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ABSTRACT

Globdly, waste management is one of the most critical
environmental concerns that modern society is facing.
Controlled disposal to land (landfill) is currently
important, and due to the potentially harmful effects of
gas emissions and leachate land contamination, the
monitoring of alandfill isinherent in all phases of the
site’'s life cycle. Data from satellite platforms can
provide key support to a number of landfill management
and monitoring practices, potentially reducing
operational costs and hazards, and meeting the
challenges of the future waste management agenda.

The few previous studies performed show the value of
EO data for mapping landcover around landfills and
monitoring vegetation health. However, these were
largely qualitative studieslimited to single sensor types.
Thereview of these studies highlightsthree key aspects.
Firstly, with regard to leachate and gas monitoring,
space-borne remote sensing has not proved to be avalid
tool for an accurate quantitative analysis, it can only
support ground remediation efforts based on the
expertise of the visua interpreter and the knowledge of
the landfill operator. Secondly, the additional research
that focuses on landfill detection concentrates only on
the images data dimension (spatial and spectral),
paying less attention to the sensor-independent bio- and
geo-physical variables and the modelling of remote
sensing physical principles for both active and restored
landfill sites. These studies show some ambiguity in
their results and additional aerial images or ground truth
visits are always required to support the results. Thirdly,
none of the studies explores the potential of Synthetic
Aperture Radar (SAR) remote sensing and SAR
interferometric processing to achieve a more robust
automatic detection algorithm and extract additional
information and knowledge for landfill management.

Based on our previous work with ERS radar images and
SAR interferometry, expertise in the waste management
sector, and practical knowledge of landfill management
practices, we propose to evauate the use of
hyperspectral and radar images for landfill monitoring
and management. CHRIS offers hyperspectral data of
commensurate spatial resolution with Envisat radar

images and thus appears ideally suited for studies using
multi-sensor datafusion.

The goal of the research isto identify practical waysin
which EO data can support landfill management and
monitoring, providing quantitative data where possible.
Our objectives (based on fieldwork in UK landfills) are
(2) to develop robust methods of detecting and mapping
landfill sites, (2) to correlate EO data with on-site
operational procedures, and (3) to investigate data
fusion techniques based on our findings with the
separate sensors. Dissemination of the findings will be
through scientific journals, professional waste
management publications and workshops. It is expected
that the research will help the development of
techniques which could be applied to monitor waste
disposal to land beyond the UK scope of this study,
including global monitoring.

1. WASTE MANAGEMENT

Waste is considered as an important sustainable
development indicator that is closely intertwined with
many interdependent and trans-boundary issues. Waste
management is linked to industrial policies,
international and national economic strategies,
environmental  protection agreements and loca
community  development  planning.  Rigorous
international and national regulations aso try to
establish sustainable systems that prevent or reduce the
adverse effects of waste processing and disposal on the
environment [1] [2] [3].

Emerging from this complex framework, modern
Integrated Solid Waste Management (ISWM) practices
concurrently tackle strategic issues related to resource
efficiency, waste logistics, economic benefits and
resource mass balance [4]. As described by McDougal
[5], the goal of ISWM isto implement systems that will
result in minimum energy use, minimum environmental
impact, and minimum landfill space at a cost affordable
to the community.

This strategy aims at reducing the amount of waste sent
to landfill by encouraging waste reduction, incineration,
reeuse and recycling. Nonetheless, the controlled
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disposal of waste into land is still an important and
necessary means of effective waste management and, as
stated in the Waste Strategy 2000 for England and
Waes [6], it remains the Best Practicable
Environmental Option for certain types of waste in the
foreseeable future. The broad current policy on landfill
is to optimise the design and to promote operational
practices that will achieve site stabilisation within one
generation, achieving the overal objectives of
environmental protection and beneficial after-use
compatible with the aims of sustainable devel opment.

Fig. 1 shows that, in England and Wales, over haf a
tonne of household waste was generated per person in
2001-2, 88% of which was disposed into landfills [7]. It
also corroborates the fact that even if nonrecycled
waste represents a decreasing relative proportion, its
overall level raised by about 4% between 1998-9 and
2001-2. Furthermore, current figures [8] also confirm
that in recent years the amount of municipal waste has
been increasing at some 3 - 4% per annum, dlightly
above Gross Domestic Product, and if it continues to
increase at thisrate it will have doubled from the 1995
level by 2020.
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Fig. 1. Household waste and recycling in England and
Wales: 1983-4 to 2001-2 [7].

