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Abstract

:

In the westernmost region of the rapidly widening Corinth rift, Greece, extensive development of roads, bridges and other human infrastructure has caused continuous environmental change over the past twenty years. River networks, the land surface and the coastal environment, have been altered, especially in the areas corresponding to deltaic fans. In this paper we use earth observation systems that have captured these environmental changes, particularly medium (Landsat TM and ETM+) and high (Quickbird) resolution satellite images, to identify environmental changes between the periods 1992, 2000, 2002, and 2005. Six pseudo-color multi-temporal images in different spectral areas were created in order to detect changes to the terrestrial and coastal environment caused mainly by direct or indirect human impact. This methodology provided new data for quantifying significant alterations in the environment on different scales. In many cases this revealed their sequence during the time of observation.






Keywords:


Multi-temporal image processing; change detection; Landsat; Enhanced Thematic Mapper; Quickbird; Gulf of Corinth; Antirio Bridge








1. Introduction


Over the last two decades the Greek government has proceeded with infrastructure development within the western part of Greece. Formerly there was no uninterrupted highway that connected mainland Greece in the north with the Peloponnesus in the south, and the Gulf of Corinth interrupted the land continuity. Until recently, the only direct modern road connecting these large parts of the country was on the easternmost side of the gulf where the natural strait is located. Transportation across the western part of the gulf consisted of small ferries completing the route between Rio (mainland Greece) and Antirio (Peloponnesus). This distance, of not longer than two kilometers, was covered by a ferry in about 15 minutes, not including the time for embarkation and disembarkation, but only during adequate weather conditions.



The Gulf of Corinth is one of the most rapidly spreading rifts in the world, generating large and disastrous earthquakes [1,2,3,4,5]. Thus, one of the main arguments against construction of a bridge across the gulf was the high seismic potential of the area, which is related to its rapid expansion, determined by GPS techniques to be an average of 18 ± 2 mm/yr in an approximately north-south direction across the gulf [6,7,8,9]. New construction techniques allowed for design of the Rio-Antirio Bridge, which was structurally supported by different fault blocks. Its design allowed the bridge to remain intact during future differential movements of the fault blocks [10]. The bridge was finally completed in 2004, providing a modern alternative highway along the western part of Greece.



The anticipated increase in traffic along the highways leading to the bridge encouraged the local authorities to extend and widen the existing road network to the north-east and the west, and especially north of the bridge in the mainland sector. Accordingly, several construction sites were developed in the area surrounding the Antirio deltaic fan (Figure 1). Some of these are still ongoing as planned (quarries, highways, junctions, tunnels, etc.) and a high quality highway will be completed during the next decade, providing easier, safer and faster transportation in western Greece.
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Figure 1. The study area on a natural color (3,2,1—R,G,B) reference image acquired by Landsat 5 on September 2, 1992. The Quickbird image used in this study (1,4,3—R,G,B) is shown as a partially overlapping layer. The white rectangle in the inset shows the location of the study area. 
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In addition to these sites supporting new highway construction, a new river dam was created to supply fresh water to the eastern part of mainland Greece from the mountainous and densely forested area of western Greece where precipitation is much higher. The dam was constructed on the Evinos River beginning in 1992 and was completed in June 2001. It was filled in October 2002. Water from this dam flows through an artificial tunnel to an older dam (on the Mornos River), before it reaches the network that supplies water to Athens and the surrounding cities. Therefore, in the valley downstream from the dam on the Evinos River, there has been a reduction in the average volume of water that reaches the coastal area just west of the new Rio-Antirio Bridge, along with a reduction in the sediment load carried by the river. Moreover, in the forested area between the Evinos valley and Antirio deltaic fan many wildfires—whether set intentionally or naturally occurring—have occurred over the last several decades. This has had serious consequences for the natural environment because most of the fire damage has not been repaired. Due to the high precipitation in this area, high rates of erosion have been recorded during wintertime, resulting in a large amount of transported material being deposited in a violent way along the Antirio deltaic coastal area [11,12].



This paper concerns the results of a first effort to document the surface changes of this tectonically and geomorphologically active region and to categorize them systematically, for further interpretation. The initial idea was to define whether the changes detected on the earth’s surface are caused by the natural procedures of the evolving landscape or due to human interference, or both. The most efficient way to observe environmental alterations on such a wide scale, is the use of various remote sensing data, especially medium to high resolution and in the next section the methodology is described in detail.




