PALSAR image processing chain 

ALOS PALSAR product analysed has a 1.1 processing level, range and 

azimuth compressed. It means that, with this level, the image is a slant 

range complex data. Pre-processing, thus, consisted in applying a 

multilook of 5 pixels in row and 1 in column. This window size is selected 

in order to obtain an as much as possible squared pixel, as PALSAR pixels 

have a very lengthened shape compared to those of RADARSAT-2 data. 

Polarimetric descriptors and polarimetric decompositions are, then, 

performed using a 3x3 pixels window size. This window size turned out to 

be a good compromise between the loss of spatial resolution and an 

unbiased estimation of the polarimetric parameters. Subsequently, the 

obtained products have been manually georeferenced using the optical 

ALOS AVNIR-2 image (WGS84) acquired on May 22nd 2007. Among the 

several high spatial resolution optical data available (see chapter 6), 

AVNIR-2 multispectral sensor is selected for the georeferencing 

processing. If compared to other high resolution satellites, its lower spatial 

resolution (10 m), in fact, made easier the identification of targets in SAR 

data. A higher spatial resolution, in fact, due to high amount of details, 

would have rendered more uncertain the right positioning of the Ground 

Control Points (GCPs). In the resampling process, a first-degree 
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polynomial is applied, as the morphology of the zone does not present any 

particular elevation of the ground. A bilinear resampling is then performed 

[58]. 

The three archaeological areas described in previous chapters are debated 

separately in order to analyse in detail the principal observed 

characteristics. 

10.1.1  The Octagon of Ḥuṣn al-Qādisiyya 

Pauli RGB decomposition is the first product here presented for a 

qualitative observation of the area. In Figure 10.1 the octagonal city portion 

and its surroundings are shown. Its overlapping to the archaeological map 

helps in identifying the features of interest whose details are punctually 

reported in the archaeological map in Figure 7.2. 

What is appreciable in the decomposition is the almost total absence, at a 

first sight, of the archaeological features well detected in RADARSAT-2 

products (Figure 7.3, Figure 7.4). 

The double line of qanāt and its way towards the Tigris River, the interior 

system of canals in the octagonal city and the avenue are some of the 

ancient marks not detected in this Pauli RGB decomposition. 

Focusing the attention on the area, ancient features identifiable are 

(Figure 10.1): 

- the perimetral walls of the Octagon (green arrows); 

- the canal N-S that coasts outwardly the Western wall-side of the 

city (white rectangle). Its path is well detectable in the portion 

of the area where vegetation is not present in an invasive way 

(systematic agricultural fields), while it is totally lost in its 

Northern portion; 
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- part of the internal canal and of the wadi in the centre of the 

Octagon going out from the centre of the city through the 

Southeast wall (red shape); 

- part of the external enclosures (green rectangle);  

- the canal coming from North that supplied water to al-

Musharraḥāt palace (orange rectangle). 

 
Figure 10.1 Pauli RGB decomposition with, in green, archaeological features partially 

detectable 

The following step was to analyse polarimetric descriptors already used as 

entropy and alpha angle. As in the case of RADARSAT-2 products, 

polarimetric descriptors mentioned do not provide additional 

informations about the archaeological remains and are not presented. 

Shannon entropy polarimetric descriptor is, then, analysed in order to 

verify if, as in the use of RADARSAT-2, it could be of help for ancient 

features identification. 

Unfortunately, Shannon entropy as well (Figure 10.2) does not give 

additional informations compared to the Pauli RGB decomposition. 
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Figure 10.2 Shannon entropy polarimetric descriptor 

Archaeological features visible in Shannon entropy are linked to 

medium/medium-high values. Features mainly appreciable are, once 

more: 

- perimetral walls (medium/low values); 

- part of the internal canal (medium values); 

- part of the wadi (medium values); 

- part of the external enclosures (medium/high); 

- part of the canal coming from North, running along the Western 

wall and going South to the Tigris River (medium/high values). 

The last parameter proposed for this area is the Yamaguchi four-

component decomposition (Figure 10.3). Features detected are (red 

arrows): 

- the perimetral wall; 

- the wadi; 
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- part of the external Southern enclosures; 

- the canal that supplied water to al-Musharraḥāt palace; 

- the canal coming from North. 

 
Figure 10.3 Yamaguchi Y4R decomposition. Red arrows indicate archaeological features 

By analysing closer the Octagon (Figure 10.4), some considerations can be 

made. Only one of the three branches of the canal entering N-W the city 

is faintly detectable as single bounce (green rectangle). However, what is 

noteworthy in this decomposition is that there are no responses associated 

to the canal entering N-W, to the double line of qanāt and to the other 

internal branches of the canal. 

