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Abstract. The present study uses a series of Landsat images to map the main land use types on 
the Mediterranean island of Lesvos, Greece. We compare a single-year maximum likelihood 
(ML) classification with a multi-temporal land use mapping approach, with time series class 
labels modeled using a first order hidden Markov model comprising continuous and discrete 
variables. A rigorous validation scheme shows higher producer’s and user’s accuracy figures for 
the multi-temporal approach. Land use change accuracies were also greatly improved by the 
proposed methodology: from 48% to 70%. The results show that when only two dates are used 
and therefore, no multi-temporal processing can be applied, the mapping of land use/cover is 
unreliable and a large number of the changes identified are due to the individual-year 
commission and omission errors. 

1. Introduction 

Land use and land cover (LULC) change has received a lot of attention over the last 
decades as it is seen by the wider scientific community as one of the major factors 
contributing to global climate change (Turner et al. 1995). The mapping of LULC can 
be performed in a cost effective manner using Earth observation remote sensing 
(EO/RS) technologies in conjunction with geographical information systems (GIS; 
Ehlers et al. 1990, Meaille and Wald 1990, Treitz et al. 1992, Westmoreland and Stow 
1992, Weng 2002). It involves the use of multi-date imagery to appraise differences in 
LULC due to environmental conditions and human actions between the acquisition 
dates of the images (Singh 1989, Yang and Lo 2002). Landsat data have commonly 
been employed to map LULC and LULC change, mainly due to the availability of 
historical archives, spanning some 35 years (Rees et al. 2003, Liu et al. 2005, Yuan et 

al. 2005, Yemefack et al. 2006, Huang et al. 2007, Kennedy et al. 2007). The specific 
imagery is also attractive for its spatial and spectral resolutions which allow for 
relatively accurate mapping of the different LULC types at the regional scale.  

Most methods for spectral classification of EO/RS images are per-pixel based and 
have been used with varying degrees of success, greatly depending on the spatial 
homogeneity of the cover type being mapped. For mapping change, algorithms apply a 
post-classification comparison (PCC) or, less commonly, an image-to-image 
comparison looking at spectral change between different dates (Singh, 1989, Green et 

al. 1994, Eastman et al. 2005, Berberoglu and Akin 2009). PCC methods present the 
advantage of being able to identify and map the location, extent, as well as the nature of 
changes (Jensen et al. 1993, Chen 2002, Foody 2002, Hung and Wu 2005). However, 
one of their main limitations, augmented by the aforementioned weakness of the per-
pixel based classifiers, is that it allows for the recording of false change due to 
individual-year land use map inaccuracies (Jensen et al. 1993, Rutchey and Vilcheck 
1994, Foody and Boyd 1999). 

Progress has been made over the last years in methods for classification that 
consider not only the spectral information but also the spatial domain i.e. the 
supplementary spectral information of neighbouring pixels when analysing and 
classifying imagery (Atkinson and Quattrochi 2000, de Jong and van der Meer 2006, 
Sluiter et al. 2006). Such methods vary from variogram (Atkinson and Lewis 2000) and 
fractal methods (de Jong and Burrough 1995, Myint 2003), to segmentation algorithms 
(Blaschke et al. 2006) and methods that refine previously classified images (Barnsley 
and Barr 1996, Barr and Barnsley 2000) and Spatial and Spectral Classification method 
(de Jong et al. 2001).  

Several studies that have employed Landsat data (Tatem et al. 2005, Gatsis et al. 
2006, Kilic et al. 2006, Tatem et al. 2006, Symeonakis et al. 2007, Huang et al. 2008) 
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have commonly made use of only two dates from the freely available GeoCover 
Landsat archive (Tucket et al. 2004) for identifying LULC and LULC change. When 
ustilising only the free data, the degree of correspondence between the temporal 
frequencies of the two dates used with change event processes can affect the 
completeness of change detection efforts (Lunetta et al. 2004, Symeonakis et al. 2006). 
Here we use a multi-temporal model (Kiiveri and Caccetta 1998) along with the 
operational  broad-scale processing methodology described by Furby  (2002). It consists 
of a series of algorithms which use long-term sequences of images along with 
discriminant analysis techniques to define the spectrally separate classes of interest and 
spatio-temporal models incorporating error rates of the initial interpretations to reduce 
classification errors. We describe the application of the image pre-processing, 
individual-year and multi-temporal classification to the Mediterranean island of Lesvos 
(Greece). We also investigate the impact of imagery temporal frequency on LULC 
change detection by comparing the change maps obtained by using only two dates to 
maps acquired from using twice as many images along with the multi-temporal 
approach. 

2. Area of study 

Lesvos is situated in the eastern Mediterranean Sea and is the third largest Aegean 
island of Greece (figure 1). It covers an area of approximately 1630 km2 and has a 
maximum altitude of 947 m. The climate is characterised by strong seasonal and spatial 
variations of rainfall and high oscillations between minimum and maximum daily 
temperatures, typical of the Mediterranean region (Gatsis et al. 2006). Extensive fields 
of olive groves, Mediterranean maquis, phrygana, pine and deciduous oak forests as 
well as various types of irrigated and non-irrigated agricultural uses dominate the 
landscape. Great changes occurred in the last century in the geographical distribution 
and the total area occupied by the various types of land use (Giourga et al. 1994). 
Forested areas were cleared without any accompanying measures against soil erosion 
which, along with desertification, are identified as the most serious environmental 
threats to the island (Marathianou et al. 2000). 

Insert figure 1 about here 

3. Datasets and methods 

Six MSS, TM and ETM+ images were used spanning 26 years from 1975 till 2001 
(table 1). 

Insert table 1 about here 
Other ancillary datasets included a 30-m Digital Elevation Model (DEM), black and 

white 1:50 000 aerial ortho-photos of 1960, a 1:100 000 LULC map of the Ministry of 
Agriculture Forestry Department (MAFD) published in 1985 (largely based on the 
1960s aerial photographs and other ancillary data such as 1:20 000 ortho-photo maps, 
bioclimatic and soil maps); black-and-white 1:33 000 aerial ortho-photos of 1995; a 
multi-spectral QuickBird 2000 image with a nominal pixel size between 2.44 m and 
2.88 m (at nadir), resampled at 3 m. Furthermore, the facility provided by Google Earth 
(Google 2010) was also employed which covers the study area with QuickBird fused 
multi-spectral and panchromatic data (61 to 72 cm pixels at nadir). 

