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Abstract. Waste management is one of the most critical environmental concerns. SAR
interferometry has been widely used in studies related to ground subsidence or ground deformation
but it is hardly found in landfill monitoring and waste management applications. In this study, the
potential of repeat pass SAR interferometry is investigated for extracting additional information
and knowledge for landfill management. Two pairs of ENVISAT ASAR images are used for
monitoring the waste volume changes in a landfill for a specific period. For each pair, master and
slave image with the minimum time lag are selected and deformations for the period between
interferometric pairs are examined. Two parameters have been proved important for accurate
height estimation in landfills, the orientation of the landfill area and the changes of weather
conditions. Changes in volume of waste and areas with intense activity of waste disposal are
efficiently shown through elevation profile lines along the radar sight direction, encouraging the
use of SAR interferometry for landfill monitoring applications.
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1. Introduction
Waste management is one of the most crucial environmental concerns that our society is facing
nowadays. There are many efforts regarding recycling and recovery of solid waste but the disposal
of waste into land remains the main mean of effective waste management for many countries.
Landfill monitoring is an activity which is inherent in all phases of the site life cycle, from the
initial appraisal to the operational and post-closure phases [1], [2].
Application of remote sensing and specifically of aerial photographs for waste management has
been started since 1974 [3]. Until today, many studies have been presented which aim at the
detection and monitoring of legal landfills. Most of the studies are based on visual interpretation
techniques of air and spaceborne data [4], [5], [1], [6] while there are some studies which examine
the spectral characteristics of landfills in multispectral data and propose band mathematical
procedures [7], [8], [1]. Another useful source of information about landfills is provided by
hyperspectral, multispectral, and thermal data. Hyperspectral data prove to be more adequate than
multispectral data in order to monitor the activities carried out in a landfill [2]. Differential thermal
imaging has also been proposed to characterize the ground temperature distribution of a landfill.
The differential approach permits the detection of regions with thermal abnormalities associated
with either biogas leakage and migration or improper landfill settlement and management [9].
Apart from the previous methods, many other remote sensing methods have been applied for
landfill monitoring and management. Towards this direction, a fully portable and polarimetric
ground based SAR (GB-SAR) system has been developed in order to acquire additional
measurements that can support the analysis of the interaction between microwaves and the target
surface of interest [2]. Comparative analysis was carried out on the backscattering coefficient (σο)
for two fully polarized acquisitions. The comparison has shown that the copolarised ratio σοΗΗ/σοvv
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could support the analysis of the onsite landfill conditions and distinguish open from capped areas.
It was also reported that SAR backscatter signal from speceborne data is affected by several factors,
therefore a single SAR image cannot provide reliable information on the characteristics of a landfill
[2].
An important source of information about landfill can be obtained from SAR interferometry.
SAR interferometry is a remote sensing technique which exploits the phase difference of two SAR
images in order to generate accurate Digital Elevation Model [10], [11]. Several studies about
generating DEMs by SAR interferometry have been carried out [12], [13], [14]. Ottavianelli et al.
[2] have explored the potential of the coherence image, as a direct measure of the degree of
similarity between two SAR acquisitions, for identification of waste deposits.
This paper investigates the use of interferometry (InSAR) for landfill monitoring and waste
management. The study focuses on monitoring changes in the volume of waste deposits in order to
extract additional information and knowledge for landfill management. Quality, accuracy, and
reliability of DEM produced by InSAR depend on many parameters such as atmosphere,
topography, orbit, etc. [15]. Apart from the previous parameters, the continuous waste disposal in a
landfill affects the final results of interferometric processing since scattering conditions and height,
change daily and the estimated coherence is very low. Although use of airborne across track
interferometric data could address many of the above limitations, such data are not yet broadly
available. On the contrary, a number of spaceborne SAR systems routinely generate repeat pass
interferometric data which have been used extensively for fine resolution mapping and other remote
sensing applications, such as crustal deformation [16], [17], [18], [19], ice motion and structure
[20], [21], hydrologic modelling [22], [23], and vegetation canopy characterization [24], [25], [26].
Hence, in this paper, the use of repeat pass interferometric data is thoroughly examined for
assessing and monitoring changes in the volume of waste deposits in landfill areas. Evaluation of
the results include accuracy assessment for the DEMs produced using interferometry for a broad
area around landfill, where terrain deformations do not occur, as well as analysis and interpretation
of terrain profile graphs in the radar sight direction, for the landfill under investigation.
2. Methods
2.1. The study area
The landfill under investigation is Liosia Landfill II in Athens, which has been operated during the
period 2003 till 2006. The landfill is located west of Athens at the foot of Parnes mountain. In the
same region there are landfills that have been used in the past (1950-1990 and 1990-2002) and
landfills that have been used more recently (Table 1, Figure 1). All the landfills of Athens, and their
changes during the period 2002-2008, are depicted in Figure 2, where changes on the surface of
Liosia Landfill II can be observed.
Τable 1. Periods of operation of the landfills.
s/n

