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Abstract: The potentials of the forthcoming new European Space Agency’s (ESA) satellite
sensor, Sentinel-2, for archaeological studies was examined in this paper. For this reason,
an extensive spectral library of crop marks, acquired through numerous spectroradiometric
campaigns, which are related with buried archaeological remains, has been resampled to
the spectral characteristics of Sentinel-2. In addition, other existing satellite sensors have
been also evaluated (Landsat 5 Thematic Mapper (TM); Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER); IKONQOS; Landsat 4 TM; Landsat 7
Enhance Thematic Mapper Plus (ETM+); QuickBird; Satellite Pour I’Observation de la
Terre (SPOT); and WorldView-2). The simulated data have been compared with the
optimum spectral regions for the detection of crop marks (700 nm and 800 nm).
In addition, several existing vegetation indices have been also assessed for all sensors. As it
was found, the spectral characteristics of Sentinel-2 are able to better distinguish crop
marks compared to other existing satellite sensors. Indeed, as it was found, using a
simulated Sentinel-2 image, not only known buried archaeological sites were able to be
detected, but also other still unknown sites were able to be revealed.
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1. Introduction
1.1. Remote Sensing for Archaeological Perspective

The use of remote sensing techniques has revealed several possibilities from an archaeological
perspective. A number of different satellite or aerial sensors have been already employed in a variety
of archaeological applications, ranging from the identification of spectral signatures within
archaeological sites, as well the mapping of the probability (risk) of archaeological sites. The results of
these applications have been employed to manage and to protect the archaeological sites [1-5].

Moreover, remote sensing has been proven to be very useful in preparing an intensive survey
campaign or directing fieldwork. Viewing archaeological structures from a ground level generally does
not clearly identify the spatial characteristics of these structures, or the relationship to surrounding
archaeological sites. In some cases, ancient structures are not apparent from ground level but become
obvious from Earth observation techniques [6]. In addition, proper understanding of the recent and
historic changes of the archaeological record might assist to construct contingency plans and
management strategies to protect the archaeological heritage of a vulnerable area [7].

Several important archaeological discoveries have been made through the integration of remote
sensing to current archaeological perspective and practice. Remote sensing, as well as other
non-destructive methods have been widely used for discovering and mapping visible and buried
archaeological remains [8-14]. Near-surface archaeological remains can be discovered due to
detectable changes in vegetation growth, termed crop marks [15-19].

Such archaeological crop marks may be observed by exploiting vegetation indices, which are
widely used in order to monitor the seasonal or even long-term variations of structural, phenological,
and biophysical parameters of land surface vegetation cover [11]. Recent studies argue that there are
many complex factors involved in the capturing of crop marks. For instance, the characteristics of the
buried features, as well the soil characteristics, or even climatic and environmental parameters, can
affect the formation of crop marks. Furthermore, the formation of crop marks is a dynamic
phenomenon which may vary in each crop’s phenological cycle [20-25]. Therefore, a better
understanding regarding the formation of crop marks is needed based on remote sensing data.

Monitoring fluctuations of the Red and near infrared (NIR) spectrum during crop’s phenological
cycle is a key parameter to the detection of archaeological remains using remote sensing techniques.
Current studies have shown that the spectral characteristics of satellite sensors—further to their spatial
resolution—are very important for the detection of archaeological crop marks. According to [21],
Relative Spectral Response (RSR) filters of sensors are one of most significant parameter for the
detection of crop marks using satellite images In addition, multi-temporal satellite images can be
also used for the detection of crops phenological changes due to the existent of buried
archaeological relics [26,27], while airborne hyperspectral data can be also applied for supporting
archaeological perspectives [4,28].
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The selection of specific spectral bands for the detection of archaeological remains both in
vegetated, as well under bare soil has been recently discussed by [29]. Indeed, as was found by [30],
in cases where the dominant land cover over archaeological sites is known, then the optimal spectral
range can be selected in order to improve the efficiency of archaeological observations using remote
sensing data. Finally, the hyperspectral Archaeological Index has shown that the use of the spectral
region around 700 nm and 800 nm can be effectively used for the enhancement of crop marks in
vegetated areas [20,31].

