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ABSTRACT Synthetic aperture radar (SAR) amplitude i
nformation from ENVISAT C-band advanced SAR (ASAR) data was used to
analyse the cultural landscape of the Nasca region, southern Peru. A multispatial environmental analysis was performed
over the whole drainage basin of the Rio Grande, by extracting the radar backscattering coefficient (s0) of both natural
and anthropogenic features between 2003 and 2005. Co-registration of the ASAR scenes to a single master resulted in
precisions of less than 0.1 pixels along both the range and azimuth directions. Four different products were generated
based on the co-registered ASAR stack: (i) temporally averaged radar signatures of the targets between 2003 and
2005; (ii) time series of spatially averaged radar signatures within selected areas of interest; (iii) amplitude change detection
products based on (iii) image ratios and (iv) RGB colour composites between different scenes. Comparisons of annual and
seasonal records through amplitude change detection maps highlighted s0 changes over the floodplains of the Rio Ingenio
and Rio Nazca, which correlate well with evidence from Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) data acquired in 2003, 2004 and 2007. Inferences about land use and soil conditionswere retrieved from the s0 change
patterns, thereby proving the capability of this approach to support landscape evolution studies, even with SAR imagery of
medium resolution (~30m). Our results also demonstrated actual potential for monitoring mass movements and land surface
processes, to assess the susceptibility of archaeological heritage and cultural landscape to natural hazards. Copyright ©
2013 John Wiley & Sons, Ltd.
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Introduction

The archaeological heritage of theNasca region, southern
Peru, is situated within a landscape which may appear
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unchanged, however, human action through millennia
has modified this region and further alteration has been
induced recently by modern urban activities, especially
along the riverbeds. Despite the environmental
constraints for human occupation, the drainage basin of
the Rio Grande, which dominates the whole region
(Figure 1), was densely populated between AD 100 and
400 and huge agricultural areas currently extend from
the floodplain as far as the Andean foothills.
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Figure 1. Location and places of interest of the Nasca region, in southern Peru (Google earth © 2012 Cnes/Spot Image), and footprint of the
ENVISAT ASAR IS2 scenes in ascending (Track 175, Frame 6893) and descending (Track 311, Frame 3905) mode.

118 F. Cigna et al.
Although an average of 10mm of precipitation per
year is recorded for the Nasca region, and erosion due
to flowing water seems of minor concern (Braun, 2010),
several authors (Lefort et al., 2004; Ruescas et al., 2009)
rightly highlight the potential risk for the archaeological
heritage of Nasca (including the renowned UNESCO
World Heritage List sites of the Nazca Lines) due to
natural hazards, such as flash floods and run-off of
sandy materials from unstable slopes. On the other
hand, the archaeological records confirm the chronic
susceptibility to such hazards. For instance, the decline
of the Ceremonial Centre of Cahuachi, whose construc-
tion south of the Rio Nazca (Figure 1; also Figure 3e)
dates back to the second phase of the local history (100
BC to AD 100) with the apogee in the third phase (AD

100–400), proved to have been determined by a series
of mudslides and severe earthquake in the fourth phase
(AD 350–400; Orefici, 2009; Masini et al., 2012, and refer-
ences therein).
In this context, Earth observation (EO) techniques can

help to reconstruct the evolution of cultural landscapes
in light of anthropogenic and climate-forcing factors,
and to evaluate impacts of natural processes on the
archaeological and natural heritage of this region.
Copyright © 2013 John Wiley & Sons, Ltd.
Among thefirst experiments of environmental analysis
based on radar imagery acquired by spaceborne active
sensors, Lefort et al. (2004) exploited the interferometric
coherence of ERS-1/2 synthetic aperture radar (SAR)
imagery to map changes associated with run-off
processes. Similar results were also found by Ruescas
et al. (2009), who distinguished the loss of coherence
due to local temporal decorrelation and physical changes
that occurred over the imaged areas (e.g. surface changes,
erosion, construction works, vegetation changes along
the riverbeds), from those related to geometric effects
due to the perpendicular baseline of the two selected
pairs of ERS-2 SAR 1997–1999 and ENVISAT advanced
SAR (ASAR) 2003–2004 images. Such information also
has the added value of being complementary to those
retrieved from passive satellite images. The latter, indeed,
have been exploited recently by Lasaponara et al. (2012)
and Lasaponara & Masini (2012) over the area of interest
of this study by means of Landsat MSS and TM/ETM+,
andAdvanced Spaceborne Thermal Emission andReflec-
tion Radiometer (ASTER). Normalized difference vegeta-
tion index (NDVI) and water index (NDWI) maps
allowed the estimation of soil moisture variations over
time and the recognition of some ancient puquios, i.e. the
Archaeol. Prospect. 20, 117–131 (2013)
DOI: 10.1002/arp