The following sections give an overview of the image pre-processing, single-year 
and multiple-date classifications, LULC and LULC change mapping and the various 
stages of accuracy assessment. 
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3.1. Image pre-processing 

Ortho-rectification of the available images was first performed using the viewing-
geometry and block adjustment model with Toutin’s approach (Toutin 1994). The 2000 
image, one of the free ortho-rectified Landsat imagery, was chosen as the ortho-
rectification reference. Approximately one hundred GCPs were collected from it for 
rectifying the purchased scenes and to check the ortho-rectification of the 1975 and 
1987 images. The over-all size of the mean errors (RMSE) was between 9.7 and 10.3 m 
in both directions for all TM and ETM+ images, and 41.2 m in the x- and 47.1 m in the 
y-direction for the MSS image which is less than one pixel. However, absolute pixel 
errors of more than one pixel can also be a cause of concern in multi-temporal studies. 
A cross-correlation matching algorithm was used to check the accuracy of the registered 
images to the base image, resulting in what appeared to be two systematic 
concentrations of negative residuals in the y-direction between the 1987 image and the 
2000 base. On the x-direction, a concentration of relatively low values was also 
detected. 

The image data was then calibrated to produce radiometrically consistent images. 
The images were normalised to a reference (or base) image, as a reliable correction to 
absolute reflection units is not possible. This calibration process, although not strictly 
necessary for the land use/cover classifications over this study area that falls within the 
limits of a single Landsat scene, allows easy comparison of image data through time. 
First, satellite calibration coefficients were used to calculate top-of-atmosphere 
reflectance (Vermote et al. 1997). A Bi-directional Reflectance Distribution Function 
(BRDF) model was then applied to correct for sun-satellite viewing geometry (Danaher 
et al. 2001, Wu et al. 2001). Finally, calibration to ‘like-values’ was applied using S-
estimation (Rousseeuw and Leroy 1987, Furby and Campbell 2001), to correct for 
atmospheric differences between the reference and subsequent images.  

Terrain illumination correction was also applied to each image to correct for the 
illumination effects, resulting in bright and dark sides of hills and mountains. This is 
particularly important for time series imagery where terrain effects vary with different 
dates. The terrain illumination correction used here is based on the C-correction (Teillet 
et al. 1982) and incorporates a ray-tracing algorithm for identifying true shadow (Wu et 

al. 2004). 

3.2. Single-year classifications 

The single-year classification was an iterative process. First, ground-truth data 
showing the location and extent of representative land cover classes to train the land 
cover mapping process were derived from the aerial photographs, the QuickBird data 
and the MAFD map. A systematic sampling scheme (within the land use/cover MAFD 
zones) was employed, the samples varying from 10-50 Landsat TM pixels in size. 
Canonical variate analysis (CVA; Campbell and Atchley 1981) was then used to 
investigate the spectral separability of the training sites from the nominal land cover 
categories. CVA is widely used to analyse group structures in multivariate data, and as a 
means of separating a group of samples from different populations. In brief, CVA finds 
linear combinations of the original variables (Landsat bands, in this case) that maximize 
the separation between the different groups while minimizing the within group variance. 
Land cover types that are well separated can be reliably mapped. The ordination plots 
from the CVA also provide the basis for grouping the training sites into spectrally 
consistent ‘information classes’ into which the image data can be classified.  Moreover, 
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the canonical vectors give the directions of maximum site separability and the canonical 
roots give a measure of the amount of site separation in these directions. Figure 2 is an 
example of canonical variate ordination plots for the year 1999 TM data. 

Insert figure 2 about here 
Depending on the separability of the land cover classes in each date image, 12 to 19 

classes of land cover were mapped. Some of the land cover classes were spectrally very 
similar, which made them difficult to map, for example bare and the sparsely vegetated 
scrubland (or garrigue). In this specific case, we trained the classifier so that only the 
bare rocky outcrops were labeled as ‘bare’ land cover class. In general, the ambiguous 
cover classes were further analysed by including new training sites or omitting existing 
ones until the ability to separate between classes was decided. The CVA analyses were 
therefore applied iteratively to examine particular class separability problems, errors 
and ambiguity. 

A maximum likelihood (ML) classification, perhaps the most popular classifier for 
optical data, was then applied to assign pixels to one of the spectral classes identified. 
Based on our extensive knowledge of the study area, the classified images were 
reviewed visually to identify areas where the classification was clearly incorrect. The 
analyses were repeated, often with additional training sites, aimed specifically at 
correcting the observed errors. The newly classified images were assessed and the 
training samples were revised, when necessary.  

Finally, the 12 to 19 land cover classes mapped using the ML classifier were 
grouped to form the desired seven main land use classes of the island, namely: (i) bare 
(ii) urban (iii) scrubland and Mediterranean maquis (iv) olive groves (v) other crops 
(irrigated and non-irrigated) (vi) forests (coniferous and deciduous), and (vii) water 
bodies. 

3.3. Multiple-year classifications 

Kiiveri and Caccetta's (1998) approach using Conditional Probability Networks 
(CPNs) was employed that combines the multi-temporal land cover information from 
the single-year classifications to produce land use maps. The CPNs provide a 
probabilistic framework for combining data, typically with the view to classifying the 
data. A CPN can be represented by a graph, where the nodes of the graph represent 
random variables and the edges of the graph represent (conditional) independence 
assumptions between the variables. (figure 3). 

Insert figure 3 about here 
The circles and rectangles represent vertices or nodes of the graph. The rectangles 

represent the estimate of the true land use map from the classification of the images for 
each year. The circles represent variables the true land use map at each date. The graph 
edges or ‘arrows’ represent relationships between the variables. Observing a particular 
value for a variable provides some information about all the other variables to which it 
is connected. The strength of these relationships can also depend on the time interval 
between image dates. For example, less change would be expected between images one 
year apart than between images several years apart (Kiiveri et al. 2001). 