1.2. Objectives

Spectral and temporal characteristics of the forthcoming Sentinel-2 dataset can provide new
potentials for the archaeological perspective. The five-day temporal window of the Sentinel-2 sensor
will give scientists the opportunity for a more detailed and systematic observation of vegetation marks,
while its spectral bandwidth (Band 5 and Band 7) is very closed to the optimum spectral regions
(700 nm and 800 nm) for the exposure of crop marks. Indeed, Sentinel-2 datasets are expected to be
very useful for archaeological applications since their free distribution, along with their contribution to
the continuity and improvement of Landsat series, will provide scientists with new acquisitions of
images of archaeological sites all over the world.

This study aims to highlight the technological advantages of the Sentinel-2 sensor, as well as to
inform the remote sensing archaeological community for the arrival of Sentinel-2 data in the near
future. Moreover, the study aims to explore the capabilities of remote sensing sensors for the detection
of new archaeological sites using simulated Sentinel-2 data. In addition, an evaluation of the
capabilities of Sentinel-2 with other existing satellite datasets, widely used in archaeological
perspective, has been also examined. For the aims of this study several existing vegetation indices have
been evaluated, as well several other existing satellite sensors have been compared with the
forthcoming Sentinel-2.

2. Methodology

The Sentinel-2 aims to provide continuity to services relying on multi-spectral, high-spatial-resolution
optical observations over global terrestrial surfaces. It should be noted that the design of the Sentinel-2
mission aims at an operational multi-spectral Earth-observation system that complements the Landsat
and SPOT observations and improves data availability for users [32]. In addition to high operational
ability, the acquired data and potential products of the Sentinel missions also offer significant scientific
opportunities, such as global coverage, long-term continuity, careful calibration of the satellite sensors,
and a broad variety of remote sensing methods [33]. The spatial and temporal characteristics of the
new Sentinel missions, primarily designed to provide routine multidisciplinary observations for
operational services, are also very suitable for addressing some of the challenges associated with
advancing Earth System sciences. The Sentinels are ensuring long-term observational commitment and
will operate a range of instruments with different spectral bands and spatial resolutions with global
coverage and high revisit times [34].

Furthermore, frequent revisits of five days at the equator require two identical, Sentinel-2 satellites
operating simultaneously favoring a small, cost effective, and low-risk satellite. The orbit is
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Sun-synchronous at 786 km altitude with a 10:30 a.m. descending node. This local time was selected
as the best compromise between minimizing cloud cover and ensuring suitable sun illumination.
It is close to the Landsat local overpass time and matches SPOT’s, allowing the combination of
Sentinel-2 data with historical images to build long-term time series. The 13 spectral bands span from
the visible (VIS) and the NIR, to the short wave infrared (SWIR), at different spatial resolutions at the
ground ranging from 10 to 60 m [33]. Spectral characteristics of Sentinel-2 are shown in Table 1.

Table 1. Spectral characteristics of Sentinel-2 sensor [35].

Band Center Spectral Width Min 5% Max 5%

Acenter A Aminsoe Aminso%

nm nm (£nm) (£nm)

B 1 443 20 418.7 467.3
B 2 490 65 430.1 549.9
B 3 560 35 515.2 604.8
B 4 665 30 622.8 702.2
B 5 705 15 680.0 717.0
B 6 740 15 725.0 758.0
B 7 783 20 745.7 807.3
B 8 842 115 764.5 919.5
B 8a 865 20 835.0 895.0
B 9 945 20 907.7 977.3
B 10 1375 30 1342.6 1407.5
B 11 1610 90 1546.0 1685.0
B 12 2190 180 2045.0 2301.0

For the aims of this study, several ground spectroradiometric measurements taken over a control
archaeological environment have been used. Firstly, the spectral signatures of barely crops taken
during a complete phenological cycle have been spectrally convolved to the Sentinel-2 sensor using
the appropriate RSR filters. Then, the data have been compared with other existing medium and high
resolution satellite sensors. In detail medium resolution satellite images such as the Landsat series
dataset (4 TM; 5 TM; and 7 ETM+), SPOT 5, as well as the ASTER sensor have been explored.
Furthermore high-resolution satellite sensors have been also examined, including IKONOS,
QuickBird, GeoEye, and WorldView-2. For all those sensors, their appropriate RSR filters have been
used as shown in Equation 1. The RSR filters for each sensor were obtained from different sources:
published data, (WorldView-2); the operator’s websites (GeoEye-1, IKONOS, Landsat 7 ETM+,
Landsat 5 TM, Landsat 4 TM, ASTER); and personal communication (QuickBird). The RSR filters of
Sentinel-2 were provided by European Space Agency (ESA).