 
Figure 10.4 Yamaguchi Y4R decomposition. Detail of the Octagon 
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At a first level of interpretation this lack of detection may be ascribed to 

the low ALOS PALSAR spatial resolution (about 20 m). However, 

considering optical high resolution images (IKONOS), it is easily 

understandable that, despite PALSAR low spatial resolution, surface 

ground alterations, due to canals construction, are wider then PALSAR 

resolution itself (Figure 10.5). 

 
Figure 10.5 IKONOS image. Detail of canals and qanāt inside the Octagon 

As illustrated in paragraph 6.2.1.2, meteorological conditions recorded in 

Baghdad station show a sunny situation for the day of the acquisition and 

for all the month of November 2008 with moderate temperatures. 

Supposing Samarra had a similar climatic condition in that period, it is 

possible to hypothesize that water precipitations did not disturb radar 

acquisition. This could have helped microwaves penetration in the ground 

in an optimal scenario condition. More remarks are done in paragraph 

10.2. 

10.1.2  The racecourses, Dār al-Khilāfa palace and its cantonments 

Taking into account the area of the three racecourses, vegetation totally 

hid the shapes of the remaining parts of the three stadiums. 
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Details highlighted in the Pauli RGB decomposition (Figure 10.6) 

demonstrate the important responsibilities vegetation has for a correct 

individuation of the archaeological patterns. The only portion of the 

parachutes-shaped stadium visible and only partially detected by PALSAR 

sensor, is the Tell al-‘Alīq mound (zoomed right window). Nothing of the 

bottle-shaped and of the cloverleaf stadiums is visible. Shannon entropy 

and Yamaguchi decomposition (here not presented) do not help in a better 

visualisation of the features taken into account. 

 
Figure 10.6 Pauli RGB decomposition. Detail of the three stadiums area. Question marks 

are located in correspondence of each of them. Tell al-‘Alīq in the right zoomed window 

Considering, on the other hand, the area of Dār al-Khilāfa and the 

cantonments, an area where vegetation did not invade archaeological 

remains, the possibility of identifying walls and structures is bigger. Pauli 

RGB decomposition of the area (Figure 10.7) shows clear responses of 

single bounce scattering mechanisms where archaeological structures and 

their marks are still in loco and where agricultural fields did not interested 

heavily the remains. Squares in the image underline the sunken basin, 

gardens (in red) and the Spectator lodge of the bottle-shaped stadium (in 

yellow). 
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Figure 10.7 Pauli decomposition. In the right window, details of gardens and basins (red 

square) and the spectator lodge (yellow rectangle) 

The presence/absence of agricultural fields and ancient structures is 

confirmed also in Shannon entropy and Yamaguchi Y4R decomposition 

(Figure 10.8). Both in the first polarimetric descriptor and in the 

decomposition, high values are mainly associated to vegetated areas and 

to some well-defined archaeological features still entire or restored in past 

years, as visible in the figure. Here, a vegetated part of the cantonment of 

al-Jawsaq (black square) and an aerial photograph of the basin (white 

square) are presented. 

Nothing is visible of the diamond cantonment of al-Wazīriyya. 
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Figure 10.8 Shannon entropy (left) and Yamaguchi Y4R decomposition (right). Details of an 

example of restored structures (white square) and vegetated areas (black square) (© 

Picture taken anonymously in 2012)  

10.1.3 Al-Mutawakkiliyya 

The last area of ALOS PALSAR product considered is the city of al-

Mutawakkiliyya. Advantages of this radar product is the coverage, in its 

acquisition, of the palace of al-Ja’farī area, not involved in the RADARSAT-

2 acquisition of July 2013. 

Pauli RGB decomposition in Figure 10.9 gives an idea of the responses 

recorded. The al-Ja’farī palace presents a prevalence of single bounce as 

the whole area of buildings and cantonments, except the zones for which 

vegetation is recorded. Shannon entropy and Yamaguchi Y4R 

decomposition are not presented because not significant from an 

archaeological point of view and do not provide additional information. 
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Figure 10.9 Pauli RGB decomposition in the area of al-Mutawakkiliyya. Details are 

presented in the zoomed windows: al-Ja’farī palace (yellow square) and Northern part of 

the city (green square) 

10.2 ALOS PALSAR partial conclusions 

After this overview of ALOS PALSAR image, some considerations must be 

done also for this sensor. Before starting, it is necessary to underline the 

fact that, unfortunately, only one ALOS PALSAR product was available for 

the investigation of the area and that the only meteorological data in hand 

are those recorded in Baghdad station. Therefore, no data were available 

in the Tuz-Khormato station for the year 2008, neither in other cities 

located not too far from Samarra. Therefore, not multitemporal 

comparisons among data of the same sensor and no certainty for the 
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results observed (from a ground humidity point of view) was possible for 

this isolated image. 

