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Abstract

The Near East is a region where many archaeological remains have been discovered. This region is
also widely considered to be the area where the production of iron was first developed around 1200
BC. However, surprisingly little archaeological evidence has been found of iron production and smithing
anywhere in the Near East until 1996, when remains of it were discovered at Tell Hammeh in the Jordan
Valley in Jordan. It is expected that there are other sites in the surroundings of Tell Hammeh where
remains of iron production may be present. Also other archaeological features, such as former irrigation
canals and ancient roads, may be present nearby. The purpose of this research is to investigate the area
with a large variety of spaceborne remote sensing data to examine the potential of this technique for
the application of archaeology in general.

The available data sources includes multispectral (ASTER), hyperspectral (Hyperion), high-resolution
(Quickbird), and radar data (ERS, Envisat and SIR–C). ASTER and Hyperion data are used to investigate
the mineralogical content of the soil, whereas pan-sharpened Quickbird imagery is used to reveal the
smallest structures in the landscape. Spectral field measurements are carried out as well for collecting
ground-truth information. Radar (SAR), available in different wavelengths and polarization modes, is
used to map the terrain texture and the shallow subsurface. The large amount of ERS data available
made it possible to do temporal analyses, and to make a Multi-image Reflectivity Map (MRM) to improve
the radiometric resolution.

Spectral field measurements at Tell Hammeh unfortunately made clear that there is no unique spectral
signature measurable at this early iron production site, because of four reasons: too little slag is present
at the surface in terms of observations from the air, slag has no significant absorption features, visible
and infrared light do not penetrate the soil, and also because the Tell (artificial hill) has been built of
the same clay as can be found in the surroundings. However, Hyperion analysis reveals one location
with a distinct iron absorption feature in its spectrum; Mugharet al-Warda, the only iron ore deposit of
Jordan, where the ore layer is mined at present in a quarry.

The multispectral ASTER data is used to map the geology of the Jordan Valley in order to determine
which minerals and soil types can be detected. In comparing with a geological map it is clear that ASTER
is very well suited to separate sandstone from limestone, and to distinguish marl as well. However,
matching with laboratory spectra is not possible, due to inaccurate atmospheric correction because of
missing atmospheric information. Adding terrain texture information to the ASTER data by fusion with
the ERS MRM makes geological interpretation of the mapping results easier.

To search for archaeologically interesting structures as former irrigation canals, the high-resolution Quick-
bird and radar data are used. Quickbird imagery revealed a former irrigation canal along the slopes of
the Zarqa Valley and the former outline of a destroyed Tell, whereas the MRM revealed every Tell, even
the very small ones, and some faults, indicating the geological activities in this area. HH polarized SAR
data appears to have higher backscatter at built areas compared with other polarization modes. SIR-C
L-band data unfortunately revealed no buried structures, most likely because the surface of the valley is
too wet due to irrigation, strongly reducing the penetration capabilities of this data source. Temporal
analysis made clear that soil moisture and/or vegetation cover at the valley floor is highest in early
February and lowest in early August.

The main conclusion is that spaceborne remote sensing has potential for the application of archaeology.
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The topographical and geological information provided by the satellite imagery used in this research
appears to be very valuable for archaeologists. However, the Jordan Valley itself is an area that is well
known, and most archaeologically interesting features visible at the surface there are already documented,
also detailed geological maps are available. No new discoveries therefore have been made. However, the
fact that space borne remote sensing has the capability to map the known archaeological sites shows
the potential for its use in unexplored areas.



Samenvatting

Het Nabije Oosten is een regio waar veel archeologische vondsten zijn gedaan. Deze regio wordt ook
algemeen beschouwd als het gebied waar de productie van ijzer rond 1200 v.Chr. als eerste werd on-
twikkeld. Echter, er is verrassend weinig archeologisch bewijsmateriaal voor ijzerproductie en het smeding
gevonden in het Nabije Oosten tot aan 1996, toen overblijfselen werden ontdekt op Tell Hammeh in
de Jordaan Vallei in Jordanië. Men verwacht ook op andere plaatsen in de omgeving van Tell Ham-
meh overblijfselen van ijzerproductie aan te kunnen treffen. Ook andere archeologische objecten, zoals
voormalige irrigatiekanalen en oude wegen, zijn waarschijnlijk aanwezig in deze omgeving. Het doel van
dit onderzoek is om het gebied te onderzoeken met een grote verscheidenheid aan spaceborne remote
sensing data, om de bijdrage van deze techniek voor de toepassing in de archeologie in het algemeen
vast te stellen.

De beschikbare databronnen bevatten multispectrale (ASTER), hyperspectrale (Hyperion), high-resolution
(Quickbird) en radardata (ERS, Envisat en SIR–C). ASTER en Hyperion data worden gebruikt om de
mineralogische samenstelling van de grond te onderzoeken, terwijl ’pan-sharpened’ Quickbird beelden de
kleinste structuren in het landschap zichtbaar maken. Spectrale veldmetingen worden eveneens uitgevo-
erd, om ’ground-truth’ informatie te verzamelen. Radar (SAR) is beschikbaar in verschillende golflengten
en polarisatiewijzen en kan worden gebruikt om de terreintextuur en de ondiepe ondergrond in kaart te
brengen. De grote hoeveelheid beschikbare ERS beelden maken het mogelijk om temporele analyses uit
te voeren, en een ’Multi-image Reflectivity Map’ (MRM) te maken om de radiometrische resolutie te
verbeteren.

Spectrale veldmetingen op Tell Hammeh maakten jammer genoeg duidelijk dat er geen unieke spectrale
signatuur meetbaar is aan deze vroege ijzerproductielocatie, wegens vier redenen: te weinig slakken
zijn aanwezig aan het oppervlak in termen van observaties vanuit de lucht, de slakken hebben geen
significante absorptie-eigenschappen, zichtbaar licht en infrarood dringen niet door in de grond, en de
Tell (kunstmatige heuvel) is gebouwd van de zelfde klei als in de omgeving kan worden aangetroffen.
Echter, analyse van Hyperion data toonde een locatie met een duidelijk herkenbare ijzerabsorptie in zijn
spectrum; Mugharet al-Warda, de enige locatie in Jordanië waar ijzererts wordt aangetroffen en waar de
ertslaag tegenwoordig wordt afgegraven in een steengroeve.

De multispectrale ASTER data is gebruikt om de geologie van de Jordaan Vallei in kaart te brengen,
om vast te kunnen stellen welke mineralen en grondsoorten wel detecteerbaar zijn. Vergelijking met
een geologische kaart brengt naar voren dat ASTER zeer goed in staat is om onderscheid te maken
tussen zandsteen en kalksteen, mergel is eveneens te onderscheiden. Echter, vergelijkingen met lab-
oratoriumspectra zijn niet mogelijk vanwege een slechte atmosferische correctie van de SWIR banden
door ontbrekende atmosferische informatie. Het toevoegen van terreintextuur informatie aan de ASTER
data doormiddel van fusie met de ERS MRM maakt geologische interpretatie van de karteringsresultaten
gemakkelijker.

Om naar archeologisch interessante structuren als voormalige irrigatiekanalen te zoeken worden ’high-
resolution’ Quickbird- en de radar-beelden gebruikt. De Quickbird beelden toonden een oud irri-
gatiekanaal langs de hellingen van de Zarqa Vallei en de voormalige omtrek van een verwoeste Tell,
terwijl de MRM elke Tell zichtbaar maakte, zelfs de zeer kleine, evenals aan paar breuklijnen, welke
duiden op geologische activiteiten in dit gebied. HH gepolariseerde SAR data blijkt hogere backscatter
te geven op bebouwde gebieden in vergelijking met andere polarisatiewijzen. SIR–C L–band data toonde
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jammer genoeg geen ondergrondse structuren, waarschijnlijk omdat het oppervlak van de Jordaan Vallei
te nat is door toedoen van irrigatie, waardoor de penetratiemogelijkheden van deze gegevensbron sterk
worden verminderd. Temporele analyse maakt duidelijk dat de grondvochtigheid en/of vegetatiedichtheid
van de valleibodem op zijn hoogst is begin februari en op zijn laagst begin augustus.

De belangrijkste conclusie is dat spaceborne remote sensing mogelijkheden biedt voor toepassing in
de archeologie. De topografische en geologische informatie die door de satellietbeelden geleverd wordt
blijkt van grote waarden voor archeologen. Echter, de Jordaan Vallei zelf is een gebied dat goed bekend
is, en de meeste archeologisch interessante objecten die zichtbaar zijn aan het oppervlak zijn dan ook
reeds gedocumenteerd, ook zijn getailleerde geologische kaarten beschikbaar. Nieuwe ontdekkingen zijn
dan ook niet gedaan. Echter, het feit dat spaceborne remote sensing heeft laten zien in staat te zijn
de bekende archeologische objecten in kaart te brengen, toont de mogelijkheden voor zijn gebruik in
onverkende gebieden.
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Glossary

Absorption feature A region of the electromagnetic spectrum where a given material absorbs
radiation, shown by a low point in a spectral curve. Each material has
unique absorption features, which serve as identifying characteristics.

Apparent reflectance Reflectance recorded at the sensor; also defined as radiance normalized by
solar irradiance. Apparent reflectance is not true reflectance because
shadows and directional effects have not been accounted for.

Aspect The direction (azimuth) that a surface faces, typically in degrees clockwise
from North (0 degrees); a parameter used in topographic modeling.

Atmospheric correction A method used to correct sensor radiance for atmospheric effects by
mathematically modeling the physical behavior of radiation as it passes
through the atmosphere.

Azimuth direction Direction parallel to the line of flight, also referred as the along-track
direction.

Band A discrete portion of the electromagnetic spectrum measured by an
aircraft or satellite sensor. Legacy multispectral sensors typically have
fewer, wider bands, while modern hyperspectral sensors have hundreds of
bands that each measure a very narrow range of wavelengths.

Band ratio The process of dividing one spectral band by another to enhance their
spectral differences and to reduce the effects of topography.

Change detection The process of comparing two or more images acquired at different times.
Classification The process of assigning pixels of a multispectral image to discrete

categories.
Data dimensionality The number of variables (bands) present in a data set.
Delaunay triangulation An image-to-image warping method that fits triangles to irregularly

spaced tie points and interpolates values to the output grid.
DEM Digital elevation model; a raster data set where each pixel represents an

elevation value.
Emissivity The ratio of the radiance emitted from an object at a particular

wavelength to the radiance that a blackbody would emit at the same
temperature and wavelength. An emissivity of 1.0 is a perfect blackbody
(a perfect ”absorber”). Most earth surface types have emissivities
between 0.9 and 1.0.

Endmember A pure spectrally unique material that occurs in a scene.
Field spectra Spectra of natural features such as minerals or vegetation, analyzed in the

field using a handheld spectrometer. Field spectra are often used as a
baseline, or ”true” spectra for identification of minerals or vegetation
types from hyperspectral remote sensing imagery.

Foreshortening Foreshortening is the spatial distortion whereby terrain slope facing a
side-looking radar’s illumination are mapped as having a compressed scale
relative to its appearance. The effect is more pronounced for steeper
slopes and for radars that use steeper incidence angles.

Gain In ENVI, a value that is multiplied by the pixel value to scale it into
physically meaningful units of radiance.

xv
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Geometric correction An image that has been adjusted to remove geometric distortions caused by
lens distortion, sampling rate variation, sensor drift, topographic relief, and
other factors.

Georeference To map a remote sensing image to a known location on the earth, by
referencing it to a map projection.

Ground range The range direction of a side-looking radar image as projected onto the
nominally horizontal reference plane, similar to the spatial display of
conventional maps.

Hyperspectral A term used to describe data sets typically composed of 100 to 200 (or
more) spectral bands of relatively narrow, contiguous, bands (5 to 10 nm).
Hyperspectral imaging creates a large number of images from contiguous
regions of the electromagnetic spectrum. This increases sampling of the
spectrum (versus multispectral data) and greatly increases the amount of
information available to a researcher.

Incidence angle In a radar system, the angle defined by the incident radar beam and the
vertical (normal) to the intercepting surface.

Laboratory spectra Spectra of materials (such as minerals or vegetation types) measured with a
spectrometer in a controlled laboratory environment. Laboratory spectra are
often used as a baseline, or ”true” spectra for identification of materials
from hyperspectral remote sensing imagery.

Map projection A mathematical method of representing the earth on a flat plane.
Multilooking A method for reducing speckle noise in synthetic aperture radar (SAR) data

and for changing the size of a SAR file by averaging neighboring pixels,
typically in azimuth direction.

Multispectral The ability of a remote sensing instrument to detect wavelengths in two or
more spectral bands.

Nadir The point on the ground that lies vertically beneath the perspective center
of the aerial camera lens or satellite sensor.

Normalize To transform a set of measurements so they may be compared in a
meaningful way.

Orthorectify To remove the effects of radial relief displacement and imaging geometry
from remote sensing imagery.

Panchromatic A sensor that detects electromagnetic energy in one very broad band, which
includes most of the visible light spectrum. In aerial photography,
panchromatic refers to a type of film that is sensitive to all wavelengths of
visible light.

Polarization The orientation of the electric vector in an electromagnetic wave, frequently
horizontal or vertical, in conventional imaging radar systems.

Radiance A measure of the amount of electromagnetic radiation leaving a point on
the surface. More precisely, it is the rate at which light energy is emitted in
a particular direction per unit of projected surface area. The standard unit is
W/m2. Most remote sensing devices directly measure radiance.

Range direction Direction perpendicular to the line of flight, also referred as the across-track
direction.

Reflectance The ratio of radiant energy reflected by a body to the energy incident on it,
usually denoted as a percentage.

Register To geometrically align two or more images of the same scene so the images
can be superimposed. The images can come from different viewpoints,
different times, and different sensors.

Resample To apply a geometric transformation to an original data set; more
specifically, the interpolation method used to derive output pixel values
based on input pixel values, taking into account the computed distortion.

Scatterplot A plot of measurements from usually two bands of data.
Slant range Representing the distance measured along a line between the radar antenna

and the target.
Solar spectrum The part of the electromagnetic spectrum occupied by the wavelengths of

solar radiation. About 99 percent of solar radiation is constrained to 300 nm
(ultraviolet) to 3000 nm (infrared).
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Spatial resolution A measure of the smallest angular or linear separation between two objects
that a sensor can resolve.

Spectral profile A spectrum plot of a pixel, through all bands of the image.
Spectral resolution The wavelength range that a particular band measures. Spectral resolution

does not refer to the number of bands available from a particular sensor.
Stacking The process of building a multi-band file from georeferenced images of various

pixel sizes, extents, and projections.
Transform An image processing operation that changes data to another data space,

usually by applying a linear function. The goal of most transforms is to
improve the presentation of information. Transformed images are often more
easily interpreted than the original data.

Wavelength Velocity divided by frequency of an electromagnetic wave. In general, the
mean distance between maxima or minima of a roughly periodic wave pattern.





Chapter 1

Introduction

From the moment the airplane was developed, aerial observations were used for military and later on
for archaeological purposes. Already in the 1920s, it was demonstrated that archaeological structures
could be delineated from shadow, soil and crop markings on panchromatic aerial photography. From the
1970s, satellite imagery too became available. Landsat and SPOT satellite data have for example helped
to identify both modern and relict agricultural systems and land use patterns [10]. At present satellite
imagery is available with a ground resolution of 1 m (IKONOS) and even of 66 cm (Quickbird). Such
high resolution imagery offers considerable potential for the exploring of archaeological sites. Satellite
radar data is valuable as well for archaeological purposes, especially because it penetrates dry desert
sand and tropical forest canopies to reveal the archaeological features hidden underneath it.

The purpose of this research is to explore the potential of spaceborne remote sensing for the application
of archaeology at the Jordan Valley in Jordan. The Jordan Valley is an area where many archaeological
discoveries have been made in the past, and several unknown archaeological features are expected to
be present. These could be ancient settlements, going back to the Bronze Age, old irrigation systems,
and remains of early iron production, which were first discovered in this area in 1996. Archaeologists
expect more sites in the surroundings where remains of early iron production could be present; therefore
this forms an important part of this research. This chapter provides a description of the study area
in section 1.1 and more details about early iron production in section 1.2. The problem definition of
this thesis is formulated in section 1.3, followed by the objective and research questions in section 1.4.
Finally in section 1.5, the methodology is explained.

1.1 Description of the study area

The area where remains of early iron production were discovered is located in the middle of the Jordan
Valley, near the entrance to the Zarqa Valley in Jordan, see Fig. 1.1. The Jordan Valley lies about 250
m below see level, making the climate warmer and dryer than in the high lands surrounding the Jordan
Valley, with heights up to 800 meters above see level. The Jordan Valley has a steppe climate, whereas
the highlands belong to the Mediterranean climate zone [22]. The bottom of almost the entire Jordan
Valley and (western) Zarqa Valley is covered with alluvial clay. This clay is a remain of the Lisan Lake,
the late Pleistocene precursor of the Dead Sea [6]. The clay has been used for a wide range of purposes,
such as building houses, bread ovens, and lime and pottery kilns. The clay makes the Jordan Valley, in
combination with its warm climate, a fertile area. For this reason, the Jordan Valley is an important
agricultural area for Jordan. Most agricultural land there is irrigated, because during summer there is
no precipitation. There is evidence of the use of irrigation systems in this area dating from about 1300
AD [21]. However it is assumed that irrigation was already in use during the Iron Age. In those ancient
times, people built their houses on a so called ’Tell’. A Tell is a small artificial mound, on which people
built their houses of mud-brick. When the mud-brick houses collapsed due to erosion, a small hill arose
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Figure 1.1: The area where remains of early iron production were discovered.

Figure 1.2: Tell Deir Alla, seen from the north-west, 12 April 2007. The Tell is about 25 m high in
relation to its surroundings and has a width of about 200 m.

at that site [34]. Up to Roman times, settlements were mostly rebuilt on the very same spot. In this
way the height of the Tells increased in some instances to 25 m e.g. Tell Deir Alla (Fig. 1.2) [22]. There
are about 20 known Tells in the surroundings of the study area.

At one of these tells, Tell Hammeh (Fig. 1.3), remains of early iron production were discovered in 1996
[38]. In that year, a bulldozer cut off a part of the hill to create more arable land. Large amounts of slag
material (residual material of iron production) were found in the subsoil of the Tell during excavations
in 1996 and 2000 [38]. For quite a long time, the Near East has been widely considered to be the region
where around 1200 BC iron was first developed. However, up to the present day little archaeological
evidence of iron production and smithing has been found anywhere in the Near East. This makes the
discoveries at Tell Hammeh very important.

Tell Hammeh is approximately 10 m higher than the surrounding area and is located near the point
where the Zarqa River Valley opens into the Jordan Valley, see Fig. 1.1. The Arabic word ’hammeh’
means hot spring, and this name reflects the thermal springs that lie next to the Tell. At the Tell itself
is not much vegetation, only some weeds which grow during spring.
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bulldozer cut

Figure 1.3: Tell Hammeh, the early iron production site, seen from the north-east, 14 April 2007. At
the left side of the Tell, the bulldozer cut is clearly visible. The Tell is about 10 meters high in relation
to its surroundings and has a width of about 70 meters.

Approximately 4 kilometers to the east of Tell Hammeh is another site where some slag material has
been found. This site, Tulul edh Dhahab (English ’hills of gold’) is a hill in a meander of the Zarqa
(Fig. 1.1 and 1.4). Near the top of this hill are some remains of ancient fortifications and at the top
itself are remains of a palace [16].

The iron ore deposits that were used for iron production lie approximately seven kilometers to the
northeast of Tell Hammeh, see Fig. 1.1. This location, known as Mugharet al-Warda (English ’cave
of the roses’), consists of a body of hematite iron ore in the limestone rocks. Mugharet al-Warda lies
almost at the top of the hills east of the Jordan Valley, at a height of about 800 meters. More rain falls in
the highlands than in the Jordan valley, making the highlands richer in vegetation than the lower slopes
near the Jordan Valley. Unfortunately, at present the surroundings of Mugharet al-Warda is changing
drastically due to a quarry located at this site. However, the iron ore layer is clearly visible now, see
Fig. 1.5.

1.2 Early iron production

Tell Hammeh, where remains of early iron production were discovered, lies in proximity to several features
often seen as prerequisites for iron production, these features are [38]:

Water (the river Zarqa): Water is a necessity for the production of iron; it is needed to mix clay
for the building of smelting furnaces, smithing hearts and tuyères (hollow pipes to blow air into
the fire). It is needed for the treatment of the metal during smithing as well.

Iron ore: approximately seven kilometers to the northeast of Hammeh lies the iron ore deposit of
Mugharet al-Warda, which consists of a body of hematite iron ore.

Clay: The presence of clay is needed for building furnaces and making tuyères. Most of the Jordan
Valley bottom contains clay.

Charcoal: For the heating of iron ore fuel is required. The fuel used was most likely charcoal,
produced from olive trees growing in the highlands.

Wind: The hot desert wind from the east (Arabic:’Sharqiya’) blows occasionally during a large
part of the year. Tell Hammeh’s position near the mount of the Zarqa Valley puts it straight in
the path of this wind, especially its eastern slope. This strong prevailing wind could augment a
natural draught or chimney effect in iron production furnaces.
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Figure 1.4: Tulul edh Dhahab, seen from the south-east, 13 April 2007. The top of the hill lies 120
meters above the Zarqa River, which is visible at the lower right. Some pieces of slag have been found
at this hill.

iron ore

limestone

terra rossa

Figure 1.5: Quarry at Mugharet al-Warda, showing the soil layers, 13 April 2007.



1.2. EARLY IRON PRODUCTION 5

1.2.1 General process of iron production

Iron production is the production of metal from an ore, it is an integrated process. This means that it
incorporates a logical succession of separate actions and processes, in which the product from one action
or operation is the starting material for the next.

To gain the iron contained in the ore, the mineral structure has to be broken up and unwanted materials
removed. This is called mineral dressing, or in other words the upgrading of the ore, through physical
operations like comminution (breaking) or chemical operations such as roasting (heating). Next, ore
and fuel, usually charcoal, are fired in a furnace. This operation is called smelting. Air-supply for the
burning fuel is provided by forcing the air through pipes (tuyères), or by natural draught, caused by the
chimney effect of the furnace [37].

During smelting the iron minerals are reduced and broken up by reacting with the burning charcoal.
The unwanted minerals and elements, of which silicon (SiO2) is the most important, react with part of
the iron oxides from the ore and with the fuel ash, and form a liquid slag. It is possible to add extra
agents to the furnace, called fluxes, to lower the melting temperature of the slag. The slag envelops
and transports the reduced iron, in particles or flakes, downward through the furnace, protecting it from
reoxidisation. In some cases, the slag was tapped through the opening that was left by tuyéres that
either fell out, or were removed by hand. The final product of smelting, besides ash and slag, is called
a bloom. This is a rough, often spongy mass, containing metallic iron flakes and nodules that have
sintered together, mixed with bits of slag, partially reduced ore, unburnt fuel and parts of furnace clay.
The bloom gives the pre-industrial iron production technology its name of ’the bloomery process’ [37].

When insufficiently pure, the bloom has to be refined. This is done by hammering the bloom into
smaller pieces and sorting out the iron particles. These fragments are then forged, often in an open
furnace with a forced air-supply. This means that the iron fragments are heated until red-hot and soft,
and subsequently hammered to squeeze out remaining slag and consolidate the fragment into a larger
workable size. This piece of iron can then be worked into an artifact by various techniques that will
influence its properties [37].