The rules, or the relationships between the variables, are expressed in terms of 
conditional probability tables. These tables need to be specified or estimated from the 
data available. Error-rates tables link the estimated land use map to the true land use at 
each date (vertical arrows in figure 3). Temporal rules link the true land use maps 
through time (horizontal arrows in figure 3). 
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3.4. Land use change mapping 

Land use change maps for the period of study (i.e. 1975-2001) were produced from 
the single-year (pre-CPN) and multi-temporal (post-CPN) classification results by using 
the post classification comparison (PCC) technique which constitutes the most 
frequently applied method for the mapping of land use changes (Foody 2002). Results 
from the CPN are typically less accurate for the dates at the start and the end of the 
period because in the multi-temporal processing, the first and last dates are considered 
less reliable for having no ‘before’ or ‘after’ image in the temporal sequence. It was 
therefore of essence to also look at mapped land use changes between the period that is 
formed by excluding the 1975 and 2001 classifications from the calculations, i.e. the 
changes between 1987 and 2000. 

3.5. Accuracy assessment 

The accuracy assessment involved image pre-processing accuracy, land use 
classification accuracy, and land use change accuracy assessment, pre- and post-CPN. 
With regards to pre-processing, the accuracy of the ortho-rectification of the 2000 base 
image to the DEM was assessed using the Root Mean Square Error (RMSE) and 30 
independent GCPs that were not used in the model fit. The registration of the rest of the 
images to the 2000 base image was also assessed using the RMSE and another 36 
independent GCPs. The accuracy of the terrain illumination correction was not assessed 
at this stage.  

When undertaking change detection using multi-temporal images, it is often 
difficult to make the land use classification accuracy assessment which involves 
simultaneous collection of reference data for all dates. In our case, only the 1995 and 
2000- images were validated using same-year ancillary data (aerial photographs and 
QuickBird data, respectively). For the validation of the classification outputs with non-
contemporaneous data, some suggest a rule-based rationality evaluation with post-
classification comparison approach (Liu and Zhou 2004). This method was not applied 
here since an issue arises as to how comparable the assessment results of the 
contemporaneous and the non-contemporaneous data are. 

For the assessment of the 1995 and 2000 classifications pre- and post-CPN, four 
independent sets of reference points were collected (i.e. one set per year per method) 
using a stratified random sampling frame across the seven land use types that cover the 
study area. For each validation, a total number of 350 random points was distributed 
across the scene with a minimum number of 50 points allocated to the smallest class 
(i.e. urban) to ensure that an adequate number of samples was used for the assessment 
of every class. Contingency matrices, omission and commission errors, overall 
classification accuracies and overall kappa indices (Cohen 1960), were estimated. 

The accuracy assessment of change/no-change areas was performed for the 1995-
2000 period to coincide with the available validation data. We assessed the performance 
of mapping change/no-change using only the free imagery (i.e. pre-CPN) and with the 
multi-temporal approach (i.e. post-CPN). For each method a set of 100 sample points 
was distributed across the scene, half over the changed and half over the unchanged 
areas.  A comparison between the satellite images, the land use maps and the reference 
data was made, in order to draw conclusions on the validity of the mapped changes and 
thus create a summary table that gives a quantitative description of their accuracy 
(Macleod and Congalton 1998, Khorram et al. 1999, Foody 2002).  
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4. Results and discussion 

4.1. Pre- and post-CPN classifications  

The error matrices for the assessment of the 1995 and 2000 single-year and multi-
temporal classifications are summarized in table 2. The CPN seems to improve the 
single-year outputs for both epochs of validation with producer’s and user’s accuracies 
being higher for most classes. Overall accuracies are also higher by 15% in 1995 and 
11% in 2000, while overall Kappa statistics are up from 0.65 in 1995 and 0.69 in 2000 
to 0.83. 

Insert table 2 about here 
A number of issues arose primarily during the investigation of the separability of 

the training sites. In all years, the main land use type of the island, mapped by both 
single-year and multiple-date approaches, is the olive groves (table 3), a highly 
important component of the island’s economy. These were generally difficult to 
separate as they were confused spectrally with the Mediterranean maquis, mainly the 
Quercus family and other broad-leaved evergreen shrubs. This was especially so in the 
western part of the island, where abandoned olive groves are often succeeded by holm 
oak (Quercus Ilex; Giourga et al. 1994, Gatsis et al. 2006, Koukoulas et al. 2007). 

Insert table 3 about here 
The second largest land use type appears to be the various scrubs and 

Mediterranean maquis (table 3). These were the most difficult to map with spectral 
separability issues arising mainly from the similarities with certain ‘olive’ pixels 
resulting in generally high omission errors. In general, forests were well separated from 
other land use types with the exception of the deciduous forests in the west which in 
some dates could not be separated from the Mediterranean maquis. 

‘Other crops’ appear to fluctuate a lot in terms of the area covered through the 
years. This can be attributed to the fact that the images do not all belong to exactly the 
same phenological period. Four images are from summer months (June, July) while two 
belong to late spring (May; table 1); the maximum difference between images is 
actually more than two months: 11th May (1987) to 16th July (1975).  

‘Bare’ areas, were also difficult to map. Pre-CPN classifications identify almost two 
to three times as many ‘bare’ pixels. The specific land cover type is confused spectrally 
with the lower end of the ‘scrub and maquis’ type i.e. the very sparse scrub, since there 
is a vegetation density continuum with a rather fuzzy border between the two types, at 
the Landsat scale. Bare land was also confused with some urban pixels and the irrigated 
crops after harvest. The multiple-year approach was more successful in mapping the 
bare areas in both validation dates.  

Settlements, i.e. towns and other urban infrastructure, have a high within-pixel 
heterogeneity which made it difficult to find adequate (i.e. homogeneous) training sites. 
Nevertheless, it was generally possible to separate them from the other classes, 
especially post-CPN, with the exception of some ‘bare’ overlap. 

4.2. Land use change results 

The island appears to have undergone dramatic changes in most land use types and 
years when the multiple-year processing is not applied (table 4). Moreover, in most 
cases, these fluctuate significantly and abruptly between years due to the individual-
year classification (commission and omission) errors. In general, post-CPN changes are 
smaller and with fewer fluctuations. Figure 4 provides a graphic illustration of the CPN 
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effect in reducing the amount of false change due to individual-year classification 
(commission and omission) errors. 