119Amplitude Change Detection of Cultural Landscapes with ENVISAT
ancient waterways and sources of irrigation water by the
Nasca Civilization, with new insights into their hydraulic
regime.
This remote sensing study is part of the research

activities of the Italian mission of heritage Conservation
and Archaeogeophysics (ITACA), which since 2007
involves researchers from the Institutes for Archaeological
andMonumentalHeritage (IBAM) andMethodologies for
Environmental Analysis (IMAA) of the National Research
Council (CNR) of Italy (Masini et al., 2012).
As a complement to the interpretation of EO optical

imagery, we focused on SAR data to better understand
the temporal and spatial signatures of the elements on
the ground and map the modifications that occurred
over the Nasca region in the past 20years. The ERS-1/
2 and ENVISATsatellites of the European Space Agency
(ESA) have acquired image archives since 1991, which
provide a substantial reservoir of historical information
that is still to be exploited. Nevertheless, the routine
use of SAR imagery for archaeological prospection and
landscape reconstruction studies needs processing and
post-processing procedures, as well as the demonstra-
tion of the reliability of these data. This need encouraged
us to test SAR archives over this region.
Previous attempts of SAR processing over the region

by Lefort et al. (2004) and Ruescas et al. (2009) used a
change detection approach based on interferometric
coherence. This parameter is usually employed as a
measure of the quality of SAR interferograms. While
change detection based on coherence maps can offer
an effective and sensitive indication of areas undergo-
ing subtle ground changes between two subsequent
SAR images, its applicability is limited by vegetation
cover (e.g. Scheuchl et al., 2009). Thus, change
detection analysis based on SAR amplitude can
provide further insights into modifications that have
occurred over an area, by observing temporal variations
of the backscattering coefficient of the target surfaces.
Furthermore,workingwith amplitude rather than phase
information can partially solve some of the constraints
characterizing the analyses with interferometric
approaches for purposes of heritage condition monitor-
ing. Indeed, mapping the variations of the backscatter-
ing coefficient through time allows high and rapid
alterations and surface changes to be monitored, even
those inducing substantial modification of the reflective
targets on the ground and loss of temporal correlation.
The latter usually prevent any interferometric or
persistent scatterers interferometry processing to work
successfully.
Based on the wide availability of ESA’s archives of

C-band SAR imagery over Nasca, we started targeted
tests of radar processing and interpretation with
Copyright © 2013 John Wiley & Sons, Ltd.
ENVISATASAR data acquired in the period 2003–2005
along descending orbits. The methodology for routine
amplitude-based processing of SAR imagery is illus-
trated through the products obtained over the cultural
and natural features of Nasca. The ASAR-derived prod-
ucts are radar-interpreted with the perspective of imag-
ing the recent evolution of the Rio Grande drainage
basin. These results, together with those discussed by
Tapete et al. (2013), are the first outcomes of an ongoing
joint project between the British Geological Survey
(BGS) of the Natural Environment Research Council
(NERC) in the UK, the Institute for the Conservation
and Valorization of Cultural Heritage (ICVBC-CNR),
IBAM-CNR and IMAA-CNR, that is supported by ESA
through the provision of the ASAR imagery via the
ESA Category 1 Project Id. 11073.
Landscape and heritage of the Nasca region

The study area includes the whole Nasca region
(Figure 1) located ~450km south of Lima. Its hydrologi-
cal setting is dominated by the drainage basin of the
Rio Grande: from north to south, the Rio Grande
forms from the confluence of Rio Vizcas, Rio Ingenio,
Rio Palpa, Rio Santa Cruz, Rio Nazca (the latter fed by
the rivers Aja andTerras Blancas), andfinally Rio Taruga
and Rio Las Trancas.
Water supply was always crucial for such an arid

region, and the above-mentioned puquios still stand
as proof of the hydraulic strategy developed by the
ancient inhabitants of Nasca. From an ecological point
of view, the National Office for the Evaluation of
Natural Resources (ONERN) classified the sector of
the Rio Grande drainage basin where the Nasca
Civilization flourished as a ‘pre-mountain desert
formation’ or a ‘subtropical desiccated desert’
(ONERN, 1971; Silverman, 1993). Rainfall is recorded
at lower altitudes in the northern parts of the drainage
basin (e.g. over the Rio Ingenio and Rio Palpa
riverbeds), but at higher elevations over the valley of
Rio Nazca, Taruga and Las Trancas in the southern
parts of the study area. According to ONERN (1971),
with the exception of the Rio Grande, Ingenio, Palpa
and Nazca, all the rivers of the region have such an
irregular hydraulic regime with long droughts that
water flow can be observed only in the season from
January to April.
Since ancient times, the exploitation of subsurface

water resources has been performed by digging a
series of large conical openings called ‘ojos’, which are
still visible at the ground level and allow access into
Archaeol. Prospect. 20, 117–131 (2013)
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120 F. Cigna et al.
aqueduct networks (e.g. Silverman, 1993; Schreiber
and Rojas, 2006). These openings were excavated to
reach the water table and to channel water into open
ditches or subterranean galleries, and then flow into
reservoirs (‘cochas’).
Scarce yearly precipitation and irregularities of

fluvial regimes exert a control on agricultural activi-
ties, which are concentrated along the riverbeds and
include cotton fields. Impacts of agricultural activities
on archaeological prospection and site conservation
cannot be excluded, if we consider that their
expansion in the last century may still hide buried
remains (cf. Tapete et al., 2013). The discovery of
a buried settlement by Masini et al. (2012) by apply-
ing remote sensing techniques over agricultural fields
in the riverbed of the Rio Nazca demonstrates
that still undiscovered heritage is preserved within
these areas.
Secondary sources of potential damage are the

exceptional events of ‘huaycos’ (streams of viscous
muddy water), mudslides and wind-driven mass
movements of Quaternary sand and silt deposits. In
this study, particular attention is given to the exploita-
tion of ENVISAT data to image land surface processes
that can have implications for the preservation of natu-
ral attractions and landscape features of Nasca, such as
the sacred mountain of Cerro Blanco. This enormous
mountain is topped with Quaternary aeolian sand
dunes and is located 12 km southeast of the town of
Nazca (Figure 1). Although it assumed an important
value for the ancient inhabitants of the region, it
nowadays represents one of the most important natu-
ral attractions, and this research constitutes a good
opportunity to test the method of signature recogni-
tion and time-series extraction.
ENVISATASAR analysis