1.2.2 Archaeological evidence of iron production

The archaeological evidence of iron production at Tell Hammeh consists mainly of slag and ash. All the
material found was within a concentration of thinly layered debris, spreading out through the eastern part
of the Tell, at a depth of 10 cm to 1 m. Radiocarbon analysis (C14) and other archaeological evidence
point to the deposition of the material during the Iron Age (ca. 930–750 BC) [40]. Slag is present at Tell
Hammeh in quite large quantities. Roughly 400 to 500 kg of slag were excavated, from only a fraction of
the presently assumed production area (approximate 75 m2 was excavated out of approximate 650 m2)
[38]. Most of the pieces of slag are relatively small. Around 50% of the slag is black(-grey) glassy and
smooth in appearance, mostly with evidence of tapping or dripping, see Fig. 1.6. Some 40% consists
of rusty lumps, and the remainder is formed of larger, dense, blue-grey ’cakes’, convex in shape, often
with soil embedded at the bottom and rust embedded at the top [38]. Some examples of slag have been
found at the surface of Tell Hammeh.

Tuyères form the second large group of finds. These are nozzle-like tubes of clay that were used to
supply air to the combustion zone of the furnace. They were found in context with furnace structures
as well as mixed with the rest of the debris [39]. About 350 fragments of tuyères were excavated [38].

Fragments of furnace wall form a third, smaller, category. They are either burnt, or in varying states of
vitrification, and in some cases connected to tuyères fragments. The remaining related material consists
of charcoal from olive trees, ash, unrecognizable lumps of more or less burned clay, pieces of rock that
are likely to be rejected ’ore’ (pieces of host rock, too low in iron oxide content to deserve the technical
term ore) and just a very few objects [38].
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Figure 1.6: Slag, the largest group of remains of early iron production, found at the surface of Tell
Hammeh near the bulldozer cut, see Fig. 1.3.

The iron production at Tell Hammeh has proven to be of industrial scale and at an advanced technological
level [38]. It is therefore suspected that more experimental forms of iron production have preceded the
Tell Hammeh findings. The production sites are suspected to be close to the iron ore deposits of
Mugharet al-Warda.

1.3 Problem definition

The Near East is a region with many archaeological remains. New discoveries, such as the early iron
production remains at Tell Hammeh, are continuously being made. This makes it likely that there are
more undiscovered remains present. The problem is of how to find these unknown archaeological remains
in general. Spaceborne remote sensing can be an important part of the solution, because it can reveal
structures that are not visible from the ground. An advantage of spaceborne remote sensing is that the
satellite images cover a large area and that more images of the same area are collected during the course
of time. The main advantage of remote sensing above aerial photography is that more spectral bands
are measured, instead of only red, green and blue, possibly revealing structures which are not visible with
the human eye. Different remote sensing sensors are available, such as multi- and hyper-spectral sensors,
high resolution imagery and radar data (SAR). Combining the different data sources can probably reveal
more information than possible with a single data source. Furthermore, remote sensing techniques are
especially suited to relatively poorly vegetated and arid landscapes, making the soil structures easier to
analyze.

The detection of the remains of early iron production forms an important case study in this research. As
previously mentioned, there are some unique indicative characteristics related to early iron production
sites; namely the presence of slag, ash and burned clay. In the first instance, the question is whether these
remains are detectable with spaceborne remote sensing. Slag may still contain a large amount of iron
minerals which, because of iron’s unique spectral characteristics, could be detected with hyperspectral
data. A problem, especially at Tell Hammeh, is that most archaeological evidence of iron production
is covered with younger layers of clay. But it may still be possible for the soil content to deliver a
unique spectral profile with respect to its surrounding. This has to be examined. Another problem
of iron production sites is that they are relatively small. Tell Hammeh is not wider then 70 meters;
which corresponds to only a few pixels in most satellite images. This means that the pixels are likely
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to be mixed with other terrain features than only remains of iron production, making detection of those
remains difficult.

The area of interest will also be examined for other archaeological features, such as ancient settlements,
former irrigation canals and old roads. Such structures are even more likely to be detected, because line
structures are visually easier to detect than ’point object’, such as the early iron production sites. It is
expected that especially the remains of former irrigation canals, which are present in the Jordan Valley,
can be detected by patterns in vegetation density. The geology of the Jordan Valley will be examined
as well, because geological and geomorphological structures are indirectly relevant to archaeology.

1.4 Objective and research questions

The main objective or goal of this research is to explore the potential of spaceborne remote sensing for
the application of archaeology in general and at the Jordan Valley in particular. To achieve this goal,
a number of case studies are performed, making use of a wide variety of remote sensing data. The
most important case study is the examination of the early iron production site Tell Hammeh with field
spectroscopy. Other case studies are the detection of iron minerals with hyperspectral data, the detection
of archaeologically interesting structures with high resolution imagery and radar data, geological mapping
of the Jordan Valley with multispectral data, and temporal analysis with radar data.

Derived from the objective, the main research question of this thesis is formulated as follows:
What is the potential of spaceborne remote sensing for the application of archaeology in general and at
the Jordan Valley in particular?

The more specific research goals are formulated in the following sub-questions:

1. Do the known early iron production sites have a unique spectral signature that can be recognized
with satellite data?
This question represents an important part of this research. If it is not possible to distinguish a
unique spectral profile, it follows that it is not possible to detect similar early iron production sites
with multi- or hyper-spectral satellite data.

2. Are there structures recognizable in satellite data that can be related to archaeology, geology or
geomorphology?
In order to detect such structures, different data sources will be examined and combined. Of special
value are high resolution Quickbird data and radar data of different wavelengths, polarizations
and acquisition dates. Differences in backscatter possibly reveal differences in soil texture and
roughness. In addition ASTER shows promise, especially in the detection of clay and limestone
minerals.

3. What added value can be extracted from the combination of various data sources (mainly optical
and radar)?
Satellite images which are of no use on their own can still contain information when combined
with other data sources. Possible combinations are radar data with multispectral imagery. The
coregistration between radar and optical data will be an essential primary step.

1.5 Research methodology and thesis road map

The first step in this thesis project is the ordering of the satellite data. A large amount of data sources is
available, and a selection has to be made. Chapter 2 gives an overview of the available data sources and
the reasons for the particular data selection, based on spectral and spatial characteristics. This chapter
provides a short technical discussion about the different satellite sensors as well.
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To answer the sub-question whether the known early iron production sites have a unique spectral profile,
it is necessary to detect as detailed a profile as possible. To solve this problem, measurements with a field
spectrometer were carried out during fieldwork in Jordan. The results will be discussed and compared
with multispectral ASTER data in chapter 3.

The second step is the processing/analysis and interpretation of the various remote sensing data sources.
Most of the processing and interpretation will be carried out with ENVI 4.3, a software package that has
been developed for the analysis of a wide variety of remote sensing data. The processing methods and
the interpretation of the results will be reported in chapter 4 and 5 on optical and radar remote sensing
respectively. In the chapter about optical remote sensing, the following data will be analyzed:

Hyperion Hyperspectral Hyperion data is unfortunately only available for the iron ore deposits of
Mugharet al-Warda. However, an analysis to detect iron minerals will be performed anyway. The
important processing steps are the atmospheric correction of the data, and the application of band
ratios.

Quickbird Spectral profiles are not the only way of detecting archaeological features; structures in
the images are just as important. The high resolution Quickbird data is especially suited for the
detection of small structures like canals and roads. Pan-sharpening will be applied, followed by
visual inspection of the image. Together with ASTER and Radar analysis, this dataset will help
to answer the second sub-question.

ASTER This multispectral satellite sensor has a lot of bands in the infrared part of the solar spectrum,
and is therefore especially suited for the application of geological mapping. Algorithms will be
applied, such as Minimum Noise Fraction (MNF) transformation and Mixture Tuned Matched
Filtering (MTMF), to extract as much as possible information related to the geology of the Jordan
Valley.

Another method of detecting archaeological, geological and geomorphological structures in the landscape
is by analyzing the backscatter behavior of spaceborne radar (SAR), namely ERS, Envisat and SIR–C
data, which will be discussed in chapter 5. Radar data reveals a lot of information about the texture
and roughness of the surface and, especially L-band, the shallow subsurface. Since the radiometric
resolution of a single radar image will most likely not be precise enough for the recognition of interesting
features, the radiometric resolution will be improved by stacking time series of ERS acquisitions into
a Multi-image Reflectivity Map (MRM). By estimating trends through the time series for the amount
of backscatter, seasonal patterns will possibly become recognizable. The difference between horizontal
and vertical polarization will be analyzed as well, because the scattering behavior of the surface can be
different for the type of polarization of the transmitted and received radar pulses.

Finally in chapter 6, the multispectral ASTER data and Radar data will be stacked together into one data
file. To do this, the coregistration of the images will be an essential step. Next, the ASTER and Radar
MRM will be fused into a ’colorized radar image’, perhaps revealing details that are not recognizable in
the original images. The combined dataset will be used as well to improve the geological mapping by
applying the same algorithms as were used for the geological mapping based on ASTER only.

The last step in this thesis project is to give an overview of the conclusions, and to make recommendations
for future use of remote sensing data for the application of archaeology. Both of these will be found in
chapter 7.



Chapter 2

Sensor investigation

This chapter describes the data sources that are available for this study. Firstly in section 2.1, the
distribution of spectral bands is compared between the different satellite sensors. Based on this infor-
mation, the data sources are selected that finally will be used for this study. An overview of the spatial
distribution of the selected satellite images is given as well. Secondly the common characteristics of the
satellite sensors and the field spectrometer (used for fieldwork in Jordan) are discussed in section 2.2.
Appendix A contains tables with detailed specifications of the selected data sources.

2.1 Spectral & spatial characteristics

A great number of spaceborne data sources are available for the Deir Alla region, each with their own
spatial and spectral characteristics. Fig. 2.1 gives an overview of the spectral bands for the available
multi- and hyper-spectral satellite sensors. ALI sensor data is not available for the area of interest,
however, because of its relevance it is included. An overview of the spatial resolution, swath width, and
the number of ordered images for each sensor can be found in table 2.1.

Fig. 2.1 shows that a great deal of overlap exists between the spectral bands of different sensors,
especially for the Visible and Near Infrared (VNIR) part of the solar spectrum. As to which sensor is
most useful depends on the purpose of the study. For vegetation and land use studies, the SPOT and
Landsat satellites have sufficient spectral bands. When the emphasis lies on mineralogy however, the
examination of multiple spectral bands around 1.6 and 2.2 μm is particularly important [29]. The main
purpose of this study is in the first instance to detect traces of iron (minerals), which can be related to

Sensor Type Spatial
Resolution (m)

Swath Width
(km)

number of
ordered images

Quickbird high resolution MS MS 2.4, Pan 0.61 16.5 1
SPOT–4 multispectral MS 20, Pan 10 60 3
ASTER multispectral VNIR 15,

SWIR 30, TIR 90
60 5

Landsat–7 multispectral VNIR 30, SWIR 30,
TIR 60, Pan 15

185 0

ALI multispectral MS 30, Pan 10 37 0
Hyperion hyperspectral 30 7.5 1
ERS radar C–band 4 x 20 100 61
Envisat radar C–band 4 x 20 58–109 22
SIR-C radar X- C- L–band 12.5 62.5 1

Table 2.1: Main characteristics of usable satellite sensors [29]. MS = Mulispectral, Pan = Panchromatic

9
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Figure 2.1: Comparison of spectral bands between different satellite sensors.

early iron production sites. This means that the emphasis of this study is on mineralogy. Following this
statement, the satellite sensors that have to be considered for further analysis are Hyperion, ASTER and
ALI.

As iron minerals, such as hematite, have a unique spectral signature about 0.8–0.9 μm, the ALI sensor
in particular is promising for the detection of iron minerals. The ALI sensor has two spectral bands in
this part of the solar spectrum, whereas the other multispectral sensors have only one. Unfortunately,
there are no useful ALI images available for the Deir Alla region. The use of the hyperspectral Hyperion
sensor too is promising. This sensor has in total 142 continuous bands, making the observation of a
detailed spectral profile possible. The disadvantage is the high signal to noise ratio due to the small
bandwidths and poor calibrations of the sensors, making detection of minor minerals difficult [25]. The
ASTER sensor is useful for mineralogy as well, because of the 6 bands in the Shortwave Infrared (SWIR)
region and 5 bands in the Thermal Infrared (TIR) region. The SWIR data highlight the presence and
differences of minerals with hydroxyl radicals and carbonates, such as clays and limestone; the TIR data
are sensitive to differences in silica-bearing rocks [2].

For archaeology, it is important to have as much spatial detail as possible, because features like furnace,
canal and wall remains are relatively small related to the pixel size of most satellite imagery. Therefore,
apart from the higher number of bands, ASTER imagery is to be preferred above SPOT and Landsat
because of its higher spatial resolution in the VNIR region. Especially Quickbird imagery is very suitable
for the detection of small terrain features. However, multispectral data is mainly suited for the detection
of chemical/mineralogical differences in the soil, not for differences in texture and surface roughness. To
be able to detect these features as well, a number of (polarized) radar images will have to be examined.
Radar is especially suited to map major rock units, surface materials and geological structures such as
folds, faults and joints [29].

Fig. 2.2 shows the spatial location of the satellite images that are finally selected for this study. Of
the ERS data, in total 49 descending and 12 ascending images were ordered. So large an amount of
images makes it possible to examine seasonal differences. Of Envisat, in total 22 images were ordered in
different polarizations and image swaths, because each of these parameters influences the backscatter
characteristics and can reveal different terrain features. Of ASTER, 5 images were ordered, in different
seasons, to examine the differences in vegetation throughout the year. Table 2.1 shows the number
of ordered images for each sensor. Appendix A contains more metadata about all images, such as the
acquisition times and ordering information.
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2.2 Sensor discussion

In this section, the satellite sensors mentioned in section 2.1 will be discussed in more detail.

2.2.1 Multi & hyperspectral satellite sensors

Quickbird The satellite imagery with the highest spatial resolution currently available is provided by
Quickbird. This satellite was launched in 2001 and is operated by Digital Globe, Inc. The satellite
follows a sun-synchronous, relative low orbit, at an altitude of 450 km. The average revisit time is 1
to 3.5 days, depending on latitude and look angle. Quickbird has a 0.61 m resolution panchromatic
sensor, and a four-band multispectral linear array sensor with a resolution of 2.40 m. As shown in
Fig. 2.1, the spectral range is equivalent to that of the Landsat–7 satellite. [29]

SPOT–4 The French SPOT–4 satellite, launched in 1998, contains two primary imaging systems on
board: The high resolution visible and infrared (HRVIR) sensors and the Vegetation Instrument.
The HRVIR system includes two identical four-band sensors capable of stereoscopic imaging for
the construction of DEMs. This configuration makes imaging a total nadir swath width of 120 km
possible as well. The 4 bands are displayed in Fig 2.1. The ’red’ band of these sensors (0.61 to
0.68 μm) is used to produce both 10 m panchromatic images and 20 m multispectral data. The
vegetation instrument uses linear-array sensors to provide a very wide image swath of 2250 km
with a spatial resolution at nadir of approximate 1 km. The vegetation instrument has 4 bands,
but band 1 is located on a different wavelength with respect to the HRVIR system (blue instead
of green). [29]

ASTER The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is an ad-
vanced multispectral imager that was launched in 1999 on board the Earth Observation System
(EOS) US Terra satellite. ASTER is a cooperative effort between NASA and Japan’s Ministry of
International Trade and Industry. ASTER consists of three separate instrument subsystems, each
operating in a different spectral region, using a separate optical system, and built by a different
Japanese company. These subsystems are the VNIR, SWIR and TIR. The VNIR subsystem incor-
porates three spectral bands that have 15 m ground resolution. The instrument consists of two
telescopes; one nadir looking with a three-band sensor, and the other backward looking (27.7◦ off
nadir) with a single band (band 3) detector. This configuration enables along-track stereoscopic
image acquisition for the construction of DEMs. The SWIR subsystem operates in six spectral
bands through a single nadir-pointing telescope that provides 30 m ground resolution. The TIR
subsystem operates in 5 bands in the thermal IR region with a resolution of 90 m. Unlike the
other instrument subsystems, it incorporates a whiskbroom scanning mirror. All three subsystems
have the capability of cross-track pointing; SWIR and TIR to 8.55 degree off nadir, the VNIR to
24 degree. [29] [1]

Landsat–7 NASA’s Landsat–7 was launched in 1999. The earth-observer instrument onboard this
spacecraft is the Enhanced Thematic Mapper Plus (ETM+). The design of the ETM+ stresses
the provision of data continuity with Landsat–4 and -5. Similar orbits and repeat patterns are
used, as is the 185 km swath width for imaging. The system is designed to collect 15 m resolution
panchromatic data and six bands of data in the VNIR and SWIR spectral regions at a resolution
of 30 m. A seventh TIR band is incorporated with a resolution of 60 m. [29]

ALI The New Millennium Program (NMP), managed by NASA, is aimed at developing and testing
new technology in space missions. The NMP’s first Earth Orbiter (EO–1) mission, launched
in 2000, focused on validating a range of new developments in lightweight materials, detector
arrays, spectrometers, communication, power generation, propulsion and data storage. The EO–1
mission includes three land-imaging instruments; the Atmospheric Corrector (AC), Hyperion, and
Advantaged Land Imager (ALI). [29]

The ALI represents a technology verification project designed to demonstrate comparable or im-
proved Landsat ETM+ spatial and spectral resolution with substantial reduction in sensor mass,
volume, and cost. The ALI employs pushbroom scanning and features 10 m resolution panchro-
matic and 30 m multispectral image acquisition. Fig. 2.1 provides a comparison of the spectral
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bands for ALI and other sensors. The ALI bands have been designed to mimic several of the
ETM+ bands, as well as to test the utility of some additional bands. Finally, in order to facilitate
the comparison of ALI and ETM+ imagery, the EO–1 satellite was maneuvered into an orbit that
matches that of Landsat–7 to within 1 min. [29]

Hyperion The Hyperion instrument is the first spaceborne hyperspectral scanning system. The in-
strument is carried on the previous mentioned EO–1 spacecraft. Hyperion nominally provides 242
spectral bands of data over the 0.36 to 2.6 μm range, each of which has a width of 0.010 to
0.011 μm. Some of the bands, particularly those at the lower and upper ends of the range, exhibit
a poor signal to noise ratio. As a result, during level 1 processing, only 198 of the 242 bands
are calibrated; radiometric values in the remaining bands are set to 0 for most data products.
Hyperion consists of two distinct linear array sensors, one with 70 bands in the UV and VNIR, and
the other with 172 bands in the NIR and SWIR (with some overlap in the spectral sensitivity of
the two arrays). The spatial resolution of this experimental sensor is 30 m, and the swath width
7.5 km. Data from the Hyperion system is distributed by the USGS. [29]

2.2.2 Radar satellite sensors

ERS The European Space Agency (ESA) launched its first remote sensing satellite, ERS–1, in 1991,
and its successor ERS–2 in 1995. ERS–1 was retired from service in 2000, and ERS–2 is still in
operation. The characteristics of both systems were essentially the same. They were positioned
in sun-synchronous orbits at an inclination of 98.5◦ and a nominal altitude of 785 km. The
important sensor for this study onboard the ERS–1 and ERS–2 is the C–band active microwave
instrumentation (AMI) module (wavelength 5.66 cm). This module incorporates a SAR system
that operates in either an Image Mode or a Wave Mode, and a microwave scatterometer that is
used in a Wind Mode. In the Image Mode, which is used in this study, the AMI produces SAR
data over a 100 km, right–looking swath, VV polarization, and a 23◦ look angle (beam center).
[29]

Envisat ESA’s Envisat satellite, launched in 2002, carries several sensors, including the Advanced
Synthetic Aperture Radar (ASAR) system. The ASAR system operates in the C band, with
wavelengths similar to the SAR system onboard ERS–1 and ERS–2. ASAR can be programmed to
function in a variety of modes, two of which (Image Mode and Wave Mode) were also implemented
on ERS–1 and -2. Image Mode ASAR has the capability of operating in one of seven predetermined
swath configurations, ranging from 58 to 109 km and look angles ranging from 14 to 45 degree.
Either HH or VV polarization can be used in Image Mode. Wave Mode is designed to measure
radar backscatter from ocean wave action over large areas. [29]

SIR-C/X-SAR The Shuttle Imaging Radar–C (SIR–C) missions were conducted from the Space Shuttle
in April and October 1994. SIR–C was designed to explore multi-wavelength radar sensing from
space. Onboard SIR–C were L–band (23.5 cm) and C–band (5.8 cm) systems from NASA, and X–
band (3.1 cm) system (known as X–SAR) from a consortium of the German Space Agency (DARA)
and the Italian Space Agency (ASI). The multiple wavelength bands available make it possible to
view the earth in up to three wavelength bands, either individual or in combination. SIR–C look
angles were variable in one-degree increments from 15 to 60 degree, and four polarizations were
available (HH, HV, VV, and VH). [29]

2.2.3 Field spectrometer

To collect ground-truth information, field measurements were carried out with a field spectrometer
at the archaeological sites in Jordan. The available instrument was the ASD Fieldspec Pro FR field
spectrometer, see Fig. 2.3. This is an optical device that measures reflected electromagnetic energy
in the reflective part of the solar spectrum (350–2500 nm). In fact, it is a hyperspectral sensor. The
energy enters the instrument through a fiber optic cable. Inside the instrument it is split up between
three sensors, which determine the intensity of the incoming energy for each individual wavelength. A
laptop is needed to operate the instrument. It runs the software to check the spectrometer and records
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Figure 2.3: The ASD Fieldspec Pro FR, photo taken at Tulul edh Dhahab, 15 April 2007. The
spectralon is displayed in the lower left corner.

the spectra in 2151 continuous bands. At the end of the fiber optic cable, an additional lens can be
added to reduce the field of view from 25 to 8 degrees. The ASD FieldSpec Pro FR has a spectral
sampling interval of 2 nm and a spectral resolution of 10 nm, which meet the nominal sampling and
resolution requirements for hyperspectral remote sensing applications. More metadata can be can be
found in appendix A.1.

Atmospheric absorption
Fig. 2.4 shows that the amount of electromagnetic solar energy reaching the earth’s surface does not
reveal a smooth curve. Atmospheric particles cause effective loss of energy at given wavelengths due
to absorption. The most efficient absorbers are water vapor, carbon dioxide, and ozone. In fact, solar
energy reaching the earth’s surface is essentially zero in the bands around 1400 and 1900 nm due to this
water vapor absorption. There are some instances when the total amount of water vapor is low, such as
in very dry, cloud free, atmospheric conditions over a desert, where it is sometimes possible to measure
some true signals in the 1400 nm band, but the signals are always too low in the 1900 nm band [4].

Instrument calibration
In most applications of spectroscopy, the importance is not in the total amount of observable electro-
magnetic energy (radiance), but in the ratio of energy reflected by a body to the energy incidence on it
(reflectance). The field spectrometer only measures reflected solar radiance, meaning that the effect of
atmospheric absorption is involved in the observations. Therefore relative reflectance is computed with
measurements from both the unknown material and a reference material with known reflectance proper-
ties. This reference material has approximately 100% reflectance across the entire spectrum and is called
a white reference panel or spectralon. The instrument needs to be calibrated using this material, before
measurements can be started. After calibration, the measurement of the spectralon shows a straight
line at a reflectance value of 1. The calibration needs to be repeated at least every 10 minutes; this
minimizes the effect of the changing lighting conditions and instrument drift on the recorded spectra.
Fig. 2.5 shows some white reference measurements after several minutes of calibration.