Concerning the ancient properties of Samarra, it can be assumed that, 

generally speaking and making an exception for features not big enough, the 

sensor was able to detect archaeological structures already known, 

responding, mainly, to single bounce scattering mechanisms and 

associated to low Shannon entropy values, as observed in RADARSAT-2 

data. Despite the detection of the mentioned structures, it has not to be 

disregarded the fact that the double line of qanāt and other ancient 

features in the area of Ḥuṣn al-Qādisiyya were not detected at all. What 

can be presumed is that the use of L-band together with PALSAR narrow 

incidence angle (23°), could have allowed a small wave penetration in the 

ground (supposing an ideal scenario from a meteorological point of view). 

However, validation surveys are necessary to confirm or discard what here 

presumed. 

10.3 RADARSAT 2 and ALOS PALSAR: the multi-

frequency analysis 

Some considerations need to be made about the two sensors employed for 

the research. To render this comparison more tightened, images with the 

same incidence angle configuration are taken into account (26°and 23°) 

and, from a polarimetric point of view, only Pauli RGB decompositions are 

presented here below (Figure 10.10). 

The study conducted from a multi-frequency point of view brought to 

some considerations deduced by a qualitative analysis. Observing 

synoptically the two Pauli RGB decompositions, some remarks in the 

portion of ALOS PALSAR Ḥuṣn al-Qādisiyya city are listed above: 
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- absence of the double line of qanāt; 

- absence of the two branches of the internal system of canals 

inside the city entering in the North-West part of the wall; 

- absence of the avenue in the external East part of the Octagon; 

- absence of the clear discrimination between the seventeen 

basins (running along the internal part of the Eastern wall) and 

the wall. 

 
Figure 10.10 Pauli RGB decomposition of RADARSAT-2 (top) and ALOS PALSAR (bottom) 
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Some of these differences can be ascribed to the low spatial resolution of 

ALOS PALSAR sensor. The basins running along the Eastern internal wall, 

for example, could be not visible because of a question of spatial resolution 

of the sensor (around 20 m). However, taking into account the dimensions 

of the double line of qanāt and canals inside the city (Figure 10.5), it turned 

out to be singular the total absence of these features in all the products of 

ALOS PALSAR carried out. 

It is at this point that some considerations about the different frequency 

of the two sensors come into play. 

ALOS PALSAR L-band, in fact, could have had a higher probability of 

ground penetration if we also consider valid and applicable to Samarra 

what the meteorological station in Baghdad (the only one with data dating 

to 2008 and the closest to Samarra modern city) recorded. Absence of 

precipitations, in fact, could have helped waves in ground penetration 

process. The L-band advantage (compared to the C-band one) could have 

been reinforced also by the employment of a narrow incidence angle (23°). 

Also in RADARSAT-2, in fact, this configuration mode resulted to be the 

one that better underlined archaeological features already known. On the 

other hand, the fact that more features were visible with the RADARSAT-

2 sensor is probably linked to C-band sensitivity to surface roughness. This 

could explain the detection of the qanāt, the canals and the avenue absent 

in PALSAR data. 

Despite these optimistic hypotheses, validations in situ should be 

performed, in order to confirm or discard, from an archaeological point of 

view, this scenario. 

  



 

182 



 

183 

  

GIS: an example of output 

application 

This last chapter has to be considered as the terminal process of the work 

in which all the data collected during the research are put together. This 

gives the possibility to link, from a geographical point of view, all the 

documentation available, starting from archaeological maps, to satellite 

images, to the creation, as last step, of a 3D model of the archaeological 

structures pertaining the three areas presented in previous chapters. 

11.1 What is a Geographic Information System 

A Geographic Information Systems (GIS) is defined as a combination of 

instruments able to collect, archive, transform, refer to, represent and 

process data spatially linked among them [59] [60]. Its advent changed the 

approach of researchers respect to the classical data available for 

researches and studies. In fact, it gives the possibility to go beyond the 
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simple use of papery materials in order to approach to a more dynamic 

environment. 

Thanks to it and starting from then, a dynamic and efficient geographic 

data management is possible today, especially when a high amount of data 

needs to be related among them (Figure 11.1). Also the analysis of the 

acronym lets easily understand the scope for which it is created: 

Geographic: objects are identified by a precise positioning in the space; 

Information: objects positioned and assigned in the space are 

characterised and described through attributes; 

System: all the operations performed require hardware, software, data, 

procedure and employees. 

The most important aspect of a GIS is the approach for map interpretation 

that could be used for problem solving. It is possible to imagine its 

usefulness in an archaeological environment where huge quantities of data 

need to be put together, correlated among them and spatially related. 

Most of all, the great contribution a GIS can give to the research is the 

possibility to create new and numerous information thanks to its digital 

format which renders easier data integration. 