Rbandi = T (Ri * RSRi)/ SRSRi (1)

where:
Rbandi = reflectance at a range of wavelength (e.g., NIR Band).
Ri = reflectance at a specific wavelength (e.g., R 700 nm).
RSRIi = Relative Response value at the specific wavelength.
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The Sentinel-2 simulated dataset as well the other simulated datasets from the rest of the sensors
have been compared with the hyperspectral Archaeological Index (see [20,31]) in terms of their
performance from the archaeological perspective. The latest index has already been found to be very
promising and suitable for the detection of vegetation marks using hyperspectral satellite data.
Moreover, thirteen vegetation indices have also been evaluated for their performance. Finally, a simulated
Sentinel-2 image, based on EO (Earth Observation)-Hyperion dataset (merged with high-resolution
IKONOS image), has been studied in terms of photointerpretation and detection of crop marks.

3. Resources and Study Areas

The need for systematic monitoring of crop marks spectral signatures, related with subsurface
remains, led to the creation of an archaeological test field in Cyprus [20]. The extensive test field is
located in the central region of Cyprus, near the Alampra village (WGS 84, 36 N: 535051, 3870818,
Figure 1). For this purpose, local stone was placed in different depths and then covered with soil.
Then, the topsoil was cultivated with dense vegetation (barley and wheat) in order to study the
variations of the spectral signature of the crops as a result of the existence of subsurface remains. The
main purpose of this field is to explore further characteristics of the crops spectral signatures’ profiles
throughout the phenological cycle of vegetation.

Figure 1. Photo taken from the archaeological test field in Alampra, Cyprus (WGS 84,
36 N: 535051, 3870818). Formation of crop marks is shown in the photo with an arrow.

Several ground spectroradiometric measurements were taken during the whole crops phenological
cycle using the GER 1500 handheld spectroradiometer. Over twenty in situ campaigns were performed
during the sowing period until harvesting (complete phenological cycle). GER 1500 instrument has the
capability to record spectral signatures in the visible (Vis) and very near infrared (VNIR) part of the
spectrum (450-900 nm). Moreover, the specific spectroradiometer can record electromagnetic
radiation within a bandwidth sampling of ~1.5 nm. In total, more than 1700 ground measurements
were collected over vegetation marks and the surrounding vegetated area (“healthy” area). A reference
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spectralon panel was also used in each campaign to measure the incoming solar radiation and therefore
calibrate the in situ measurements during the campaigns [36,37]. These spectral signatures were used
in order to evaluate the potentials of the Sentinel-2, as well to compare the forthcoming sensor to other,
existing available satellite images.

In addition a simulation of the Sentinel-2 product was attempted. For this reason, an EO-Hyperion
image was used over the Thessalian area in Northern Greece. The Thessalian region is considered as
the primary agricultural area of Greece. At this plain many of Neolithic settlements/tells called
magoules were established from the Early Neolithic period until the Bronze Age (6000-3000 BC).
The magoules are typically low hills of 1 to 5 m height and they mainly consist of loam and mud-based
materials. Hundreds of magoules are located all over Thessaly and can be found within different kinds
of vegetation. Due to the intensive cultivation of the land in the past and their low elevation, a major
number of them are not clearly visible from the ground [3,38].