The instrument needs to be calibrated also for the dark-current. This is a certain amount of electrical
current generated by thermal noise from the electronics and detectors in the instrument, and always
added to the incoming photons of energy during spectra collection. This adversely affects the collection
of spectra and has to be removed. The dark-current is measured by closing a shutter on the spectrometer
input so that zero illumination energy strikes the detectors. The dark-current signal will then be stored
and automatically subtracted from all following measurements [4].
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Figure 2.4: Solar radiance as observable at the Earth’s surface; clearly visible are the atmospheric
absorption bands [4].
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Figure 2.5: Measurement of the spectralon (the red and black lines) and clay (blue line) after several
minutes of calibration make clear that water vapor absorption is still present at certain wavelengths. In
the clay spectrum, the noise at 1400 and 1900 nm has been removed.
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Data interpretation
Fig. 2.5 shows the effect of the very low amount of energy reaching the Earth’s surface around 1900 nm,
causing the strong noise due to a very low signal to noise ratio. Absorption due to oxygen and carbon
dioxide at respectively 760 and 2000 nm are eliminated by the white reference calibration. However
water vapor absorption is still visible, meaning that the amount of water vapor in the atmosphere was
not stable between the moment of calibration and the moment of measurement. This makes it clear
that dry, cloud free, conditions are important for field measurements. For visualization purposes, and
to make automatic matching with laboratory spectra reliable, in all the results the noise at 1400 and
1900 nm will have to be removed by linear interpolation between the neighboring bands. In the clay
spectrum, another absorption feature becomes clear at 2200 nm. This is not atmospheric absorption,
but absorption due to metal-hydroxyl connections in the soil, which is very diagnostic for mineralogy
[12]. Especially clay minerals like illite and kaolinite have an absorption feature at this wavelength.



Chapter 3

Field investigation

The sites of early iron production are relatively small in size in relation to the pixel size of most satellite
images, and most of the remains are located below the surface. This makes it difficult to detect the
remains with multispectral satellite data. However the possibility of observing differences in the soil
content that gives a unique spectral profile needs to be examined. To measure such a spectral profile,
hyperspectral data is needed. Hyperspectral data gives the opportunity to discriminate between minerals
that have diagnostic absorption and reflection characteristics over narrow wavelength intervals, that are
’lost’ within the relatively coarse bandwidths of multispectral sensors [29]. The multispectral ASTER
sensor has for example 9 bands in VNIR and SWIR, whereas the hyperspectral EO-1 Hyperion sensor
has 242 bands in this part of the solar spectrum (see appendix A). Unfortunately, hyperspectral satellite
data (EO-1 Hyperion) is only available for the iron ore deposits of Mugharet al-Warda, and not for the
early iron production sites of Tell Hammeh and Tulul edh Dhahab. However, to get an idea about the
feasibility of detecting remains of early iron production with hyperspectral satellite (or airborne) data at
these sites, measurements are carried out with a field spectrometer.

This chapter describes the methodology and the results of the measurements with the field spectrometer
(sections 3.1 and 3.2). The results will be compared with ASTER data in section 3.3. Appendix B
contains a coordinate list of archaeological sites visited.

3.1 Fieldwork methodology

The fieldwork has three objectives:

1. To collect mean spectral profiles of early iron production sites and reference sites, to compare with
satellite data.

2. To collect spectral data of slag, ore and other stones.

3. To collect GPS measurements at ground control points to validate the georeferencing of satellite
images.

All field spectra collections were undertaken within two hours before and after noon, in order to get the
best solar illumination. This also corresponds with the illumination conditions of the satellite images
used for this study, because most satellites pass over the area between 10 a.m. and 11 a.m.

Collection of mean spectral profiles of early iron production sites
To get an idea of how the spectral profile of an early iron production site will look like in a hyperspectral
image, a spectral profile will have to be ’reconstructed’ by calculating the mean of a large number of

17
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Figure 3.1: Map of Tell Hammeh, with the lines measured with the field spectrometer indicated in red.
For UTM coordinates of these lines, see appendix B. The Map is based on terrestrial measurements by
the Yarmouk University and H. A. Veldhuijzen [40].

measurements with the field spectrometer. This is done by taking ’line measurements’ at the early iron
production sites and at Tell Deir Alla. Tell Deir Alla is used as a reference site, because no remains of iron
production are discovered at this Tell. The line measurements are carried out by taking measurements
with the field spectrometer at intervals of 1 m, over a distance of 20 to 30 m. One ’line measurement’
consists of one, two or sometimes three parallel lines. This means that in total, one line measurement
contains 20 to 90 observations. The observations are taken at a height of 1 m above the ground, with
a view angle of 25 degrees. This means a field of view with a diameter of 44 cm. The observations
(spectral profiles) of each line measurement are averaged, to get a mean spectral profile. Fig. 3.1 and 3.2
show the locations of the line measurements at Tell Hammeh and Tulul edh Dhahab respectively. The
location of the lines is measured with a handheld GPS receiver (accuracy 5 m, 95% interval).

At Tell Hammeh, four line measurements were carried out: one at the Tell near the squares where the
slag material was excavated in 1996 and 2000, and a second line next to the Tell near the bulldozer
cut. At this location, some slag material and pieces of (reduced) iron ore were found. This material was
washed out of the steep slope made by the bulldozer in 1996. The slag material in Fig. 1.6 was found at
this location. The third line measurement is located close to the top of the Tell, crossing an area where
a few small pieces of slag are to be found at the surface. Lastly, line 4 is measured next to the Tell, at
a location where no slag material was found.

At Tulul edh Dhahab, four line measurements were carried out as well: Line 1 through an area where
local people were digging for gold (Tulul edh Dhahab means ’hills of gold’ and some people really think
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that gold can be found on this hill). This area consists of some clayey and ashy soil, indicating that
people had made large fires at this site, maybe for iron production as well. Lines 2 and 3 are used as
reference lines, and are located at the slope of the hill where no digging has taken place and no slag
material was found. Line 4 is a short line at the edge of the steep eastern slope. This line goes through
an area where some slag material is to be found at the surface.

At Tell Deir Alla, a line measurement of 30 by 2 m was carried out close to the top of the Tell. This
line is meant as the reference for line 3 of Tell Hammeh, which too is located close to the top. But
no evidence of iron production can be found at Tell Deir Alla. An interesting feature at Tell Deir Alla
is that around the Tell a band of red soil is present. This band indicates the burning of a Bronze Age
settlement. Over this red soil too, a line measurement has been carried out.

Collection of spectral profiles of slag, ore and other stones
It is expected that slag still contains a certain amount of iron. Iron has a unique absorption band
of about 900 nm [12]. When this absorption feature is present in the spectral profile of a pixel in a
multi- or hyper-spectral image, it is an indication that iron minerals are present. This can be relevant
for archaeology, but first it must be proven that slag material indeed reveals this absorption feature.
For this reason, measurements are made with the field spectrometer of different pieces of slag. At the
surface of the early iron production sites, other materials are present as well. A large variety of different
sand- and lime-stones can be found; even some small pieces of iron ore are present. To know what the
contribution of these stones is to the mean spectral profiles, measurements with the field spectrometer
are carried out. To get the best result, the measurements of individual stones are carried out with more
care than the line measurements. The measurements are made from a lower height and a smaller view
angle; about 6 cm and 8 degrees respectively. For each stone, between 3 and 8 measurements are taken,
each from a different side of the stone. The mean of these results is calculated and used for further
analysis.

Collection of GPS measurements at ground control points
As mentioned earlier, the mean spectral profiles will be compared with ASTER data. The used ASTER
data (L1B product) is already generated in UTM map projection [1]. However, this georeferencing is
based on satellite ephemeris only, and therefore possibly not accurate enough. In order to find out
in which pixel of the ASTER image the field measurements are taken, it is important to know how
accurate the images are really georeferenced. To validate the georeferencing, GPS measurements at
ground control points (GCPs) are carried out. The idealization precision of the GCPs in the ASTER
images depends on the spatial resolution. The spatial resolution of ASTER (VNIR) is 15 m; therefore
the accuracy of a handheld GPS receiver (5 m, 95% interval) is high enough to take the measurements
at the GCPs in the terrain.

3.2 Fieldwork results

The results of the field measurements are discussed in this section. All displayed spectral profiles are
filtered for water vapor noise in the 1400 and 1900 nm bands. When comparing the profiles, it is
important to realize that one has to look for changes in the curves, rather then changes in amplitude.
Small changes in sun energy due to atmospheric changes, already cause a large change in the measured
amplitude, whereas the material it self does not change. In some cases, the continuum has been removed
from the spectra to visually enlarge the absorption features. This makes comparison of specific absorption
features more clear. More information about continuum removal can be found in the insertion about
spectral analysis.

3.2.1 Spectra of Tell-sites

Tell Hammeh
Fig. 3.3 displays the mean spectral profile for each line measurement at Tell Hammeh; see the map
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Spectral Analysis

The goal of Spectral Analysis is to identify materials based on their spectral characteristics.
Especially certain absorption features can help to identify which minerals are present. In the ENVI
4.3 software, it is possible to match field spectra with laboratory spectra of the United States
Geological Survey (USGS) [13] by Spectral Feature Fitting (SFF). SFF is a technique that
compares the fit of image spectra to reference spectra using a least-squares technique. SFF is an
absorption-feature-based methodology. The reference spectra are scaled to match the input spectra
after the continuum is removed from both data sets [36].
Continuum Removal is a technique to normalize reflectance spectra, so that it becomes possible to
compare individual absorption features from a common baseline. The continuum is a convex hull fit
over the top of a spectrum using straight-line segments that connect local spectra maxima (see
figures below). The first and last spectral data values are on the hull; therefore, the first and last
bands in the output continuum-removed data file are equal to 1.0 [36].
The output of SFF is a list of the materials in the input spectral library ranked in order of
best-to-worst match. This method does not identify spectra; it only recommends likely candidates
for identification.
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(Fig. 3.1) for the location of the lines. The y-axis of the plot represents the reflected solar energy,
scaled between 0 and 1. The first thing that is notable is that the curves look all the same, and that
there is only a small difference in amplitude that is not relevant as mentioned earlier. Since the Tell is
made of the same clay as found in its surroundings, this result is not surprising. It only means that the
amount of slag and ore material is not enough to be an influencing factor on the mean spectral profile.
Clearly visible are the water vapor absorption bands at 1400 and 1900 nm, and also some little absorption
features at 2200 and 2340 nm. Spectral Feature Fitting (See insertion on Spectral Analysis) reveals that
these absorption features are related to clay minerals (illite/kaolinite) and calcite respectively. Calcite is
the main mineral in limestone [32].

To get an idea of the features that contribute most to the mean profile, some terrain features are
measured separately, see Fig. 3.4. It becomes clear that the curve of the clay profile looks most similar
to the mean profile. This is obvious, because most of the Tell consists of clay. The strong increasing
reflectance of vegetation at 700 nm can still be seen in the mean profile as well, although in a reduced
form. At one location at the Tell, near line 3, there was a relatively high concentration of slag material
present on the surface. This location was measured separately as well (the red curve). But again, it
indicated that there is no unique absorption feature visible compared with the clay profile.

Tulul edh Dhahab
The mean spectral profiles of the line measurements at Tulul edh Dhahab look very similar as well, except
for line 1 (Fig. 3.5), which has no jump related to vegetation at 700 nm. This is obvious when one
realizes that at this location the ground was completely disturbed by gold-seekers and no vegetation had
been left behind. Line 4 was the line over the area where some slag material was found, see map of Tulul
edh Dhaheb (Fig. 3.2). There are no differences in the curve compared with the reference lines 2 and
3, except the curve of line 4 which shows less water vapor absorption at 1150 nm (see also Fig. 2.5 for
the water vapor absorption bands). This indicates that the weather conditions were not stable between
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Figure 3.3: Mean spectra of the line measurements at Tell Hammeh, see Fig. 3.1 for the location of
the lines. It is clear that the spectral profiles of these lines are very similar, meaning that no differences
in soil content are present.
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Figure 3.6: Spectra of terrain features that contribute to the mean profile of Tulul edh Dhahab. The
clay, calcite and vegetation absorption features can be recognized in the mean profile in a reduced form.

these measurements. But once again, the amount of slag material is too little to influence the mean
spectral profile.

In relating to the contribution of separate terrain features to the mean spectral profiles (fig 3.6), it
becomes clear that vegetation is far more present here than at Tell Hammeh. But still, the small clay
mineral absorption feature at 2200 nm is visible in the mean spectral profile as well, just as in the calcite
absorption feature at 2340 nm. In the limestone profile, a common stone in this area, this absorption
feature is a lot more distinct. Spectral Feature Fitting matches this profile indeed to calcite (CaCO3),
which is the main mineral in Limestone [32].

Comparison with Tell Deir Alla
It is evident from Fig. 3.4 that there is too little slag present at the surface of Tell Hammeh to influence
the mean spectral profile of a larger area. Nevertheless, the composition of the clay at this location may
be somewhat different compared with other locations. Therefore a line measurement was carried out at
Tell Deir Alla as reference, because at Tell Deir Alla, no evidence of iron production had been found.
In Fig. 3.7, the mean spectral profiles of Tell Hammeh, Tell Deir Alla and also Tulul edh Dhaheb are
displayed. Immediately it becomes clear that the mean profiles of Tell Hammeh and Tell Deir Alla are
almost identical. The only difference is that at Tell Deir Alla, the absorption feature related to calcite
is not present. This means that the soil at these sites consists more or less of the same material; clay
that is to be found all over this area. Differences that can be related to iron production are not present
at all.
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Figure 3.7: Comparison of mean spectra from Tell Hammeh, Tulul edh Dhahab and Tell Deir Alla. The
profiles are very similar, except no calcite absorption is measurable at Tell Deir Alla.
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Figure 3.8: Field spectra of clay from Tell Hammeh, Tulul edh Dhahab and Tell Deir Alla. Again it is
clear that calcite is absent at Tell Deir Alla.

When looking only at the differences in the clay spectra of the three sites, it becomes obvious that the
shape of the curves is almost the same as the mean spectral profiles (see Fig. 3.8). To analyze the small
absorption features, the continuum is removed. The absorption features for water vapor, vegetation,
clay minerals and calcite are now visually enlarged. It has become more distinct that the absorption
feature at 2340 nm is not present in the clay profile of Tell Deir Alla. This means that there are small
differences in clay content between Deir Alla versus Tell Hammeh and Tulul edh Dhahab. It is likely
that less calcite is present at Tell Deir Alla.

3.2.2 Spectra of slag, ore and other stones

In the description about the fieldwork methodology, it has already been mentioned that iron has a unique
absorption band about 900 nm. Unfortunately, this absorption feature was not present in one of the
mean profiles measured with the field spectrometer. Nevertheless, to prove whether this absorption
feature is indeed present in slag and iron ore, measurements are made with the field spectrometer. The
results will be discussed in the following paragraph.

Spectra of remains at Tell Hammeh
Fig. 3.9 shows the spectral profiles of a piece of slag, ore and red sandstone. For ore and red sandstone,
the iron absorption feature is very clearly visible at the curve between 700 and 1000 nm, whereas this
feature is not present at all in the slag profile. Another visible absorption feature is the one at 2200
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Figure 3.9: Spectra of iron ore, slag and red sandstone. The iron absorption feature about 900 nm is
clearly present in ore and red sandstone, whereas it is absent in slag.
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Figure 3.10: Spectra of iron ore. It is clear that different kinds of iron minerals such as hematite and
limonite are present.

nm, which is indicative for clay minerals. Spectral Feature Fitting with laboratory samples of the United
States Geological Survey (USGS) reveals that hematite is the most likely mineral for both iron ore and
red sandstone. Hematite is the mineral form of Iron(III)oxide (Fe2O3), one of several iron oxides, and
can be found at Mugharet al-Warda. The fact that the profiles of ore and red sandstone are very
similar to each other makes it difficult to distinguish them with hyperspectral data only. A lot of red
sandstone can be found in the surroundings of the Zarqa Valley, whereas iron ore is very rare. This
means that even if a spectral iron profile can be found in a hyperspectral satellite or airborne image, it
is not immediately possible to conclude that this pixel is related to an early iron production site. Field
investigation afterwards is always necessary.

Spectra of ore
Fig. 3.10 show a fragment of iron ore from Mugharet al-Warda. The spectral profile of this fragment
looks a bit different compared to the ore fragment found at Tell Hammeh. Spectral Feature Fitting
reveals the mineral limonite as the best match. Limonite (FeO(OH)•nH2O) is not a true mineral and is
composed of a mixture of similar hydrated iron oxide minerals, mostly goethite with lepidocrocite and
akaganèite [32]. Some Hematite, clay and other impurities may also be present. Mostly, limonite forms
in or near oxidized iron and other metal ore deposits and as sedimentary beds. Limonite may occur as
the cementing material in iron rich sandstones as well. Together with hematite, it has been mined as
ore for the production of iron.

Spectra of slag
The largest group of evidence material of early iron production is still the slag material, but this material
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Figure 3.11: Spectrum of slag, compared with hematite and limonite. After continuum removal, slag
reveals some marginal absorption features.

has a very low reflectance, because it is very dark. At first sight, it looks as if slag has no spectral
absorption features at all, but after the continuum is removed, some absorption features become visible
(Fig. 3.11). At the iron absorption band about 900 nm a little dip is visible, just as at 2200 nm,
the clay mineral absorption band. This means that traces of iron and clay can still by detected with
spectroscopy. However, the traces are marginal and it will be impossible to detect them in a mixed
pixel of hyperspectral-satellite or even airborne images. The reason for this is that in a satellite image,
different materials contribute to the ultimate spectral profile. Other materials will simply overrule the
minimal absorption features in slag. A large amount of slag would result in a lower reflectance over the
total spectrum; the pixel looks darker relative to its neighboring pixels. But it is expected that there will
be no iron absorption feature present which can be detected by Spectral Feature Fitting. Only visual
inspection of the image can be an option, but this is difficult because of other reasons that make a pixel
looks darker, such as shadowing effects and other dark materials.

Spectra of other stones
To get an idea of the materials that are most likely to be detected with satellite data, some common
stones found at Tell Hammeh were measured, see Fig. 3.12 for their field spectra. These stones in
fact are just some examples of a very large variety. The field spectra of the stones are matched with
Spectral Feature Fitting to USGS laboratory spectra. The best matches are used to give a name to
the stones. Limonite has already been explained. Goethite (Fe3+O(OH)) is an exceptionally common
mineral, present in many ironstones. Montmorillionite ((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2•nH2O) is a
clay mineral occurring in fine grained massive aggregates. Dolomite (CaMg(CO3)2) is the main mineral
in dolostone, which look like limestone [32]. It is significant that these minerals are the most dominant in
the measured stones. Laboratory analysis should be needed to identify the real mineralogical composition.

3.2.3 Spectra of burned materials

A second group of indicative materials for early iron production furnaces is formed by ash and burned
clay. Fig. 3.13 shows the field spectra of these materials. The measurements of ash and burned clay
were taken off the wall of one of the squares along the bulldozer cut at Tell Hammeh. These features
cannot be seen from above. The ash layer is located more than one meter below the surface of the Tell
and belongs to the remains of a furnace. The spectral profile of burned clay is comparable with that of
pottery, which in fact is burned clay. A lot of pottery shards can be found at the surface of Tells and
fields in the Jordan Valley, and it would be interesting to see whether this material has a unique spectral
profile as well. Burned clay can be found also at Tell Deir Alla, where it is visible as a band of red soil
around this Tell, which indicates the remains of a destroyed Bronze Age settlement. At some locations,
archaeologists did excavations in the red soil, revealing high concentrations of burned clay. A spectral
profile of this material is shown in Fig. 3.13. Spectral field measurements of the undisturbed red soil
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Figure 3.12: Field spectra of stones at Tell Hammeh. It is clear that more types of stones are present
with an iron absorption feature of about 900 nm.

revealed no significant differences compared with neighboring ’normal soil’.

To visually enlarge the absorption features in the spectra, the continuum is removed. It becomes evident
that burned clay, and also pottery, have a stronger absorption feature relative to clay at 500 nm. This
makes it clear as to why we see the color of the burned clay as red (the reflected energy at 445 and
535 nm, respectively blue and green light, is relatively less then red at 575 nm). It is also clear that
after burning, the absorption feature at 2200 nm, which is indicative of clay, was still present. This
means that burning does not change the mineralogical content of clay. The profile of burned clay from
Tell Hammeh shows an absorption feature at 900 nm as well. This is normally indicative of iron. As to
why this is visible in this profile is not clear. Ash, however, shows no significant absorption at 500 nm,
whereas this is a burning product as well. Probably the change in strength of absorption after burning
depends on the input material. Ash is the burning product of charcoal. However, the clay absorption
feature is visible in this profile as well. It is possible that the ash was mixed with clay.

3.3 Comparison of field spectra with ASTER spectra

The results discussed in previous sections make clear that the spectral profiles of Tell Hammeh and Tell
Deir Alla are similar to each other. But the question is how unique this profile is relative to the entire
surroundings. The best way to answer this question, is to compare the spectral profile of line 3 at Tell
Hammeh with satellite data. As there is no hyperspectral satellite data available for this part of the
area, the best dataset available is the multispectral ASTER data, which has 9 bands in VNIR and SWIR.
Before the ASTER data can be compared with the field data, two major problems have to be solved;
firstly the atmospheric correction, secondly the geometric correction.

Atmospheric correction of ASTER data
Signals recorded from the satellite platforms in the visible and infrared region are combinations of surface
reflectance, atmospheric contribution and sensor errors. The atmospheric contribution is caused by the
scattering behavior of the light on particles and aerosols in the atmosphere. Measurements with a field
spectrometer are not disturbed by these effects, because the measurements are taken close to the ground.
Thus, to enable a fair comparison between satellite and field observations, the atmospheric contribution
has to be removed from the satellite observations. Observations with atmospheric contribution are called
radiance, observations without this contribution reflectance [29]. To get from radiance to reflectance,
an atmospheric model has to be used. The ENVI 4.3 software, which is used for this project, provides
the FLAASH model [36]. The ASTER data is corrected with this model.
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Figure 3.13: Spectra of burned materials at Tell Hammeh and Tell Deir Alla. It appears that these
materials have a relatively stronger absorption of about 500 nm.

Geometric correction of ASTER data
To compare the field observations with the ASTER data, it is important to know in which ASTER pixel
the field observations were taken. Therefore the location of each ASTER pixel must be known in terrain
coordinates. The ASTER image is transformed by nearest neighbor resampling to UTM map projection,
with used datum WGS84. However, geometric distortions due to the topography of the terrain have still
remained in the image. To correct this, the ASTER image is orthorectified based on a SRTM DEM.
After correction, it is possible to validate the UTM coordinates of the pixels by GPS measurements on
GCPs in the terrain. The differences between the coordinates from the image and the ones measured
with GPS are almost all within the idealization precision of 15 m of the ASTER image. See Fig. 3.14.

Comparison between field spectra and ASTER spectra
The image taken for the comparison with field data is the ASTER image of 25 July 2006, see Fig. 3.15.
Due to the hot weather during this month, the vegetation has dried out, making the clay soil of the
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Figure 3.14: Validation result of the UTM coordinates of the ASTER image of 25 July 2006, based on
9 GCPs. The red arrows represent the coordinate differences, times 50.
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Figure 3.15: Orthorectified ASTER VNIR image, 25 July 2006 (R: band 3, G: band 2, B: band 1).
Roads are superimposed with white lines.

Jordan Valley more comparable with the arid soil of Tell Hammeh. For a better orientation in the image,
some roads have been superimposed.

Fig. 3.16 shows the mean spectral profile of line 3 at Tell Hammeh, the resampled spectral profile of
this line, and the spectral profile of the ASTER pixel at this location. It becomes clear that the ASTER
and field spectra are comparable to each other for the first four bands. However, the last five SWIR
bands reveal large differences, especially band 9. The ASTER image may be affected by the crosstalk
instrument problem, which is caused by light reflected from the band 4 optical components leaking
into the detectors of band 9 [35]. Another problem is that the atmospheric correction of the ASTER
data is not accurate, because ASTER does not include channels suitable for atmospheric water vapor
retrieval. As a result, accurate calibration of this multispectral dataset to reflectance requires additional
atmospheric data for the moment of acquisition. However, this data is unfortunately not available.

To answer the question, whether there are more ASTER pixels which have the same spectral profile as
Tell Hammeh, the ASTER image will have to be classified. Because of the large differences between
the ’field spectra’ and the ’ASTER spectra’ in the SWIR region, the ’field spectra’ will not be used as
classification input. Instead of this, the mean spectral profile of 9 ASTER pixels of Tell Hammeh will be
used. In this way, the problem of the inaccurate atmospheric correction is eliminated.