For the archaeological field, the use of a GIS approach can be related to 

several aspects. These go from the possibility of a simple observation and 

comparison among data over years (multi-temporal analysis for change 

detection and sites monitoring), to the possibility of thematic maps 

creation according to specific requires, as instance, vectorisation of maps 

realised according to different historical periods or to fictile data recovery. 

The important common factor, independent from the GIS objectives, is 

the great advantage of place in geographic communication data coming 

from several sources. Suffice to think to all the data deriving from an 

archaeological excavation, such as plants and elevation drawings, pottery 
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drawings, aerial photographs, satellite images and so on. An example of it 

is given in Figure 11.10. 

 
Figure 11.1 Example of mutual connection among data integrated in a GIS 

11.2 Work planning 

Before starting with the implementation of all the data available, it is 

important to define the scopes for which a GIS is created. In fact, it cannot 

be seen, in a reducing way, only as a container of all the data available. 

When a GIS project starts, it is necessary to define some important aspects 

[61]: 

- Investigation definition; 

- Data collection; 

- Interpretation; 

- Technique employed; 

- Results diffusion. 

Each of these bullets are analysed here below. 

Investigation definition. It is important to understand the reasons why, 

from an archaeological point of view, a GIS creation is important. Without 

doubt, as already mentioned in the introduction to this chapter, it is 
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relevant for an archaeologist on the field, to dispose of an instrument 

thanks to which data are able to communicate from a geographical point 

of view. It is important in order to identify changes occurred during years 

(if the site is exposed to risks), for activities planning over the area of 

investigation or for the recording of all the information and 

documentations collected during excavation or surveys. 

Data collection. This is the phase in which all the data necessary for the 

scope are collected and inserted in the GIS, attributing to all of them the 

same geographic projection system. In this Ph.D. research, the most 

important role is played by SAR data and archaeological maps. However, 

also optical images has been useful for the visualisation of the situation 

over Samarra area. It is in this phase that a bibliographic documentation 

intervenes, so that the reciprocal relation between archaeological 

structures and environment can be understood. 

Interpretation. This phase is based on the observation and interpretation 

of all the data. Of course, validations in loco are fundamental, when 

possible, especially when, as in this case, the study is mainly focused on 

SAR data. 

Technique employed. For this research, the technique employed is based, 

as amply seen in chapters 7, 8, 9, 10, on a qualitative analysis. 

Results diffusion. This research activity, as all the researches, should be 

divulged among the community and/or to local authorities in order to 

identify the best way of preservation and intervention over the 

investigated cultural heritages analysed. Unfortunately, this is not always 

possible due, as in the case of Samarra, to unstable political situations that 

suspended possibility of intervention in the area. 
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11.3  GIS tools 

The element at the base of a GIS is the layer. A layer can be defined as the 

visual representation of a geographic dataset in any digital map 

environment. Conceptually, a layer is a slice or stratum of the geographic 

reality in a particular area, and is more or less equivalent to a legend item 

on a paper map [62]. In the case of Samarra study, every satellite image 

and digitalized map constitute a layer. In this way, it is possible to identify 

and compare zones to be observed more into details by means of a very 

useful tool that is the overlay among layers. This helps in putting in 

communication several layers, thus, several images (Figure 11.2). 

This tool is at the base of the analysis of SAR images and archaeological 

maps. 

 
Figure 11.2 Example of overlay in the Samarra GIS project 

Concerning the nature of files employed, the two file formats used in this 

GIS are raster and vector. Raster data are associated to digital images 

represented by a grid of valued pixels (or cells). Satellite images re-enter 
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in this first category (bmp, tiff, jpeg, gif formats) as well as scanned maps 

available in the book of Prof. Alastair Northedge [46] that revealed to be a 

basic instrument for the SAR products interpretation. This image format 

has the quality to serve a good overall representation of the reality [63]. 

11.3.1 Raster dataset: satellite images and their geographic 

insertion in the GIS 

Usefulness of a GIS, as already underlined, is linked to the possibility of 

overlay and manage a big quantity of data. In this GIS, data of different 

sources are inserted: optical images of several satellites, SAR images and 

archaeological maps. 

Optical images are listed below in Table 11.1 and widely explained later on. 

SENSOR N. 
of images Pro Con 

Google Earth 17 Very high spatial 
resolution 

Impossibility of 
image processing 

IKONOS 6 High spatial resolution Area partially 
covered 

ALOS AVNIR-2 1 Overview of the area Low spatial 
resolution 

ALOS PRISM 2 Overview of the area High spatial 
resolution 

LANDSAT 1 Overview of the area Very low spatial 
resolution 

Table 11.1 Satellite images imported in the GIS project 

- Google Earth mosaic. Google Earth mosaic was created by means of 

17 captured images in order to dispose of a quite recent optical base 

with a very high spatial resolution, covering all the areas of interest. 