Input data

To analyse the recent evolution of the Nasca region we
exploited ESA’s ENVISAT ASAR imagery, a C-band
medium resolution SAR data archive acquired along
Sun-synchronous polar orbit of ~790 km altitude, with
wavelength (l) of 5.6 cm (i.e. frequency of 5.33GHz), a
nominal repeat cycle of 35 days, and orbit inclination
(or track angle) of 12.9� at the latitude of Nasca.
The available archive over the region includes

eight ASAR IS2 scenes in descending mode between
04 February 2003 and 15 November 2005, and five
images in ascending mode between 24 July 2005
and 11 November 2007 (Figure 1). Both stacks are
Copyright © 2013 John Wiley & Sons, Ltd.
characterized by a swath of 105 km, VV polarization,
and their line of sight (LOS) has a look angle of 22.8�

(referred to the centre of the scene). Slant range and
azimuth pixel spacing of the images are 7.8m and
4.1m, respectively (corresponding to 11.2m and
4.5m resolutions), while the nominal ground range
resolution is ~30m.
To co-register and then geocode the above ASAR

scenes and their derived products from the radar
geometry (slant range, azimuth) to the map geometry
(WGS84 latitude/longitude), we exploited the 30m
ASTER global digital elevation model (GDEM) V2
released by NASA and METI in 2011. The latter was
generated using stereo-pair images collected by the
ASTER instrument onboard the Terra satellite, launched
in 1999. For the purpose of our study, despite its avail-
ability, the SRTM (Shuttle Radar Topography Mission)
V4 was not employed due to both its lower resolution
(90m) with respect to the GDEM, and the presence
within it of significant artefacts over the mountain
regions around Nasca.
Three ASTER multispectral scenes acquired on

30 May 2003, 01 June 2004 and 10 June 2007 in the
visible–near-infrared (VNIR), shortwave infrared (SWIR)
and thermal infrared bands (TIR), with spatial resolutions
of 15, 30 and 90m respectively, are also being used as
ancillary/background geospatial layers to locate morpho-
logical and geographical features imaged by the ASAR
sensor and detected within its derived products. The red,
NIR and SWIR bands of these three scenes were used to
compute three NDVI and NDWI maps (formulae are in
Rouse et al. (1973) and Rogers and Kearney (2004) respec-
tively), and analysed to detect vegetation and moisture
changes that occurred over 2003–2007.
Image focusing, calibration and co-registration

ENVISAT ASAR level 0 (raw data) image mode (IM)
products were focused to single look complex (SLC;
i.e. amplitude, phase) through the range/doppler
processing sequence, by using the GAMMA SAR and
Interferometry Software (Figure 2).
For all the scenes, we used ASAR auxiliary data

provided by ESA: (i) the external characterization files
(ASA_XCA_AX) to extract the antenna pattern as
measured on the ground and to compensate its gain
across the swath; and (ii) the instrument characterization
files (ASA_INS_AX) to generate decompressed samples
and perform noise calibration. The precise orbit
ephemerides (POE) from the Doppler orbitography
and radio-positioning integrated by satellite (DORIS)
instrument, i.e. DOR_VOR_AX files, were also used to
Archaeol. Prospect. 20, 117–131 (2013)
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Figure 2. Methodology employed for the ENVISAT ASAR image pro-
cessing and generation of geocoded derived products. IM, image
mode; SLC, single look complex; MLI, multilook intensity; GTC,
geocoded terrain corrected.

121Amplitude Change Detection of Cultural Landscapes with ENVISAT
improve the orbital state vectors and minimize the
orbital errors for the different ASAR scenes.
To compute the absolute Doppler centroid, the

Doppler ambiguity was first estimated from the raw
data by means of the multilook cross correlation
algorithm (Wong and Cumming, 1996). The ambiguous
fractional component of the Doppler centroid was deter-
mined using a line-to-line complex correlation method
(Madsen, 1989), which also allowed the determination
of the variations of the Doppler centroid across the
swath. Although the latter are in general very small
thanks to the satellite yaw-steering, this method turned
out to be more precautionary for this area due to its
location in the Southern Hemisphere, where one or
two centroid ambiguities and significant variations
across the swath are frequently observed.
To estimate the signal-to-noise ratio of the scenes, the

range spectrum was determined through a fast Fourier
transformation applied to the level 0 data. After the range
compression, the autofocusing was applied to precisely
estimate the along-track velocity of the platform prior to
the azimuth compression and the generation of the SLC
data, and to calculate the potential uncompensated range
migrations between the azimuth looks.
After their generation, the SLCs were radiometrically

calibrated to account for the range spreading loss, the an-
tenna gain pattern and the ground range projection factor
(Figure 2). A constant calibration gain of �30.4dB was
Copyright © 2013 John Wiley & Sons, Ltd.
also used for all the scenes to balance the constant offset
observed between data focused with the GAMMA soft-
ware and ASAR SLCs provided by ESA (GAMMA,
2012). Absolute calibration of the scenes is essential for a
quantitative use of the radar backscatter signals, to refer-
ence the magnitude of the recorded signals to the actual
energy backscattered from each pixel. This allows the
comparison between signals returned from different
areas of interestwithin the same scene, aswell as between
scenes acquired at different times, or by different sensors.
Multilook intensity (MLI) images in slant range/