Landfill’s name

Period of use

1

Non Compliant Urban Landfill

1950-1990

2

Liosia Landfill I

1990-2002

3

Liosia Landfill II

2003-2006

4

Fili Landfill I

2007-2010

5

Fili Landfill II

2010Figure 1: Border lines of landfills.

541

Vassilia Karathanassi, et al.: Monitoring the Change in Volume of Waste in Landfill Using SAR Interferometry

The operations for the formation of Liosia landfill II were completed before 2002 in an area
with maximum slope 35% and an average depth of approximately 150m. The waste disposal has
started at the south of the landfill (Figure 2a), in August 2002. The disposal continued for the next
four years (Figures 2b, 2c, 2d), till the end of 2006. The processing for the relief rehabilitation
started in early 2007 (Figure 2e).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2: Landfills on August 2002 (a), April 2004 (b), June 2004 (c), June 2005 (d), March 2007 (e) and January 2008
(f) (Source: GoogleEarth).

The total landfill area is approximately 200 ha and the specific area of Liosia landfill II is 37 ha.
However, for evaluation reasons, a wide area around the landfill (approximately 4255 ha) has been
selected as study area. Elevations in the study area range from 67m to 523m.
2.2. Data set and processing
Thirteen ENVISAT ASAR pairs were formed, from a dataset of eleven descending orbit images
captured in the period 2003-2004 (Table 2). Several criteria were applied on the thirteen pairs in
order to select the most appropriate for monitoring changes in waste volume in the Liosia II Landfill.
For each pair, master (the first image of each pair) and slave image should have a minimum time
lag, i.e. 35 days. Additionally, the perpendicular component of the baseline should have been
between 150-350m, in order that topography contribution is quite enhanced, and the baseline
component does not exceed one third of the critical baseline. Moreover, coherence mean value
should be greater than 0.50. A five month period was found to be a reasonable period, neither very
long nor quite short, for monitoring changes in waste volume. Two interferometric pairs, the
May-June 2004 (12th) and November-October 2004 (13th) have successfully passed all the above
criteria. Based on MODIS image observations, the three images included in the above pairs were
totally covered by clouds, while the image taken on the 19th June 2004 was partially covered by
clouds over the study area.
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Table 2. Characteristic of all available interferometric pairs.
s/n