Insert table 4 about here 
Insert figure 4 about here 

In terms of stability (or no-change), between 1975 and 2001 the amount of pixels 
that remain unchanged (in bold in table 4) are again higher according to the post-CPN 
results. The relatively low unchanged percentage for ‘crops’,  together with the high 
percentage of ‘crops’ that have changed to ‘olives’, are most likely due to the issues 
related with the phenology and the MSS resolution as well as the separability issues 
between certain crop types and the olive groves. 

The post-CPN land use change results were smaller and fluctuated less than their 
pre-CPN counterparts. Nevertheless, in the 26-year results between 1975-2001 some of 
the stability (or no-change) figures appear to be higher than expected from expert 
knowledge of the study area (table 4). For example, the estimated percentage of the 
areas mapped as urban in 1975 that change to other land use in 2001, seems quite high: 
in reality, one would anticipate that almost all areas that were settlements or some urban 
infrastructure in Lesvos in 1975 should remain urban in 2001, too. These are probably 
errors that have not been dealt with by the multi-temporal processing due to the fact that 
the first and last dates are less reliable since they have no ‘before’ or ‘after’ image in the 
temporal sequence. The lower spatial and spectral resolutions of the MSS data of 1975 
also amplify this problem. 

The 1987-2000 LULC change results which, as previously mentioned, are more 
accurate due to the exclusion of the start and end dates in the multi-temporal sequence, 
reveal two important changes from a land and environmental management perspective: 
the area covered by the various pine and deciduous forests appears to have decreased by 
~4% and that olive groves have also decreased by ~2%. The first provides evidence that 
specific mitigation and protection measures need to be considered for the reversal of the 
reported deforestation rates in the island (Vasilakos et al. 2007). The decrease in the 
area covered by olive groves comes to support existing findings of abandonment 
(Giourga et al. 1994) due to economic and social changes that can lead to increased 
rates of soil erosion and land degradation if combined with steep slopes (≥25%; 
Koulouri et al. 2007).  

Accuracy figures for the areas mapped as ‘changed’ and ‘not-changed’, for the 
period matched by the validation data, i.e. between 1995 and 2000, are summarized in 
table 5. The land use change assessment exercise for the 1995-2000 period (table 5) 
shows that accuracy figures are higher when the CPN is applied: percentage correct for 
changed areas is up 24%. For the unchanged areas, accuracy figures are high, pre- and 
post-CPN alike (96% and 100%, respectively). 

Insert table 5 about here 
It is important to stress here that only two out of six dates (1995 and 2000) were 

validated. Nevertheless, the results have shown that if only two dates are used to map 
LULC change then, consequently, a multi-temporal approach cannot be applied, and the 
change results are susceptible to false labeling of change, due to the high commission 
and omission errors. Even if three dates are employed, a multi-temporal approach 
cannot provide significant assistance in identifying false change. This demotes the 
importance of the temporal rules and therefore a higher proportion of (both commission 
and omission) errors may occur. It is therefore recommended that a fuller set of Landsat 
data is employed for accurately mapping land use and land use change. 
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5. Conclusions 

Here we attempted to produce LULC and LULC change maps for the island of 
Lesvos using Landsat multi-date imagery. We also compared the results from a multi-
temporal re-classification approach (post-CPN) with results obtained from single-year 
ML classifications (pre-CPN). The pilot study in the Mediterranean island of Lesvos has 
implemented a processing stream for the production of land use maps based on single 
date Landsat imagery, and land use change maps derived from them.  Certain LULC 
types where difficult to delineate but the use of discriminant analysis techniques (to 
spectrally separate the classes of interest) and spatio-temporal models incorporating 
error rates of the initial interpretations (to reduce classification errors) have improved 
results considerably. Dependent on suitable historical imagery, operational 
implementation at regional or even national scales should be feasible for all the steps 
from basic image processing through to classification, map production and validation. 

An important finding from the results of this study is that, using only two dates to 
map LULC and LULC change, an approach that has commonly been applied in a 
number of land use change studies, can introduce false change due to commission and 
omission errors of the individual-year classifications. This is an issue that needs to be 
treated with caution, especially when quantitative analyses of the land use changes are 
sought. 

Acknowledgements 

This research was funded by an EU Marie Curie Actions Fellowship (Contract 
Number MOIF-CT-2005-008667) and partly supported from the GSRT 2006 matching 
funds. The authors are grateful to the GLCF of the University of Maryland for providing 
the free data. The authors would also like to thank the Geography of Natural Disasters 
Laboratory of the University of the Aegean for supplying the Quickbird data. 

References 

ATKINSON, P.M., 2006, Resolution manipulation and sub-pixel mapping. In Remote 

Sensing Analysis: Including the Spatial Domain, S. M. de Jong, F.D. van der 
Meer (Eds.), pp. 51-70 (Doordrecht: Springer). 

ATKINSON, P.M. and LEWIS, P., 2000, Geostatistical classification for remote sensing: 
an introduction. Computers and Geosciences, 26, pp. 361-371. 

BARNSLEY, M.J. and BARR, S.L., 1996, Inferring urban land use from satellite sensor 
images using kernel-based spatial reclassification. Photogrammetric Engineering 

and Remote Sensing, 62, pp. 949–958. 
BARR, S.L. and BARNSLEY, M.J., 2000, Reducing structural clutter in land cover 

classifications of high spatial resolution remotely-sensed images for urban land 
use mapping. Computers and Geosciences, 26, pp. 433-449. 

BERBEROGLU, S. and AKIN, A., 2009, Assessing different remote sensing techniques to 
detect land use/cover changes in the eastern Mediterranean. International Journal 

of Applied Earth Observation and Geoinformation, 11, pp. 46-53. DOI: 
10.1016/j.jag.2008.06.002. 

BLASCHKE, T., BURNETT, C. and PEKKARINEN, A., 2006, Image segmentation methods 
for object-based analysis and classification. In Remote Sensing Analysis: 

Including the Spatial Domain, S. M. de Jong, F.D. van der Meer (Eds.), pp. 211–
236 (Doordrecht: Springer). 