4. Results
4.1. Spectral Characteristics of Sentinel-2 from Archaeological Perspective

All ground narrowband reflectance values were resampled according to the Sentinel-2 spectral
characteristics as well with the rest of the sensors examined in this study. Figure 2 shows the spectral
bandwidth of the sensors, mentioned in this study, compared to a typical spectral signature of crop
mark and healthy crop. In detail, this figure shows the spectral bandwidth of the Red—NIR part of the
spectrum for Sentinel-2 (Bands 4-8); Sentinel-2 (Bands 5-7); Landsat 5 TM (Bands 3-4); ASTER
(Bands 2-3); IKONOS (Bands 3-4); Landsat 4 TM (Bands 3-4); Landsat 7 ETM+ (Bands 3-4);
QuickBird (Bands 3-4); SPOT (Bands 2-3); and WorldView-2 (Bands 5-7).

It is interesting to note that the spectral bandwidth of all the sensors is quite different. Not only is
the spectral bandwidth is dissimilar, but, also, the central wavelength (indicated with blue line in
Figure 2) is not the same. Therefore, as is indicated, all sensors might have similar, but not identical,
spectral resolutions. This observation has prompted to investigate, if the capability of the Sentinel-2
sensor to “capture” information regarding vegetation marks can provide scientists with better results
compared to other existing satellite data. The Sentinel-2 sensor has been designed to record vegetation
characteristics using five different spectral bands (Band 4-8a). Indeed, some promising results
indicating significant relationships of vegetation characteristics with the Sentinel-2 sensor have been
already discussed [39,40].

As it was found from previous studies [21], IKONQOS spectral sensitivity was able to enhance better
vegetation marks compared to other medium- and high-resolution satellite sensors. Indeed, IKONOS
RSR filters better distinguished buried archaeological remains as a result of differences in healthy and
stress vegetation (approximately 1-8% difference in reflectance of the Red and NIR band and nearly
0.07 to the Normalised Difference Vegetation Index (NDVI) profile). This difference exceeds the
relative uncertainties of calibration that ranges within 5% for satellite sensors according to relevant
literature [41]. Moreover, the ASTER sensor was able to provide similar outcomes.

IKONOS and ASTER better performance for the detection of buried relics—compared to the rest of
the sensors—was due to their spectral similarity with the optimum spectral regions for monitoring crop
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marks. As is clearly shown in Figure 2, both IKONOS and ASTER central wavelengths of Red and
NIR bands are very close to 700 nm and 800 nm, which are considered as the optimum spectral
wavelengths for the detection of crop marks [20,31,42]. However, Sentinel-2 RSR filters appear more
capable for the detection of buried archaeological features.

Figure 3 shows the RSR filters of the Sentinel-2 (Bands 1-8a) along with two typical spectral
signatures of vegetation marks and healthy crops. Central bandwidth of Bands 5 (705 nm) and 7 (783 nm)
are very close to 700 nm and 800 nm (optimum spectral regions for archaeological perspective) and,
consequently, can be used in order to detect vegetation marks using remote sensing data.

Figure 2. Spectral bandwidths of the Red—NIR for different sensors used in this study:
Landsat 5 TM (Bands 3-4); Sentinel-2 (Bands 4-8); Sentinel-2 (Bands 5-7); ASTER
(Bands 2-3); IKONOS (Bands 3-4); Landsat 4 TM (Bands 3-4); Landsat 7 ETM+
(Bands 3-4); QuickBird (Bands 3-4); SPOT (Bands 2-3); and WorldView-2 (Bands 5-7).
Blue line indicates the central wavelength of sensor bands while red line the optimum
spectral regions for the detection of crop marks (700 nm and 800 nm).