pairs

polarization

Orbit

Perpendicular
Baseline

Time
Interval

Coherence
Mean Value

1

10/4/2003 - 25/11/2004

HH - HH/HV

Descending

209.51

595

0.24

2

10/4/2003 - 30/12/2004

HH - HH/VV

Descending

26.37

630

0.27

3

26/4/2003 - 18/10/2003

HH - HH

Descending

571.11

350

0.24

4

5/7/2003 - 15/5/2004

HH - HH

Descending

187.43

315

0.46

5

5/7/2003 - 19/6/2004

HH - HH

Descending

487.47

350

0.31

6

18/10/2003 - 27/12/2003

HH - HH

Descending

75.67

70

0.53

7

18/10/2003 - 31/1/2004

HH - HH

Descending

84.02

105

0.46

8

18/10/2003 - 10/4/2004

HH - HH

Descending

79.42

175

0.50

9

27/12/2003 - 31/1/2004

HH - HH

Descending

58.09

35

0.63

10

27/12/2003 - 10/4/2004

HH - HH

Descending

136.05

105

0.49

11

31/1/2004 - 10/4/2004

HH - HH

Descending

163.67

70

0.49

12

15/5/2004 - 19/6/2004

HH - HH

Descending

300.04

35

0.58

13

25/11/2004 - 30/12/2004

HH/HV - HH/VV

Descending

197.29

35

0.56

Then, the interferometric methodology was applied on each pair using SARscape software. The
height of ambiguity (the height that corresponds to a 2π phase difference) is 34.95m and 42.69m for
the May-June, and the November-October pair respectively. Two DEMs, the DEM2 and DEM3,
were generated from the two pairs, respectively. Heights in DEM2 and DEM3 were estimated from
the unwrapped phase values. According to a general model [27], the unwrapped phase values result
from the addition of several components which mainly are the flat earth component, the height
component, the deformation component, the atmospheric component, and the target backscattering
changes component.
In this study, the flat earth component has been removed by using a 5m pixel size DEM,
produced by digitization of 1:5.000 topographic maps compiled in the period from 1965 to 1975.
This DEM (DEM1) was also used for evaluation purposes. Regarding the two next components, the
height and deformation are strongly coupled, since for each pair, the estimated heights include the
landfill deformations that occur in the period between the master and slave image dates. The
atmospheric component is considered as an error in non atmospheric applications, and mainly
depends on the water vapour content of the atmosphere. Changes of individual scatterers inside
landfills, result in a phase component which is usually eliminated by applying filtering techniques
on interferogram and/or SAR images. High value of this component may result in weakness of the
interferometric methodology to estimate the height value at individual pixels.
Another DEM (DEM4) which was generated by the use of 1:8.000 aerial photos of 2007 has
also been used for evaluation purposes. The RMS error of this DEM is less than 1m for the
confidence level of 95%. The DEMs generated by interferometric methodology (DEM2 and DEM3),
as well as DEM4, have10m pixel size.
2.3. DEM accuracy and validation
For the study area, the DEMs produced by interferometric methodology were evaluated using
DEM4. The void pixels of the DEMs were only 0.35% (1469 pixels) of the total pixels (425432
pixels) for the May-June pair, and 0.01% (33 pixels) for the November-December pair, respectively,
when a filter kernel 11x11 pixels has been used. This size of the kernel was selected in order to
543
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smooth small and medium scale anomalies in the phase value of individual pixels. For the void
pixels, unwrapping algorithm didn’t achieve to produce results. All the void pixels were found out
of the landfill area. Elevations estimated for the May-June pair range from 66m to 507m, and for
the November-December pair from 66m to 502m, respectively.
Among the outputs provided by the application of the interferometric methodology using
SARscape software, there is a precision file that contains estimation of data quality. In case that
more than one interferometric pair is processed, such files can be used to mosaic the generated
DEMs into a new one with the most accurate elevation values. Thus, a mosaic DEM has been
generated by the two interferometric pairs which have no void pixels and its heights range from
67m to 495m.
Table 3 presents the main statistics of the estimated errors for the three DEMs: DEM1, DEM2,
and their mosaic. According to the total RMS error, which is a reliable measure of quality for the
generated DEMs, the most accurate DEM, is the DEM2 produced by the May-June pair. The RMS
error of the mosaic DEM ranges between the RMS errors of the two initially generated DEMs.
However, it is observed that the range of errors for the study area is quite large, especially for
DEM3 (the November-December pair) which also presents very low mean and median error. Thus,
classification of the areas which present similar height errors was carried out for further analysis.
Table 3. Error statistics for the generated DEM.
Parameter

May-June Pair

Maximum Negative Error (m)
Maximum Positive Error (m)
Mean Error (m)
Median Error (m)
Confidence Level 68.3%
Standard
(m)
Deviation
Confidence Level 90% (m)
RMS error (m)