Page 9 of 23

http://mc.manuscriptcentral.com/tres   Email: IJRS-Administrator@Dundee.ac.uk

International Journal of Remote Sensing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 10 

CAMPBELL, N.A. and ATCHLEY, W.R. 1981,  The geometry of canonical variate 
analysis. Systematic Zoology, 30, pp. 268-280. 

CHEN, K., 2002, An approach to linking remotely sensed data and areal census data. 
International Journal of Remote Sensing, 23, pp. 37-48. 

DANAHER, T., WU, X. and CAMPBELL, N. A., 2001, Bi-directional Reflectance 
Distribution Function Approaches to Radiometric Calibration of Landsat TM 
imagery. In: Proceedings of the IGARSS Conference, 9-13 July, 2001, Sydney, 
Australia. 
(http://www.cmis.csiro.au/rsm/research/pdf/Danaher_IGARSS2001.pdf) 

DE JONG, S. M. and BURROUGH, P.A., 1995, A fractal approach to the classification of 
Mediterranean vegetation types in remotely sensed images, Photogrammetric 

Engineering and Remote Sensing, 61, pp. 1041–1053. 
DE JONG, S.M., and VAN DER MEER, F.D. (Eds.), 2006, Remote Sensing Analysis: 

Including the Spatial Domain, pp. 359 (Doordrecht: Springer). 
DE JONG, S.M., HORNSTRA, and T., MAAS, H., 2001, An integrated spatial and spectral 

approach to the classification of Mediterranean land cover types: the SSC method. 
International Journal of Applied Earth Observation and Geoinformation, 3, pp. 
176-183. 

EASTMAN, J.R., MCKENDRY, J., and FULK, M.A., 2005, Change and time series 
analysis. In: Explorations in Geographic Informations Systems Technology, 
United Nations Institute for Training and Research (UNITAR), Geneva. 

EHLERS, M., JADKOWSKI, M. A., HOWARD, R. R., and BROSTUEN, D. E., 1990, 
Application of a remote sensing–GIS evaluation of urban expansion SPOT data 
for regional growth analysis and local planning. Photogrammetric Engineering 

and Remote Sensing, 56, pp. 175–180. 
FOODY, G. M., 2002, Status of land cover classification accuracy assessment. Remote 

Sensing of Environment, 80, pp. 185-201. 
FOODY, G. M., BOYD, D. S., 1999, Detection of partial land cover change associated 

with the migration of inter-class transitional zones. International Journal of 

Remote Sensing, 20, pp. 2723-2740. 
FURBY, S. L., 2002, Land Cover Change: Specification for Remote Sensing Analysis. 

National Carbon Accounting System Technical Report 9 (Canberra: Australian 
Greenhouse Office).  

FURBY, S. L. and CAMPBELL, N. A., 2001, Calibrating images from different dates to 
‘like-value’ digital counts. Remote Sensing of Environment, 77, pp. 186-196. 

GATSIS, I., KOUKOULAS, S., LAGOUDAKIS, E., VAFEIDIS, A. and GKOLTSIOU, K., 2006, 
Monitoring and mapping of land cover/use changes in an agricultural and natural 
environment, using multitemporal satellite data and GIS. In Proceedings of the 

Remote Sensing and Photogrammetry Society Conference, 5-8 September 2006, 
Cambridge, UK. 

GIOURGA, C., LOUMOU, A., MARGARIS, N.S., THEODORAKAKIS, M. and KOUKOULAS, 
S., 1994, The olive groves in the Aegean, in Sciences and environment at the end 

of the century: problems-perspectives, D. Rokos (Ed.), pp. 334–344 (Athens: 
IRCD, NTUA and Alternative Editions). 

GOOGLE, 2010, http://earth.google.com/  (accessed: 02 February 2010). 
GREEN, K., KEMPKA, D. and LACKEY, L., 1994, Using remote sensing to detect and 

monitor land-cover and land-use change. Photogrammetric Engineering and 

Remote Sensing, 60, pp. 331-337 

Page 10 of 23

http://mc.manuscriptcentral.com/tres   Email: IJRS-Administrator@Dundee.ac.uk

International Journal of Remote Sensing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 11 

HUANG, C., KIM, S., ALTSTATT, A., TOWNSHEND, J.R.G., DAVIS, P., SONG, K., TUCKER, 
C.J., RODAS, O., YANOSKY, A., CLAY, R. and MUSINSKY, J., 2007, Rapid loss of 
Paraguay's Atlantic forest and the status of protected areas -A Landsat assessment. 
Remote Sensing of Environment, 106, pp. 460-466. doi:10.1016/j.rse.2006.09.016 

HUNG, M.C. and WU, Y. H., 2005, Mapping and visualizing the Great Salt Lake 
landscape dynamics using multi-temporal satellite images 1972-1996. 
International Journal of Remote Sensing, 26, pp. 1815-1834. 

JENSEN, J.R., COWEN, D.J., ALTHAUSEN, J.D., NARUMALANI, S. and WEATHERBEE, O., 
1993, An evaluation of the CoastWatch change detection protocol in South 
Carolina. Photogrammetric Engineering and Remote Sensing, 59, pp. 1039-1046. 

KENNEDY, R.E., COHEN, W.B., SCHROEDER, T.A. 2007, Trajectory-based change 
detection for automated characterization of forest disturbance dynamics. Remote 
Sensing of Environment 110,  370-386. doi:10.1016/j.rse.2007.03.010 

KHORRAM, S., BIGING, G., CHRISMAN, N., COLBY, D., CONGALTON, R., DOBSON, J., 
FERGUSON, R., GOODCHILD, M., JENSEN, J., MACE, T., 1999. Accuracy Assessment 

of Remote Sensing-Derived Change Detection, p. 64 (Bethesda, MD: American 
Society for Photogrammetry and Remote Sensing).  

KIIVERI, H. T. and CACCETTA, P. A., 1998. Image fusion with conditional probability 
networks for monitoring salinisation of farmland. Digital Signal Processing, 8, 
pp. 225-230. 

KIIVERI, H. T., CACCETTA, P. A. and EVANS, F., 2001, Use of conditional probability 
networks for environmental monitoring, International Journal of Remote Sensing, 
22, pp. 1173-1190. 