2. Data Processing and Analysis


In order to detect environmental changes and the implications caused by the large construction sites along the Antirio fan and surrounding areas, several series of earth observation datasets were created. The satellite images used for this purpose were captured during several time periods beginning in 1992 and ending in 2005, and covering most of the area that was affected by the development of new infrastructure, as described in the introduction. The satellite image processing employed in this study includes atmospheric corrections, co-registration of images and creation of multi-temporal data constructed by creating new datasets for every spectral channel. The resulting false color composites reveal environmental changes not only where the construction sites are located but also in the coastal areas where erosion and deposition occur. The higher resolution images were used to increase the spatial resolution of the color composites, accomplished by merging high resolution images with lower resolution images [13,14] for better evaluation and quantification of the environmental alterations.



The first scene was acquired by the Thematic Mapper sensor (TM), placed on board the Landsat 5 satellite, on September 2, 1992, and consists of path 184 and row 33. Processing begins with geometric ortho-rectification in Universal Transverse Mercator (UTM) projection (zone 34N) by including, in the correction procedure, a highly detailed DEM with 25 meters pixel size [15]. The latter was produced by digitizing topographic map contours at a scale of 1:50,000. Subsequently, a dataset with 1123 columns and 577 rows was created; this covered only a part of the total scene and corresponds to the study area. The same procedure and dimensions were also applied to two other datasets, one derived from a Landsat 7-ETM+ (Enhanced Thematic Mapper) acquired on June 28, 2000 and another from a Landsat 7-ETM+ acquisition on August 13, 2005. All Landsat data were downloaded from U.S. Geological Survey (USGS) Earth Resources Observation and Science (EROS) Center. The last two datasets were ortho-rectified by using the image to image methodology and taking as reference dataset, the oldest one having the same DEM for altitude reference. A high resolution Quickbird 2 image acquired on June 12, 2002 and covering the central part of the study area was also used for larger scale observations with the highest possible accuracy and was imported in a geodatabase for further study along with the other data. These data were ortho-rectified, pan-sharpened and registered to the Landsat 5 ortho-corrected dataset, which was used primarily as the referencing image (Figure 1). The co-registration procedure of all datasets was successful since the RMS error was calculated less than 0.5 pixels either in X or Y geographic axis.



Effects of the atmosphere on remotely sensed data are not considered “errors” because they are part of the signal received by the sensing device. However, it is very important to remove atmospheric effects, especially on visible channels, as it has been noted that the atmospheric contribution to the radiance received by a satellite forms a much greater percentage of the radiance leaving the target area, than in the case of infrared [16]. Because this study is focused on detecting changes in a specific region through time, the main analytical tool relies on ground measurements made over time. Therefore it is very important to correct the radiance values recorded by the sensor for the effects of the atmosphere [17]. The technique that was applied on the Landsat series of datasets was based on the minimum digital number of the middle infrared band 7 for each dataset [18].



In general, when images contain areas of low reflectance, such as clear water bodies and deep shadows caused by extreme relief discontinuities, the corresponding pixels have values very close to zero, especially in the middle infrared band 7 of the Landsat TM and ETM+ sensors. Considering that a water body has virtually no reflection, even at shorter wavelengths such as band 4 or band 5, the digital number of a pixel representing deep sea water in band 7 should not be significantly larger than zero [19]. If it is larger than zero, then the non-zero digital number is due to atmospheric effects. This enables one to identify the effects of the atmosphere over large water bodies. The existence of the large water bodies in the Gulf of Patras west of the study area, and the Gulf of Corinth east of the study area, are thus very useful for calculating atmospheric corrections. After computing the statistics over each band of every dataset, the histogram minimum value for band 7 was calculated. This value was subtracted from the digital number arrays of the other bands of the same dataset and the result was a new array with digital numbers shifted towards the zero value, and presumably representing data with atmospheric corrections. The statistics for every single band were updated and the histograms were saved.




3. Multi-Temporal Interpretation


The acquisition dates of the three Landsat images used for the multi-temporal interpretation were almost ideal for the purpose of this study because nearly all of them were captured during the summertime (late June to early September) when the local weather conditions are similar.