Several portions of the terrain were captured and saved as images 

(tiff format), at 5-10 km of altitude. In this way, most of the details 

are preserved. 
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- IKONOS images. Six IKONOS images were implemented after a 

mosaic creation. Advantages of these images are linked to their 

very-high spatial resolution. Although this important aspect for the 

archaeological purposes, the small swath of the satellite, the 

presence of clouds in some images available and the lack of a total 

coverage of the Samarra properties, render this mosaic not 

completely exploitable. 

- ALOS AVNIR-2. This image was imported in the GIS as a false-

colour image, having in the green channel the infrared band. This 

allowed a better vegetation underline in the zones where 

archaeological ruins are present. Advantages of AVNIR-2 sensor are 

linked to the possibility of a total coverage of the area, but the low 

spatial resolution do not help in appreciating details. 

- ALOS PRISM. Two ALOS PRISM images were mosaїcated in order 

to cover the whole area of Samarra. Their usefulness is connected 

to the quite high spatial resolution (2.5 m) and to the possibility of 

detecting changes occurred between the year of acquisition and the 

present day. 

- Landsat. This image, acquired in 2000, was used for the 

classification of Tigris River. Its very low resolution (if considered 

the archaeological field of application), in fact, does not permit 

other operational approaches. 

All the optical images, before their insertion, are conveniently treated. 

Optical satellite images, in fact, require some corrections. These 

corrections are necessary in order to delete or reduce disturbs and 

distortions occurred during the acquisition. Corrections are related to the 

radiometric and the geometric information of the data. Radiometric 

correction is performed in order to calibrate sensors, delete errors due to 
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their not perfect operational and to reduce the influences atmosphere can 

have on the image. The radiometric correction assigns the original values 

of radiance recorded by the sensor and distorted subsequently. The 

geometric correction, on the other hand, permits to correct distortions 

that are linked to the reliefs and objects with a relevant height. 

In addition to the optical satellite images, also three archaeological maps, 

covering the three archaeological areas, are digitalised in order to be 

implemented in the GIS. 

- Archaeological maps. The import of the three archaeological maps 

is an added value in the project. They give the possibility, through 

the overlay tool, of appreciation of the correspondence among 

archaeological structures and ruins restitution, especially thanks to 

their very high resolution. 

Importance of RADARSAT-2 and ALOS PALSAR satellites is described in 

details in chapters 7, 8, 9 and 10. Only the four images acquired with 26° 

incidence angle configuration are imported in the GIS and, among the 

several results performed, only the most important and useful polarimetric 

descriptors and polarimetric decompositions are implemented in it. 

Figure 11.3 gives an idea of the geographical overlay among data of different 

nature. 

All the data listed above, thus, after appropriate treatments (geometric 

correction, radiometric correction, mosaicking), are imported in the GIS. 

The question, at this point, is: how put everything together? 

As already said, the cohesion among data is possible thanks to the 

possibility of communication from a geographic point of view. Data has to 

be organised so that a correspondence between the real world and the 

processed data exists, and a precise positioning referring to the real surface 

is feasible. 
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Figure 11.3 Explicative example of overlay of data 

Data organisation requires, thus, the same geographical positioning of all 

the images pre-emptively prepared. This is possible thanks to the 

assignment of a geographic positioning system. The geographic projection 

is defined, in this Ph.D. research by the UTM WGS84 projection (Figure 

11.4). 

 
Figure 11.4 Geographic information 
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11.3.2 Vector data 

The second data category, implied in paragraph 11.3, is the vector one. The 

vectorial model was created in 1960’s as a consequence of cartographic 

cadastral necessities. Their creation gave the possibility of representing 

the reality through a series of elements typical of the numeric cartography: 

points, lines, segments, polygons, knots, digital restitution, maps 

digitalising, raster vectorisation. 

Features, thus, are represented as geometric shapes defined by single and 

grouped coordinates on a set grid. This format is useful for a good 

individual feature representation [63]. 

The last of the voices listed above is the one employed in the present GIS 

project. Digital maps were, in fact, vectorised (Figure 11.5). 

 

Figure 11.5 Example of archaeological map vectorisation 

Importance connected to this operation is the possibility of creating a 

table of attributes that, from an archaeological point of view, can be of 

great help in the case of an excavation or survey campaigns. In the example 

reported in Figure 11.6, a table of attributes is shown. Only few voices in 

this case are reported: number of the drown objects, their height 

(indicative values, in this case useful for features extrusion) and the name 
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of the archaeological evidence associated. It is possible to imagine that a 

great number of information could be contained in these tables, such as 

the historical period the ruins are pertaining to, the material and the 

technique of construction employed. 

 

Figure 11.6 Table of attributes 

The vectorisation of the archaeological maps, gave the possibility of a 3D 

rendering of all the areas investigated.Figure 11.7, Figure 11.8, Figure 11.9 

furnish an example of the 3D restitution of the most important 

archaeological structures analysed. 