Evidently, as the currently operational sites reach their
capacity, new ones will have to be approved by
planners, permitted by the regulator and consequently
monitored. In England and Wales, there are over 1800
open active landfills, and in the last five years more than
110 licences were issued for new municipal waste sites
[9]. Under the PPC regulatory regime [10], landfills are
now permitted by the Environment Agency and periodic
inspections are required to ensure that all site activities
are compliant with permit conditions. Due to the
potentially harmful effects associated with methane and

carbon dioxide emissions and leachate land
contamination, the monitoring of alandfill isan activity
which isinherent in all phasesof the sitelifecycle, from
the initial appraisal to the operational and post-closure
phases. Whilst modern landfills are highly engineered
risk assessed facilities, thereis considerable uncertainty
regarding their long-term efficacy and post-closure
monitoring reguirements until the permit surrender can
be accepted by the regulator [11]. Insufficient
monitoring  points, poor sampling  methods,
inappropriately  positioned monitoring  facilities,
insensitive  analytical methods and monitoring
timescales, al increase the likelihood of inadequate site
characterisation and management.

If this is the current state of affairs of controlled and
highly regulated disposal sites, the situation in
developing countries is much more critical. Recent
surveys [12] [13] and a World Bank study [14] are
evidence that in low- and middle-income countries,
where urban expansion often has high development
rates, the open dump approach remains the predominant
waste disposal option, and there is limited legislaion,
regulation and guidance. Future establishment of
uncontrolled and illegal landfilling activities of both
hazardous (e.g., clinical and chemical wastes) and non
hazardous wastes is therefore an urgent problem.
International organisations are fully aware of this
critical issue and after the 1992 Earth Summit report,
known as Agenda 21 [15], even the United Nations is
has been implementing programmes on waste control in
developing countries.

In this context, the repetitive and consistent data
acquisitions from the broad array of satellite platforms
can provide key support to a number of landfill
management and monitoring practices, potentialy
reducing operational costs and hazards, and meeting the
challenges of the future waste management agenda.

2. AIR AND SPACE-BORNE REMOTE
SENSING FOR LANDFILL MONITORING

The first analysis on the application of remote sensing
for waste management was published by Garofalo in
1974 [16]. This study discusses the utilisation of aerial
photographs to support estimation techniques of solid
waste distribution and production. The methodology is
based on the visual interpretation of land use (i.e. low
and high residential areas, commercia and industria
areas, agricultural fields and open public areas) and the
incorporation of these data into solid waste production
models. This preliminary study also suggests that small-
scale aerial remote sensing records could support the
location selection of new waste disposal sites, the
implementation of new waste collection and
transportation systems, and a preliminary assessment of
potential environmental impacts. However, due to



increasing concerns for the environment in the late
1970s and the full awareness of the harmful effects
caused by both hazardous and municipal landfills, most
of the research that followed focused primarily on
landfill detection and the monitoring of gas and leachate
migration, without exploring or developing further any
of the additional applications proposed by Garofalo. The
only exception is a genera review published by Breton
and Chorowicz [17].

At the simplest level, a number of studies[18] [19] [20]
[21] [22] [23] [24] [25] [26] [27] demonstrate the value
of visual interpretation techniques of airborne data (e.g.
historical black and white, colour and infrared
photographs and photogrammetry data) to identify land
cover changes on and around the sites and describe the
structure of the sites themselves. The principal aim of
these projects is to carry out a basic environmental
examination by studying the soil textura and
hydrological characteristics, and using this information
as a guide for subsequent remediation efforts. Visua
interpretation is also used by Philipson et al. [28] to test
the suitability of satelliteimages (i.e. panchromatic and
multispectrd SPOT images acquired in 1986) for
regional scale monitoring of land cover changes. The
main aspect emphasized by Philipson [28] is the
interpretation ambiguity between landfills and areas
undergoing some type of development or simply not
reclaimed disturbed areas. This level of uncertainty,
intrinsic in a visual interpretation approach, has been
more recently tackled by Brivio, Doriaand Zilioni [29].
They investigate aspects of spatial autocorréelation of
Landsat TM data, nonetheless the research method is
limited by the fact that they assume an a priori
knowledge of the landfill size and location.

On the next level of examination, other studies
investigate  spectral  characteristics and band
mathematical procedures using air and space-borne
multispectral cita. Again, the main aims are to detect
landfills based on their spectral signatures[30] [31] and
to observe signs of gas emissions or |eachate rel ease by
detecting vegetation stress on closed reclaimed sites
[32] [33] [34] [35] [36]. Jones and Elgy [33] conclude
that the relationship between landfill gas dynamics,
plant health and soil characteristics is extremely
difficult to establish and demonstrate, and poor
vegetation growth is also strongly dependant to soil
reinstatement during site restoration, waste settlement
and waterlogging in certain areas. They also stress that
remote sensing is not envisaged in this respect as a
substitute for in situ borehole sampling methods.
Rather, the approach to adopt is to integrate both
techniques to optimise their individud advantages.
More recent studies by Jago and Curran [37], and
Folkard and Cummins [38] demonstrated that the use of
airborne hyperspectra  data can improve the

contaminant-monitoring capabilities of remote sensing
over that provided by multispectral data.