100 100 I 100 100
Landsat5TM ‘ F“ﬁ Sentinel 2 AT\ Sentinel 2 T\ ASTER T\
80 | . L 80 - — 80 y 80 1 —
g g S g
260 — 360 - — @b 60 1 —
o Q Q Q
8 8 8 8
840 o 840 . 840 : 840 | I
° © 2 2
20— — 20 -+ i — 20 3 20 B —
A~V A~ A~ A~
0 Pty T [ R R R EE R RmEE s e S O Pttt ey T T 0 ettt
400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900
wavelength (nm) wavelength (nm’ wavelength (nm; wavelength (nm)
100 100 100 ‘ 100
GeoEye 1 T\ IKONOS T\ Landsat4 TM /’ ™\ Landsat7 ETll N
80 — 80 | | ——— 8 I - 80 —
060 —  ©60 | —— w60 - S LU E—— ——
8 8 g g
840 . T e — s 840 840 .
E ® E E
20 — 20+ 20 - 20+ —
U "~ "~ N~
0 Pt et T 0 Pt ririers R 0 0
400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900
wavelength (nm) wavelength (nm’ wavelength (nm) wavelength (nm)
100 100 100 ‘ 100 -
QuickBird _’\ SPOT B A WorldView-2 N spectral bandwidth M \
l 1 | 80 1 — 80 80 -
8 — — healthy crop
< S X <
5 > 5> 1 S central wavelength
@60 L —— gbo 6o | N
% i) 8 c% P crop mark
- o o | be. 5 archaeological index
840 = 240 = 240 240 -
T 2 e 5
20+ a = 20— — 20 1 — 20 -
0 Fretrrr e e 0 i rhehrrTT 0 T [0 e e e e o e 8
400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900
wavelength (nm) wavelength (nm wavelength (nm) wavelength (nm)



Remote Sens. 2014, 6 2183

Figure 3. Relative Spectral Response of Sentinel-2 (Bands 1-8a). Typical spectral
signatures of healthy crops and crop marks (dash line) are also shown.

1,0 — P . § - 100
,."‘ 1 ! i A i i ;“, :.“hea!thy crops i ".
- 4 A | e
<] i i i i '; I ."" ~
7 08 i f A i 80
N | B1 B2 B3 B4 BSi , /B8l B8al
= : \ [V
E
@ 0,6 3 60 §
g s
o [*]
w i O
% crop marks; 'L_ '.q:,)
S oa P a0
3 ’
o ,’ w 1
7 F :
= 1Y |
2 0,2 / '.’ i 20
L= y . & : - 1]
750 800 850 900

wavelength (nm)

4.2. Relationship of Sentinel-2 Data with Archaeological Index

Based on the previous analysis, Sentinel-2 seems to have better spectral characteristics for the
exposure of buried relics. In this section, a more detail analysis of the relationship of the simulated
Sentinel-2 data with the Normalized Archaeological Index is provided. The equation of the
Normalized Archaeological Index is shown below:

Normalized Archaeological Index = (pgoo — P700)/(Psoo + P700) (2)

where: pgoo: reflectance at 800 nm; pzoo: reflectance at 700 nm.

NDVI values for all sensors have been calculated based on the broadband simulated data.
Narrowband reflectance values from the field spectroradiometric campaigns have been thoroughly
resampled to all medium—and high-resolution satellite sensors mentioned in this study. Using these
broadband reflectance values (Red and NIR bands), the NDVI was calculated. For Sentinel-2,
the NDVI twice; once using Bands 4 and 8—as indicated by the Sentinel-2 User Guide—and secondly
using Bands 5 and 7, which have similar spectral characteristics with the optimum archaeological
spectral region. In addition, based on the narrowband reflectance of 700 nm and 800 nm the
Normalized Archaeological Index was also retrieved.

A direct comparison of the NDVI and the Normalized Archaeological Index values is shown in
Figure 4. Although similar values for both indices, and for all sensors, are found during the early and
late phenological stages of the crops (i.e., low NDVI values; NDVI < 0.20), significant variances are
noted when the crops are fully vegetated (i.e., high NDVI values; NDVI > 0.20). For all sensors,
including the Sentinel-2 (Bands 4 and 8), a noteworthy difference is observed between the NDVI and
the Normalized Archaeological Index. In contrast for Sentinel-2 (Bands 5 and 7) a good relationship
is found.



Remote Sens. 2014, 6 2184

Figure 4. NDVI values as retrieved from the different sensors mentioned in the study
compared with the Normalized Archaeological Index.
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Relative differences between these two indices were calculated as it is shown in Figure 5.
The differences for Sentinel-2 (Bands 5 and 7) were estimated at less than 10% for the whole
phenological cycle. Contrary to this, ASTER, IKONOS, and QuickBird dataset, as well the Sentinel-2
(Bands 4 and 8) tend to give a relative difference of more than 20%. For the rest of the sensors
(Landsat 4 TM+; Landsat 7 ETM+; SPOT; WorldView-2) this difference was calculated 30%,
while for Landsat 5 TM this difference was more than 50%.