Doppler coordinates were generated from the ampli-
tude component of the SLC data, by using a multilook
factor of five in azimuth to reduce the effects of radar
speckle. This step acted to the detriment of the azimuth
pixel spacing and resolution, which decreased to
~20.5m and ~22.7m respectively (Figure 2).
The intensity values of the SLCs were computed in

terms of radar backscattering coefficient s0, i.e. a mea-
sure of the radar signal backscattered to the sensor,
normalized – to a first approximation – to the horizontal
ground surface and referred to as per unit area on the
ground. In general, s0 depends both on the dielectric
constant, roughness and orientation of the scattering
material (thus its local incidence angle), and on the
wavelength and polarization of the radar signal. Values
of s0 were finally converted to dB.
It is worth noting that for the estimation of the s0, the

local incidence angle was initially assumed to be depen-
dant only on the WGS84 ellipsoid, and thus to be vary-
ing within the scene only along the range direction,
increasing from the near to the far range. Thismeans that
a flat terrain was initially considered as an assumption
for the estimation of the local incidence angles. This
assumption works fine for gentle terrains, but is ob-
viously not appropriate over mountainous regions.
Accurate co-registration of the scenes of each stack to a

single master was performed by employing a
combination of the cross-correlation algorithm and
iteratively refined look-up tables that were generated
based on the MLIs and the ASTER GDEM (Figure 2).
For the descending stack we selected the image
acquired on 04 February 2003 as the master, and the co-
registration process of the slaves to the master resulted
in precisions of less than 0.1 pixels in the radar geometry,
along both range and azimuth directions. This guaran-
tees that any product derived from the scenes is not
affected by errors due to their relative co-registration.
Generation of derived products

Based on the stack of the co-registered MLIs, we gene-
rated four different typologies of products to analyse
Archaeol. Prospect. 20, 117–131 (2013)
DOI: 10.1002/arp



Figure 3. Average ASAR MLI 2003–2005 for the areas of (a) Rio Nazca and (c) Cerro Blanco. Respective RGB colour composite of bands 3N-2-1 of
an ASTER scene acquired on 30 May 2003 are represented in (b) and (d). ASTER band 3N, NIR (nadir looking) at 0.76–0.86 mm; band 2, red at
0.63–0.69 mm; band 1, green/yellow at 0.52–0.60mm. (e) View of Rio Nazca and the Ceremonial Centre of Cahuachi; (f) the dunes of Cerro Blanco.
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the radar backscattering properties and their evolution
over the Nasca region. The products include: (i) tempo-
rally averaged radar signatures of the observed targets
aimed at understanding the differences between
Copyright © 2013 John Wiley & Sons, Ltd.
signatures of different surfaces; (ii) time series of spa-
tially averaged radar signatures within selected zones,
aimed at understanding their temporal behaviour; and
change detection products through generation of (iii)
Archaeol. Prospect. 20, 117–131 (2013)
DOI: 10.1002/arp



123Amplitude Change Detection of Cultural Landscapes with ENVISAT
image ratios and (iv) colour composites between differ-
ent scenes, aimed at better identifying any modification
of the imaged area that occurred over time.

Multitemporal average MLI
The comparison of radar returns from different sur-

faces was performed based on the temporal averaging
of the entire stack of available ASAR descending
scenes between 2003 and 2005. The computation of
the temporal average image based on co-registered
multidate scenes allows the reduction of noise in the
amplitude image by reducing the radar speckle and
by filtering out temporally uncorrelated signals, but
preserves information on the physical properties of
the imaged scene and the input spatial resolution.
For each image pixel i, the following formula was

used to retrieve its average backscattering coefficient �s0i :

�s0i ¼
1
n

Xt¼tn

t¼t0

s0i tð Þ (1)

where t0 and tn are the times of acquisition of the first
and last ASAR scene, n is the total number of scenes
composing the stack (hence eight for the ASAR descend-
ing stack discussed here), and s0i tð Þ is the radar backscat-
tering coefficient of the pixel at the time t. It is worth
noting that temporal averaging adds onto the preliminary
multilooking of each SLC by using a factor of five in the
azimuth direction. This step allows speckle reduction
through the linear averaging of the pixel values recorded
at the eight different acquisitions, and its output consists
of a single image representing the temporally aver-
aged backscattering signal of the imaged region, i.e.
multitemporal average image. Although the pixel spacing
of the output is left unchanged (~30m on the ground), the
level of detail of the average scene is clearly enhanced as a
direct consequence of the speckle reduction.

ASAR backscattering series for selected areas of
interest
To analyse the temporal variations of the radar returns

of different scattering surfaces, we considered a set of
areas of interest (AOI). For each of the eight ASAR
scenes available in the descending mode over the area
of Nasca, we calculated the average backscattering coef-
ficients recorded within each AOI at the acquisition
considered.
The average backscattered signal for a certain AOI at

the date twas derived as the average of the s0 retrieved
for the N pixels i within the distributed target at the
acquisition (t), by using the formula:
Copyright © 2013 John Wiley & Sons, Ltd.
s0AOI tð Þ ¼
1
N

Xi¼N

i¼1

s0i tð Þ (2)

The result of this step consists of a set of eight s0 values
per AOI, one per each ASAR acquisition, and makes
possible the reconstruction of a temporal series of the
backscattering coefficient covering the interval between
04 February 2003 and 15 November 2005.