The used classification technique is the Spectral Angle Mapper (SAM), see the insertion Spectral Angle
Mapper for an explanation of this technique. From the classification result given in Fig. 3.17, it becomes
clear that the spectral profile of Tell Hammeh is not unique at all. In fact, all bare soil is classified, both
the bare arable land as well as the arid lower slopes of the mountains surrounding the Jordan Valley.
Notably, this classification is based on only 9 spectral bands. It is expected that classification based on
a hyperspectral image should deliver a more refined result.
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Figure 3.16: Comparison of the ASTER spectral profile with the field spectrum for the location of Tell
Hammeh (line 3). Reflectance in μW/(cm2 sr nm). It is clear that the first 4 bands match well, whereas
the last 5 show large differences.

Tell Hammeh
Tell Deir Alla

Tulul edh Dhahab

Mugharet al-Warda

2 km

Figure 3.17: SAM classification result in red, based on the mean ASTER profile of 9 pixels at Tell
Hammeh (maximum angle 0.11 radians). It is clear that this profile is very similar to other bare fields
and slopes in the surroundings.
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3.4 Conclusions

Based on the results of the field spectrometer at the known early iron production sites, it can be concluded
that it is not possible to use multi- or hyper-spectral data to identify locations of early iron production.
The calculated mean spectral profiles of the line measurements do not reveal any differences between
lines on top of remains of early iron production and lines next to it. This was the case at both Tell
Hammeh and Tulul edh Dhahab. Even a comparison with the reference site Tell Deir Alla does not show
any difference that can be related to iron production. A comparison with ASTER data makes clear that
the soil at Tell Hammeh and Tell Deir Alla is not much different from other bare ground in and around
the Jordan Valley, probably because the soil in the Jordan Valley consists of the same alluvial clay.

Spectral measurements of slag clarify that slag has very low reflectance, with very marginal absorption
features in its spectral profile in relation to iron and clay. This is the reason why, besides the fact
that very little slag lies at the surface, an iron absorption feature was not found in the mean spectral
profile of early iron production sites. But even if the soil at Tell Hammeh shows a slight iron absorption
feature in its spectral profile, it is not possible to conclude that it is unique for early iron production
sites. Spectral measurements of stones found at Tell Hammeh reveal that more stones are present with
a strong iron absorption feature in their spectra, especially red sandstone. This rock type can be found
all over the slopes of the Zarqa Valley, making it difficult to say whether an iron absorption feature found
in a hyperspectral image belongs to hematite or to iron containing sandstone.

Other evidence of early iron production, such as ash and burned clay, cannot be found at the surface,
except for locations where people have been digging. At these locations, spectral measurements reveal
that ash can hardly be distinguished from clay. Burned clay however, is easy to distinguish from ’normal’
clay, because of a relatively strong absorption around 500 nm.

In general it has become clear that there is too little material available at the surface that can be linked
to early iron production. Most of what is present is covered by younger layers of clay (in the case of Tell
Hammeh). This makes it impossible to detect the slag and ash material with remote sensing, because
visible and infrared light do not penetrate soil. Most slag and other remains are located from a depth of
several decimeters to more than one meter; so that even satellite radar will probably not penetrate the
clay deep enough to enable detection of these traces of iron production. This will be examined in more
detail in chapter 5.
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Spectral Angle Mapper (SAM)

SAM is an automated method for comparing image spectra to individual spectra or to a spectral
library [26]. SAM assumes that the data have been reduced to reflectance. The algorithm
determines the similarity between two spectra by calculating the spectral angle between them,
treating them as vectors in n-D space, where n is the number of bands.
A ’clay spectrum’ and an ’iron spectrum’ have been plotted (left plot). For two bands, the two
materials are represented in a 2D scatterplot by a point for a given illumination (right plot). The
advantage of SAM is that all possible illuminations are treated equally. Poorly illuminated pixels fall
closer to the origin of the scatterplot. The color of a material is defined by the direction of its unit
vector. The angle between its vectors is the same, regardless of the length. The length of the vector
relates only to how fully the pixel is illuminated. The SAM algorithm generalizes this interpretation
to n-D space. SAM determines the similarity of an unknown spectrum t to a reference spectrum r,
by applying the equation below, where nb equals the number of bands in the image. How smaller
the angle α, how larger the similarity.
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Chapter 4

Optical remote sensing analyses

Analyses of optical satellite data will give an answer to the question whether there are structures recog-
nizable which are of archaeological interest. This chapter starts with Hyperion analysis in section 4.1.
The spectral detail of this satellite sensor makes it especially suited for the detection of iron minerals;
therefore this section focuses on this subject. In section 4.2 about Quickbird, the emphasis is on the
detection of small terrain features, such as former irrigation canals and ancient road tracks, which the
spatial detail of this sensor is especially suited for. In section 4.3, a consistent method to extract geologi-
cal information from multispectral ASTER data without prior knowledge or required ground observations
will be described.

4.1 Hyperion

Hyperion is a hyperspectral satellite sensor, carried on the EO–1 satellite (see 2.2). The Hyperion
image, acquired on 23 December 2005, covers a narrow strip of 185 km long and 7.5 km wide. The
data, Level 1 Radiometric product (L1R), is radiometrically corrected, but not geometrically resampled
[5]. This means that the data is in radiance (W/(m2 sr μm)) and that the image is not corrected for
topographic distortions respectively. Unfortunately, the strip ends just north of the early iron production
sites of Tell Hammeh and Tulul edh Dhahab, see Fig. 4.1. Furthermore, the image has more than 50%
cloud cover, leaving only the southern 60 km almost cloud free and usable for processing (see Fig. 2.2).
Hyperion data collected under less than optimal conditions (winter season, dark targets) have marginal
SWIR signal-to-noise ratio and allow mapping of only the most basic mineral occurrences and mineral
differences [25]. Nevertheless, the Hyperion image will be processed to detect at least iron minerals at
the ore deposits of Mugharet al-Warda, to demonstrate the capabilities of Hyperion. More metadata
can be found in chapter 2 and appendix A.2.

4.1.1 Environment of Mugharet al-Warda

As was already noted in the introduction (section 1.1), a quarry has been located at Mugharet al-
Warda. Exploitation of the quarry started in 2005. This means that the area had already been disturbed
by mining activities during the Hyperion acquisition on 23 December of that year. The reason why
exploitation started is unclear, but probably because of the presence of limestone, which is used for
cement production. A Quickbird image, acquired on 10 April 2004, shows the undisturbed situation at
Mugharet al-Warda, see Fig. 4.1. The entrance to the ancient iron mine is clearly visible; a straight
canal has been dug into the slope. Recently, the entrance got blocked by rubble from the quarry located
just east of this entrance. Fig. 4.2 gives an overview of the environment of Mugharet al-Warda. The
photos are taken at the top of the quarry, as can be seen in Fig. 1.5. A few hundred meters to the east,
a second quarry, just visible in Fig. 4.2, has been started.

33
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Figure 4.1: Quickbird RGB image of the area of interest, 10 April 2004. Some roads and the Hyperion
footprint are superimposed. It is clear that Tell Hammeh is not covered by Hyperion.

east south west

Figure 4.2: Photocomposition of Mugharet al-Warda, 13 April 2007. The photos are taken at the top
of the quarry, as can be seen in Fig. 1.5. It is clear that the surroundings are vegetated by grasses and
olive trees. A second quarry is visible in the east.

The iron ore deposits of Mugharet al-Warda are the only iron ore deposits in Jordan. It is assumed that
known holes and caves in the ore layer are from during the time of the crusaders. The iron ore layer in
the limestone formation is approximately 300 m long northwestwards and 200 m wide. The maximum
thickness is 9.8 m, and near the edges the layer is mixed with limestone. The main elements of the ore
are hematite, and also limonite. [6]

Natural ore outcrops on the surface are rare. Most of the area is covered with red soil (terra rossa),
which is in fact weathered limestone. This makes the detection of iron ore with satellite data unlikely.
However, recent mining activities make it possible for iron ore to be brought to the surface, making
detection with Hyperion data possible.

4.1.2 Processing

This section describes step by step the processing of Hyperion data, to get from radiance data to
a meaningful interpretation. Only a subset of the total scene, containing the south end, is used for
processing. The image is georeferenced on its given corner coordinates.

Remove bad bands
Hyperion has some limitations. The L1R product has a total of 242 bands, but only 198 bands are
calibrated. Because of an overlap between the VNIR and SWIR focal planes, only 196 unique channels
remain. Calibrated channels are 8–57 for the VNIR, and 77–224 for the SWIR. The reason for not
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calibrating all 242 channels is mainly due to the detectors low responsivity. The bands that are not
calibrated are set to zero in those channels. Furthermore, Hyperion has some dead detectors. These
are not corrected or interpolated in USGS L1R product, and due to this vertical stripes are visible in the
image where dead detectors exist. Lastly the radiance values of the VNIR and SWIR bands are each
scaled with a different scaling factor, 40 and 80 respectively. [5]

Before processing starts, the uncalibrated bands are removed from the dataset. The same is true for
bands in some water vapor absorption regions, because these bands contain only noise. Next, the vertical
stripes due to dead detectors are removed by replacing the bad pixel value by the average value of its
neighboring pixel at the left and right side. Finally, to eliminate the difference in scaling factor, a gain
value of 2 is applied to the VNIR bands. Fig. 4.3 shows the difference between the raw data and the
’cleaned’ dataset, in which the unusable bands are removed.

Atmospheric correction with FLAASH
The atmosphere affects the radiance measured by the sensor in two different ways. Firstly, it reduces
the energy illuminating a ground object. Secondly, it acts as a reflector itself, adding a scattered,
extraneous path radiance to the signal [29]. Correcting these atmospheric effects is a prerequisite to
most hyperspectral data analysis approaches. Most spectral absorption features appear only when the
influence of the atmosphere has been removed and the data are reduced from radiance to apparent
reflectance. Apparent reflectance is reflectance recorded by the sensor. Determining true reflectance
is not possible, because shadows and directional effects cannot be accounted for [36]. The standard
equation for spectral radiance L at a sensor pixel is: [3]

L =
Aρ

1 − ρeS
+

Bρe

1 − ρeS
+ La (4.1)

Where:
L observed radiance at sensor pixel
ρ pixel surface reflectance
ρe surface reflectance averaged over the pixel and a surrounding region
S spherical albedo of the atmosphere
La radiance backscatter by the atmosphere
A coefficient, depending on atmospheric and geometric conditions
B coefficient, depending on atmospheric and geometric conditions

The first term in eq. (4.1) corresponds to the radiance from the surface that travels directly into the
sensor, while the second term corresponds to the radiance from the surface that is scattered by the
atmosphere into the sensor. The distinction between ρ and ρe accounts for the adjacency effect (spatial
mixing of radiance among nearby pixels) caused by atmospheric scattering. [3]

To reduce radiance values to apparent reflectance, ENVI 4.3 provides the FLAASH algorithm developed
by Spectral Sciences, Inc. FLAASH is based on MODTRAN4 radiation transfer code [3]. FLAASH
determine the values of A, B, S and La in eq. (4.1) from MODTRAN4 calculations, that use the
viewing and solar angles and the mean surface elevation of the area. MODTRAN4 assumes a certain
model atmosphere, aerosol type, and visible range, which has to be specified by the user. The values
of A, B, S and La are strongly dependent on the water vapor column amount, which is generally not
well known and may vary across the scene. Typically, the 1135 nm water band is used to estimate water
vapor from the data itself. A ratio between a band centered at a water absorption feature (typically 1135
nm) and the average of a reference set of bands taken from just outside that feature, allows estimation
of absorption band depths for a range of water vapor column densities. The absorption band depths are
compared against MODTRAN lookup tables on a pixel-by-pixel basis to retrieve the water vapor amount
[24]. However, if the 1135 nm feature is saturated due to an extremely wet atmosphere, the 820 nm
feature is automatically used in its place [36]. The 820 nm feature is used for the Hyperion image in
this study, because of the high amount of cloud cover. After the water retrieval is performed, the pixel
surface reflectance in all of the sensor channels is solved using eq. (4.1).

EFFORT polishing
Spectral polishing refers to a spectral smoothing process that removes artifacts in hyperspectral appar-
ent reflectance data. ENVI 4.3 provides the Empirical Flat Field Optimal Reflectance Transformation
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Figure 4.3: Hyperion spectral profile of the pixel located at the quarry bottom (see Fig. 4.4), at different
stages of processing. Notice the similarity between the Hyperion spectrum and the laboratory spectrum
near the iron absorption feature at 900 nm.

(EFFORT), developed by Boardman [8], to determine and apply mild adjustments to these artifacts,
so the spectra appear more like spectra of real materials. Artifacts or error features may appear in
hyperspectral apparent reflectance data because of the limited accuracy of the measurements and the
calibration models that were used during processing. This cumulative error may be several percent in
each spectral band, leading to apparent reflectance data with absolute accuracies far less than the actual
precision of the original data. [36]

EFFORT uses the data to generate ’pseudo field spectra’ by fitting each observed spectrum with a
parametric model of Legendre polynomials. For pixels that are well-fit, gains and offsets for every band
are calculated by comparing the modeled spectra to the data spectra. It is possible to use one or more
reality boost spectra (laboratory spectra or field spectra) to help in the modeling. Boost spectra can
produce better-fitting modeled spectra. The modeled spectra are created by a linear combination of the
Legendre and reality boost spectra [36]. To get better EFFORT correction factors and/or offsets in the
iron absorption bands of the Hyperion data, the polishing process is boosted with a USGS laboratory
spectrum of hematite [13].

Calculating band ratios
Band ratios are the result of the division of pixel values in one spectral band by the corresponding pixel
values in another band. They provide relative band intensities. A major advantage of ratio images
is that they enhance spectral differences between bands, regardless of variations in scene illumination
conditions. Band ratios reduce the effect of topography and shadowing [29]. Ratio images are often
useful to discriminate between mineralogical features in hyperspectral datasets, making use of the unique
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Figure 4.4: Result of the Hyperion analysis. Especially the SAM result makes it clear that almost no
pixels outside Mugharet al-Warda match the USGS hematite spectrum.

spectral absorption features in minerals. In the case of mapping iron minerals like hematite, the unique
absorption feature at 870 nm is very useful to apply a band ratio. See Fig. 4.3 for the spectral profile of
hematite, and Fig. 4.4 for the band ratio result, which is calculated by the equation

DN =
b39 + b40 + b41

b51 + b52 + b53
(4.2)

Where DN represents the Digital Number for each pixel in the ratio image, and b the pixel value for
each pixel in the concerned band.

The red and green vertical lines in Fig. 4.3 correspond with band 52 and 40 respectively. To reduce the
influence of noise, which leads to false indications for iron minerals, three neighboring bands are used for
both the numerator and denominator. The resulted ratio image is displayed as a ’binary image’; pixel
values lower than 1 are black, greater than 1 white. This means that every pixel where the average of
band 51, 52 and 53 is lower than the average of band 39, 40 and 41 is white and thus indicative of
locations with iron minerals.

classification with SAM
The theory behind the Spectral Angle Mapper (SAM) has already been explained in section 3.3. This
time, SAM is used to classify the atmospherically corrected Hyperion image based on a USGS laboratory
sample of hematite. Since the unique absorption feature of hematite covers only the wavelength range
from 650 to 1000 nm, for the sake of improved accuracy only bands 30 to 86 are used for the calculation.
However, bands 56 to 86 are either not calibrated or contain a lot of noise due to the water vapor
absorption. Therefore, only bands 30 to 55 (650 to 900 nm) are used for classification. The result is
displayed in Fig. 4.4.
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Figure 4.5: Hyperion spectra of two pixels that are classified as iron, with SAM (maximum angle 0.11
radians) and band ratio respectively. See Fig. 4.4 for the location of the pixels. In example 1, the
similarity with the laboratory spectrum is less clear than at Mugharet al-Warda, see Fig. 4.3. In example
2, the pixel is indicated as iron due to the spike at 750 nm, but no similarity with the laboratory sample
is visible.

4.1.3 Results & interpretation

The results of the calculated band ratio and SAM are both displayed in Fig. 4.4, together with a color
composite of bands 28, 40 and 52. The first noticeable feature is that both with the band ratio as
with SAM, iron minerals are detected at Mugharet al-Warda. The pixel located at the quarry gives
the largest absorption at 870 nm, and therefore probably has the highest concentration of iron minerals
in the terrain, see Fig. 4.3. Another notable feature is that a number of pixels are highlighted along
the road to Tulul edh Dhahab. Most probably material from the quarry is dumped along this road.
Furthermore, the eastern quarry is highlighted as well. Apparently, the iron ore layer has been mined
here as well.

The band ratio result shows some more locations where pixels are highlighted. Most of these pixels do
not show up in the SAM result. However, examining the spectral profile of these pixels clarifies why, see
Fig. 4.5. The profile of example pixel 2 shows a lot of noise around band 40 at 752 nm. Unfortunately,
band 40 is located on top of a spike, giving the impression that there is relative absorption at band
52. This is the case for almost all highlighted pixel outside Mugharet al-Warda. A comparison with
the color composite reveals that these pixels appear mostly very bright or white, probably because the
slopes are bare and face the sun. SAM, however, makes use of the total curve between 650 and 900
nm, revealing fewer locations where iron minerals could be present. There are only a very few individual
pixels highlighted outside Mugharet al-Warda. Looking in more detail at the spectral profile of these few
pixels, it is clear that the iron absorption feature matches poorly with the USGS laboratory spectrum,
see Fig. 4.5 for example pixel 1.

It can be concluded that Hyperion data is suited for the detection of iron minerals. At the location of
Mugharet al-Warda it has been proven that the available iron minerals at the surface of this site can
be seen in the image, after atmospheric correction and applying band ratios or SAM. However, outside
Mugharet al-Warda, no reliable discoveries have been made. There are two reasons for this; either that
there are no iron minerals at the surface outside Mugharet al-Warda, or that the concentration of these
minerals is too low to be detectable due to the relatively low spatial resolution of Hyperion. To improve
the spatial resolution, airborne hyperspectral data is an option.
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4.2 Quickbird

Quickbird is the satellite sensor with the highest spatial resolution currently available, with 2.4 m and
0.61 m for its multispectral and panchromatic imagery respectively. The multispectral imagery provides
4 bands in the VNIR. Quickbird data can be ordered per square kilometer at Eurimage. The standard
product is already resampled to the UTM coordinate system and orthorectified with a SRTM DEM.
Ordering the raw data is possible as well, but only in its totality, making this product far more expensive
than the standard product when the area of interest is small. The standard product ordered for this
study measures 12 by 8 km and was acquired on 10 April 2004. The image is already displayed in its
totality in Fig. 4.1. More metadata can be found in chapter 2 and appendix A.3.

4.2.1 Archaeological applications of high-resolution imagery

High resolution multispectral imagery is very promising for archaeology, because the spatial detail makes
subtle differences visible in the landscape, which can be related to archaeologically interesting structures
in some cases. To get an idea of the possibilities of high resolution imagery for archaeology, four
successful applications will be discussed briefly in this section. All applications are based only on visual
inspection of the imagery, which is apparently the best way to detect archaeological sites.

Detection of settlements in Syria
Wilkinson et al. [41] used both high-resolution IKONOS and CORONA satellite imagery to detect non-tell
archaeological sites in the Homs Region, Syria. The satellite imagery appears to be an effective manner
to detect ancient settlement remains on the marl geologies of the project’s study area. The recent
agricultural development of the area and erosion since the Bronze Age means that ancient settlements
have survived only as differences in soil content. They show up as either highly reflective or (more rarely)
absorptive features in the imagery. As a result, many previously unknown archaeological sites have been
detected. Laboratory analysis of samples taken across four sites detected in the satellite imagery suggests
that the relative reflectance/absorption of the archaeological sites is largely a product of the grain-size
variations that result from occupation activities. Clay particles, remaining from mud-brick, are relatively
small and therefore cause relatively high reflection. Mud-brick was the dominant building material in
the area for much of the past.

Detection of ancient road systems in Tuscany (Italy)
Campana [11] did a study with IKONOS and Quickbird imagery on five sample areas in Tuscany, Italy. He
concluded that bands 2 (green), but above all 3 (red) and 4 (near-infrared), showed the most potential
for the identification of archaeological features. The IKONOS imagery allows identifying features in the
order of 40-50 m in diameter, along with alignments relating to ancient road systems. Visual inspection
of pan-sharpened Quickbird imagery reveals that most features of the landscape can be easily and
unambiguously recognized. The detail indicates for instance the presence of an ancient road.

Detection of buried structures in Hierapolis (Turkey)
Ricchetti [33] used IKONOS and Quickbird imagery to visually detect archaeological, geological and
environmental features of interest. The chosen test area was Hierapolis in Turkey. This town was one of
the most important sites of Asia Minor in the Hellenistic-Roman period. Both IKONOS and Quickbird
data were pan-sharpened by fusing the multispectral and panchromatic channels. A combination of
near-infrared, green and blue bands was used in this process, because it appears to be the most sensitive
to vegetation and soil moisture. The town roads, mainly buried and only in some places outcropping
at terrain surface, became clearly visible. The thin soil cover along the roads and their groundwater
drainage effect strongly decrease vegetation growth. This effect is particularly highlighted in the near-
infrared band. A detailed map of the road network in this area has been produced on the basis of the
pan-sharpened images.

Detection of buried structures in a medieval village (Italy)
Lasaponara et al. [27] did a study of the potential of high-resolution Quickbird imagery for archaeological
investigation in the well documented site of Monte Serico Village in Southern Italy. This site presents
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Figure 4.6: Hue Saturation Value (HSV) color model.

complex topographical and morphological features, typical of many medieval settlements, making ar-
chaeological investigation with remote sensing difficult. The area is sparsely vegetated. The best results
have been obtained by panchromatic and red channel data fusion. In particular, rectangular features
became visible. The results reveal the urban shape of buried settlements up to single building scale.

4.2.2 Pan-sharpening

The only processing that is performed on the Quickbird data is the pan-sharpening. This means that
the higher resolution panchromatic data is fused with the lower resolution multispectral data, to get a
3–band color image with the same spatial resolution as the panchromatic data. This procedure includes
a Hue Saturation Value (HSV) transformation, also known as Hue Saturation Intensity (HSI). However,
compared between the HSV and HSI transformations, the saturation and value/intensity are defined a
little differently.

HSV color space
Digital images are typically displayed on a screen as color compositions using the three primary colors:
red, green, and blue (RGB). For a display with 8-bit-per-pixel data encoding, the range of values for
each color component is 0 to 255. However, the RGB model is not well suited for describing colors in a
way that is practical for human interpretation. When humans view a color object, they describe it by its
hue, saturation and value (HSV). Hue refers to the dominant color (yellow, orange, red, etc.), saturation
specifies the purity of color relative to gray, and value or brightness relates to the total intensity of a
color (dark or light). The HSV model can be described as a cylinder with the central axis (value) ranging
from black at the bottom to white at the top with neutral colors between, see Fig. 4.6. The angle around
the axis corresponds to hue, and the distance from the axis corresponds to saturation. [29][15]

HSV sharpening
The first step in the HSV sharpening process is to transform three multispectral bands to HSV color
space. Next, the value band is replaced with the higher resolution panchromatic band. The hue and
saturation bands are automatically resampled to the high-resolution pixel size using nearest neighbor
resampling. Finally, the image is transformed back to RGB color space. The output RGB image has the
pixel size of the input high-resolution panchromatic image. [36]

HSV sharpening is performed on two 3–band combinations: band 1 (blue), 2 (green) and 3 (red), to
achieve a pan-sharpened RGB image, and bands 2, 3 and 4 (near-infrared), to achieve a pan-sharpened
VNIR image.
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Figure 4.7: Quickbird pan-sharpened RGB image of Tell Deir Alla, 10 April 2004. The Tell has a width
of 200 m and a height of 30 m. Clearly visible are traces of erosion.