As is already known, the NDVI is estimated from the contribution of visible wavelength and
near-infrared wavelengths. Strong and well-nourished vegetation absorbs most of the visible
wavelengths that it receives, and reflects back a large proportion of the near-infrared radiation,
whereas poor-condition vegetation, or thin areas, will reflect more visible wavelength light and less
near-infrared light. For Sentinel-2, the NDVI ratio is based on the reflectance values of Band 8 (NIR)
and Band 4 (Red). However, for an archaeological perspective, a strong relationship between the
NDVI ratio using Bands 5 and 7 and the Archaeological Index is found. As it is presented in Figure 6,
the NDVI index using the previous mentioned bands, tend to give a better statistical fit (> = 0.96)
against the Normalized Archaeological Index. Moreover, a small variance for the whole
spectroradiometric dataset (i.e., during the whole phenological cycle) is also noticed contrary to the
published NDV1 ratio of Sentinel-2.
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Figure 5. Relative difference (%) of the NDVI values compared with the Normalized
Archaeological Index.
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The performance of Sentinel-2 sensor to distinguish vegetation marks was also examined using
several existing broadband vegetation indices. As is known, vegetation indices intend to explore
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vegetation’s spectral signature characteristics, using visible and near infrared part of the spectrum.
Canopy reflectance in the visible and near infrared is strongly dependent on both structural
(i.e., amount of leaves per area, leaf orientation, canopy structure) and biochemical properties
(i.e., chlorophylls, carotenoids) of the canopy [43]. Vegetation stress associated with sub-surface soil
disturbance may be observed as visual symptoms, stunted growth, and sparse vegetation cover [44].

Even though several indices exist in the relevant literature only a small number of them has been
practically used or evaluated for remote sensing archaeology applications. As was found [44], although
NDVI is considered to be the most widely used index for archaeological studies, other existing
vegetation indices might be also used successfully for the detection of buried archaeological relics.

Indeed more than hundred vegetation indices have been presented in the relevant literature,
either using narrow-band or broad-band reflection [45]. In this section, some widely used vegetation
indices applied for the enhancement of vegetation mark using satellite imagery have been evaluated
(see Table 2 [46-58]). All these indices have been calculated for all sensors mentioned in this this
study: Sentinel-2 (Bands 4-8); Sentinel-2 (Bands 5-7); Landsat 5 TM (Bands 3-4); ASTER (Bands 2-3);
IKONOS (Bands 3-4); Landsat 4 TM (Bands 3-4); Landsat 7 ETM+ (Bands 3-4); QuickBird
(Bands 3-4); SPOT (Bands 2-3); and WorldView-2 (Bands 5-7). The aim of this evaluation was to
assess the potential of the new spectral characteristics of Sentinel-2 to further expand the capabilities
of remote sensing techniques for the detection of buried archaeological features.

Table 2. Vegetation indices used in this study.

No Vegetation Index Equation Reference
NDVI (Normalized Difference
1 Vegetation Index) (pNIR - pred)/(leR + pred) [46]
Green NDVI (Green Normalized
2 Difference Vegetation Index) (PR — Pgreen)/( PR * Preen) [47]
3 SR (Simple Ration) Prir/Pred [48]
4 MSR (Modified Simple Ratio) Prec/ (PR / Prea +1)*° [49]
5 MTVI2 (Modified Triangular [1.5(1.2 * ( PnirR — Pgreen) — 2-5(Pred — Pgreen)]/ [50]
Vegetation Index) [(2 puir + 1)*— (6 Puir — 5 Pred) —0.5]°°
RDVI (Renormalized Difference 1
6 Vegetation Index) (Pnir — Pred)/ (PNIR + Pred) [51]
7 IRG (Red Green Ratio Index) Pred — Pyreen [52]

(PR 0 Prea — D)/(1 + &)