-79.88
93.59
2.01
2.62

November-December
Pair
-123.77
90.67
0.06
0.7

11.78

17.57

12.98

19.38
11.95

28.9
17.57

21.35
13.02

Mosaic DEM
-117.69
90.21
1.04
1.92

Three classes with errors ±5, ±10 and ±15m, were created. Statistics for the three error classes
are shown in Table 4. During statistical calculations, it was considered that the second class
includes also the pixels of the first class and the third class includes the pixels of the first two
classes. In figure 3 (a, b, c), with yellow are the pixels which belong to the first class (±5m). For
this class, the elevation ranges from 66m to 506m for the May-June pair, and from 66m to 484m for
the November-December pair. The percentage of the area which belongs to this class is the 36.8%
and 41.78% of the total area for DEM2 and DEM3, respectively. The second class is shown in
green colour and presents elevation errors from ±5 to ±10m. For this class the elevation ranges from
66m to 507m for the May-June pair, and from 66m to 492m for the November-December pair. The
percentage of the area which belongs to this class is the 30.29% and 23.43% of the total area for
DEM2 and DEM3, respectively. Finally, the third class is shown in orange colour and presents
elevation errors from ±10m to ±15m. For this class the elevation ranges from 72m to 507m for the
May-June pair, and from 66m to 493m for the November-December pair. The percentage of the
area which belongs to this class is the17.59% and 13.11% of the total area for DEM2 and DEM3,
respectively. Pixels with errors higher than ±15m are shown in white colour. The 15.32% and
21.68% of the area belongs to this class for DEM2 and DEM3, respectively.
It is observed that errors are elevation independent. However, according to aspect and slope
images the most of the white pixels in both DEM2 and DEM3 are found in west /northwest steep
slopes which face away from the radar (Figures 3d and 3e). Especially in DEM2 there is a high
correlation between white pixels and west/northwest steep slopes. The majority of these pixels is
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also shown in white colour in DEM3. It is obvious that for these pixels, shadowing is the main
reason for elevation errors. More accurate values for these pixels can be estimated in case that
ascending orbit images are also available.

(a)

(b)

(c)

(d)

(e)

Figure 3: (a) Accuracy classes of DEM2, (b) Accuracy classes of DEM3, (c) Accuracy classes of mosaic DEM,
(d) aspect map, and (e) slope map.
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Although the landfill under investigation and Fili II landfill have mainly south orientation, they
are shown in white colour. High elevation errors are mainly due to deformations caused by waste
disposal in Liosia Landfill II during the period 2003-2006, and operations for the formation of the
Fili Landfill II, respectively. Operations took place in Fili Landfill II after June 2004 and before
March 2007 (Figures 2d, 2e), i.e., before the time that DEM4 was produced. Consequently,
discrepancies between the elevation values of the produced DEMs and DEM4 for the specific area
are reasonable.
The accuracy of the area found northeast of the Liosia landfill II presents differences in DEM2
(orange colour) and DEM3 (yellow, green colour) respectively, although it is a flat area with
Southeast orientation. In DEM3, the error for the majority of this area is lower than ±5m, which is
the expected one, whereas in DEM2 errors in this area are in the range of ±15m, i.e. almost the half
of the height ambiguity. Based on MODIS image observations, this is mainly due to the different
cloud conditions over the specific area, for the dates that the images of the first pair were captured.
Atmospheric effects may produce serious phase delays and reduce DEM accuracy, providing DEM
with greater heights than the real ones. The ±15m error in this area corresponds to 0.43 of the phase
ambiguity. Given that the baseline is 300m for the May-June pair, this phase delay corresponds to
5% humidity change. The latter is estimated through Saastamoinen model, and assuming 1013mb
pressure, and a temperature of 20o C [28]. Unfortunately, meteorological data do not exist for the
specific area.
As far as the mosaic DEM is concerned, the three classes cover the 45.13%, 30.35%, and
12.92% of the total area, respectively. White pixels were reduced. The 45.13% of the area presents
accuracy greater than ±5m, whereas the 88.4% presents accuracy greater than ±15m. However,
mean and median errors for all the three classes were higher than the respective of DEM3.
In Table 4, it is observed that the majority of the study area presents a much lower RMS error
than the total, which was calculated for the entire study area (Table 3). Moreover, the RMS error of
the mosaic DEM is the lowest for every class, except for the second class, for which DEM3
presents higher accuracy. Finally, assuming that the third class which includes the 80%
approximately of the study area is quite representative for evaluating InSAR performance, the RMS
error of the generated DEMs can be considered less than 7.5m. This error is mainly due to
atmospheric and orbit parameters.
Table 4. Error statistics for the three height classes.
Parameter