KILIC, S., EVRENDILEK, F., BERBEROGLU, S. and DEMIRKESEN, A. C., 2006, 
nvironmental Monitoring of Land-Use and Land-Cover Changes in a 
Mediterranean Region of Turkey. Environmental Monitoring and Assessment, 
114, pp. 157-168. 

KOUKOULAS S., GATSIS I., VAFEIDIS, A. and GKOLTSIOU, K., 2007, Analysing spatial 
patterns of land cover/use change derived from satellite remote sensing. In: 
Proceedings of the 32

nd
 International Symposium on Remote Sensing of 

Environment,  25-29 July 2007, San Jose, Costa Rica. 
LIU, H. and ZHOU, Q., 2004, Accuracy analysis of remote sensing change detection by 

rule-based rationality evaluation with post-classification comparison. 
International Journal of Remote Sensing, 25, pp. 1037-1050 

LIU, J., LIU, M., TIAN, H., ZHUANG, D., ZHANG, Z., ZHANG, W., TANG, X. and DENG, X., 
2005, Spatial and temporal patterns of China's cropland during 1990-2000: An 
analysis based on Landsat TM data. Remote Sensing of Environment, 98, pp. 442-
456. doi:10.1016/j.rse.2005.08.012 

LUNETTA, R.S., JOHNSON, D.M., LYON, J.G., and CROTWELL, J., 2004, Impacts of 
imagery temporal frequency on land-cover change detection monitoring. Remote 

Sensing of Environment, 89, pp. 444-454. doi:10.1016/j.rse.2003.10.022 
MACLEOD, R.D., and COGNALTON, R.G., 1998, A quantitative comparison of 

changedetection algorithms for monitoring eelgrass from remotely sensed data. 
Photogrammetric Engineering and Remote Sensing, 64, pp. 207-216. 

MARATHIANOU, M., KOSMAS, C., GERONTIDIS, St., DETSIS, V. 2000, Land-use evolution 
and degradation in Lesvos (Greece): A historical approach. Land Degradation 

and Development, 11, pp. 63-73. 

Page 11 of 23

http://mc.manuscriptcentral.com/tres   Email: IJRS-Administrator@Dundee.ac.uk

International Journal of Remote Sensing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 12 

MEAILLE, R. and WALD, L., 1990, Using a geographic information system and satellite 
imagery within a numerical simulation of regional urban growth. International 

Journal of Geographic Information Systems, 4, pp. 445–456. 
MYINT, S.W., 2003, Fractal approaches in texture analysis and classification of 

remotely sensed data: comparisons with spatial autocorrelation techniques and 
simple descriptive statistics. International Journal of Remote Sensing, 24, pp. 
1925–1947. 

REES, W.G., WILLIAMS, M., and VITEBSKY, P. 2003, Mapping land cover change in a 
reindeer herding area of the Russian Arctic using Landsat TM and ETM+ imagery 
and indigenous knowledge. Remote Sensing of Environment, 85, pp. 441-452. 
doi:10.1016/S0034-4257(03)00037-3 

ROUSSEEUW, P.J. LEROY, A., 1987. Robust Regression and Outlier Detection. Wiley, 
New York, p. 329. 

RUTCHEY, K. and VILCHECK, L., 1994, Development of an everglades vegetation map 
using a SPOT image and the Global Positioning System. Photogrammetric 

Engineering and Remote Sensing, 60, pp. 767-775. 
SINGH, A., 1989. Digital change detection techniques using remotely-sensed data. 

International Journal of Remote Sensing, 10, pp. 989-1003. 
SLUITER R., DE JONG S.M., VAN DER KWAST H. and WALSTRA J., 2006, A Contextual 

Approach to Classify Mediterranean Heterogeneous Vegetation using the Spatial 
Reclassification Kernel (SPARK) and DAIS7915 Imagery. In Remote Sensing 

Analysis: Including the Spatial Domain, S. M. de Jong, F.D. van der Meer (Eds.), 
pp. 291-310 (Doordrecht: Springer). 

SYMEONAKIS, E., CALVO-CASES, A. and ARNAU-ROSALEN, E., 2007, Land use change 
and land degradation in south-eastern Mediterranean Spain, Environmental 

Management, 40, pp. 80-94. 
SYMEONAKIS, E., CACCETTA, P. A., WALLACE, J. F. and KOUKOULAS, S., 2006, Multi 

Temporal Land/Use Cover Change Detection in the Spanish Mediterranean Coast. 
In ISPRS Symposium, 1-6 May 2006, Enschede, The Netherlands. 

TATEM, A.J., NOOR, A.M. and HAY, S. I., 2005, Assessing the accuracy of satellite 
derived global and national urban maps in Kenya. Remote Sensing of 

Environment, 96, pp. 87-97. doi:10.1016/j.rse.2005.02.001 
TATEM, A. J., NAYAR, A. and HAY, S. I., 2006, Scene selection and the use of NASA's 

global orthorectified Landsat dataset for land cover and land use change 
monitoring, International Journal of Remote Sensing, 27, pp. 3073–3078. 

TEILLET, P. M., GUINDON, B., GOODENOUGH, D. G., 1982, On the Slope-Aspect 
Correction of Multispectral Scanner Data. Canadian Journal of Remote Sensing, 
8, pp. 84-106. 

TOUTIN, T., 1994, Rigorous geometric processing of airborne and spaceborne data. In: 
Proceedings of EUROPTO Symposium on Image and Signal Processing for 
Remote Sensing, Rome, Italy, 825-832.  

TREITZ, P.M., HOWARD, P.J., and GONG, P., 1992, Application of satellite and GIS 
technologies for land-cover and land-use mapping at the rural-urban fringe: a case 
study. Photogrammetric Engineering and Remote Sensing, 58, pp. 439–448. 

TUCKER, C.J., GRANT, D.M., and DYKSTRA, J. D., 2004,  NASA's global orthorectified 
Landsat data set. Photogrammetric Engineering and Remote Sensing, 70, pp. 313–
322. 