Image ratio between ASAR pairs
As demonstrated by several studies (e.g. Nico et al.,

2000; Scheuchl et al., 2009; Boldt and Schulz, 2012),
ratioing amplitude information of ASAR pairs acquired
with the same parameters is helpful to enhance andmap
changes occurring over the imaged area. The rationale of
such an amplitude-based approach is to assess the
changes of each element on the ground based on its
radar backscattering properties rather than temporal
interferometric coherence.
In our study we applied a spatial filtering to eachMLI

to reduce the effects of radar speckle and increase the
signal content of their pixels. We used a simple average
filter based on a 3� 3 or 5� 5 pixel window, and
replaced the pixel values with the mean value obtained
by averaging. No weighting function was used.
Although the result of this filtering leaves the size and
pixel spacing of the filtered scenes unchanged, it causes
a loss of spatial resolution by a factor of three (from
~30 to ~90m) or five (~150m) and may result in biased
solutions in the case of outliers/extremes or point
targets (i.e. persistent, very bright pixels and textured
features).
The ratio (Rs0) of two filtered MLIs that were acquired

by using the same acquisition mode and geometry
allows detecting temporal changes. A significant aspect
of using this approach is the possibility to cancel out
the effects of topography on the radar backscattering.
Indeed, while the backscatter of each MLI is strongly
influenced by the local orientation of the imaged surfaces
(i.e. local incidence angle and the resulting pixel area on
the ground), the ratio compensates local topographic
effects because they are the same in both input MLIs.
The formula that we employed, pixel by pixel, to com-

pute the ratio Rs0 between a pair of scenes k and j that
were acquired at the times tk and tj respectively, is:

Rs0i
¼ s0i tkð Þ

s0i tj
� � (3)

R is a dimensionless parameter which takes on values
between 0 and 1 when the considered pixel i has higher
backscattering coefficient at the time j with respect to
Archaeol. Prospect. 20, 117–131 (2013)
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124 F. Cigna et al.
time k (i.e. s0i tj
� �

> s0i tkð Þ ), while values exceeding 1
occur when the pixel i has lower backscattering coefficient
at the time jwith respect to time k i:e: s0i tj

� �
< s0i tkð Þ� �

:

As discussed in the following sections, values of R are
indicative of, for instance, brightness changes of the
imaged areas due to soil moisture or roughness varia-
tions, or modifications of the local incidence angle of
the imaged surfaces induced bymorphological changes.
RGB and RC colour composite
Generation of RGB (red–green–blue) colour compos-

ites of three MLIs, or RC (red–cyan) colour composites
of two MLIs acquired at different times can ease the
identification of any changes in the radar scattering
properties over time.
After the RGB or RC colour composite generation,

pixels characterized by constant values of the radar
backscattering over time are shown with a grey scale,
with brighter areas indicating more reflective targets,
and darker pixels indicating areas of lower backscatter-
ing properties. On the other hand, any temporal change
in the backscattering coefficient appears as coloured in
the respective tint of the scenes that recorded the change.
Terrain geocoding

Co-registered MLIs and all derived products were
finally geocoded to the WGS84 datum by using the
transformation parameters derived based on the master
image and the 30m GDEM V2 (Figure 2). The transfor-
mation of the data to geocoded terrain corrected (GTC)
products was necessary to combine the information
recorded within the radar imagery with external layers
and data, e.g. the ASTER multispectral data and other
geospatial layers.
The approach to geocode the SLCs to GTC started

with an initial determination of the transformation
based on the GDEM parameters and the orbital state
vectors of the master scene. The initial transformation
from radar to map geometry was then refined by simu-
lating a SAR intensity image based on the GDEM, cross-
correlating it with the master scene and then refining the
lookup table to maximize their correlation.
Finally, both the master and the slaves were

resampled to the map geometry by using the refined
lookup table, and resulted in subpixel geocoding preci-
sions with respect to the GDEM: 0.5 pixels in the range
direction, and 0.2 in the azimuth direction (correspond-
ing to ~4m in both directions). However, the resulting
absolute geocoding accuracy also depends on the
accuracy and resolution of the GDEM employed, hence
Copyright © 2013 John Wiley & Sons, Ltd.
it is of the order of magnitude of a few tens of metres
(e.g. ASTER GDEM Validation Team, 2011).
The refined lookup table based on the master scene

was also exploited to geocode all the derived products
(e.g. change detectionmaps), which were first generated
within the radar coordinate system, and geocoded to the
map geometry at the end of the processing. This allowed
us tominimize the relative geocoding errors between the
different scenes (i.e. non-perfect overlapping between
the geocoded products), and to avoid inappropriate
comparisons and/or misleading derived products.
Areas of layover and shadow in the different MLIs

and their derived products were set to ‘no data’ (e.g.
transparent/white pixels in Figure 3).
Evolution of the region between 2003
and 2005

The above processing method was applied to detect
image changes of the Nasca landscape (Figure 1)
based on eight ENVISAT ASAR descending scenes,
04 February 2003 (t0) to 15 November 2005 (tn).