 
Figure 11.7 Ḥuṣn al-Qādisiyya octagonal city 3D rendering 
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Figure 11.8 3D rendering of the zone of the racecourses, Dār al-Khilāfa and the 

cantonments. Detail of the cantonment of al-Jawsaq 

 
Figure 11.9 3D rendering of the al-Mutawakkiliyya city. Detail of the big avenue and Abu 

Dulaf mosque 

The hyperlink (Figure 11.10) represent another useful toll a GIS possesses. 

Help represented by this instrument for an archaeological research is, in 

fact, the possibility of queries by the creation of the above mentioned 
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hyperlinks. As hyperlinks allow to access documents or web pages related 

to features, their utility is related to the possibility of correlate features of 

the thematic maps to, for example, photographs (pertaining structures 

and/or pottery), associated to a particular area. 

 
Figure 11.10 Example of hyperlink associated to the external wall of the octagonal city 

11.4 SAR data integration. Final GIS considerations 

The import of SAR data in the GIS shows its usefulness for the analysis of 

the backscattered responses over archaeological structures, especially 

thanks to the overlay tool and to the possibility of data transparency 

creation among images (Figure 11.11). Transparency, in fact, better allows 

the identification and the exact positioning of the responses, especially for 

those areas where a non-clear signal is backscattered to the sensor. 

In the case of RADARSAT-2 and ALOS PALSAR sensors, as already hinted, 

only polarimetric descriptors and polarimetric decompositions of the 

images acquired with a 26°incidence angle configuration mode (the most 

suitable ones for the archaeological purpose), are imported and 

overlapped to the numerous optical images in hand. This gives the 

possibility of observing the correspondence among well-known structures 

and backscattered responses and, in the luckiest cases, to anomalies 

observed in SAR products. 
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Figure 11.11 Overlay between span image of RADARSAT-2 data and archaeological map 

During last steps of GIS creation, polarimetric data are overlapped also to 

the 3D structures reconstruction of the investigated areas. The interesting 

aspect of this overlapping is related to the possibility of “underline” SAR 

information by emphasizing its responses through the extruded vectorised 

polygons derived by archaeological maps. In Figure 11.12 and Figure 11.13, 

clear examples are furnished about the possibility, by means of turning on 

or off the layers, of association among microwaves responses and 

structures, rendering, thus, more familiar the complicated comprehension 

and reading of SAR data. 
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Figure 11.12 Overlapping of the 3D rendering to the zone of the three stadium 

3D reconstruction in combination with data coming from different sources 

(ALOS PRISM, ALOS AVNIR, IKONOS) is interesting from the output 

point of view and for the diffusion of information among, as in this case, 

the archaeological community. This integration can be, in fact, useful in 

order to put better in relation ancient structures “as they were” and the 

actual environmental situation. Figure 11.14 represents the overlapping 

between the Octagon and ALOS PRISM image. It is possible to appreciate 

the relation among ancient buildings, the river, the canals and the recent 

situation over the zone, as well as in Figure 11.15 (overlay among IKONOS 

and 3D buildings). Here and in Figure 11.16 the dangerous proximity among 

agricultural fields, modern buildings and ancient ruins is tangible. 
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Figure 11.13 Overlapping of the 3D rendering to the al-Mutawakkiliyya city 

The possibility of understanding the reciprocity among all the elements 

characterising the environment is fundamental for the creation of risks 

maps or maps turned to ancient environment reconstruction. 

Added value of SAR products, in the archaeological context, can be traced 

in the advantage of underlining all those features and anomalies not 

possible to identify in optical images or for a classification of the sort of 

cultivations present in the area, so that a constant monitoring of human 

expansion and its nature over seasons and years can be carried out. 

Advantage of polarimetry, in fact, is exactly linked to the possibility of 

discrimination of the electric properties of observed targets, thus of 

vegetated fields and/or possible underground structures. 
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Figure 11.14 Overlapping of the Octagon and al-Musharraḥāt palace to ALOS PRISM image 

 
Figure 11.15 Overlapping of the cantonment area, Dār al-Khilāfa palace and Tell al-‘Alīq 

stadium 3D reconstruction to IKONOS image 
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Figure 11.16 Overlapping of 3D structures of al-Mutawakkiliyya city to the AVNIR-2 image
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Conclusions and outlooks 

The main goal of this study was to investigate the usefulness of radar data 

over archaeological sites in order to define advantages and limits in the 

employment of new techniques of remote sensing. The main idea, then, 

was to use polarimetric technique by means of SAR (Synthetic Aperture 

Radar) sensors in order to apply a non-invasive methodology of study over 

ancient cultural heritages and in order to understand microwaves 

behaviour over ancient structures. 

The site selected for the purpose is the ancient capital of Samarra, in Iraq. 