4.2.3 Results & interpretation

The first sites to examine are the known archaeological sites of Tell Deir Alla (Fig. 4.7), Tell Hammeh
(Fig. 4.8), and Tell Qa’dan (Fig. 4.9). That last one has not been discussed before and is located 500
m northeast of Tell Deir Alla.

Tell Deir Alla
As the figures show, the spatial detail is very high. Traces of erosion are very clearly visible at Tell Deir
Alla, just as traces of archaeological excavations close to the top. However, the subtle band of red soil
around the Tell, representing the burning of a Bronze Age settlement, is not visible from space. The
white spot at the lower right corner of the Tell is probably related to illumination conditions that make
the smooth slope act like a mirror and sends sunlight directly to the satellite sensor.

Tell Hammeh
At Tell Hammeh, the squares and trenches dug by archaeologists are clearly visible as well. Differences
that can be related to iron production are not visible, because almost all slag, ash and burned clay is
located below the surface, see section 3. Just as Tell Deir Alla, the surface of the Tell appears to be
completely bare.

Tell Qa’dan
Tell Qa’dan North and South are located 500 m northwest of Tell Deir Alla. Tell Qa’dan South has
almost been completely destroyed, leaving behind only a small ridge in east-west direction. However,
the former outline is still visible from space. The white spot in the middle is probably material from
the southern tell. As mentioned by Wilkinson et al. [41], the remains of mud-brick (clay) give a high
reflectance due to its small grain size, appearing as white spots in satellite imagery.

Detection of former irrigation canals
One of the sub-questions of this study is: Are there structures recognizable in satellite data that can be
related to archaeology, geology or geomorphology? Former irrigation canals are such structures and have
in particular caught the interest of archaeologist. Most former irrigation canals can be seen on old maps
and aerial photos [21], but the presence of their remains is mostly unknown. Former irrigation canals
are likely to be detectable with high resolution satellite imagery. It is expected that the soil moisture is
higher at the location of a former canal, because water flows always to the lowest point. This means as
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Figure 4.8: Quickbird pan-sharpened RGB image of Tell Hammeh. Clearly visible are the former farm
at the north side, the squares and trenches dug by archaeologists at the east side, and Bedouin tents
surrounding the Tell.

Figure 4.9: Quickbird pan-sharpened RGB image of Tell Qa’dan North and South, 500 m northeast of
Tell Deir Alla. The southern tell has been destroyed for the largest part, however the former outline is
still visible from space. The white spot in the middle is probably material from the southern tell.
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Figure 4.10: Quickbird pan-sharpened VNIR image of the Zarqa Valley. The course of the former
irrigation canal is superimposed as far as traceable in the image.

well that the vegetation density should be higher at the site of former canals, making them recognizable
by the high resolution Quickbird data. However, after careful inspection of the pan-sharpened VNIR
image, no such structures were visible in the Jordan Valley itself. It can be concluded that the surface of
the valley floor has been completely disturbed by recent agricultural activities, and there are no traces
left, because most canals were built of mud-brick [21], which breaks up easily. Traces of ancient roads
were not found as well.

However, one canal is traceable in the Quickbird image: A former irrigation canal, starting at Tulul edh
Dhahab and ending at the point where the Zarqa Valley enters the Jordan Valley, see Fig. 4.10 for its
course. The canal starts within a rather flat and wide area at the Westside of Tulul edh Dhahab, where
a ridge of large boulders and sand divides the Zarqa into two branches. However, almost no water flows
through the eastern branch today, and much vegetation grows in its bed. This vegetation is visible in
the Quickbird image, see Fig. 4.10 (the red color).

Not much is known about this canal. The canal, following the contour lines of the slope and sloping
down slowly, was either cut into the slope or built against it from stone, clay or sometimes cement. It
was probably in use until the present irrigation system with motorized pumps came in use in the 1960’s
[21]. The origin of this canal is unknown and it dates back to at least a few hundred years. Merrill [30]
noted in 1881: ”The farmers assured him repeatedly that neither they, nor their fathers had anything
to do with construction, when they want to bring a new piece of land under cultivation all they have to
do is clean and repair the old channels”.

Conclusions
The surface of the Jordan Valley floor is too disturbed by recent agricultural activities to reveal any
unknown features such as ancient irrigation canals or roads, directly or indirectly by the presence of
structures in vegetation. The only archaeological remains visible at the surface are often pottery shards,
but these are not concentrated enough to be detectable from space, even with high-resolution imagery.
It is only along the bare slope of the Zarqa Valley that an ancient irrigation canal remained, which is
detectable with Quickbird imagery. Furthermore, Quickbird could be of use for local geomorphology,
because traces of erosion are clearly visible at the Tells in their images.
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4.3 ASTER

Five ASTER images were ordered for this study, each image in a different season. Images of 19 March,
22 May, 25 July and 27 September 2006, as well as 3 November 2002 were ordered. All the images are of
Level–1B (L1B) data, meaning that radiometric and geometric coefficients have been applied to the raw
data. The pixel values are radiances with units in W/(m2 sr μm). The L1B data product is generated
in UTM projection in swath orientation and Cubic Convolution resampling. The L1B data generation
also includes the registration of the SWIR and TIR data to the VNIR data [1]. More metadata can be
found in chapter 2 and appendix A.4.

Pre-processing
Before analysis starts, the VNIR and SWIR bands were stacked together into one data file. Next, the
data was atmospherically corrected with FLAASH and orthorectified based on a SRTM DEM. To solve
the problem of the ’spike’ at band 9 (see section 3.3), a gain value of 0.66 was applied to this specific
band, making its mean equal to that of band 8. For further analysis, a subset of the total image has
been taken, see Fig. 2.2 for the location of the area of interest for geological mapping.

4.3.1 Vegetation mapping

ASTER data is very promising for the purpose of geological mapping; especially the SWIR bands high-
light the presence and differences of minerals with hydroxyl radicals and carbonates, such as clays and
limestone [2]. However, to map the soil/geology, a bare landscape is required, because vegetation covers
the soil beneath it. In order to find out which of the five available images is most suited for geological
mapping, the vegetation is mapped individually for each image.

NDVI
The Normalized Difference Vegetation Index (NDVI) is one of the oldest, most well known, and most
frequently used methods to map healthy/green vegetation. The combination of its normalized difference
formulation and use of the highest absorption and reflectance regions of chlorophyll make it robust over a
wide range of conditions. NDVI require high-quality reflectance measurements from either multispectral
or hyperspectral sensors. Measurements in radiance units that have not been atmospherically corrected
are unsuitable, and typically provide poor results [36]. The NDVI is defined as [36]

NDVI =
ρNIR − ρred

ρNIR + ρred
(4.3)

Where ρNIR represents the ’near-infrared band’ (band 3 in case of ASTER), and ρred the ’visible red
band’ (band 2 in case of ASTER).

The value of this index ranges from -1 to 1. Vegetated areas will generally yield high values because
of their relatively high NIR reflectance and low visible red reflectance (See Fig. 3.6 for a vegetation
spectrum). The common range for green vegetation is 0.2 to 0.8. In contrast, clouds, water, and snow
have larger visible reflectance than NIR, and thus yield negative index values. Rock and bare soil areas
have similar reflectance in the two bands and result in index values near zero. The NDVI compensate
for changing illumination conditions, surface slope, aspect, and other extraneous factors [29].

Fig. 4.11 shows the NDVI result for the Jordan Valley on 27 September 2006. For a subset of the
area, the mean index value for three ASTER images is calculated, revealing that the area is far more
vegetated in March than during July and September. The November image which is not displayed gives
similar results as the September image. The image acquired in May was not usable unfortunately, due to
disturbance in band 2. Based on these results, the September image is chosen for further analysis related
to geological mapping. Radar analysis related to seasonal differences will be described in section 5.
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Figure 4.11: ASTER NDVI result. All images are linear stretched between 0.1 (black) and 0.5 (red).
It is clear that the area is far more vegetated during March than during July or September.

4.3.2 Geological mapping

The Jordan Valley is a geologically interesting area, consisting of a 360 km long strike-slip fault zone,
which forms part of the broader Great Rift Valley, running over 6000 km from northern Syria to central
Mozambique in East Africa [6]. Different geological formations of limestone and sandstone are found
along the valley slopes, which can be recognized in the geological map in Fig. 4.12. In the middle of
the valley, along both banks of the Jordan River, the Lisan Formation is located, which is according to
Bender [6] a marl formation. However, according to the geological map it mainly contains aragonite,
a mineral often present in marl as well. The purpose of the following investigations will be to test the
ability of ASTER imagery for mapping these geological formations.

Methodology
The processing of ASTER data can be divided into two stages: The first stage is the application of
a number of simple techniques typically used for highlighting characteristics in optical data. These
include examining the data with different band combinations (R,G,B) and the use of band ratios for
highlighting certain spectral differences. In the second stage, the application of a more advanced spectral
mapping approach will be accomplished, as advocated by Kruse and Boardman [25]. This involves using
a Minimum Noise Fraction (MNF) transformation as a first step to reduce data dimensionality and noise.
In the second step, spectral endmembers will be identified for different geological formations using Pixel
Purity Index (PPI) and ’n-D visualizer’. Finally, the endmembers will be mapped using Mixture Tuned
Matched Filtering (MTMF). See also Fig. 4.13. This ’standardized’ analysis method was originally
evolved by Analytical Imaging and Geophysics LLC (AIG) for the analysis of hyperspectral airborne data
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Figure 4.12: Part of: Geological map of Israel 1:200000, sheet 2, Jerusalem 1998. Notice the extensive
classification of geological formations.
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Figure 4.13: Spectral Analysis Scheme. Note the ’hourglass’ shape, which schematically represents the
reduction of the data to just a few key spectra at the ’neck’ and then expansion back to spectral maps
of the full dataset [25].

and is implemented in ENVI 4.3. It provides a consistent way to extract spectral information from
hyperspectral data without a prior knowledge or requiring ground observations [25]. This method is also
suited for the analysis of multispectral data [36].

Band combinations
To get a first idea of the information available from ASTER sensor data, a false-color composite of the
Jordan Valley is presented in Fig. 4.14. A combination of band 4, 3 and 1 turned out to be the best
for showing geological and geographical information. The Lisan formation is clearly visible, and at the
alluvial plane, this color composite makes it easy to distinguish vegetation (green) from bare soil (dark
red) and greenhouses (blue). To make an accurate comparison with the geological map possible, some
geological contour lines have been superimposed. This will be the procedure for all other figures of the
Jordan Valley in this section.

Band ratios
A high number of different band ratios and relative band depths were examined. The idea behind
band ratios was already explained in section 4.1.2. However, due to bad atmospheric correction in the
SWIR (due to missing atmospheric information), most theoretical ratios for the detection of certain
minerals appear to be unreliable. In the end, only four band ratios were selected that contained the
most meaningful information related to geology, these are b2/b1, b4/b6, b7/b6, and b8/b9. Fig. 4.15
shows a color ratio composite of three of these ratios.

The b2/b1 ratio should be capable of mapping ferric-iron (Fe3+) rich rocks, because according to
Hunt [19], these rocks exhibit a sharp fall-off in reflectance approximately from 0.8 μm to shorter
wavelengths. However, careful inspection of the ratio image reveals that this ratio is most sensitive to
dead/dry vegetation, because this phenomena exhibits a fall-off from 0.8 μm to shorter wavelengths as
well. The b4/b6 ratio appears most sensitive to both green vegetation, and limestone and sandstone
outcrops. The b7/b6 ratio gives the highest values to sandstone outcrops and the next place to clay.
Limestone appears very dark in this ratio image. Finally, the b8/b9 ratio is most sensitive to areas that
are completely without vegetation, such as the Lisan formation.

MNF transform
The ratio images have shown that ASTER data have the potential to map the geological formations in the
Jordan Valley. However, it is impossible to show all the information in just a few band combinations and
ratio images. To reduce the data dimensionality, Principal Component Analysis (PCA) is often used.
PCA produce components (’bands’) that show decreasing image quality with increasing component
number; the information is ’compressed’ in the first components. However this is often not the case
for hyperspectral and combined optical-radar datasets, because the noise variance is not the same for
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Figure 4.14: ASTER false-color composite. Superimposed contour lines correspond to the geological
map (Fig. 4.12). Vegetation appears green, bare soil dark red, greenhouses blue, marl gray, and arid
slopes reddish to white.

all bands [17]. This has led to the development of an improved algorithm, known as the Minimal Noise
Fraction (MNF) transform, which always produces new components ordered by image quality. Instead
of choosing new components to maximize variance, as the PCA transform does, the MNF transform
chooses them to maximize the signal-to-noise ratio. An important property of the MNF transform (not
shared with PCA) is that, because it depends on signal to noise ratios, it is invariant under scale changes
to any band [17]. The MNF transform is implemented in ENVI and consists of the following separate
PCA rotations: [36]

The first rotation uses the principal components of the noise covariance matrix to decorrelate and
rescale the noise in the data (a process known as noise whitening), resulting in transformed data
in which the noise has unit variance and no band-to-band correlations.

The second rotation uses the principal components derived from the original image data after they
have been noise-whitened by the first rotation and rescaled by the noise standard deviation.

For the purpose of geological mapping, the MNF transform has become the most popular method to
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Figure 4.15: ASTER color ratio composite. Superimposed contour lines correspond to the geological
map (Fig. 4.12). Clearly distinguishable are limestone (blue), marl (yellow-green) and sandstone (rose).

determine the inherent dimensionality of image data and to segregate noise in the data. For the ASTER
data, MNF gives better performance than PCA as well, the MNF result is displayed in Fig. 4.16. The
MNF bands that turned out to be representing the geological formations best were band 3, 4, and 6.
The sandstone, limestone and marl formations are just as easy to distinguish, as the built environment
of the city As Salt (red), the greenhouses in the northern part of the Jordan Valley (purple), and the
dead/dry vegetation at the west bank (green).

Pixel Purity Index (PPI)
Based on MNF results, the lower order MNF bands (containing only noise) are usually set aside and the
higher order bands selected for further processing. However all 9 ASTER MNF bands still contained
information and thus all bands are used in the Pixel Purity Index (PPI), which is a processing method
used to locate the most spectrally extreme (unique/different or pure) pixels [9]. The most spectrally
pure pixels typically correspond to mixing endmembers. The PPI is computed by repeatedly projecting
n-dimensional scatterplots onto a random unit vector. The extreme pixels in each projection are recorded
and the total number of times each pixel is marked as extreme is noted. A PPI image is created in which
the digital number of each pixel corresponds to the number of times that pixel was recorded as extreme.
A histogram of these images shows the distribution of ’hits’ by the PPI. A threshold is interactively
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MNF result
R: MNF band 6
G: MNF band 4
B: MNF band 3
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Figure 4.16: ASTER MNF result. Superimposed contour lines correspond to the geological map
(Fig. 4.12). Clearly distinguishable are limestone (blue), marl (yellow), and sandstone (green). Built
environments appears orange to red.
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Figure 4.17: Spectra of selected endmembers (left plot), and spectra of corresponding minerals (right
plot) [13]. It is clear that the endmember spectra do not match the theoretical mineral spectra at all.

selected using the histogram and used to select only the purest pixels in order to keep the number of
pixels to be analyzed to a minimum. These pixels are used as input to the n-Dimensional visualizer for
separation of specific endmembers. [25]

n-Dimensional Visualization
Spectra can be thought of as points in an n-dimensional scatterplot, where n is the number of bands
[9]. The coordinates of the points in n-space consist of n values that are simply the spectral reflectance
values in each band for a given pixel. The distribution of these points in n-space can be used to estimate
the number of spectral endmembers and their pure spectral signatures, and provides an intuitive means
to understand the spectral characteristics of materials. In two dimensions, if only two endmembers mix,
then the mixed pixels will fall in a line in the histogram. The pure endmembers will fall at the two
ends of the mixing line. If three endmembers mix, then the mixed pixels will fall inside a triangle, four
inside a tetrahedron, and so on. All mixed spectra are interior to the pure endmembers. In practice,
the thresholded pixels from the MNF images are loaded into an n-dimensional scatterplot and rotated
in real time on the computer screen until points or extremities on the scatterplot are exposed. These
projections are painted using Region-of-Interest (ROI) definition procedures and then rotated again in
3 or more dimensions (3 or more bands) to determine if their signatures are unique in the MNF data.
Once a set of unique pixels are defined, then each separate projection on the scatterplot (corresponding
to a pure endmember) is exported to a ROI in the image. Mean spectra are then extracted for each ROI
to act as endmembers for spectral mapping. [25]

Spectra identification
Three endmembers related to geological features in the ASTER data were selected using PPI and n-
Dimensional visualizer. Their spectra are displayed in Fig. 4.17. However, identification of these spectra
based on matching with USGS mineral spectra is not possible due to inaccurate atmospheric correction
because of missing atmospheric water vapor retrieval bands, see also section 3.3. The Geological Map
(Fig. 4.12) reveals that at least marl, limestone and sandstone are present, and these consist mainly
of the minerals calcite, dolomite and quartz, which should be recognizable in the endmember spectra.
However, Fig. 4.17 shows that there is no match at all between these spectra and the USGS spectra.

Mixture Tuned Matched Filtering (MTMF)
Mixture-Tuned Matched Filtering is a hybrid method based on the combination of well-known signal
processing methodologies and linear mixture theory. Matched filtering (MF), maximizes the response of
a known endmember and suppresses the response of the composite unknown background [25]. However,
it fails to consider spectral mixing. Matched filter results are usually presented as gray-scale images
with values from 0 to 1, which provide a means of estimating a relative match to the endmember
spectrum (where 1 is a perfect match). The Earth’s surface, however, is rarely composed of a single
uniform material, making it is usually necessary to consider mixture modeling to determine what materials
cause a particular spectral signature in imaging spectrometer data [9]. Mixture-Tuned-Matched-Filtering
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Figure 4.18: MTMF scatterplots for the three endmembers. Colorized pixels with high MF score and
low infeasibility correspond with the colorized areas in Fig. 4.19.

(MTMF) utilizes the MF theory above, but also includes a simple additive linear mixing model to estimate
the abundances of the materials measured by the satellite sensor [7], and plot it into a infeasibility image.
The infeasibility image is used to reduce the number of false positives that are sometimes found when
using MF. Pixels with a high infeasibility are likely to be MF false positives. The infeasibility results are
in noise sigma units and indicate the feasibility of the MF result. Correctly mapped pixels have an MF
score above the background distribution, which has some noise-limited spread around zero, and a low
infeasibility value [36].

MTMF is performed on the ASTER data with the three endmembers as input. The MF score versus the
infeasibility score for each endmember is plotted in a 2D scatterplot, see Fig. 4.18. These scatterplots
are used to select pixels above specific thresholds (the colored pixels), which are used to produce a
color-coded map for the three materials, see Fig. 4.19. A comparison with the geological map makes it
clear that the selected endmembers correspond to the geological formations. However, the endmember
representing ’marl’ also corresponds to buildings; this is evident in the As Salt city area. The explanation
could be that marl minerals, such as calcite, are worked into building materials, like cement and concrete.

4.3.3 Thermal Infrared analysis

The ASTER Thermal Infrared (TIR) data was not analyzed together with the VNIR and SWIR data, be-
cause FLAASH cannot atmospherically correct this data. TIR sensors do not observe surface reflectance
but surface emissivity, which shows the differences in soil temperature. TIR data can be acquired both
during day and night, because sunlight is not a requirement [29]. However, heating by the sun during
daytime acquisitions overwhelm the lithological signatures caused by emitted TIR energy, causing highly
correlated data. Besides this effect, the ASTER TIR data are still sensitive to differences in silica-bearing
rocks, either in the presence of or in the absence of the other mineral constituents [2]. Rowan [35] was
able to discriminate between quartz rocks and carbonate rocks. However, the spatial resolution of
ASTER TIR data with 90 m is far less than the resolution of the VNIR and SWIR data.

Decorrelation stretching
TIR color composites often produce quite bland color images, because the bands are highly correlated.
This is the case for the ASTER TIR data as well. For example, no areas in a highly correlated image are
likely to have high pixel values in the red display channel but low values in the green and blue (which
would produce a pure red). Instead, the reddest areas are merely a reddish-gray. To circumvent this
problem, decorrelation stretching can be used to remove the high correlation and to produce a more
colorful color composite image. Besides this, decorrelation stretched TIR data approximate emissivity
data [23]. As with HSV transformations, decorrelation stretching is applied in a transformed image
space, and the results are then transformed back to the RGB system for a final display. The transformed
image space used is that of the principal components of the original RGB image. A contrast stretch
is applied to each principal component, along the respective principal component axes. These axes are
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Figure 4.19: ASTER MTMF result, with band 2 used as background. Superimposed contour lines
correspond to the geological map (Fig. 4.12). Matching endmember spectra to other pixels appears to
be sensitive for shadowing effects. It is also clear that the spectra of marl and buildings are very similar,
because both the area around As Salt and the Lisan marl appear green.
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statistically independent of each another, so that the net effect of the stretch emphasizes the poorly
correlated components of the original data [29]. The stretched data are then transformed back to the
RGB system. A color composite of the decorrelation stretched data has increased color saturation,
whereas the hue and intensity have usually not changed (see Fig. 4.6 for the HSV color model).

Results
Fig. 4.20 shows the decorrelation stretch result for ASTER band 10, 12, and 14. The sandstone formation
appears bright red, whereas limestone appears blue. Green vegetation appears dark red/purple, just as
the lake in the middle of the lower half of the image. Green mainly indicates bare (clay) soil. In contrast
with previous results, both the Lisan marl and the city area of As Salt are almost undistinguishable
from its surroundings. The high contrast between the sandstone formation (containing quarts) and
the limestone formations (containing carbonate minerals, like calcite and dolomite) corresponds to the
findings of Rowan [35].

4.3.4 Conclusions

A comparison between the geological map of the Jordan Valley (Fig. 4.12) and the ASTER processing
results makes it clear that there is a large correspondence. ASTER is capable of mapping the main
geological formations, namely limestone, marl (Lisan formation), and sandstone. However, it appears to
be impossible to map the subclasses within these formations, as displayed in the geological map, probably
because the spectral sampling of ASTER data is not dense enough. Hyperspectral data may give more
endmembers. It also became clear that the limestone formations at the east-bank are poorly mapped by
MTMF (see Fig. 4.19), probably because these formations are not pure enough to match an endmember.
This hypothesis can be supported by the fact that, in contrast to the west-bank, also marl, chalk and
chert are present in these formations. This also clarifies why the endmember for marl highlights a lot of
pixels at the east-bank. However, the sandstone formation also containing other materials (limestone,
marl and clay) is very well distinguishable from other formations. This became clear in all the processing
results; band ratios, MNF transform, MTMF, and even the TIR data. Another explanation for the poorly
mapped limestone at the east-bank is the fact that the highlands at the east-bank are more vegetated
than at the west-bank, as visible in the NDVI result (Fig. 4.11). Furthermore, the endmember selection
appears to be sensitive to shadowing effects, because the south-slopes are mapped more often than the
north-slopes.

Matching the endmembers to real mineral spectra was unfortunately not possible, because the atmo-
spheric correction of the ASTER data with FLAASH was not accurate enough. Detailed atmospheric
information for the moment of acquisition would be needed for this. However, to determine the real
mineralogical content of the soil, field investigation would always be needed. For the purpose of ar-
chaeology, the spatial resolution of the SWIR (and TIR) data is not high enough to reveal any small
structures, which can be related to settlements, tracks or canals.
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Figure 4.20: ASTER color composite of decorrelation stretched thermal infrared bands. Superim-
posed contour lines correspond to the geological map (Fig. 4.12). Especially sandstone is very clearly
distinguishable.