With regards to direct gas detection, and without taking
into consideration the available ground based sensors
described by Bryceet al. [39], on-board aircraft sensors
have the technological edge over proposed satellite
systems. AsLong [40] explains, the shorter atmospheric
columns that airborne sensors have to see through
allowsthem to experience less del eterious effectson the
detector performance. Due to the better spectral
resolution and signa-to-noise ratio, it is argued that
methane remote detection technology designed for
airborne platforms will aways provide better quality
information than satellite systems.

Another critical argument presented in many of the
above publicationsis that the 30m ground resolution of
many satellite images is insufficient for studying the
often small scale variations in contamination that may
occur in a landfill site. Indeed, recent work based on
space-borne data[41] [42] [43] has only highlighted that
the clear advantage of satellite remote sensing is its
capability of providing a synoptic and holistic view of
vast areas for change detection at relative low costs.

Thereview of these studies highlightsthree key aspects.
Firstly, with regard to leachate and gas monitoring,
space-borne remote sensing hasnot proved to be avalid
tool for an accurate quantitative analysis, it can only
support ground remediation efforts based on the
expertise of the visual interpreter and the knowledge of
the landfill operator.

Secondly, the additional research that focuses on landfill
detection concentrates only on the images data
dimension (spatial and spectral), paying less attention to
the sensor-independent bio- and geo-physical variables
and the modelling of remote sensing physical principles
for both active and restored landfill sites. These studies
show some ambiguity in their results and additional
aerial images or ground truth visits are always required
to support the results.

Thirdly, none of the studies explores the potential of
Synthetic Aperture Radar (SAR) remote sensing and
SAR interferometric processing to achieve a more
robust automatic detection agorithm and extract
additional information and knowledge for landfill
management.

3. RESEARCH OBJECTIVES

The Cranfield University Space Research Centre (SRC)
and the Integrated Waste Management Centre (IWMC)
have valuable expertise in the fields of SAR remote
sensing and landfill engineering and operations. The
SRC has also extensively worked in collaboration with



the Cranfield Centre for Geographical Information
Management on optical data, biophysical modelling and
field observations across a broad range of
interdisciplinary research. This synergetic approach
allows the research to combine the diverse know-how
and to enhance itsinnovative aspects.

We propose to evaluate the use of hyperspectral and
radar images for landfill monitoring and management.
CHRIS offers hyperspectra data of commensurate
spatial resolution with Envisat radar images and thus
appears idealy suited for studies using multi-sensor
data fusion.

The goal of the research is to identify practical waysin
which EO data can support landfill management and
monitoring, providing quantitative data where possible.
Our objectives (based on fieldwork in UK landfills) are
(2) to develop robust methods of detecting and mapping
landfill sites, (2) to correlate EO data with on-site
operational procedures, and (3) to investigate data
fusion techniques based on our findings with the
separate sensors. Dissemination of the findings will be
through scientific journals, professional waste
management publications and workshops. It is expected
that the research will help the development of
techniques which could be applied to monitor waste
disposal to land beyond the UK scope of this study,
including global monitoring.

4. AREA OF INTEREST

The Broghborough and Stewartby landfills are the two
test sites selected for this research. Both of them were
originally worked as clay pits extracting Oxford clay
and are now operated by Waste Recycling Group Ltd.
They are located roughly midway between Milton
Keynes and Bedford, UK. Filling activities at
Brogborough commenced in 1982. The site has an area
of circa 195 hectares and it currently receives
approximately 2 million tonnes of wastes per annum.
Receiving circa 400 vehicles per day from London and
other regions of the UK, the planned closure date is
estimated to be in 2008. The Stewartby site's area is
circa 50 hectares. It has been accepting waste since
1976 and landfilling is now ongoing by removal of the
cap and surcharging of various areas. According to the
recent new permit released in January 2005, the site will
continue receive 1,275,000 tonnes of waste per annum
[44]. These sites offer the possibility of assessing
operational cells, recently capped areas, and older
restored phases.

5. METHODOLOGY

The initial step is to practicaly go on the site and
observe the phenomena occurring due to the physics and
operations of waste landfilling. The outcome of these

remarks allows the research to identify the analysis
techniques to apply on the data for the different
objectives.

For the first objective, the investigation of the
interferometric coherence supports identification of
areas undergoing changes in their properties and
geometrical characteristics. Already available historical
SAR scenes from the ERS 1/2 tandem mission are used.