The city was selected according to several aspects, among which there are 

its location in an arid/semi-arid zone of Iraq, the risks to which the city is 

exposed and structures dimensions, necessarily large enough for a SAR 

detection. 

Going more into details, two SAR satellites were employed: RADARSAT-2 

and ALOS PALSAR sensors, whose spatial resolution was retained to be 

sufficient for remains detection. The first one was used for a research 

conducted from a multi-incidence angle point of view. Eight images in 

polarimetric mode were acquired (between April 2012 and July 2013) over 
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the area of interest in 26° and a 43° incidence angle configuration. The 

large extension of the Samarra property (40x8 km), rendered necessary the 

individuation and the division of the work into three test areas identified 

in 1) the Octagon of Ḥuṣn al-Qādisiyya (South), 2) the racecourses 

stadiums, the palace of Dār al-Khilāfa and its cantonments (in the centre 

of the archaeological property) and 3) al-Mutawakkiliyya city (North). 

The research started from a qualitative comparison among Pauli RGB 

decompositions obtained after a first processing. This decomposition led 

to the selection of the most suitable incidence angle. By performing 

comparison among Pauli RGB decompositions, in fact, it was immediately 

clear how archaeological structures were better detected in products 

having a narrow incidence angle (26°). Probably, for this case study, walls 

inclination combined with a narrow incidence angle are seen by the sensor 

as a surface and this is why also in products with 43° incidence angle it was 

not possible to detect a double bounce scattering mechanism expected for 

structures with a certain elevation. 

During the research it was noticed the huge impact vegetation has. In fact, 

apart from the importance of the incidence angle, also season of 

acquisition was revealed to be important for a correct individuation of 

ancient structures. This is why, despite the very dry conditions of the soil 

recorded in summertime, the most suitable image was revealed to be the 

one of May 2012 instead of July 2013. This is linked to the minor presence 

of seasonal cultivations much more spread over the area in summertime 

and that mainly affect SAR products interpretation. This is why image of 

May 2012 was the one selected for the extrapolation of polarimetric 

descriptors and decompositions. Jointly to agricultural fields’ situation, 

also meteorological conditions played an important role in the products 

selection. For this reason, therefore, images of October 2012 and January 

2013 were discarded. 
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Among all the products obtained, it was pointed out that not all of them 

were useful for the identification of archaeological features. Only Shannon 

entropy and Yamaguchi four-component decomposition were able to 

detect the presence of archaeological features already known. In any case, 

the important factor that was pointed out in all the products is the obstacle 

represented by agricultural fields’ expansion. This is why many ancient 

structures, such as the three racecourses stadiums and structures in the al-

Mutawakkiliyya city, are lost forever. Specifically, the technique that is 

gaining the upper hand is the central pivot technique. This new way of 

fields’ cultivation, typical of those zones with water scarcity, is completely 

invading areas interested by archaeological remains whose importance is 

worldwide recognised. It is probably due to this reason that the sensor, 

mostly sensible to surface roughness, was not able to capture structures 

were vegetated fields were superimposed and, thus, no microwaves 

penetration was possible. 

The second part of the research was conducted with ALOS PALSAR sensor. 

The employment of the sensor is due to its L-band that allowed a multi-

frequency analysis. However, unfortunately, the analysis was limited to 

only one image acquired in 2008. The lower spatial resolution of the sensor 

did not allowed the detection of some of the archaeological features 

identified, at the contrary, by RADARSAT-2 sensor. This is true for remains 

with contained dimensions, but in other cases, such as the zone of the 

Octagon of Ḥuṣn al-Qādisiyya, the unsuccessful detection of the double 

line of qanāt and other patterns with larger dimensions, is hopefully linked 

to SAR ground penetration. 

Advantages related to polarimetry and that drove towards this research 

are linked, undoubtedly, to the possibility of discerning properties of 

targets and different scattering mechanisms associated to archaeological 

structures. This, in fact is not possible with other non-polarimetric 



 

204 

sensors. It was clear after the observation of the RADARSAT-2 Ultra-Fine 

image. This product, in fact, apart from the very high spatial resolution, 

did not help in understanding scattering mechanisms linked to ancient 

buildings. 

Due to the difficulties linked to SAR interpretation and to the impossibility 

of surveys in the area, for a certain identification among SAR responses 

and ancient structures, archaeological cartography revealed to be of 

fundamental importance. Its usefulness, in fact, was linked to the 

possibility of identify the exact correspondence of SAR behaviour and to 

the possibility of understand what kind of backscattered response was 

associated to defined types of structures. 

Together with the cartography, also meteorological conditions and aerial 

photographs helped in a correct interpretation of SAR polarimetric data. 

These information, in fact, helped respectively, in the selection of the most 

appropriate product to be taken into account or discarded and in a better 

comprehension of those scattering mechanisms not expected, as in the 

case of very high entropy values. 