Page 12 of 23

http://mc.manuscriptcentral.com/tres   Email: IJRS-Administrator@Dundee.ac.uk

International Journal of Remote Sensing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 13 

TURNER II, B. L., SKOLE, D. SANDERSON, S. FISCHER, G. FRESCO L. and LEEMANS, R., 
1995, Land-Use and Land-Cover Change. Science/Research Plan, IGBP Report 

35/HDP Report 7 (Stockholm, Geneva: IGBP Secretariat, HDP Secretariat), pp. 
132. 

VASILAKOS, C., KALABOKIDIS, K. HATZOPOULOS, J. KALLOS, G. MATSINOS, Y., 2007, 
Integrating new methods and tools in fire danger rating. International Journal of 

Wildland Fire, 16, pp. 306-316. 
VERMOTE, E., TANRÉ, D., DEUZÉ, J. L., HERMAN, M. and MORCRETTE, J. J., 1997, 

Second simulation of the satellite signal in the solar spectrum, 6S: an overview. 

IEEE Transactions on Geoscience and Remote Sensing, 35, pp. 675-685. 
WENG, Q., 2002, Land use change analysis in the Zhujiang Delta of China using 

satellite remote sensing, GIS, and stochastic modeling. Journal of Environmental 

Management, 64, pp. 273-284. 
WESTMORELAND, S. and STOW, D.A., 1992, Category identification of changed land-use 

polygons in an integrated image processing/geographic information system. 
Photogrammetric Engineering and Remote Sensing, 58, pp. 1593–1599. 

WU, X., DANAHER, T., WALLACE, J. F. and CAMPBELL, N. A., 2001, A BRDF-Corrected 
Landsat 7 Mosaic of the Australian Continent. In: Proceedings of the IGARSS 

Conference, 9-13 July 2001, Sydney, Australia. 
http://www.cmis.csiro.au/rsm/research/pdf/Wu_IGARSS2001.pdf (accessed 3 
February 2010) 

WU, X., FURBY, S. L. and WALLACE, J. F., 2004, An approach for terrain illumination 
correction. In 12th Australasian Remote Sensing and Photogrammetry Conference 

Proceedings, 18-22 October 2004, Fremantle, Australia. 
YANG, X.,  and LO, C. P., 2002, Using a time series of satellite imagery to detect land 

use and land cover changes in the Atlanta, Georgia metropolitan area, 
International Journal of Remote Sensing, 23, pp. 1775–1798.  

YEMEFACK, M., BIJKER, W., and DE JONG, S.M., 2006, Investigating relationships 
between Landsat-7 ETM+ data and spatial segregation of LULC types under 
shifting agriculture in southern Cameroon. International Journal of Applied Earth 

Observation and Geoinformation, 8, pp. 96-112. doi:10.1016/j.jag.2005.08.003 
YUAN, F., SAWAYA, K.E., LOEFFELHOLZ, B.C., and BAUER, M. E., 2005, Land cover 

classification and change analysis of the Twin Cities (Minnesota) metropolitan 
area by multitemporal Landsat remote sensing. Remote Sensing of Environment, 
98, pp. 317-328. doi:10.1016/j.rse.2005.08.006 

Page 13 of 23

http://mc.manuscriptcentral.com/tres   Email: IJRS-Administrator@Dundee.ac.uk

International Journal of Remote Sensing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 14 

 
 

Imagery date 

 

Satellite/Sensor/Path-Row 

 

Source 

16 July 1975 Landsat 1 (MSS, p195/r33) NASA (Global Land Cover Facility, GLCF) 

11 May 1987 Landsat 5 (TM, p181/r33) NASA (GLCF) 

4 July 1995 Landsat 5 (TM, p181/r33) Eurimage 

28 May 1999 Landsat 5 (TM, p181/r33) Eurimage 

7 June 2000 Landsat 7 (ETM+, p181/r33) NASA (GLCF) 

26 June 2001 Landsat 7 (ETM+, p181/r33) Eurimage 

Table 1. Landsat data used and their source. Free data are depicted in bold. 
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 1 
Reference 

Bare Urb. Sc&Ma Oli. Crop. Fore. Wat. 

 

Classif. 

totals 

Prod. accur. (%) User. accur. 

(%) 
1995 

pre post pre post pre post pre post pre post pre post pre post pre post pre post pre post 

Bare 26 36 5 8 13 1 6 2 1 3 0 0 0 0 51 50 74.3 90.0 51.0 72.0 
Urban 7 1 34 49 4 0 2 0 3 0 0 0 0 0 50 50 85.0 84.5 68.0 98.0 
Sc&Ma 1 2 0 0 52 55 2 2 4 2 2 0 0 0 61 61 52.5 79.7 85.3 90.2 
Olives 0 1 1 0 13 6 44 58 0 1 9 4 0 0 67 70 65.7 82.9 65.7 82.9 
Crops 1 0 0 1 13 4 10 7 29 38 0 1 0 0 53 51 78.4 86.4 54.7 74.5 
Forest 0 0 0 0 4 3 3 1 0 0 51 54 0 0 58 58 82.3 91.5 87.9 93.1 C

la
ss

if
ie

d
 

Water 0 0 0 0 0 0 0 0 0 0 0 0 10 10 10 10 100.0 100.0 100.0 100.0 
 Refer. 

totals 

35 40 40 58 
99 

69 
67 

70 
37 

44 
62 

59 
10 

10 

pre 70.29 Overall Classification Accuracy (%) 

post 85.71 
pre 0.65 

 

Overall Kappa Statistics  

post 0.83 
Reference 

Bare Urb. Sc&Ma Oli. Crop. Fore. Wat. 

 

Classif. 

totals 

Prod. accur. (%) User. accur. 