The analysis of the backscatter signal isinstead used to
correlate the SAR images with on-site conditions and
operational procedures. A model for the radar wave
interaction with solid waste covered areas has to be
developed in order to correctly interpret the SAR data.
As thereis no ground reference information related to
the available SAR scenes, it is required to acquire new
SAR data and take ground measurements on the same
dates of acquisition to confirm the conditions of the
sites, and validate the backscatter models. Thisis done
with aground based SAR system.

The new SAR scenes will also be used to test the
detection agorithm based on coherence models
devel oped for thefirst objective. Discrepancies between
the models and the new space-borne data will be
subsequently used to modify and enhance the models.
On aparalel side, close dialogue with the various user
groups (i.e. waste industry managers, landfill operators,
landfill regulators, environment protection institutions,
private individuas, property land owners and real estate
companies) is useful to carry out an investigation of
how SAR data and processing techniques could support
other needs linked to businessissues, scientific aspects
and private safety concerns.

For the implementation phase, the research focuses on
the detailed study of landfill design, operationd
practices and waste properties. It iscritical to develop a
SAR backscatter and coherence model based on the
spatial, temporal and biophysical characteristics of
operational and restored sites. This is achieved by the
collection of measurements and field observations about
objects, areas or phenomena that can influence the data
values detected by SAR and optical instruments.

Theinterferometric coherence analysisiscarried out on
the already available ESA Earth Remote Sensing (ERS)
1 and 2 SAR data, from the 1996 tandem mission. For
the backscatter modelling, a portable ground based
SAR, available at the Cranfield University Shrivenham
campus, is used to investigate the backscattered signal
of different areas of the landfill and its variability in
time. Concurrent recorded parameters and observations
are; dtatistical data on surface roughness and its
variability in space and time, obtained with the used of a
pin profilometer provided by Silsoe Campus and visual



analysis; soil moisture and temperature values and their
variability in space and time, obtained with a Theta
probe provided by Silsoe Campus, wesather and
atmospheric conditions; GPS values for the calculation
of a high-accuracy absolute elevation model;
operational waste distribution procedures. Additional
discussion with experts aso provides valuable
information.

Thereisno need to devel op absol ute reflectance models
for the CHRIS Proba data with respect to the different
landfill areas. Analysis of the hyperspectral signatures
should improve the detection capabilities of this
technique with respect to multispectral data. A number
of additional historical optical images (e.g., SPOT,
Landsat 4 and 7 multispectral and panchromatic data)
obtainable from existing archives are used to support a
preliminary analysis. Band and spectral agorithm
should be then developed specificaly for the
hyperspectral data. After geo-referencing these data to
the SAR scenes, the fusion of the results at a feature
level can be carried out. Application of soft computing
algorithmsis also explored.

Ultimately, the last step of the research involves the
validation of the developed procedures by applying
them in an operational context on new remote sensing
scenes acquisitions.

6. FUTURE SATELLITE IMAGES
ACQUISITION

The validation phase involves the acquisition of up-to-
date SAR remote sensing scenesin order to corroborate
the developed procedures by applying them in an
operational context. This shall also demonstrate to the
end-users the accuracy and significance of the fina

results

Satellite images are therefore subsequently acquired.
The research has been accepted by ESA as a Category-1
project and up-to-date data will be provided from both
the ENVISAT ASAR (Advanced SAR) instrument and
the hyperspectra PROBA CHRIS (Compact High
Resolution Imaging Spectrometer) one. Scenes from
these two satellites will be acquired between March and
August 2005. The exact Envisat ASAR dates are: 9th
May, 13th June, 18th July, 25th July, 22nd August, 29th
August. All of them are desceding apart from the 25th
July and 29th August acquisitions.

Six ENVISAT ASAR scenes are taken from the two
tracks to alow interferometric calculations of
coherence. This plan allows the research to investigate
ascending (2 scenes) and descending tracks (4 scenes)
obtained respectively in the evening and in the morning.
The SAR incidence angle ranges between 19.2° - 26.7°
(i.,e. ESA Image Swath 2). PROBA CHIRS data is

acquired accordingly as close as possible in time to the
selected ENVISAT dates, in order to minimise the
changes between the two scenes. The ENVISAT ASAR
mode to be used is SLC ASA_IMS 1P with VV
polarisation. The PROBA CHRIS mode to be used is
Mode 3 at full spatia resolution, full swath, and using
18 bands for land/aerosols. The use of the multi-source
data is required due to the complementary
characteristics of the SAR and opticad imaging
techniques.

An example of multispectral images is shown below in
Fig. 2.

Landsat 4 - 1992 Landsat 7 - 2001

Fig. 2 Zoom on Brogborough landfill site. Copyright
University of Manchester/University College London
Year 2001. Original Landsat 7 distributed by Infoterra
International.
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