Even if this research did not bring to the discovery of new complexes and 

buildings over Samarra area, the originality of this research is link to the 

potentiality of SAR polarimetry applied to ancient structures. It is 

important to say that, thanks to the proven functionality of SAR sensors 

over structures, this new kind of approach to the archaeological research 

can be considered as a first step for structures detection. The innovation 

linked to a SAR approach, in fact, can be seen in the possibility of 

intervention in those areas where it is not possible to go due to political 

unstable situation or natural limits. 

Of course, once pointed out SAR applicability in archaeological contexts, 

it is important, however, to consider a priori natural characteristics of the 

area, presence/absence of vegetation (spontaneous or controlled), 
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meteorological conditions and the sensors employed. Concerning this last 

aspect, for example, technology progress in the future could help towards 

greater possibility of polarimetry applicability to archaeological sites. The 

launch of ALOS 2, as instance, will be a new challenge in this field of 

application. Compared to ALOS 1, in fact, its higher spatial resolution in 

polarimetric mode will be complementary to data of ALOS 1 already 

analysed where, however, only few archaeological features were detected 

and only under certain conditions. The possibility of continuing the 

investigation over this area is rendered possible thanks to participation to 

the ALOS 2 call for proposals announced in October 2012. This will give 

the possibility to continue the investigation over the area of Samarra in 

different periods of the year, having, this time, the possibility to dispose of 

meteorological conditions. Moreover, advantages summed to its higher 

spatial resolution are linked, as in the case of ALOS 1, to its L-band that 

can facilitate wave’s ground penetration. The higher wavelength could, in 

fact, facilitate the passing of the obstacle represented by vegetation. In this 

way, also other areas with same characteristics of employment of the soil 

could be investigated. 

For the future, it is plausible to imagine the possibility of ground detection 

by means of radar polarimetric sensors without the necessity of surveys, 

especially for those zones highly compromised by human activities and 

where an active operation of safeguard is not admitted. In fact, if compared 

to other kinds of radar approaches, such as GPR (Ground Penetrating 

Radar), the possibility of this kind of remote investigation can be translate 

in terms of time and employees saving. 

It is clear how SAR remote sensing constitutes a valid complementary non-

invasive research technique to traditional archaeological investigations. 

Although the visual aspect is better enhanced in optical data compared 

with SAR, the physical aspect of SAR products provides added value for 

the knowledge of the electric properties of targets. The methodology here 
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presented, if recognized as valid, could have a great scientific potential, 

especially if additional technical characteristics SAR sensors have, are 

considered: independence from an external source of illumination, 

penetration of cloud cover- age, wave penetration of the ground – 

according to the wavelength. These aspects could extend the limits 

encountered with optical satellites.
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Résumé  

Cette recherche a pour objectif d’étudier l’impact des micro-ondes sur des 

structures archéologiques toujours visibles de l’ancienne cité de Samarra, 

la capitale de l’ancien Abbasside Califat situé en Iraq. 

Trois zones ont été sélectionnées pour cette recherche Doctorale : une cité 

octogonale, trois champs de courses et la cité de al-Mutawakkiliyya. Les 

menaces à lesquelles le site est exposé et son importance historique ont 

permis d’inscrire la cité sur la liste UNESCO des sites en danger (2007). 

Cela a donné une raison de plus pour enquêter sur cette zone au moyen 

des capteurs SAR RADARSAT-2 et ALOS PALSAR. Le potentiel de 

l’imagerie SAR, en fait, est bien connu, en particulier pour les régions du 

Monde où des enquêtes in situ ne sont pas autorisées en raison de 

l'instabilité politique (comme dans le cas de Samarra) et en raison de la 

possibilité d'acquérir quelque soit la couverture nuageuse et dans tout 

genre d'illumination (jour / nuit). 

Mots clés : télédétection, polarimétrie radar, archéologie, imagerie radar, 

SIG  

Abstract 

This work has as goal to study the microwaves behavior over the 

archaeological structures still visible in the historical city of Samarra, the 

capital of the ancient Abbasid Caliphate located in Iraq. 

Three areas were taken into account for the Ph.D. research: an octagonal 

city, three racecourses stadiums and the city of al-Mutawakkiliyya. Threats 

to which the site is exposed and its historical importance let the city to be 

inscribed in the list of UNESCO sites in danger (2007). This gave a reason 

more to investigate this area by means of SAR RADARSAT-2 and ALOS 

PALSAR satellites. SAR potentiality, in fact, is well known, in particular for 
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those areas of the World where surveys in situ are not allowed because of 

political instability (as in the case of Samarra) and because of the 

possibility of acquiring with any cloud cover conditions and in any kind of 

illumination (day/night). 

Key words: remote sensing, radar polarimetry, archaeology, radar imaging, 

GIS 

 

 