(%) 
2000 

pre post pre post pre post pre post pre post pre post pre post pre post pre post pre post 

Bare 28 41 0 0 11 4 6 0 2 5 0 0 0 0 47 50 68,3 83,7 59,6 82,0 
Urban 7 5 29 41 2 0 6 3 3 1 0 0 0 0 47 50 96,7 100,0 61,7 82,0 
Sc&Ma 3 1 0 0 61 53 1 5 0 2 3 0 0 0 68 61 70,9 77,9 89,7 86,9 
Olives 1 0 0 0 4 3 47 63 3 1 13 4 0 0 68 71 66,2 82,9 69,1 88,7 
Crops 2 2 1 0 6 3 9 5 29 39 1 2 0 0 48 51 76,3 81,3 60,4 76,5 
Forest 0 0 0 0 2 5 2 0 1 0 58 52 0 0 63 57 77,3 89,7 92,1 91,2 

C
la

ss
if

ie
d

 

Water 0 0 0 0 0 0 0 0 0 0 0 0 9 10 9 10 100,0 100,0 100,0 100,0 
 Refer. 

totals 41 49 
30 

41 86 68 71 76 38 48 75 58 9 10 
pre 74.57 Overall Classification Accuracy (%) 

post 85.43 
pre 0.69 

 

Overall Kappa Statistics  

post 0.83 
 2 
Table 2. Pre-CPN (‘pre’) and post-CPN (‘post’) classification accuracy assessment results for the years 1995 and 2000. ‘Sc&Ma’ is the ‘Scrubland and 3 
Maquis’ land cover class. 4 
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 1 
 

 

1975 1987 1995 1999 2000 2001 

 Pre-

CPN 

Post-

CPN 

Pre-

CPN 

Post-

CPN 

Pre-

CPN 

Post-

CPN 

Pre-

CPN 

Post-

CPN 

Pre-

CPN 

Post-

CPN 

Pre-

CPN 

Post-

CPN 

BARE 37 13 57 25 46 18 37 21 54 17 52 17 

URBAN 29 23 17 9 27 11 29 25 28 13 22 13 

SCRUB + MAQUIS 439 436 531 454 431 453 439 435 375 445 426 445 

OLIVES 749 780 650 824 674 810 749 826 795 811 747 812 

CROPS 115 87 80 27 142 57 115 61 86 67 86 66 

FOREST 292 323 330 321 326 311 292 311 331 307 334 307 

Table 3. Area covered, in km2, by each of the six non-water classes according to the single-year (pre-CPN) and the multiple-year (post-CPN) 2 
classification results 3 
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 1 
C

h
a

n
g

e 
fr

o
m

 

cl
a

ss
…

 

…
to

 c
la

ss
 

Pre- 

CPN 

(%) 

1975-

2001 

Post- 

CPN 

(%) 

1975-

2001 

Pre- 

CPN 

(%) 

1987-

2000 

Post- 

CPN 

(%) 

1987-

2000 

C
h

a
n

g
e 

fr
o

m
 

cl
a

ss
…

 

…
to

 c
la

ss
 

Pre- 

CPN 

(%) 

1975-

2001 

Post- 

CPN 

(%) 

1975-

2001 

Pre-

CPN 

(%) 

1987-

2000 

Post-

CPN 

(%) 

1987-

2000 

1 22 85 20 42 1 7 4 2 0 
2 16 1 13 30 2 5 6 2 0 
3 26 1 27 1 3 12 2 4 2 
4 20 6 20 1 4 39 47 48 6 
5 13 6 13 21 5 32 40 41 92 

6 1 0 5 3 6 4 0 3 0 

b
a

re
 

7 2 0 2 2 

C
ro

p
s 

7 0 0 0 0 
1 21 30 13 0 1 1 0 0 0 
2 14 51 54 100 2 0 0 0 0 
3 45 10 10 0 3 4 1 4 1 
4 7 1 8 0 4 16 4 18 4 
5 8 4 14 0 5 0 0 0 0 
6 1 0 1 0 6 78 94 77 95 

u
rb

a
n

 

7 4 3 1 0 
F

o
re

st
 

7 1 0 0 0 
1 4 0 6 1 1 0 0 0 0 
2 1 0 1 0 2 0 0 0 0 
3 57 90 53 91 3 0 0 0 0 
4 27 5 33 5 4 0 0 0 0 
5 4 4 4 4 5 0 0 0 0 
6 6 0 3 0 6 0 0 0 0 

S
cr

u
b

+
M

a
q

u
is

 

7 1 1 0 0 

W
a

te
r 

7 100 100 100 100 

1 1 0 1 0 
2 1 0 0 0 
3 8 4 9 3 
4 80 95 78 95 

5 3 1 3 2 
6 8 0 9 0 

O
li

v
es

 

7 0 0 0 0 

 

 

Table 4: Land use and land cover (LULC) changes (%) between the entire period of study (1975 2 
and 2001) as well as between 1987 and 2000 before and after the multi-temporal processing 3 
(CPN) is applied. The land use types are coded as follows: 1 = bare; 2 = urban; 3 = scrubs and 4 
maquis; 4 = olives; 5 = crops; 6 = forest; 7 = water.  5 
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 18 

 1 
  Reference 

Pre-CPN Post-CPN 

 

No Change Change No Change Change 

No Change 48 2 50 0 
C

la
ss

if
ic

a
ti

o
n

 

Change 27 23 15 35 

 2 
Table 5. Accuracy of land use change results between 1995 and 2000 before and after CPN is 3 
applied. 4 

 5 
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Figure 1. Location of study area, the island of Lesvos (Greece)  
160x140mm (300 x 300 DPI)  
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Figure 2. Canonical variate ordination plots for the 1999 data. (a) All 14 spectral groupings 
identified from the image. (b), (c) Iterations for the investigation of ambiguities between 

Mediterranean Maquis (M1, M2), Olives (Ol) and Pines (Pi).  

304x313mm (300 x 300 DPI)  
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Figure 3.  A graphical depiction of the conditional probability network (CPN) applied to land use/cover mapping in the Lesvos study area. 

 

 

 

Estimated land use/cover 

True land use/cover 
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Rt12 
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Rt23 Rt34 Rt45 Rt56 
Rtij: Temporal rules 

Et2 Et3 Et4 Et5 Et6 Eti: Classification error rates  
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Figure 4. Samples from the western part of the island of pre- and post-CPN classification results for 
the years 1995, 1999 and 2001. The individual-year classifications (i.e. pre-CPN: a,b,c) in circle No1 
identify the unlikely change from forest to maquis and back in 7 years-time while in circle No2 the 

area is changing from forest to maquis to olives in the same period of time. The multiple-year 
processing (i.e. post-CPN: d,e,f) is able to reduce the amount of false change.  
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