Average radar signatures between 2003 and 2005

The average MLI displayed in Figure 3 shows the
result of the temporal averaging performed using the
entire descending stack over the Rio Grande drainage
basin. The different elements on the ground, including
(but not limited to) vegetated and agricultural areas,
archaeological features, geomorphological features and
riverbeds, were identified based on their signatures
and related patterns within the ASAR stack, and their
backscattering properties were clearly depicted.
At a first glance, the average MLI for the region

confirms layover and shadowing effects in the moun-
tainous areas of the Andean foothills, whereas optimal
visibility was obtained over the Rio Grande drainage
basin and the riverbeds.
Looking at the anthropogenic features that mark the

human occupation of the fluvial valleys, in the average
MLI the urban settlement of Nazca and the river courses
appear brighter than the surroundingfields (Figure 3a–e).
To correctly interpret the grey levels in Figure 3, it is

worth noting that, on equal local incidence angle and
surface roughness, the backscattering coefficient is
controlled by soil moisture content, and the signal
penetration depths are an inverse function of water
content. Arid and bare sand soils allow part of the
radiation to penetrate into the subsurface, hence the
signal backscattered to the sensor is lower than that
backscattered from wet surfaces. Darker agricultural
Archaeol. Prospect. 20, 117–131 (2013)
DOI: 10.1002/arp



125Amplitude Change Detection of Cultural Landscapes with ENVISAT
fields in the average MLI can be assumed as a general
indicator of lower soil moisture (and is in turn referred
to groundwater conditions). It is reasonable to consider
that cotton cultivation (usually 1.5m height, but not
particularly dense) does not create an obstacle for the
radar signal. Therefore the recorded radar signal can
inform on soil properties.
As expected, while the urban areas of Nazca are

strongly backscattering, low signal and darker colours
are obtained over calm water, such as the little black
spot related to a typical pozo cocha, which is a pool
collecting the water of a puquio (Figure 3a).
The spatial distribution of s0 finds a general agree-

ment with that visible in the false colour composition
of ASTER imagery (Figure 3b). From this comparison,
we can also note a darker area south of the pozo cocha,
which is clearly visible throughout all the ASAR stack
(see also Figure 6) and corresponds to a bare and dry
area. The ASTER NDVI and NDWI values calculated
in June 2003, 2004 and 2007 confirm its dry conditions.
The NDVI is about �0.19 while NDWI is approximately
+0.16 within this area in all the scenes analysed. In other
cases, the effect of surface roughness can explain the
retrieved radar backscatter; see the dark appearance of
the smooth airport runway in Figure 3b.
Moving less than 10 km southeast of Nazca town,

the optimal view achieved over the sacred mountain
of the Cerro Blanco is a result of the suitability of the
image acquisition geometry and LOS with respect to
local topography. Layover effects of the surrounding
mountains also enhance visibility over the sand dunes.
Figure 4. Temporal series of radar backscattering coefficient between 2003
agricultural lands within the Rio Ingenio floodplain.

Copyright © 2013 John Wiley & Sons, Ltd.
Indeed the ridges appear highly distinct from the
overall lower reflectivity characterizing most of the
Cerro Blanco surface (Figure 3c, d and f). This effect is
probably due to the more complex, wave-like, morphol-
ogy of the ridges, which creates ideal conditions for
efficient backscattering. Except for these morphology-
induced differences, the relative homogeneity in the
backscattering coefficient observed throughout the
monitoring period 2003–2005 is also to be interpreted
in light of the lithological homogeneity of the geological
setting of the Cerro Blanco (Figure 3f), which is topped
by Quaternary aeolian sand. The very dark appearance
of the mountain, hence low backscattering, is due to
significant penetration of the signal into the sand
material constituting the mountain.
2003–2005 temporal evolution over target AOIs

The signature-based recognition of element types and
patterns within the ASAR scenes was preparatory to
the extraction of times series of the s0AOI(t) between
2003 and 2005, i.e. the temporal variations of s0 for each
AOI throughout the monitoring period 2003–2005. Such
diagrams are helpful to assess whether an AOI changed
its backscattering properties over time.
Examples of extracted time series are provided in

Figure 4, with specific regard to the Cerro Blanco
(Figure 4a and b) and a pair of neighbouring fields
within the Rio Ingeniofloodplain (Figure 4c and d). Each
valuewithin the graph shows the average s0 and related
spatial standard deviation at the date of the radar image
and 2005 for the (a and b) AOIs of Cerro Blanco and (c and d) two
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acquisition. The standard deviation quantifies the
variability of s0 within a certain AOI (whose extent is
enclosed by yellow contour lines in Figure 4) at the
acquisition time considered. As expected, the time series
for Cerro Blanco shows standard deviation of each
s0 estimate that is on average higher (i.e. ~5dB) than
the other AOIs. This is due to the larger extent of the area
sampled (~30km2) and corresponding higher variability
of s0 (Figure 4b). Such high standard deviation makes
the time series less representative than those extracted
over smaller areas.
Interestingly, the two agricultural areas (RI_1 and RI_2)

located within the Rio Ingenio floodplain, which at a first
glance appeared quite different based on the magnitude
and spatial distribution of their reflectivity (Figure 4c),
have similar s0 trends (almost parallel; Figure 4d), with
standard deviations on single estimate average of ~3dB
and ~2dB for RI_1 and RI_2 respectively. This evidence
Figure 5. (a) Amplitude change detection based on the ratio of the backsca
May 2005 and November 2005 over the Rio Ingenio floodplain. (b) ASTER