8  PVI (Perpendicular Vegetation Index 53
( P J ) PNIR soil = O Pred,soil b [ ]
9 RVI (Ratio Vegetation Index) Pred / PNIR [54]
. . [o(Pnir-0 pair —D) I/
TSAVI (Transformed Soil Adjusted .
10 Vegetation Index) [(Preg ot e —ab + 0.08(1 + o1))]; [5]
PNIR soil = O Pred,soil b
MSAVI (Modified Soil Adjusted
11  Vegetation [2 pair + 1= [(2 prir + 1) — 8(Pnir — Prea)] 12 [56]
Index)
OSAVI (Optimized Soil Adjusted
12 ©p J (PnIR — Prea)/(PNiR T Prea 0.16) [57]

Vegetation Index)
13 DVI (Difference Vegetation Index) PNIR — Pred [58]
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Following, relative difference between “vegetation marks” and the surrounding healthy vegetation
using different vegetation indices was calculated (Table 3). As it was found from the results Sentinel-2
distinguished better vegetation marks from the surrounding vegetated area compared to the other
sensors. Spectral characteristics of the forthcoming sensor seem to improve photointerpretation using
either simple or more advance vegetation indices. It is interesting to note that, for the majority of
indices examined in this study (=85%), Sentinel-2 was the most suitable sensor for the detection of
buried archaeological features. Moreover, Bands 5 and 7 of Sentinel-2, which were closed to the
optimum spectral region for the detection of crop marks, tend to give high relative differences between
“vegetation marks” and the surrounding healthy vegetation.

Table 3. Relative difference between “vegetation marks” and the surrounding healthy
vegetation using different vegetation indices. The maximum difference for each index

is underlined.
Vegetation S &3 o %‘ S ) — — S S S _
a) 2N o 2] @) x > > < < < >
IndexSensor =z 5z ©° = § g = & & © ¢ @ D
Landsat 5 TM 6 8 37 25 3 18 9 30 6 7 2 6 29
Sentinel-2
31 21 56 53 32 35 29 46 49 38 25 31 40
(Bands 4 and 8) — —
Sentinel-2
38 22 39 54 64 42 3 61 30 54 31 38 48
(Bands5and7) — — - B — - -
ASTER 32 22 54 48 34 36 20 48 46 40 25 32 41
GeoEye 32 20 56 54 36 36 28 47 49 39 25 32 41
IKONOS 33 22 44 40 38 36 14 49 41 42 26 33 41
Landsat 4 TM 31 23 55 50 30 35 21 47 47 38 24 31 40
Landsat 7 31 22 56 51 31 35 24 46 48 38 24 31 40
ETM+
QuickBird 31 22 56 51 32 35 24 47 47 38 24 31 40
SPOT 30 20 54 47 33 34 20 46 45 38 24 30 40

WorldView-2 31 20 56 50 34 35 25 46 47 38 24 31 40

4.4. Simulation of Sentinel-2 for Archaeological Perspective

Previous studies from the authors [45,59,60] in the Thessalian region have shown that despite the
low-resolution of the EO-Hyperion image, both broadband as well narrowband vegetation indices can
be used for the detection of vegetation marks in this area. This mainly due to the size of the tells
detected (>100 m radius). Therefore, in this paper, only the Archaeological Index is evaluated using
the Sentinel-2 spectral characteristics.

As it was shown in the previous section, the Sentinel-2 dataset will be able to provide additional
information for the detection of archaeological crop marks. Spectral characteristics of the specific
sensor (Bands 5 and 7) are very similar with the spectral regions suitable for the detection of crop
marks (700 nm and 800 nm). In this section, an attempt to simulate Sentinel-2 forthcoming products
IS presented.
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For this aim, one EO-Hyperion image over the Thessalian plain (Central Greece) has been used.
The EO-Hyperion narrow bands were resampled into the specific bandwidths of Bands 5 and 7 of the
Sentinel-2 sensor using the relevant RSR filters. Specifically, the Hyperion Bands 33-36 and
Bands 39-45 were resampled to Sentinel-2 Band 5 and 7, respectively.