Chapter 5

Radar remote sensing analyses

Radar (radio detection and ranging) is an active microwave sensor, which means that it supplies its
own source of energy for illumination. Radar transmits short pulses of microwave energy and record the
strength and time of reflections received from objects within the systems field of view [29]. This data
is used to produce images as shown in Fig. 5.1. However, these images contain large terrain distortions
due to foreshortening and shadowing. The natural radar resolution is improved by an imaging method
called Synthetic Aperture Radar (SAR) [29][18][14], providing a pixel size of 20 by 4 m for ERS C–band
data. The main advantage of SAR above optical remote sensing is that radar has the capability to
penetrate the atmosphere under all conditions. Depending on the wavelengths involved, microwave can
’see through’ haze, light rain and snow, clouds, and smoke.

A large amount of SAR data, containing data of three different sensors (ERS, Envisat, and SIR–C),
different acquisition dates, polarizations, and look angels, was ordered for this research. These data
will be examined and interpreted to detect (unknown) structures that can be relevant for archaeology,
geology or geomorphology. Table 5.1 provides an overview of the main characteristics of the available
data sources. More metadata and lists of all available images can be found in appendix A.

Figure 5.1: Effect of sensor/terrain geometry on side-looking radar imagery [29]. Notice especially the
effect of foreshortening and shadowing.

57
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Sensor Wavelength Available
polarization

Incidence
angle

Orbit
direction

Number of
images

ERS C–band (5.6 cm) VV 23◦ descending 49
ascending 12

Envisat C–band (5.6 cm) HH/VV 19◦/23◦/34◦ descending 13
ascending 9

SIR-C L–band (23.5 cm) TP/HH/HV 53◦ ascending 3
C–band (5.8 cm) TP/HH/HV 53◦ ascending 3

X-SAR X–band (3.1 cm) VV 53◦ ascending 1

Table 5.1: Overview of the characteristics of available radar sources (TP = Total Power).

5.1 Radar interpretation

The primary factors influencing an object’s backscatter (return signal) intensity are their geometric and
electric characteristics, and their general composition. This means that radar waves interact differently
on soil, vegetation, water, ice, and man-made objects [14]. However, radar waves can be sent/received
in different wavelengths, polarizations and incidence angles, each interacting on its own characteristics
with the earth’s surface. The interpretation of data of these configurations will be explained in this
section.

Wavelength
The wavelength influences the depth to which the radar signal can penetrate through forest canopies
or into the soil, to reveal structures underneath it. Longer wavelengths (of several dm) can penetrate
deeper than shorter wavelengths (of several cm). However, the amount of penetration is also dependent
on the dielectric constant of the soil. The main factor that influences the dielectric constant is water,
which has a dielectric constant of at least 10 times higher than dry soil. Soil moisture normally limits
the penetration of radar waves to depths of a few centimeters. However, signal penetration of several
meters has been observed under extremely dry soil conditions with L-band radar [29].

Nolan and Fatland [31] did a study of the relation between soil moisture and penetration depth. Their
results are displayed in Fig. 5.2. They discovered that as the amount of water in the soil increased from
near zero, the penetration depth decreased rapidly. As the soil moisture exceeds about 10%, however,
further increases have a reduced affect on penetration depth. Comparison between different wavelengths
reveals that L-band has significantly deeper penetration. When transmission losses are present, as would
typically be the case, penetration depth is decreased further. The results are based on lab measurements
with a soil content of 51% sand and 13% clay.

Polarization
Irrespective of wavelength, radar signals can be transmitted and/or received in different modes of polar-
ization. Being electromagnetic waves, microwaves are transverse; i.e. the vibrations are perpendicular
to the direction of wave propagation (unlike sound waves which are longitudinal and vibrate in the same
direction as the wave propagation.). For radar, the waves are typically polarized in a plane, either hori-
zontal or vertical. Imaging radars can transmit horizontal (H) or vertical (V) electric-field vectors, and
receive either horizontal or vertical return signals, or both. Dual polarization data is important for a
wide range of applications such as bare soil and vegetation studies, sea ice applications, etc. [14]

VV polarization (Vertical Transmit/Vertical Receive) is the preferred polarization configuration in
studying the small-scale roughness of waves on the water surface. For this application, VV perform
better than HH or cross-polarized combinations. Furthermore, VV polarized microwaves interact
strongly with vertically oriented crops (e.g., wheat and barley). [14]

HH polarization (Horizontal Transmit/Horizontal Receive) is the preferred polarization configuration,
for instance, in the study of soil moisture. If the crop density differences are ignored, the vertically
oriented crops (e.g., wheat and barley) have larger penetration with HH, allowing the backscatter
to represent the soil moisture regime better rather than the crop geometry. [14]
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Figure 5.2: Penetration depth of SAR microwaves as a function of soil moisture for L-, C-, and X-bands.
The subscript T indicates penetration depths when transmission losses have been assumed; the other
curves indicate attenuation losses only. The soil moisture is assumed uniform with depth. [31]

HV cross polarization (Horizontal Transmit/Vertical Receive) is suitable for the separation of broadleaf
from grain crops, since depolarization is much stronger with the geometries of broadleaf vegetation
where multiple/volume scattering of the radar pulse is much more likely. For many vegetation
studies, cross polarization will improve the discrimination between vegetation (volume scattering)
and soil (surface scattering). Cross polarization also provides an important improvement for soil
moisture retrieval since the radar backscatter is less sensitive to surface roughness, row direction,
etc. [14]

Incidence angle
The incidence angle is defined as the angle formed by the radar beam and a line perpendicular to the
surface at the point of incidence. Microwave interactions with the surface are complex, and different
scattering mechanisms may occur in different angular regions. Returns due to surface scattering are
normally strong at low incidence angles and decrease with increasing incidence angle, with a lower rate
of decrease for rougher surfaces. Returns due to volume scattering from a heterogeneous medium with
low dielectric constant tend to be more uniform for all incidence angles. Thus, radar backscatter has an
angular dependence, and there is potential for choosing optimum configurations for different applications.
One significant advantage of higher incidence angles is that terrain distortion is reduced. Another is the
extra information which can be observed on bright steep slopes facing the radar. [14]

5.2 Multi-image Reflectivity Map

The side-looking configuration of spaceborne SAR highlights relief due to foreshortening and shadowing
effects, see Fig. 5.1. This property can be useful for the detection of geological structures. However, the
radiometric resolution of SAR images is usually low, making it hard to discover very subtle structures. To
improve the radiometric resolution, a Multi-image Reflectivity Map (MRM) is calculated. This section
describes the processing and interpretation of the MRM.

Speckle
A disadvantage of SAR is that their images always contain some degree of speckle. Microwave signals
returning from a given location on the earth’s surface can be in phase or out of phase by varying degrees
when received by the sensor [29]. This produces a seemingly random pattern of brighter and darker pixels
in SAR images, giving them a distinctly speckled appearance, i.e. having a low radiometric resolution.
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Figure 5.3: MRM of Deir Alla end surroundings. No multilooking and no terrain corrections have been
applied. The pixel size is 10 m in range direction by 2 m in azimuth direction. Most image formats
cannot handle this rectangular shape. As a result the image looks compressed in range direction (the
direction perpendicular to the satellite orbit), giving the image its bird’s-eye view character. The effect
of foreshortening (the white ’stripes’ at the hills) and shadowing (the black spots) also can be clearly
seen.

However, speckle can be reduced by averaging neighboring pixels or by special filtering techniques. The
consequence of these techniques is that spatial detail gets lost even more, making these techniques
only useful when the interest lies on the larger structures of the landscape. There is another method
of solving the problem of speckle and of improving spatial detail. That is to calculate for each pixel
the mean backscatter amplitude over a period of time by using a large number of coregistered images.
Due to the random character, speckle can be reduced effectively in this way. The result of this process
is called a Multi-image Reflectivity Map (MRM), which has a highly improved radiometric resolution,
making the detection of subtle terrain differences possible.

Coregistration
To produce a MRM for the Jordan Valley, 49 descending ERS-1 and -2 images are available. Firstly,
a subset (crop) of each image is taken. Next, one image is chosen to be the base image (master) to
which all other images (slaves) are coregistered by an automated process using the software package
Doris [20]. This process is based on cross-correlation between master and slave. However, to avoid
aliasing errors, all images need to be oversampled by factor 2 before calculating the cross-correlation
[18], yielding pixels of 2 by 10 m. After oversampling and coregistration are performed, the slave images
are resampled to the master grid. This process failed for 4 images, meaning that 45 images remained.
After resampling, the corresponding pixels in all images lie exactly one on top of the other. Finally, the
mean amplitude of each pixel is calculated to produce the MRM, which is partly displayed in Fig. 5.3.

Multilooking
To produce a SAR image with square pixels, multilooking is often applied to a range-azimuth ratio of
1:5 [18]. This means that the values of 5 pixels in azimuth direction are simply averaged into one larger
pixel, yielding square pixels of 10 by 10 m. Advantages of multilooking are that speckle noise is further
reduced, displayed images are easier to interpret, and file-size is reduced, making processing faster. The
disadvantage is that spatial detail in azimuth direction is lost. Another solution to get square pixels is
oversampling the data in range direction by factor 5, yielding pixels of 2 by 2 m, preserving the spatial
detail in azimuth direction. However, then file-size increases drastically.

Geocoding
To correct a SAR image for terrain distortions like foreshortening, the image needs to be geocoded based
on a DEM. As a first step to achieve this purpose, the heights of a SRTM DEM are transformed to
radar coordinates using Doris, giving for each radar pixel its height in the terrain. In a second step, the
radar coded heights are converted to geocoded coordinates [20], meaning that for each radar pixel its
latitude and longitude in the terrain is calculated. These data are used to build a Geographic Lookup
Table (GLT) in ENVI 4.3, containing for each radar pixel its geographical coordinates. Based on this
lookup table, the MRM is georeferenced to UTM map projection. As a result, the illuminated slopes
facing the satellite are stretched, whereas the shadow-sides are compressed, see Fig. 5.4 and 5.5.
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Figure 5.4: MRM of the Jordan Valley, multilooked and corrected for terrain distortions. Due to the
radar geometry, the texture of especially the Lisan marl can be clearly seen, revealing a fault in it. At
the east bank a fault is also recognizable.
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Figure 5.5: MRM of the Deir Alla region, the main image has been multilooked and corrected for terrain
distortions, the close-ups not. These have been oversampled in range direction by factor 5, preserving
the highest spatial resolution.

Interpretation & discussion
Looking at the MRM of the Jordan Valley (Fig. 5.4), it is clear that radar is most sensitive to the terrain
relief; slopes facing the satellite are bright, whereas others are gray to black. However, at the flat valley
floor subtle gray level differences are also visible between the fields, probably related to differences in
vegetation cover and soil moisture. Roads are visible as black ’stripes’, because their smooth surface
causes specular reflections (no backscatter available). In examining the regular pattern of fields and
roads, it becomes clear that every flat piece of land is in use for agriculture. Older structures are not
visible and even if they were, modern reparceling would have probably destroyed them. However, in the
middle of the Lisan formation and at the slopes of the east-bank some faults are visible. This is a very
interesting indication for the geological activities in this area. The fault through the Lisan formation
especially is very clear, see also the close-up.

Fig. 5.5 shows a close-up of the MRM for the Deir Alla region. Due to the good radiometric resolution
of the MRM, very subtle slope changes at the valley floor become visible, revealing every Tell in this
area. Even very small Tells, like Tell Qa’dan North, are recognizable. Close-ups are made of the three
Tells used for field investigation. These close-ups are not multilooked or corrected for foreshortening, but
oversampled in range direction by factor 5, preserving the highest spatial detail possible. However, visual
inspection reveals no structures that can be interpreted as buried objects related to early iron production
or former irrigation canals, only the Tells themselves and some modern road tracks are recognizable.
Most likely the radar penetration is not significant enough, and the effect of slope angle is too dominant
to reveal other features that cause change in backscatter intensity. Bright spots are most likely corner
reflections on houses.
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5.3 Temporal analysis

The 45 coregistered ERS images give the opportunity to examine temporal differences. The images form
a time series spanning a period of approximately 14 years, from 1992 to 2006. However, the data is
irregularly sampled over time; most data is available for the years 1995, 1999, 2003, and 2004. Before
the data of different images and sensors (ERS-1 and -2) can be compared, the data first needs to be
calibrated by derivation of the backscatter coefficient (σ◦). This procedure is defined by ESA [28] and
is explained in this section. Prior to calibration, a relatively small crop of approximately 10 by 10 km
has been taken of each (resampled slave) image.

5.3.1 Calibration of ERS SAR data

The available ERS data is of the Single-Look Complex (SLC) product, and therefore the complex data
has to be detected before the backscatter coefficient (σ◦) can be calculated [28]. The detection operator

is
√

I2 + Q2 where I and Q are the real and imaginary complex samples. To preserve all the statistical
properties in the data, the complex data has to be oversampled by factor 2 prior to detection, which has
been done already. After detection, the SLC product is considered to be the same as the Precision Image
(PRI) product, which makes applying of eq. (5.1) possible. The main difference between detected SLC
product and PRI product is that PRI product is corrected for range spreading loss. This factor however
is assumed to be negligible for a small crop. For ERS SAR PRI products processed after 17 October
1995, the equations (5.1) and (5.2) needs to be applied to derive the backscatter coefficient σ◦ [28].

A2
ij = DN2

ij ·
1
K

· sin αi

sin αref
· ProductReplicaPower

ReferenceReplicaPower
(5.1)

Where:
Aij amplitude corresponding to the pixel at location (i,j)
DNij pixel digital number at location (i,j)
K calibration constant (65026.0 for ERS-1, 93325.3 for ERS-2)
αi incidence angle of a pixel at range coordinate i
αref reference incidence angle, 23◦ (the ERS SAR mid-range incidence angle)
ProductReplicaPower power of the replica pulse used to generate the product (ERS-1 only)
ReferenceReplicaPower replica pulse power of the reference image (205229 for ERS-1)

The term sin αi/ sin αref in eq. (5.1) can be used to correct antenna pattern, but is not applied, because
it is assumed that this factor is negligible for a small crop. The last term is the replica pulse power
variations correction and needs to be applied only to ERS-1 data [28].

After the amplitude Aij has been derived using eq. (5.1), a further operation may be applied to enhance
radiometric resolution i.e. to reduce speckle in the measurement of the backscatter coefficient σ◦ of a
distributed target. To reduce radiometric resolution errors, the backscatter coefficient can be calculated
by simply using the average intensity value in the image of a distributed target using

σ◦ =
1
N

·
∑

A2
ij (5.2)

In other words, by averaging the intensity values of N pixels within the group of pixels that corresponds
to the target [28]. The backscatter coefficient σ◦ is usually expressed in decibels by applying [28]

σ◦
(dB) = 10 · log10 σ◦ (5.3)

After calculation of the amplitude Aij , the backscatter coefficient image in decibels is calculated by
applying

A2
ij(dB) = 10 · log10 A2

ij (5.4)

The main advantage of displaying backscatter coefficient images in logarithmic scale in decibels is the
enhanced contrast in especially the darker parts of the image.
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5.3.2 Seasonal variation

After calibrating all the cropped images, they are multilooked with a range-azimuth ratio of 1:5, and
stacked together in one dataset for further analysis. One of these analyses is calculating the mean
amplitude for both winter and summer. According to Bender [6], Jordan has two seasons: A wet season
during winter from November to March, and a dry season during summer from April to October. The
month April (when the area is still covered with green vegetation) is assumed to be a winter month,
because radar backscatter is sensitive to vegetation. This makes it possible to split the dataset in two
parts of 6 months, each part containing 22 images (1 image of the 45 is taken out to make equal
datasets). Fig. 5.6 shows the mean amplitude of the backscatter coefficient during winter and summer
in the upper two images. It becomes clear that during winter σ◦ is significantly higher, probably due to
higher vegetation density and soil moisture.

To get a better idea as to where the variations of σ◦ between winter and summer are largest, the
differences between them are calculated, see Fig. 5.6. It is clear that the differences are largest at the
valley floor, where agriculture is taking place. However, the differences are not of the same order for all
fields and this is probably related to the differences in crop type and land use. In addition, the standard
deviation of σ◦ is calculated for each pixel through the period of time. The correlation of this image with
the differences between winter and summer is evident; a large difference also means a large variance.

Estimation of trend parameters
To obtain a more accurate estimation for the amplitude and phase of the seasonal variations, a least-
squares solution is performed to calculate these parameters for the mean σ◦ of two areas of interest; an
area of approximate 25 km2 at the middle of the valley floor, and an area of approximately the same
size on the slopes of the east-bank. The reason for using the mean σ◦ of a larger area, is to reduce
radiometric resolution errors. The calculated mean σ◦ and corresponding variance form the input for
the Best Linear Unbiased Estimation (BLUE) of the trend parameters, using a sinusoidal/cosinusoidal
model. This model is given in the equation

yi = a + b · sin
(

2 · π · ti
T

)
+ c · cos

(
2 · π · ti

T

)
(5.5)

Where:
yi estimated σ◦ on epoch i
a mean σ◦ through time
b first parameter that accounts for seasonal cycle
c second parameter that accounts for seasonal cycle
ti epoch i, with t0 at 11 June 1992
T period of seasonal cycle, i.e. one year

In eq. (5.5), the last two terms account for the seasonal cycle. The corresponding parameters b and c
are calculated from the more common wave parameters amplitude (Am) and phase (φ) as:

b = Am sin φ c = Am cos φ (5.6)

The advantage of using b and c instead of the amplitude and phase is that now a linear relationship
exists. Inversely, the amplitude and phase of the wave can be calculated from b and c as:

Am =
√

b2 + c2 φ = arctan
(

b

c

)
(5.7)

To propagate the uncertainties of the time series to the estimated trend parameters, necessary to calcu-
late the 95%- and 99%-confidence regions, the covariance-matrix of the estimated trend parameters is
calculated by

Qx̂x̂ = (AT Q−1
yy A)−1 (5.8)

Where:
Qx̂x̂ covariance-matrix of the estimated trend parameters
A design matrix of the time series model
Qyy covariance-matrix of the calculated σ◦
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Figure 5.6: Seasonal variation of the backscatter coefficient (σ◦). All images exactly match the same
area of approximately 10 by 10 km. It is clear that at the valley floor the seasonal differences, and also
the variance, are much higher. The Regions of Interest (ROIs) used for trend parameter estimation are
superimposed.
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Figure 5.7: Estimated seasonal cycle (solid green line) through the time series of the backscatter
coefficient (σ◦). The solid and dotted red curves represent the 95%- and 99%-confidence regions
respectively. Blue (error) bars represents the standard deviation of σ◦ (4.3 dB for the valley floor and
5.1 dB for the slopes).

The result of the described process is shown if Fig. 5.7. It is clear that the amplitude of the trend is,
as expected, much higher for the valley floor than for the slopes. The sinusoidal/cosinusoidal model fits
well for the σ◦’s of the valley floor, but for the slopes this correspondence is less clear. The winter of
2003 shows some outliers, probably because this was a wet year. The phase shift of 0.6371 rad for the
seasonal cycle at the valley floor corresponds to 0.6371 · (365/2π) = 37 days, meaning that σ◦ is at
its maximum in early February and at its minimum in early August. This corresponds to the seasonal
information provided by Bender [6].

5.3.3 Change detection

It has become clear that a strong seasonal trend can be identified through the ERS data, however, a
more interesting question for the purpose of archaeology is whether there are more lasting changes, i.e.
jumps in the time series. If present, these can be indicative of changes in land use, or the presence of
new buildings. However, if the radiometric resolution is not improved to reduce the speckle noise, it
becomes very difficult to detect small lasting changes. This can be effected in two ways; by averaging
σ◦ over time, or averaging σ◦ spatial (group pixels together). The consequence of the last option is that
spatial detail gets lost, whilst spatial detail is important in archaeology. Therefore σ◦ will be averaged
over time. To be more precise, the ERS dataset is split-up in two parts; the first part containing the
first 15 images and the last part the last 15 images out of a total of 45. The difference between the
mean in those two subsets is calculated, revealing pixels where σ◦ has been significantly changed over
time, see Fig. 5.8. Trials with fewer images used for averaging, or using differences in relation with the
mid-15 images, did not reveal other significant changes.

For most pixels σ◦ has not been significantly changed during the last 10 years, only subtle differences
are visible between the fields, probably related to change in use. Careful inspection of the image reveals
that the outliers are related to corner- or specular-reflections, where σ◦ is relatively very low or very high.
Changes over time are visible where new corner or specular reflections are introduced, or where they
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Figure 5.8: The difference between the first 15 and last 15 images out of a total of 45 reveal some
outliers, indicating that something has changed over a period of time. The four most extreme outliers
are illustrated with a Quickbird VNIR image and a graph of σ◦.
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have disappeared. The four most extreme outliers are illustrated with a Quickbird VNIR image of the
same location, and a graph showing the variation of σ◦ over time. The upper and lower left examples
show a new corner reflector that has been introduced due to a new building. The example at the upper
right reveals a location where a building has probably disappeared, whereas the example at the lower
right reveals a location where a basin has been built, causing strong specular reflection.

It is unlikely that the outliers in Fig. 5.8 are the only changes over time. However, when a change
in the terrain does not cause a new corner or specular reflection, σ◦ is not significantly changed to be
detectable as outlier. This means that the orientation of new buildings is important; if one wall is exactly
perpendicular to the range direction of the satellite, it causes a new corner reflection that is detectable.
Other changes in the terrain cause changes of σ◦ that are probably below the natural speckle noise level,
i.e. are lower than the standard deviation of σ◦ over time.

5.4 Polarization analysis

For this study, SIR–C L- and C-band HH and HV polarization, and Envisat C-band HH and VV polar-
ization data is available, see Table 5.1. These data will be interpreted and discussed in this section.

SIR-C/X-SAR
The SIR–C data is delivered in a processed form, meaning that the data has already been transformed
from slant range to ground range, multilooking has been applied, and the data has been oversampled
to square pixels of 12.5 m. The only additional processing applied is rescaling to logarithmic scale by
applying eq. (5.4) to enhance contrast in especially the darker parts of the image. The X–SAR data,
acquired during the same space shuttle mission, is coregistered to the SIR–C data. However, visual
inspection of the X–SAR data did not reveal any other structures than already shown by other data
sources. The X–SAR image is less blurry than the SIR–C images, but the spatial detail is not in the
least as good as of the ERS MRM. SIR–C bands and polarizations that contained most information are
displayed in a color composite, see Fig. 5.9. The deflected image orientation is caused by the relative
large inclination (57◦) of the space shuttle orbit.

L-band HV polarized data appears to be most sensitive to vegetation, as predicted in section 5.1, whereas
L-band HH polarized data reveals some linear structures perpendicular to the range direction. Other
data sources reveal that these structures are related to canals and roads. HH polarized data also show
strong backscatter at the village Er Ruweiha, whereas other villages are almost undistinguishable. The
explanation for this occurrence is related to the orientation of the houses, which are accidentally situated
perpendicular to the range direction of the satellite, causing strong corner reflections. The same holds
for the canals and roads that are visible. Fig. 5.10 show some pictures taken near these terrain features.
What exactly causes the backscatter at the road is unclear, it could be the gutter along the road or the
power lines above it. Furthermore, the modern parceling is very clearly visible, however, structures that
can be related to buried features are not identifiable.

Envisat
Envisat data is available in different image swaths (each swath has a different look angle) and different
polarization modes. The images are calibrated to backscatter coefficient (σ◦) using the software package
BEST, provided by the ESA. To reduce speckle, the images are filtered with an Enhanced Lee Filter [36].
Finally, a subset of each image is geocoded using the same method as explained in section 5.2, and all
images are stacked together in one dataset. However, the Envisat C–band data of different incidence
angles did not reveal any significant information, in contrast to the SIR–C data. Only the HH polarized
data reveal some interesting information, because it appears to be sensitive to buildings, just as the
SIR–C HH polarized data.