Copyright © 2013 John Wiley & Sons, Ltd.
can be assumed as further proof that a difference in ap-
pearance within average MLI does not necessarily imply
different trends. We can reliably infer that the condition
of the two areas throughout the monitoring period was
probably influenced by similar, or even the same, envi-
ronmental and/or human factors, despite the difference
in local soil moisture content and/or cultivation/vegeta-
tion type, as shown by the different absolute values of s0.
As a general remark, the number of processed scenes

and the temporal coverage of the data stack are crucial
to perform a reliable trend assessment. In the present
case the gap between mid-2003 and the end of 2004
represents a constraint.
Amplitude change detection between 2004 and 2005

The availability of a couple of ENVISAR ASAR scenes
acquired during the same month of two consecutive
ttering coefficient between November 2004 and November 2005, and
2003 (left) and 2004 (right) RGB composite of bands 3N-2-1.
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Figure 6. (a) Amplitude change detection based on the ratio of the backscattering coefficient between November 2004 and November 2005, and
May 2005 and November 2005 over the Rio Nazca floodplain. (b) ASTER 2003 (left) and 2004 (right) RGB composite of bands 3N-2-1.
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years (November 2004 and 2005) was exploited to test
the potential for change detection on a yearly basis.
Focusing on the Rio Ingenio drainage basin, the change
detection between November 2004 and November
2005 (i.e. between the first couple of SAR images shown
in Figure 5a) was performed by following the described
procedure of ratioing. The Rs0 of the two filtered MLIs
clearlymap the changed areas (coloured in red and blue)
with respect to the relatively stable surroundings
(yellow coloured, with Rs0 approximately equal to 1),
which in the present case occupy most of the region
shown in Figure 5a. Part of the imaged area shows
slightly decreased backscattering from 2004 to 2005, i.e.
orange-red colours that appear over the agricultural
fields. Additionally, we can recognize three blue areas
to the east (i.e. P1, P2 andP3 in Figure 5), forwhichRs0> 1
and reaches values up to 4–5. It evidently means that the
more recent image (November 2005) has higher
Copyright © 2013 John Wiley & Sons, Ltd.
backscattering values than the older one (November
2004), from which we can infer an increase of radar
reflectivity on the ground, corresponding to a local
increase of soil moisture.
The comparison of ASTER images acquired in June

2003 and 2004 highlights a general decrease in the
reflectance in the NIR band and the vegetation cover
over the eastern part of this area (Figure 5b), even
where the blue areas are found based on the ENVISAT
ASAR change detection (Figure 5a). Although we are
not able to further follow the trend with the currently
available ASTER data, it is reasonable to expect that
this trend of a decrease of vegetation cover continues.
Over the three small areas, the apparent disagreement
between the ASAR- and ASTER-based evidence,
which indicate, respectively, an increase in soil mois-
ture from 2004 to 2005, and a decrease in vegetation
cover from 2003 to 2004, can be explained by the
Archaeol. Prospect. 20, 117–131 (2013)
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differences in the acquisition periods of the two pairs
of satellite scenes.
To assess seasonal changes over the Nasca region

within the same year of observation, change detection
was carried out between the ASAR descending scenes
acquired on 24 May 2005 and 15 November 2005 (i.e.
the second pair of SAR images shown in Figure 5a),
which were acquired during opposite seasons.
The obtained map highlights a decrease of s0 in a

broad strip of western agricultural areas (i.e. P4) and,
secondarily, in clusters of fields located in the central
and eastern parts of the enlarged view of the Rio Ingenio
basin (e.g. P5 in Figure 5a). In these red-coloured areas,
Rs0 ranges from 0 to 1, with values average about 0.5–
0.6 in the western sector (P4), and minimum values
around 0.2 for the central cluster (P5). In the image
acquired in November 2005, the s0 decrease is thereby
estimated to be in the order of 50%, 60% and 20%,
respectively, i.e. moving from the western to the eastern
fields. The lower radar backscattering recorded in these
areas in November 2005 with respect to that observed
6months previously, is probably due to an overall
decrease of soil moisture and possible associated
decrease of vegetation, which correspond to a decrease
in the reflectivity of the observed ground surface.
Indeed, whereas May–June is the period of the year
when cotton cultivation flourishes and soil moisture is
higher, November represents a time of drought. The
zones P4 and P5 indeed appear darker within the more
recent ASAR image. Comparison with detailed rainfall
precipitation records may lead to a stronger interpreta-
tion of the changes observed during this season.
It is to be noted that the ratio removes any effects due to

local topography. Hence the Rs0 values obtained contain
only the components due to changes of the dielectric prop-
erties (e.g. water content) and roughness of the observed
targets on the ground, and/or morphological changes
(e.g. local orientation of the backscattering surfaces).
The same approach was applied to obtain the

corresponding amplitude change detection maps over
the Rio Nazca floodplain around the town of Nazca.
No significant changes of the backscattering coefficient
are observed between November 2004 and November
2005 over this sector, while a decrease of the radar
backscattering (Rs0< 1) was observed between May
and November 2005 for some agricultural areas located
to the east of the town (P6 and P7 in Figure 6a). Looking
at theASTERdata over the same area (Figure 6b), a slight
decrease of reflectance in the NIR band can be distin-
guished from 2003 to 2004. Again, although we cannot
analyse the scenario in 2005 via ASTER data, a reliable
trend seems to be inferred from the records of the two
preceding years. No changes over the areas of the pozo
Copyright © 2013 John Wiley & Sons, Ltd.
cocha and airport runway south of the river (previously
discussed with regard to Figure 3a) can be observed.
Detection of morphological and land surface changes