In addition the spatial resolution of the EO-Hyperion was resampled to 20 m as in Sentinel-2.
For this purpose, a high-resolution IKONOS image of the same area was acquired. A high relative
geometric correction between the EO-Hyperion and the IKONOS image was achieved (Total Root
Mean Square Error (TRMSE) < 2 m) using 2nd order polynomial order correction algorithm.
Then, the IKONOS image was merged into the EO-Hyperion dataset using the PCA approach.
This procedure was used in order to merge the high-resolution image (IKONOS, 1 m pixel size) with
the lower-resolution image (EO-Hyperion, 30 m). Finally, the end product was resampled to 20 m as
the Sentinel-2 spatial resolution.

As shown in Figure 7, some already known magoules (indicated with yellow color in Figure 7a,b
were detected using simple photointerpretation of the image. These archaeological vegetation marks can be
detected mainly due to the difference of the vegetation mark against the surrounding area, but also based on
their circular shape. However, the most promising of this analysis was the detection of still unknown
archaeological crops marks. Indeed, as demonstrated in Figure 7, at least another one potential site has been
found in this area. The site (indicated with red color in Figure 7¢) is in very close proximity to existing
known sites and, therefore, the hypothesis of the existence of new sites is strengthened.

Figure 7. The simulated Sentinel-2 image over the Thessalian plain, based on the
EO-Hyperion dataset. Known archaeological vegetation marks are indicated with yellow
color, while another unknown vegetation mark is indicated in a red square.
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5. Conclusions

Satellite remote sensing provides new potential to the archaeological community. The discovery of
new archaeological sites using such techniques has been already applied in several parts of the world.
The discovery of new sites is mainly based on the detection of vegetation marks, which are formed due
to the presence of buried archaeological relics. However, the detection of such crop marks is not
considered to be an easy task.

In this study, the spectral capabilities of Sentinel-2 for archaeological perspective were examined.
For this purpose, an extensive spectral library collected during a complete phenological cycle was
evaluated. Further to the above-mentioned sensor, other existing and widely used satellite sensors have
been also compared (Landsat 5 TM; ASTER; IKONOS; Landsat 4 TM; Landsat 7 ETM+; QuickBird;
SPOT; and WorldView-2). All narrowband reflectance values taken from the in situ field campaigns
have been resampled to all sensors using the appropriate RSR filters.

Formerly, Sentinel-2 was compared with the Archaeological Index, as well as with other vegetation
indices. The results proved that specific bands of the new coming sensor (Bands 5 and 7) are very
promising from an archaeological perspective. Indeed, these bands seem to have a good correlation
with the Archaeological Index, but also can distinguish better crop marks from the surrounding
vegetated area. In addition, a simulation of the sensor was made using one EO-Hyperion image over
the Thesssalian plain. As it was found, the simulated Sentinel-2 sensor was able to detect not only
known archaeological vegetation marks, but also some otherwise still unknown Neolithic tells.

From the outcomes of this study, it was found that Sentinel-2 is able to assist further the
archaeological community. The new spectral capabilities of the forthcoming Sentinel-2, has attracted
our interest, as some bandwidths of this sensor (Band 5 and 7) are closed to the optimum spectral
regions for monitoring crop marks (700 nm and 800 nm). The Sentinel-2 is a European wide-swath,
high-resolution, multi-spectral imaging mission, which is expected to be launched in 2014. The full
mission specification of the twin satellites flying in the same orbit but phased at 180< is designed to
give a high revisit frequency of five days at the Equator. It is also important to highlight that the
Sentinel-2 mission will provide with important satellite products, freely available to scientific
community, as well it continues existing the heritage missions of Landsat and SPOT space programs.

This is one of the first times that a satellite sensor is examined for its archaeological significance
before its launch. Similar studies [61] can prepare the archaeological community for the advantages of
forthcoming sensors, as well as to improve initiative for the generation of new algorithms for
supporting archaeological perspective. Indeed, as is shown in this study, the simulated Sentinel-2
products are found to be very encouraging for archaeological investigations. The main disadvantage of
the Sentinel-2 products is the low resolution (10-20 m), which in many cases can be problematic for
the detection of buried archaeological remains. However, the Sentinel-2 dataset will be able to provide
a better inside of the phenological changes of crops related with these remains and therefore to help
researchers to understand better the formation of crop marks. This can be achieved based on, both,
the temporal, as well the spectral, characteristics of the new sensor as the lately has been demonstrated
in this study.
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