Fig. 5.11 show the Envisat HH polarized image together with two ERS–2 images in one color composite.
Both the ERS and Envisat images have a descending orbit, a mid-range incidence angle of 23◦, and the
same wavelength (C–band). The two ERS images are calibrated to σ◦ using eq. (5.1) (this time, the term
to correct for antenna pattern is applied as well), filtered with an Enhanced Lee Filter, georeferenced,
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Figure 5.9: Color composite of three polarized SIR-C bands. Especially L–band HV polarization reveals
vegetation, whereas L–band HH show some linear structures related to canals and roads and strong
backscatter at the Lisan marl. Possibly buried structures are not identifiable.

Figure 5.10: Photos taken at the locations A and B, see Fig. 5.9. The look directions are noted. Photo
B’ is taken a few hundred meters south of B, looking to the north-east. 16 April 2007.
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Figure 5.11: Color composite of two ERS and one Envisat image. The yellow areas have during winter
a higher vegetation density or soil moisture content. The green areas represent buildings, but also some
agricultural fields.



5.5. CONCLUSIONS 71

and stacked together with the Envisat HH image.

The two ERS images represent a summer and a winter acquisition, making the seasonal difference in
vegetation density visible (yellow). The green color indicates location with a relatively strong HH return
signal, often related to built environments, but in some cases also to agricultural fields. That last case
can be caused by changes in vegetation or soil moisture between the acquisition of the ERS and Envisat
images. Zooming in reveals that the image is blurry due to speckle filtering, however, removing the
speckle from a SAR image is an important step towards a meaningful backscattering coefficient image.
For spatial detail, the MRM presents the best solution, see Fig, 5.4.

5.5 Conclusions

The MRM appeared to be a very successful method to improve the radiometric resolution and spatial
detail, making even very subtle slope changes at the valley floor visible and with that every Tell in the area,
even the very small ones. This makes the MRM a suited resource for geological and geomorphological
applications. For example, the MRM revealed some faults in the Lisan marl formation in the middle of
the Jordan Valley, and along the hills at the east-bank. However, ancient irrigation and road systems
are not recognizable by visual interpretation, if such remains were there, modern reparceling would have
probably destroyed them. C-band radar unfortunately penetrates not more than 10 cm into the soil
(under extreme dry conditions), making it not suited for detection of buried objects.

Temporal analysis made clear that there is, especially at the valley floor, a prominent seasonal trend
measurable through the backscatter coefficient (σ◦) of a large number of ERS images. Least squares
estimation revealed that the maximum and minimum of this sinusoidal trend occur in early February and
early August respectively, corresponding to the precipitation statistics for this area. Lasting changes were
detectable over a period of time as well, however, the chance of detecting such changes often depends
on the presence or absence of corner or specular reflections, which cause the largest differences in the
backscatter coefficient. Probably the most lasting changes in the terrain cause changes of σ◦ that are
probably below the natural speckle noise level, i.e. they are lower than the standard deviation of σ◦ over
a period of time, making detection difficult.

An examination of polarized SIR–C and Envisat revealed that HH polarized data is most sensitive to
buildings, whereas cross-polarized HV data appears to be most sensitive to vegetation. However, the
orientation of the houses and other infrastructure is important for the amount of backscatter. Structures
that are accidentally orientated perpendicular to the range direction of the satellite, causing strong corner
reflections, are visible in the radar image, whereas others are not.

L-band data unfortunately revealed no buried objects, probably due to high soil moisture. The Jordan
Valley is not a desert, but an irrigated agricultural area, meaning that there is always some moisture in
the soil, reducing the penetration capabilities of L–band radar drastically to approximately 5 cm. Besides
this, the valley floor consists mostly of clay, which holds water for a long period. The arid slopes are
probably dry enough, but the amount of stones and rocks at the surface and the varying slope angle
causes too much backscatter disturbance for any reliable image interpretation. The same is true for
Tell Hammeh; which is not irrigated and should be dry enough to make significant L–band penetration
possible. However, the slope angle is the most dominant factor causing change in backscatter, making
other interpretation hard. Besides this, the single L–band image is too blurry to reveal a small feature
such as a former iron production furnace.





Chapter 6

Combined analysis of optical & radar

Multi- and Hyper-spectral imaging provides an efficient means of mapping surface mineralogy. However,
mineralogical maps produced from these data do not take into consideration other geological charac-
teristics such as surface morphology and texture. Similarly, while advanced SAR systems such as ERS,
Envisat and the multi-frequency, multi-polarization SIR–C are well suited to mapping surface morphol-
ogy parameters, they do not provide any mineralogical information. A combined approach may provide
significant advantages over individual use of either sensor.

In this final section, an integrated analysis of ASTER, ERS, Envisat, and SIR–C data to improve geological
mapping will be described. As a first step, a simple HSV fusion is accomplished to get an impression of
the potential of an integrated analysis. In a second step, a similar approach is applied to a combined
dataset of ASTER and radar, as has been used for the geological mapping of individual ASTER data.

6.1 HSV fusion

The theory behind the HSV color space has already been explained in section 4.2.2. This color space can
also be used to merge radar and optical data by replacing the Value component of a transformed 3–band
optical dataset with the radar image. Before replacing, a contrast stretch is applied to the radar image
so that the stretched image has approximately the same variance and average as the Value component
of the optical data. After replacing, the image is transformed back to RGB color space.

The images chosen for HSV fusion are the ASTER MNF bands 3, 4, and 6, which show most information
related to geology, and the ERS MRM for replacing the Value component. The result is displayed in
Fig. 6.1 and can be compared with the ASTER MNF results in Fig. 4.16, and the ERS MRM in Fig. 5.4.
The main difference with the original MNF results is that terrain relief is added. The fused image gives
an impression of how the geological formations are related to their terrain heights. For example, it has
become clear that the ’gap’ in the middle of the sandstone formation at the east-bank (green) is in fact
the top of a mountain, which consists mainly of limestone, probably the sandstone formation continues
underneath this mountain top. To emphasize the terrain relief, the fusion result is draped on top of a
SRTM DEM to create a 3D-surface view, see Fig. 6.2.

6.2 Combined analysis

A combined dataset consisting of ASTER, SIR–C, ERS, and Envisat is used to improve the geological
mapping result of the individual ASTER data, see section 4.3. This approach was successfully tested
before by Kruse [23].
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Figure 6.1: HSV fusion result of ASTER MNF bands with the ERS MRM. Notice the added shading
effect, which gives insight into the terrain heights.

Figure 6.2: HSV fusion result, draped on top of a SRTM DEM (vertical exaggeration: 4 times)
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Data source Selected images
ASTER ratios b2/b1, b4/b6, b7/b6, b8/b9
ASTER mineral maps Limestone, Marl&Buildings,

Sandstone
SIR-C C-band HH, C-band HV, L-band

HH, L-band HV
ERS MRM (C-band VV)
Envisat C-band VV, C-band HH

Table 6.1: Selected images for the combined analysis.

6.2.1 Combined dataset

The combined dataset is made by stacking together georeferenced ASTER ratio images, ASTER mineral
maps (abundance images) derived with MTMF, SIR-C polarized C- and L-band data, the ERS MRM,
and Envisat polarized C-band data. An overview of these data sources is shown in Table 6.1. The
combined dataset encloses a spatial smaller area than the ASTER and radar data that were displayed
before, because the SIR–C data does not match the entire area of interest for geological mapping, see
Fig. 2.2. The argumentation for the choices made is explained below:

ASTER ratios Because of the reduced shadowing effect, the ASTER ratio images are preferred in a
combined dataset to the original ASTER bands. The four band ratios that are chosen show most
potential related to the geology of the Jordan Valley, see Fig 4.15 for a color ratio composite.

ASTER mineral maps The three mineral maps (also known as mineral abundance images) produced
with MTMF are chosen as input for combined analysis as well. These are the result of geological
mapping with individual ASTER data, and form the basis for improved geological mapping with
added radar data.

SIR-C The multi-wavelength, multi-polarized SIR–C data has shown the potential to discriminate
between buildings, bare soil, and vegetation, see Fig. 5.9. Also the Lisan marl formation is very
distinguishable by L-band HH polarized data. The original radar images are preferred above band
ratios, because in ratio images most valuable texture information is lost.

ERS MRM The MRM show, because of its high radiometric resolution, the most subtle differences in
soil moisture and surface roughness, and is therefore added to the combined dataset.

Envisat The HH polarized Envisat data has shown the potential to discriminate between buildings and
other areas, see Fig. 5.11. Although VV polarized data did not show any unique characteristics,
it is added for completeness.

Pre-processing
The radar images are calibrated to backscatter coefficient (σ◦) and/or logarithmic scale (dB) to improve
image contrast. The ERS and Envisat images are geocoded with the help of a SRTM DEM. However,
orbit information is missing for the SIR–C data, making it impossible to geocode this data with Doris.
Therefore the SIR–C data is registrated to an orthorectified ASTER image with 61 GCPs and Delaunay
Triangulation warping. This gives an accurate result for the valley floor, but due to terrain distortions in
the radar image, the accuracy for the highlands is far less. However the terrain distortions in the SIR–C
data are much less than in the ERS and Envisat data, due to the large incidence angle of 53◦, giving
Delaunay Triangulation an acceptable result. Furthermore, in order to ensure that the data ranges of all
images are more comparable prior to analysis, each image in table 6.1 is normalized to zero mean and
unit variance by eq. (6.1). Finally, all images are resampled with nearest neighbor resampling to match
the ASTER grid of 15 by 15 m pixels, and are stacked together in one combined dataset.

Nij =
Pij − Mi

Si
(6.1)
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Figure 6.3: Combined MNF result, superimposed contour lines correspond to the geological map
(Fig. 4.12). The main geological formations are recognizable as blue (limestone), red (marl), and yellow
(sandstone).

Where:
Nij normalized pixel digital number at location (i,j)
Pij pixel digital number at location (i,j)
Mi mean digital number for image i
Si standard deviation for image i

6.2.2 Geological mapping

The combined dataset is processed according to the same methodology as used for the geological
mapping with individual ASTER data, see section 4.3.2, meaning that as a first step a MNF transform
is applied to reduce data dimensionality and noise. Green et al. [17] note, that unlike PCA, ”because
the MNF transform depends on signal-to-noise ratios, it is invariant under scale changes to any band”.
This is particularly important for the combined optical/radar dataset used in this study, as each data
type has its own precision and noise statistics, in spite of normalization.
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Figure 6.4: Selected endmember ’spectra’. Notice the deflected ’spectrum’ of buildings.

MNF result
In Fig. 6.3, the MNF bands 1, 6, and 7, which show most information related to the geology, are
displayed in a color composite. Compared with the MNF result of the individual ASTER data (Fig. 4.16),
shadowing effects of the ERS and Envisat data are visible, for example at the sandstone formation which
appears green on the illuminated side of the mountain, and yellow on the shadow side. Furthermore,
the city area of As Salt is less prominently visible, whereas the buildings along the north-south road are
clearly visible in a dark brown color; probably this is the added value of HH polarized radar data. East
of Deir Alla some bright red spots are visible, and in comparing with other data it reveals bare fields
that have not been in use for a long time.

Pixel Purity Index (PPI)
The PPI was most successful on all 14 MNF bands to determine the ’Spectrally’ extreme pixels in the
combined dataset. The PPI only reveals which pixels have spectrally a unique character, not which pixels
group together into ’classes’. A threshold is used to select around 2000 pixels from the PPI image for
further analysis using n-Dimensional Visualization to identify ’spectral’ endmembers. This approach to
spectral data analysis is adapted here for use on the combined optical/radar dataset. As mentioned in
section 4.3.2, the inherent assumption of this method is that spectra can be thought of as points in an
n-dimensional scatterplot, where n is the number of bands. The concept is similar in this case, however,
because of the diverse nature of the combined dataset, it is not really a ’spectrum’.

n-Dimensional Visualization
The n-Dimensional Visualizer is used to spin the PPI-derived pixels in n-dimensional space. The n-
dimensional scatterplot is interactively rotated and coherent groups of pixels in the n-D plot are high-
lighted and exported to Regions of Interest (ROIs) as potential geological classes. These ROIs are then
used to extract ’spectra’ from the combined dataset. Four meaningful endmembers are selected. The
fourth endmember represents buildings, which is now very well distinguishable from marl, probably due
to the added value of texture information. Fig. 6.4 show the ’spectral’ signature for each endmember.

MTMF
Mixture-Tuned Matched Filtering (MTMF) finds the abundances of the endmembers using a partial
unmixing approach. This technique utilizes a Matched Filter (MF) to maximize the response of the
known endmember, thus matching the known signature. An advantage of MF is that it does not require
knowledge of all the materials within an image scene. MTMF differs from MF in that it also adds an
output infeasibility score to the results based on feasible mixtures between the composite background
and the target spectrum. Scatterplots of the MF score versus infeasibility for the four endmembers are
displayed in Fig. 6.5. The infeasibility score is used to reduce the number of false positives that are
sometimes found when using Matched Filtering alone. Correctly mapped pixels will have a matched
filter score above the background distribution around zero, and a low infeasibility value. These pixels
are selected and plotted on top of a ASTER band 2 image, see Fig. 6.6.



78 CHAPTER 6. COMBINED ANALYSIS OF OPTICAL & RADAR

In
fe
as
ib
ili
ty

Sandstone

MF Score MF Score

MarlLimestone

Buildings

In
fe
as
ib
ili
ty

In
fe
as
ib
ili
ty

In
fe
as
ib
ili
ty

MF Score MF Score

Figure 6.5: MTMF scatterplots for the four endmembers. Colorized pixels, with high MF score and
low infeasibility, correspond to the colorized areas in Fig. 6.6.

6.3 Conclusions

Compared with the MTMF results of the individual ASTER data (Fig. 4.19), it is clear that the end-
members for Limestone and Sandstone largely match the same pixels. However, the endmember for
Marl/Buildings is split-up in two separate classes, namely Marl and Buildings. The reason why those
two terrain features are easier to distinguish with the combined dataset is probably due to the added
value of texture information provided especially by radar HH polarized data from both Envisat and SIR–
C. Other added value of combined optical/radar analysis is not found for this specific case study. Maybe
there is some added value related to vegetation classification; however, this has not been examined,
because it is outside the scope of this research.

The HSV fusion result of three ASTER MNF bands with the ERS MRM highly enhances the interpretation
of the geology of the Jordan Valley, especially when the fused image is draped on top of a SRTM DEM,
creating a 3-D surface view. This image shows how the geological formations are related to each other,
especially with respect to terrain height.
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Figure 6.6: Combined MTMF result, with ASTER band 2 used as background. Superimposed contour
lines correspond to the geological map (Fig. 4.12). Compared with Fig. 4.19, marl and buildings are
separated in two different classes.





Chapter 7

Conclusions & recommendations

This chapter completes the thesis by giving the final conclusions concerning the presented work. Fur-
thermore, it contains recommendations for future use of remote sensing for archaeology.

7.1 Conclusions

In this section the conclusions are presented per sub-question as defined in section 1.4, but first the main
conclusions are stated.

7.1.1 Main conclusions

The main conclusion to the question whether spaceborne remote sensing has potential for the application
of archaeology in general, is that this technique indeed shows potential. Archaeologists use a wide variety
of sources to interpret their discoveries and to search for new archeological sites, and the topographical
and geological information provided by spaceborne remote sensing in this research appears to be very
valuable for them. However, the Jordan Valley itself is an area that is well known, and most archaeolog-
ically interesting features visible at the surface are already documented, also detailed geological maps
are available. No new discoveries therefore have been made. However, the already known archaeological
sites gave the opportunity to validate the contribution of spaceborne remote sensing and to show the
potential for its use in unexplored areas. To be more specific, the case studies at the Jordan Valley have
shown that satellite imagery is capable of mapping the following archaeologically interesting sites:

1. A former irrigation canal along the slopes of the Zarqa Valley with high-resolution Quickbird data
(Fig. 4.10 on p. 43).

2. The former outline of a destroyed Tell with high-resolution Quickbird data (Fig. 4.9 on p. 42).

3. Traces of erosion at the known Tells with high-resolution Quickbird data (Fig. 4.7 on p. 41).

4. Iron minerals at Mugharet al-Warda with hyperspectral Hyperion data (Fig. 4.4 on p. 37).

5. The main geological formations (limestone, marl, sandstone) with multispectral ASTER data
(Fig. 4.19 on p. 55).

6. Every Tell with the ERS MRM (Fig. 5.5 on p. 62).

7. Faults with the ERS MRM (Fig. 5.4 on p. 61).

8. Built-up areas with HH polarized SAR data (Fig. 5.11 on p. 70).

81



82 CHAPTER 7. CONCLUSIONS & RECOMMENDATIONS

It is expected that there are still many unknown archaeological remains in the area, and that from time
to time new discoveries, such as the early iron production remains at Tell Hammeh, will be made. How-
ever, most of these new discoveries are expected to be buried objects, which are not visible from space,
making detection with remote sensing difficult. In short, the main reasons as to why no new discoveries
are made are:

1. Archaeologically related features at the surface of the valley floor are probably lost by agricultural
activities, leaving behind only pottery shards not concentrated enough to be detectable from space.

2. The spatial resolution of most multispectral, hyperspectral and radar imagery is too low to be able
to detect the relatively small archaeologically related features, such as former irrigation canals and
early iron production furnaces.

3. Most unknown archaeological material is probably located below the surface, making it impossible
to detect it with even radar L–band data, because of the probably high soil moisture due to
irrigation.

4. There are no undetected archaeological features present. This is very unlikely, but can be true for
the arid lower slopes along the Jordan and Zarqa Valleys, because these slopes are relatively less
disturbed by human activities, leaving a higher chance of surface feature survival, but nothing new
was found through this research.

7.1.2 Conclusions on early iron production

One of the most important questions in this research was whether it is possible to detect sites related to
early iron production. However, no new sites of early iron production were discovered. Investigation of
the known early iron production site Tell Hammeh with spectral field measurements revealed that this
site has no unique spectral signature at all. There is also no significant difference measurable between
the spectra of Tell Hammeh and spectra measured next to this Tell or at other Tells. There are four
reasons for this:

1. Tell Hammeh is built of the same clay as found in the surrounding areas.

2. Evidence material of early iron production, such as slag, ash and burned clay, are located too deep
below the surface to be measurable from space.

3. Slag, the largest group of evidence material for early iron production, has no significant absorption
features in its spectra, even not at the iron abortion band around 900 nm.

4. The amount of slag visible at the surface is negligible in terms of observations from space or even
from the air.

Even if the soil at Tell Hammeh had shown a slight iron absorption feature in its spectral signature, it
would not have been possible to conclude that it was unique for an early iron production site. Spectral
measurements of stones found at Tell Hammeh reveal that also other stones are present with a strong
iron absorption feature in their spectra, especially red sandstone. This rock type can be found all over
the slopes of the Zarqa Valley, making it difficult to say whether an iron absorption feature found in a
hyperspectral image belongs to iron production remains or to iron containing sandstone. Burned clay,
indicative of ancient furnaces, with a relatively strong absorption at 500 nm, is not present at the surface
of Tell Hammeh. In addition the topographic characteristics of the iron production site are not unique,
because Tells are a common phenomenon in the Jordan Valley.
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7.1.3 Conclusions on detection of other remains

Except for the known archaeological sites and structures already mentioned, no other archaeological
discoveries have been made. However, the resulting possibilities and limitations of the various data
sources used will be stated in more detail:

Hyperion One of the most promising systems was the hyperspectral Hyperion satellite sensor, which
has the capability of measuring a detailed spectral signature of ground features. Especially iron
has a unique spectral signature that appeared to be detectable with this data source, however,
only at the known location of Mugharet al-Warda, where iron ore is mined at present in a quarry.
It can be concluded that there are no other sites in the surroundings of Mugharet al-Warda where
iron minerals can be found at the surface, or that these sites are too small to be detectable with
the low spatial resolution of Hyperion. Hyperion was unfortunately not available for the lower
slopes of the Zarqa Valley.

Quickbird High-resolution imagery has already been proven to be useful for the application of archae-
ology by a number of studies [41][11][33][27], even for the detection of buried objects. Buried
objects can be detected by observing changes in vegetation cover. However, this research has
shown that the surface of the Jordan Valley floor is too disturbed by modern agricultural activities
to reveal vegetation structures that can be related to buried objects. Probably, most ancient road
remains and irrigation canals have been lost by modern reparceling. Only along the arid slopes
of the Zarqa Valley is a former irrigation canal visible in the high-resolution Quickbird imagery;
however its presence was already known.

ASTER It turned out that multispectral ASTER imagery is very well capable of mapping the main
geological formations along the Jordan Valley. A comparison between a detailed geological map
and the ASTER mapping results made clear that there is a large correlation. ASTER is especially
capable of separating limestone from sandstone, marl is distinguishable as well. Matching ASTER
spectra with laboratory mineral spectra unfortunately is not possible, because the atmospheric
correction of the ASTER data is not accurate enough due to missing atmospheric information.

ERS Although the penetration of ERS C–band SAR data is not significant enough to detect buried
objects, the large availability of this data source made it possible to make an MRM and to do
temporal analysis. The MRM is a very successful method of improving radiometric resolution,
making that even very subtle slope changes at the valley floor become visible, i.e. revealing every
Tell in the area, even the very small ones. This makes the MRM a suitable resource for geology
and geomorphology, for example, the MRM revealed some faults in the Lisan marl formation in
the middle of the Jordan Valley and along the hills at the east-bank. Temporal analysis made
clear that there is, especially at the valley floor, a prominent seasonal trend measurable through
the backscatter coefficient (σ◦). Lasting changes over time are detectable as well; however, the
chance of detecting such changes depends often on the presence or absence of corner or specular
reflections, because these types of reflections are most dominant.

Polarized radar The examination of polarized SIR–C and Envisat SAR data reveals that HH polarization
appears to be sensitive to buildings, whereas cross-polarized HV data appears to be most sensitive
to vegetation. However, the orientation of houses and infrastructure is important for the amount
of backscatter. Structures that are accidentally oriented perpendicular to the range direction of
the satellite are visible in the radar image, whereas others are not.

L–band radar One of the hopes of archaeologists of detecting new sites was focused on the penetration
capabilities of remote sensing data, however, optical/infrared data have no significant penetration
and the penetration depth of C–band radar is at most 10 cm under very dry conditions. It is true
that with L–band radar buried structures at a depth of a few meters have been discovered through
other studies; however, these were always located in sand desert areas. The Jordan Valley is not a
desert, but an irrigated agricultural area, meaning that there is always some moisture in the soil,
reducing the penetration capabilities of L–band radar drastically to approximately 5 cm. Besides
this, the valley floor consists mostly of clay, which holds water in it for a long time. The bare
slopes and Tells are probably dry enough, but the varying slope angle and stones and rocks at the
surface cause too much backscatter disturbance for any reliable image interpretation.
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7.1.4 Conclusions on combined data analysis

Combined analysis of multispectral ASTER data with radar data appeared to have some added value,
especially in the interpretation of the geological mapping result with individual ASTER data.

HSV fusion The HSV fusion result of the three ASTER MNF bands that show the most information
related to the mineralogical content of the soil with the ERS MRM, highly enhances the interpre-
tation of the geology of the Jordan Valley, especially when the fused image is draped on top of an
SRTM DEM, creating a 3-D surface view (see p. 74). Such an image gives insight as to how the
geological formations are related to each other, especially with respect to terrain height.

Combined analysis A comparison of the geological mapping result of the individual ASTER data with
the combined mapping approach reveals that in the combined mapping result, marl and buildings
are easier to separate in two different classes. This must be caused by the added value of texture
information provided especially by radar HH polarized data from both Envisat and SIR–C. Other
added values of combined optical/radar analyses are not found for the specific case study in this
research.