May-June Pair (DEM2)

November-December
Pair (DEM3)
1st
2nd
3rd

Height Class

1st

2nd

3rd

Minimum (m)

-5.00

-10.00

-15.00

-5.00

-10.00

Maximum (m)

5.00

10.00

15.00

5.00

Mean (m)

0.16

1.18

1.86

Median (m)
Confidence
Level
Standard
68.3% (m)
Deviation
Confidence
Level 90%
(m)
RMS error (m)

0.14

1.44

2.85
4.69

Area of class
(as percent %)

2.86
36.80

Mosaic DEM
1st

2nd

3rd

-15.00

-5.00

-10.00

-15.00

10.00

15.00

5.00

10.00

15.00

-0.22

0.22

0.97

0.39

1.28

1.66

2.33

-0.44

-0.13

0.49

0.46

1.47

1.87

5.30

7.18

2.80

4.95

6.68

2.70

4.95

6.43

8.71

11.81

4.60

8.14

11.00

4.43

8.15

10.57

5.43
67.09

7.42
84.68

2.81
41.78

4.95
65.21

6.75
78.32

2.72
45.13

5.12
75.48

6.64
88.40
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3. Results
Landfill heights at the date of each master image acquisition were estimated and interferometric
methods were tested for landfill monitoring. The monitoring of landfill using conventional ground
measurements (GPS, total station) is a time and money consuming procedure. A large amount of
discrete points is required; meanwhile the cost of network deployment and maintenance
(measurements, repairs, calibration) is considerably higher than the cost of acquiring SAR images,
and interferometric processing. For the landfill under investigation, due to lack of ground
measurements in the examined period, inferences have been made in order to draw conclusions
about the accuracy of the estimated heights.
The SAR backscatter signal is affected by the change of topography and many other parameters.
The degree of similarity between two radar acquisitions of an interferometric pair defined from the
coherence. Particularly, the coherence provides a quantitative measure of the change of the
scattering properties of the ground. If low coherence values are observed in the overall scene, the
related change in scattering properties is mostly due to atmospheric or whether conditions.
If changes are limited in certain areas (Figures 4a, 4b), they are caused by ground operations
(Ottavianelli et al. 2005, 2006) or waste disposal. The coherence images of the interferometric pairs
in Figure 4 show that in the specific study area (red boundary) of Liosia Landfill II the coherence is
low (dark pixels) because of continuous waste disposal.

(a)

(b)

Figure 4: Coherence image for May-June pair (a) and for November-December pair (b).

As the coherence is a measure for the success of interferometric process and the accuracy of
height estimation, someone could argue that estimation of heights in the landfill area is quite
inaccurate. In figure 5, the absolute height differences between the produced DEMs and the
reference DEM4 in relation with the respective coherence values are observed. The same points in
both produced DEMs are selected. From this diagram, it is concluded that the accuracy of height
estimation is independent from the coherence values. This means that even in areas with low
coherence we can achieve accurate height values. In contrast, there are areas with high coherence
values where height accuracy is quite low.
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Figure 5: Relation between coherence and height accuracy.