Concerning changes inmorphological and/or structural
properties, land surface processes and, more generally,
surface variations of natural and artificial objects, can
be detected and monitored through time. Indeed,
s0 changes can be the result of movements of surface
materials and consequent variation of the local incidence
angles of the newly developed radar-backscattering sur-
faces. In arid and desert areas demonstrative examples
are wind/rain-driven surface modifications of sand
dunes, as well as natural hazards such as mudslides.
Within a sand dune area located at about 30 km

south of the Cerro Blanco (Figure 7), the green-yellow
coloured portion mapped in the RGB colour composite
of MLIs acquired on 04 February 2003, 15 April 2003
and 24 June 2003 is related to an increased reflectivity in
February and April than that recorded in June; this is evi-
dent from the three input ASAR MLIs. This result clearly
suggests the occurrence of movement of sand material,
mostly between April and June, which significantly
modified the local surface morphology/orientation, and
related radar backscattering properties. Conversely, the
northern area is evidently unchanged throughout the
monitoring period and the surface texture in the RGB col-
our composite reflects the observation made based on the
optical imagery (see enlarged Google earth views in
Figure 7a). Indeed, that image confirms that the northern
and central-southern parts of the sand dune area have
quite different morphological and evolution features and
find direct correspondence with the features observed in
the RGB colour composite. On the other hand, the blue
coloured area located at the crest of the sand dune sug-
gests alteration of local morphology in June 2003
(Figure 7b). Again, the texture observed in the RGB colour
composite also can be observed from the optical imagery.
The above example of monitoring of land surface pro-

cesses by means of medium ground resolution SAR
imagery (i.e. ~30m for ASAR IS2 scenes) exemplifies
potential applications for detection and monitoring of
morphological changes not only of natural targets, but
also of anthropogenic structures that can be affected by
impacts of extreme weather and environmental pro-
cesses. As mentioned previously, one of the major natu-
ral threats for the preservation of adobe structures, such
as those in Cahuachi, is due to sudden rainfall, which in
the past also triggered mudslides; weathering, soil deg-
radation and human activity can damage the areas of
the geoglyphs. Future tests of multitemporal analysis
of TerraSAR-X images will benefit from higher
Archaeol. Prospect. 20, 117–131 (2013)
DOI: 10.1002/arp



Figure 7. RGB colour composite of the 04 February 2003, 15 April 2003 and 24 June 2003 ASAR descending scenes, and Google earth (© 2013
DigitalGlobe) view showing the morphological differences of two sectors of the sand dune (a and b) that correspond to the features observed in the
MLIs.
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resolution (a few metres) more suitable for landscape
change detection at a scale of single (or cluster of)
structures.
Conclusions

Amplitude-based SAR processing was performed to ex-
tract backscattering information from ENVISAT ASAR
IS2 images acquired between 2003 and 2005 over the
Nasca region, to image recent land-use and morpholog-
ical changes of its cultural and natural landscape. The
research outcomes presented in this paper represent
the first stage of our remote sensing investigation of
Nasca with SAR data, and illustrate the approach that
we are testing and exploiting for landscape studies and
environmental assessment over a region of invaluable
heritage and with significant archaeological potential.
Thanks to the analysis of the ASAR descending stack,

interesting correlation is found between the radar signa-
tures, land use and soil properties over the Rio Nazca
floodplain. This acts as a preparatory step for further
Copyright © 2013 John Wiley & Sons, Ltd.
investigations not only with the corresponding
ENVISAT ASAR ascending data stack, but also with
the long historical archive of ERS-1/2 data initiated in
1991, with the final objective of extracting the best and
maximum level of information out of the multiplatform
reservoirs of radar imagery currently made available by
ESA. Our results and findings with medium resolution
C-band imagery will be compared also with those from
upcoming tests with higher resolution satellite radar im-
agery, such as those from archive TerraSAR-X StripMap
and SpotLight data.
By evaluating our results with respect to those

obtained by previous SAR studies over the Nasca
region (Lefort et al., 2004; Ruescas et al., 2009), we can
conclude not only that working with amplitude infor-
mation is no less informative than interferometric
coherence, but also that the two methods are mutually
complementary. Indeed, the amplitude-based change
detection allows better analysis over vegetated areas,
where interferometric coherence approaches show
significant limitations. This is also possible from the fact
that SAR amplitude always informs on the properties of
Archaeol. Prospect. 20, 117–131 (2013)
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the imaged scene, whether natural or human-induced
phenomenon has occurred.
This aspect is of high practical importance if we con-

sider the potential to image surface modifications that
are too rapid and/or induce too strong alterations of
the imaged scenario. Implications of this aspect are evi-
dent from the results obtained over the huge sand dune
area, which clearly depicted land surface processes that
occurred in 2003. Although in this case the impacts do
not affect any archaeological heritage, this result is a
highly encouraging prospect considering newly
acquired high-resolution SAR imagery to monitor the
environment surrounding the Nazca and Pampa Lines
and geoglyphs, and to prevent damage to them.
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