7.2 Recommendations

The advantages of satellite data above ground observations are the large spatial overview and the
regular revisited times of the satellite, resulting in an extended data archive. This makes satellite data
a relatively cheap and powerful resource of investigating areas that are not easily accessible and where
less information is available. The fact that no new discoveries has been made in this research, does not
mean at all that remote sensing is not useful for future applications in archaeology. Remote sensing
has a large potential of investigating poorly known areas and to map larger features, i.e. to do a first
archaeological inventory prior to fieldwork. This research has proven that remote sensing is of use to
map the main geological formations and faults, specific minerals such as iron, and to locate even the
smallest Tells. High resolution data has also shown potential to map small terrain features, such as
irrigation canals.

This research has also shown that satellite data has some limitations. High spatial resolution means
low spectral resolution and vise versa. Also the ground penetration capabilities of spaceborne SAR are
marginal in an agricultural area. To get around these limitations, other techniques such as Ground Pen-
etrating Radar (GPR) may be of use. To acquire data with high spatial and spectral resolution, airborne
hyperspectral sensors are available. However, the question is whether this imagery is able to reveal a lot
more information related to unknown early iron production sites, because slag has no significant spectral
absorption features and iron absorption is also measurable in iron containing sandstone.

The most suited remote sensing technique for future archaeological studies is strongly case study de-
pendent. For five different situations, the recommended technique is explained.

Topographic shape When the emphasis is on the detection of sites that are very well distinguishable
by its topographical shape, such as Tell-sites, the use of ERS SAR is recommended. The large
availability of this data source gives the opportunity of building a MRM, which reveals very subtle
differences in terrain texture. Especially in relatively flat areas, such as desert and steppe areas in
the Near East, small hill sites are very well distinguishable by the shading effect of the radar.

Chemical content When the emphasis is on the detection of differences in chemical content of the
surface, i.e. differences in mineralogy, multispectral and hyperspectral data sources are recom-
mended. However, because of the low spatial resolution of most satellite imagery (often 30 m),
the expected structures should not be too small. To make the matching of image spectra with
laboratory spectra possible, the use of surface reflectance data, which is already atmospherically
corrected, is recommended, for example ASTER level 2 product.
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Small structures When the emphasis is on the detection of small terrain features, such as canals,
roads, or wall remains, high-resolution imagery gives the best possibility, especially when aerial
photographs are not available. The near-infrared band of these satellite sensors can also reveal
buried objects indirectly through the structure in vegetation.

Buried structures When the emphasis is on the detection of buried objects, L–band SAR data can be
of use, but only in very dry desert areas where radar penetration is deeper, making the detection of
buried structures easier. It is also recommended to examine different polarization modes, because
the backscatter characteristics can vary between them.

Change detection To investigate where recent building activities have taken place, change detection
between images of various acquisition dates can be helpful. Through this, it becomes clear which
areas are under pressure and have higher priority for excavations. It also becomes clear which areas
are already ’lost’ and excavations make no sense. Change detection can be applied to any type of
imagery.
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Appendix A

Data sources

A.1 Field spectrometer

Metadata

Device ASD Fieldspec Pro FR
Serial number 6287
Manufacturer Analytical Spectral Devices, Inc., Boulder, CO, USA (www.asdi.com)

Technical Information

Spectral range 350 - 2500 nm
Spectral resolution 3 nm at 700 nm

10 nm at 1400/2100 nm
Sampling interval 1.4 nm at 350 - 1050 nm

2 nm at 1000 - 2500 nm
Scanning time 100 milliseconds
Detectors One 512 element Si photodiode array 350 - 1000 nm

Two separate, TE cooled, graded index InGaAs photodiodes
1000 - 2500 nm

Input 1.4 m fiber optic (25◦ field of view)
Optional fore-optics available (8◦ field of view)

Noise Equivalent Radiance (NEdl) UV/VNIR 1.4 x 10−9 W/cm2/nm/sr at 700 nm
NIR 2.4 x 10−9 W/cm2/nm/sr at 1400 nm
NIR 8.8 x 10−9 W/cm2/nm/sr at 2100 nm

Weight 5.2 kg
Batteries NiMh, 12 volts, 9000 mAH
Calibration Wavelenght, reflectance, radiance, irradiance. All calibrations

are NIST traceable
Notebook Computer IBM Thinkpad X60 17065 DU, 1.83 GHz processor, 512 MB

Ram, 60 GB Hard Disk Drive, 1024 x 768 graphic resolution,
24 bit color, bidirectional parallel port, AC/DC adapter/charger

Ordering information

The ASD Fieldspec Pro FR can be borrowed from ’Wageningen University and Research Centre’ (www.grs.wur.nl).
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A.2 Hyperion

Metadata

Entity ID EO1H1740372005355110KW SGS 01
Acquisition data 23 December 2005
Acquisition time (UTC) 08:04:13 - 08:04:45
NW corner 34◦01’56”N 36◦09’58”E
NE corner 34◦00’56”N 36◦14’53”E
SW corner 32◦10’20”N 35◦37’55”E
SE corner 32◦09’21”N 35◦42’44”E
Image cloud cover 50% to 59% cloud cover
Look angle 8.43◦

Sun azimuth 156.18◦

Sun elevation 29.53◦

Satellite Inclination 98.21◦

Target path 174
Target row 37
Orbit path 175
Orbit row 36
Image length 185 km

Technical Information

Launch 21 November 2000
Carrier satellite EO-1
Orbit altitude 705 km
VNIR bands 70 (355-1058 nm)
SWIR bands 172 (852-2577 nm)
Spatial resolution 30 m
Swath Width 7.5 km
Image length 42 or 185 km
Spectral Coverage continuous
Revisit time 200 days

Ordering information

Hyperion imagery can be ordered at the USGS (www.usgs.gov). Hyperion coverage does not encompass
the entire globe because data collection events are based upon customers Data Acquisition Requests
(DARs).
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A.3 Quickbird

Metadata

Catalog ID 1010010002D93F00
Acquisition data 10 April 2004
Acquisition time (UTC) 08:12:46 - 08:13:21
Product type standard (orthorectified)

bundle panchromatic & multispectral
Resolution Pan: 0.6 m, MS 2.4 m
Radiometric level corrected
Bits per pixel 16
Output format GeoTIFF
Map projection UTM (zone 36 N)
Datum WGS84
Resampling kernel MTF
Upper Left Corner 32◦14’23.98”N 35◦36’0.76”E
Scene width/height 12 x 8 km
Cross-track view angle 8.4◦

Technical Information

Launch 18 October 2001
Orbit altitude 450 km
Orbit time 93.5 minute
Equator crossing time 10:30 AM (descending)
Inclination 97.2◦ sun-synchronous
Nominal Swath Width 16.5 km at nadir
On-board storage 128 Gbit (±57 scenes)
Dynamic Range 11 bits per pixel

Panchromatic Multispectral
Resolution Basic: 0.61 m at nadir, 0.72 m at

25◦ off-nadir
Basic: 2.44 m at nadir, 2.88 m at
25◦ off-nadir

Standard & orthorectified :
resampled to 0.6/0.7 m GSD

Standard & orthorectified :
resampled to 2.4/2.8 m GSD

Spectral bandwidth 450–900 nm Blue: 450–900 nm
Green: 520–600 nm
Red : 630–690 nm
Near-IR: 760–900 nm

Ordering information

QuickBird from DigitalGlobe can be ordered at Eurimage (www.eurimage.com). Different ordering
options are available:

Basic product
Basic Imagery products are radiometrically corrected and sensor corrected, but neither geometrically
corrected nor mapped to a cartographic projection and ellipsoid.

Standard product
Standard Imagery products are radiometrically corrected, sensor corrected, geometrically corrected, and
mapped to a cartographic projection. The sensor corrections do account for the mis-registration of the
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panchromatic and multi-spectral bands. Geometric corrections remove spacecraft orbit position and
attitude uncertainty, Earth rotation and curvature, and panoramic distortion. Additionally, a SRTM
DEM is used to normalize topographic relief with respect to the referenced ellipsoid. The standard
product has the following options:

Ortho-ready product No topographic corrections applied, but delivered with a base elevation which
allows orthorectification by the user.

Pan-sharpening The standard product is available as panchromatic, multispectral, both, or pan-
sharpened images.

Resolution The standard product is available with a resolution of 60cm Pan, 2.4m MS or 70cm Pan,
2.8m MS. The choice depends on the resolution of the raw image, which depends on the look
angle which varies between 0 and 25 degree.

Resampling Kernel The standard products can be formed by different resampling algorithms, which
are: Nearest Neighbor, 4x4 Cubic Convolution, 8-pt sinc, 2x2 bilinear and MTF-kernel. The
advantage of Nearest Neighbor is that the original pixel values are not changed. The MTF kernel
gives the sharpest result.

File format The choice is between GeoTIFF and NITF format. GeoTIFF is the most common format.

Bit Depth The imagery is collected in 11-bit format and delivered in 8-bit or 16-bit format. The
advantage of 16-bit format is more color (shadow) detail; its disadvantage the larger file-size.

Dynamic range adjustment (DRA) The DRA option enhances the imagery by performing color
correction and contrast enhancement and is useful for users who do not have tools to apply visual
enhancements themselves. The DRA option is offered only in 8-bit data.

A.4 ASTER

Metadata

Acquisition date 19 Mar 2006 22 May 2006 25 Jul 2006 27 Sep 2006 3 Nov 2002
Level 1A Scene ID 2033542303 2034324974 2035430435 2037325813 2008996929
Product level 1B level 1B level 1B level 1B level 1B
Acquisition time 08:27:45 08:27:46 08:28:13 08:27:53 08:29:34
WRS-2 Path 174 174 174 174 174
WRS-2 Row 38 38 38 38 38
Scene Center 31◦58’50”N 32◦00’08”N 32◦02’21”N 32◦01’42”N 32◦02’21”N

35◦52’40”E 35◦32’56”E 35◦28’44”E 35◦33’15”E 35◦28’46”E
Scene cloud cover 9% 0% 0% 0% 0%
Orbital direction descending descending descending descending descending
Sun Elevation 52.72◦ 70.92◦ 68.78◦ 53.21◦ 41.31◦

Sun Azimuth 147.39◦ 124.19◦ 121.62◦ 153.80◦ 163.17◦

VNIR pointing angle 28.340◦ -0.019◦ -0.020◦ 0.016◦ 0.000◦

TIR pointing angle 28.620◦ 0.004◦ 0.004◦ 0.004◦ 0.000◦

SWIR pointing angle 28.290◦ -0.038◦ 0.000◦ -0.066◦ 0.000◦
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Technical Information

Characteristic VNIR SWIR TIR
Spectral range b1: 0.52-0.60 μm b4: 1.600-1.700 μm b10: 8.125-8.475 μm

b2: 0.63-0.69 μm b5: 2.145-2.185 μm b11: 8.475-8.825 μm
b3: 0.76-0.86 μm b6: 2.185-2.225 μm b12: 8.925-9.275 μm
b3b∗: 0.76-0.86 μm b7: 2.235-2.285 μm b13: 10.25-10.95 μm
∗backward looking b8: 2.295-2.365 μm b14: 10.95-11.65 μm

b9: 2.360-2.430 μm
Ground resolution 15 m 30 m 90 m
Cross-track pointing ±24◦ ±8.55◦ ±8.55◦

Cross-track pointing ±318 km ±116 km ±116 km
Swath width 60 km 60 km 60 km
Quantization 8 bits 8 bits 12 bits
Data rate 62 Mbit/sec 23 Mbit/sec 4.2 Mbit/sec
Detector Type Si PtSi-Si HgCdTe
Launch 18 Dec 1999

Ordering information

ASTER imagery can be ordered via the USGS (www.usgs.gov) or NASA’s Jet Propulsion Laboratory
(asterweb.jpl.nasa.gov). ASTER does not acquire data continuously; its sensors are activated to collect
specific scenes upon request. Since data collection is scheduled from scene requests, some locations may
not be available. Most common products are the Level 1A and 1B product, see the table below. The
Level 2 products are more advanced then Level 1 products, for example decorrelation stretch, surface
radiance, surface reflectance, and surface emissivity products.

Level Product Description
1A Radiance at sensor Image data plus radiometric and geometric coefficients.

Data are separated by telescope.
1B Registered radiance at sensor 1A data with radiometric and geometric coefficients

applied.

A.5 ERS

Metadata

track frame mode product type facility projection
descending 78 2961 Image Mode SLC I-PAF slant range
ascending 300 639 Image Mode SLC I-PAF slant range



94 APPENDIX A. DATA SOURCES

Descending

date sensor orbit# time fDC Btemp Bperp d fDC Long Lat
mm/dd/yy UTC Hz days m Hz Deg Deg
06/11/92 ERS1 04732 08:16:52 AM 343 -1144 218 304 35.435 32.065
09/09/93 ERS1 11245 08:16:58 AM 340 -689 423 301 35.435 32.069
05/20/95 ERS1 20106 08:16:57 AM 323 -71 -474 284 35.438 32.045
06/24/95 ERS1 20607 08:17:00 AM 343 -36 -903 304 35.44 32.039
07/29/95 ERS1 21108 08:17:02 AM 329 -1 41 290 35.436 32.061
07/30/95 ERS2 01435 08:17:05 AM 39 0 0 0 35.436 32.061
09/02/95 ERS1 21609 08:16:58 AM 331 33 -647 292 35.446 32.073
09/03/95 ERS2 01936 08:17:01 AM 37 34 -723 -2 35.445 32.067
10/07/95 ERS1 22110 08:17:01 AM 316 69 192 277 35.435 32.096
10/08/95 ERS2 02437 08:17:06 AM 11 70 742 -28 35.427 32.05
11/11/95 ERS1 22611 08:16:58 AM 309 104 16 270 35.437 32.057
11/12/95 ERS2 02938 08:16:59 AM 51 105 -304 12 35.445 32.078
12/16/95 ERS1 23112 08:17:01 AM 319 139 443 280 35.433 32.055
12/17/95 ERS2 03439 08:17:03 AM 102 140 137 63 35.436 32.056
05/04/96 ERS1 25116 08:17:03 AM 309 278 609 270 35.425 32.041
05/05/96 ERS2 05443 08:17:02 AM 38 279 504 -1 35.433 32.068
07/14/96 ERS2 06445 08:17:00 AM 42 349 57 3 35.454 32.096
10/11/97 ERS1 32631 08:16:51 AM 355 803 -144 316 35.447 32.085
10/12/97 ERS2 12958 08:16:55 AM 58 804 130 19 35.437 32.103
05/10/98 ERS2 15964 08:16:52 AM 98 1014 291 59 35.458 32.084
02/14/99 ERS2 19972 08:16:51 AM 118 1295 589 79 35.430 32.055
03/21/99 ERS2 20473∗ 08:16:51 AM 146 1330 -138 107 35.454 32.047
04/25/99 ERS2 20974 08:16:52 AM 136 1364 -586 97 35.460 32.057
05/30/99 ERS2 21475 08:16:54 AM 91 1399 467 52 35.451 32.060
07/04/99 ERS2 21976 08:16:49 AM 102 1434 -571 63 35.462 32.068
06/18/00 ERS2 26986 08:16:52 AM -336 1784 -345 -375 35.439 32.064
12/10/00 ERS2 29491 08:16:55 AM -289 1960 -598 -328 35.448 32.066
01/14/01 ERS2 29992 08:16:59 AM -428 1995 97 -467 35.444 32.088
07/28/02 ERS2 38008 08:15:24 AM -1857 2554 -119 -1896 35.471 32.125
11/10/02 ERS2 39511 08:15:15 AM 1985 2660 161 1946 35.433 32.031
12/15/02 ERS2 40012 08:15:18 AM 545 2695 -493 506 35.440 32.032
01/19/03 ERS2 40513 08:15:20 AM 1523 2730 -460 1484 35.448 31.999
02/23/03 ERS2 41014 08:15:19 AM 3539 2765 -94 3500 35.418 31.964
03/30/03 ERS2 41515 08:15:12 AM 1782 2799 281 1743 35.417 31.992
05/04/03 ERS2 42016 08:15:19 AM 2139 2834 -382 2100 35.430 32.000
06/08/03 ERS2 42517 08:15:20 AM -1646 2869 -1305 -1685 35.469 32.146
07/13/03 ERS2 43018 08:15:29 AM 2952 2904 -450 2913 35.422 31.977
10/26/03 ERS2 44521 08:15:25 AM 1034 3010 -180 995 35.423 32.039
01/04/04 ERS2 45523 08:15:24 AM 2972 3080 -878 2933 35.423 31.992
02/08/04 ERS2 46024 08:15:24 AM 1111 3115 -566 1072 35.456 32.033
09/05/04 ERS2 49030 08:15:36 AM -519 3324 206 -558 35.444 32.089
10/10/04 ERS2 49531 08:15:32 AM -390 3359 579 -429 35.430 32.064
11/14/04 ERS2 50032 08:15:32 AM 2136 3395 -1101 2097 35.423 31.988
12/19/04 ERS2 50533 08:15:34 AM 463 3430 -347 424 35.446 32.048
02/27/05 ERS2 51535 08:15:26 AM -86 3500 320 -125 35.431 32.074
04/03/05 ERS2 52036 08:15:28 AM -109 3534 -523 -148 35.475 32.106
07/17/05 ERS2 53539 08:15:35 AM -958 3639 -307 -997 35.446 32.085
12/04/05 ERS2 55543 08:15:22 AM -3751 3780 -780 -3790 35.479 32.175
02/12/06 ERS2 56545 08:15:23 AM 955 3850 -130 916 35.324 32.090

∗master
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Ascending

date sensor orbit# d fDC Btemp Bperp
mm/dd/yy Hz days m
05/20/96 ERS2 5665 0 0 0
12/21/98 ERS2 19192 -138 945 -274 5
01/25/99 ERS2 19693 -116 980 -207
03/20/00 ERS2 25705 -450 1400 -942
11/20/00 ERS2 29212 -147 1645 -287
10/21/02 ERS2 39232 261 2345 511
03/10/03 ERS2 41236 131 2485 539
07/28/03 ERS2 43240 178 2625 50
10/06/03 ERS2 44242 -67 2695 48
12/15/03 ERS2 45244 -218 2765 -369
03/29/04 ERS2 46747 50 2870 224
06/27/05 ERS2 53260 4 3325 -64

Technical Information

Launch ERS-1: 17 July 1991
ERS-2: 21 April 1995

Instrument AMI (Active Microwave Instrument)
Wavelength C-band (5.66 cm)
Swath Width 100 km
Resolution azimuth direction: 4 m

range direction: 20 m
Polarization VV
Incidence angle 23◦ (beam center)
Orbit sun-synchronous
Altitude 785 km
Inclination 98.5◦

Time for one orbit 100 minutes
Cycle 35 day repeat

Ordering information

ERS SAR SLC product can be ordered at the ESA (earth.esa.int). ERS-1 data are available from 30 July 1991
to 10 March 2000. ERS-2 data are available from 13 July 1995 to current day except from 17 January 2001 to
autumn 2001 due to gyro failure. Data are distributed on CD, DVD or via FTP.
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A.6 Envisat

Metadata

All 22 ordered images are of the ASAR Image Mode Single-Look Complex (ASA IMS 1P) Product:

image orbit polarization track orbit# date
swath direction mm/dd/yy
IS1 ascending - 028 07597 08/13/03
IS1 ascending - 028 08098 09/17/03
IS1 ascending - 028 08599 10/02/03
IS1 ascending - 028 09100 11/26/03
IS1 descending - 078 07647 08/17/03
IS1 descending - 078 08148 09/21/03
IS1 descending - 078 08649 10/26/03
IS1 descending HH 078 18669 09/25/05
IS2 ascending VV 300 08871 11/10/03
IS2 ascending VV 300 16887 05/23/05
IS2 descending HH 078 15663 02/27/05
IS2 descending HH 078 16164 04/03/05
IS2 descending HH 078 17667 07/17/05
IS2 descending VV 078 18168 08/21/05
IS2 descending VV 078 25182 12/24/06
IS4 ascending - 114 07683 08/19/03
IS4 ascending - 114 08184 09/23/03
IS4 ascending - 114 10689 03/16/04
IS4 descending - 264 07833 08/30/03
IS4 descending - 264 08334 10/04/03
IS4 descending - 264 08835 11/08/03
IS4 descending - 264 09336 12/13/03

Technical Information

Launch 1 March 2002
Instrument ASAR (Advantaged Synthetic Aperture Radar)
Wavelength C-band (5.66 cm)
Resolution Depending on Image Swath
Polarization VV or HH
Orbit 30 minutes ahead of ERS-2 (the same orbit)

Image Swath Swath Width
(km)

Ground position
from nadir (km)

Incidence Angle
Range

Worst Case Noise
Equivalent Sigma
Zero

IS1 105 187-292 15.0◦-22.9◦ -20.4
IS2 105 242-347 19.2◦-26.7◦ -20.6
IS3 82 337-419 26.0◦-31.4◦ -20.6
IS4 88 412-500 31.0◦-36.3◦ -19.4
IS5 64 490-555 35.8◦-39.4◦ -20.4
IS6 70 550-620 39.1◦-42.8◦ -22.0
IS7 56 615-671 42.5◦-45.2◦ -21.9

Ordering information

Envisat ASAR products can be ordered at the ESA (earth.esa.int). Data is Available from 18 October 2002 via
DVD or FTP pick-up.
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A.7 SIR-C/X-SAR

Metadata

SAR channel indicator 16
Scene Identifier G20
Site name Ha Meshar, Israel (2)
GMT at Image center 1994/10/03 03:03:06.820
MET at Image center 02 15:47:06.845
Latitude at Image center 32.2732430
Longitude at Image center 35.9665260
Processed scene range (km) 58.5875015
Processed scene azimuth (km) 106.9250031
Sensor ID SIR-C -L -LO11-H HV
Sensor Platform Heading (deg) 38.553
Incidence Angle 53.065
Radar Frequency (GHz) 1.254
Quantizer descriptor (8,4)BFPQ
Nominal PRF 1395.0000000
Processing Facility JPL
Processing software version 1.4.0
Product type MULTI-LOOK COMPLEX
Number of azimuth looks 3.8442645
Number of range looks -
Line spacing (m) 12.5000000
Pixel spacing (m) 12.5000000
Orbital Direction ASCENDING
Map projection descriptor GROUND RANGE
Geodedic alt from ellipsoid (km) 223.6240692
Name of reference ellipsoid GEM6
Polarizations HH, HV

Technical Information

Orbit inclination 57◦

Orbit altitude 222 km
Look angles 15◦ - 55◦

L-band frequency 1.250 GHz
wavelength 23.5 cm
polarization HH, VV, HV, VH

C-band frequency 5.3 GHz
wavelength 5.8 cm
polarization HH, VV, HV, VH

X-band (X-SAR) frequency 9.6 GHz
wavelength 3.1 cm
polarization VV

Ordering information

SIR-C data can be ordered at the USGS (eros.usgs.gov). X-SAR data can be ordered at the ’Deutsches Zentrum
für Luft- und Raumfahrt’ (DLR) (www.op.dlr.de).





Appendix B

Coordinates Archaeological sites

This appendix contains coordinate lists of visited Archaeological sites and lines measured with the field spec-
trometer. All coordinates are in UTM zone 36 N, datum WGS84.

Archaeological sites

E N
Tell Deir Alla, top 747093 3565241
Tell Hammeh, top 749486 3564788
Tulul edh Dhahab, entrance cave 753650 3564138
Mugharet al-Warda, quarry top 755506 3568352
Mugharet al-Warda, quarry bottom 755471 3568340
Mugharet al-Warda, entrance mine 755409 3568335

Lines Tell Hammeh

begin end
E N E N

line1 749518 3564773 749518 3564793
line2 749535 3564793 749542 3564812
line3 749494 3564799 749494 3564769
line4 749515 3564755 749527 3564771

Lines Tulul edh Dhahab

begin end
E N E N

line1 753210 3564277 753239 3564286
line2 753242 3564227 753266 3564254
line3 753286 3564304 753257 3564294
line4 753288 3564309 753297 3564314

Lines Tell Deir Alla

begin end
E N E N

line1 747064 3565252 747089 3565235
line2 746961 3565215 746979 3565223
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