The time interval between the two interferometric pairs was five months. In these months the
Liosia Landfill II topography has changed, as waste was deposited. It is noteworthy that in the
period under consideration the Olympic Games of 2004 were held in Athens, and a large volume of
waste was deposited in this Landfill. Therefore, it was expected that the elevation values of DEM3
which was generated from the November-December pair should be higher than the elevation values
of DEM2 which was generated from the May-June pair. After the subtraction between the two
DEMs (DEM3 – DEM2), there are two areas in the landfill, the northwest and the south, where
negative values are observed (blue colours in Figure 6a). These areas are parts of greater areas with
negative values found outside the landfill. Negative values in the northwest area are mainly due to
DEM2 overestimated values for this area. As referred in the previous section, this is mainly due to
atmospheric effects. In the south area, negative values are mainly explained by relief rehabilitation
of Liosia Landfill I, after the dates of acquisition of the images of the first pair (Figure 2c). In June
2005 rehabilitation works are still in progress (Figure 2d), and thus values in DEM3 can reasonably
be lower than those of DEM2.
In Figure 6b, subtraction between the two reference DEMs (DEM4 – DEM1) is shown.
Variations of the elevations are more enhanced in this image, since the time lag between the two
DEMs includes all the operational life of the landfill. In Liosia Landfill I, values are positive since
heights after rehabilitation are higher than those before works and operation of the specific landfill.

(a)

(b)

Figure 6: Height classes of the difference (a) between the two generated DEMs with interferometric processing and
(b) between the two DEMs which used for evaluation purposes.
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Furthermore, in order to compare simultaneously the reference and generated DEMs, elevation
profiles (in meters) along the radar sight direction were created (Figure 7). Profile lines of DEM2
and DEM3 are quite smooth without anomalies. This means that effects caused by changes in
scattering properties of individual scatterers inside landfills were efficiently eliminated during the
interferometric procedure. As it was expected, in most cases - except for line 1 which lies in the
erroneous area - values of DEM1 are lower than those of the other DEMs. Only the third profile of
DEM2 is below the profile of DEM1 (line 3). This is probably due to excavations required for
landfill formation before starting the waste disposal. Terrain heights after the excavations were
lower than those observed in 1975 (DEM1). Additionally, as it is shown in figure 6, for all the
profile lines - except for line 1 which lies in the erroneous area - elevation values of DEM2 are
below those of DEM 3. Profile lines of DEM2 and 3 help us to recognize the areas with the most
intense activity of waste disposal during the examined period and estimate the waste volume in this
period. Profile lines of DEM4 are almost above all the other profile lines, which seems reasonable,
since in 2007 waste disposal has been completed and the relief rehabilitation has been started. Slight
depressions of DEM4 profile lines on the very left of the plots probably show waste mass
compaction in the respective areas.

Figure 7: Profile graphs along the radar sight direction.

4. Conclusions
In this study, SAR interferometry was applied for monitoring the change of waste volume in a
landfill area. Landfill heights at the date of the master image acquisition were estimated for two
interferometric pairs, and changes in waste volume have been examined using elevation profile
lines. Although repeat pass interferometric data have been used, which usually produce lower accuracy results than airborne across track data, the results were quite encouraging. Areas with intense
activity of waste disposal were efficiently shown for the examined period, using elevation profile
lines along the radar sight direction, for different dates. Changes in the volume of waste can be
estimated using such profile lines.
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The estimated heights at the date of the master image include landfill deformations which
occurred in the time period between master and slave images. Thus for each pair, master and slave
image with the minimum time lag were selected and deformations for the time period between
interferometric pairs were examined. Changes of individual scatterers in the landfill usually affect
the accuracy of the estimated heights, but this has been effectively eliminated with the use of a
relatively high kernel size during interferogram filtering.
Two parameters have been proved important for estimating waste volume changes in a landfill
area: the orientation of the landfill, and the atmospheric conditions. The landfill slope should face
towards the radar, defining this way the appropriate orbit during the SAR image acquisition.
However, for a complete study of the landfill and the surrounding area, images of both ascending
and descending orbits are required. As far as the atmospheric conditions are concerned, local
meteorological data close to the landfill area, which enable models for estimating the atmospheric
component of the unwrapped phase, could efficiently eliminate such effects and improve method
accuracy.
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