The multi-temporal analysis procedure begins with the compilation of six datasets, each one containing a single spectral channel from the three Landsat images. Each of these datasets contains three bands with the same Landsat spectral channel for each acquisition date. The thermal infrared channels of the Landsat 5 and Landsat 7 were not used because the spatial resolution varies for the TM and ETM+ sensors and the thermal reflectance cannot be considered identical throughout long time periods. Thus, the interpretation continues separately for each spectral channel in order to detect changes in the absorption and reflection spectra for specific bandwidths. Subsequently, six pseudo‑chromatic images were produced by using the earliest data in the red channel (R-1992), the latest data in the blue channel (B-2005) and the intermediate data in the green channel (G-2000).



The resultant color composite images for every channel are presented in such a way as to locate the areas with high pixel values for each of the red, green or blue colors. In these cases, the earth’s surface changed significantly from one acquisition date to the next. These observations proved to be quite difficult to obtain from images collected during the intermediate observation period (2000), as restoration works for the altered land coverage (river flow, forest fire, quarry operations etc.) could have taken place before the capturing date of the last satellite image (2005).



In detail, areas colored nearly pure red in the pseudo-chromatic images reveal areas that suffered significant change after September 2, 1992 and remained unchanged until August 13, 2005. The almost pure green areas represent changes on the earth’s surface which happened in the time window between November 3, 1992 and June 28, 2000; with the provision that before and after these dates the land coverage should be more or less similar, or at least the spectral attitude of the area should be the same. If full and successful environmental restorations of an altered area have occurred, these areas would appear as green in each of the six datasets. Otherwise the restoration could not be characterized as completely successful, because the spectral attitude of the rehabilitated area is not the same before and after the environmental alteration. Finally, nearly pure blue areas represent change that happened after June 28, 2000 and before August 13, 2005.




4. Change Detection Results


In the pseudo-color image produced from band 1, the most spectacular change is represented by a blue linear feature connecting mainland Greece to the Peloponnesus; this is the Rio-Antirio cable bridge completed in 2004 and inaugurated just before the Athens Olympic Games (Figure 2). The blue color indicates that this bridge did not exist when the first two satellite images were acquired but did exist when the third satellite image was acquired. Thus it is clearly depicted on the 2005 Landsat image, which has been assigned to the blue channel. Its structural towers can be clearly seen in the southern part of the Quickbird image, which was captured before 2004 and apparently during construction (Figure 1). Additionally, the new road junctions on both sides of the gulf next to the bridge are also blue.



In the same image, just northeast of the town of Nafpaktos, a number of blue linear features indicate parts of the new highway detour designed to minimize traffic increase in the town itself. North of Nafpaktos, the lighter blue features with reddish parts are probably several road widenings with roadside banks constructed before 2005 (blue) or trenches constructed after 1992 (red). A new road constructed after 2000 in the forested area (21°43′E, 38°26′N) is also visible as a blue polyline feature (Figure 2).
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Figure 2. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 1, 0.45 to 0.52 μm) with three different acquisition dates. The diachronic changes in onshore and offshore areas, largely due to infrastructure development after 2000, are clearly shown as blue linear features. The black arrows point to alterations of the surface described in the text. Below, two single band-1 enlargements of the black rectangle area show the changes caused by the bridge construction during the period from 1992 (left) to 2005 (right). 






Figure 2. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 1, 0.45 to 0.52 μm) with three different acquisition dates. The diachronic changes in onshore and offshore areas, largely due to infrastructure development after 2000, are clearly shown as blue linear features. The black arrows point to alterations of the surface described in the text. Below, two single band-1 enlargements of the black rectangle area show the changes caused by the bridge construction during the period from 1992 (left) to 2005 (right).
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The flysch rocktype that makes up most of the bedrock in the study area has great potential for generating large-scale landslides. Frequent heavy rainfall in this area, combined with surface denudation from road construction and river erosion, cause major and minor land movements, which expose bare soil prior to rehabilitation and the renewal of vegetation (Figure 3). Such phenomena can be identified along the road that connects Nafpaktos with Vlachomandra, especially along the western side of the road where red pixels indicate landslides that happened shortly before 1992 and that were successfully restored before 2000. Larger-scale land movements seem to have occurred before 2005 on the eastern bank of the Mornos river (21°53′E, 38°25′N) and smaller scale changes along both banks of the Evinos river, especially when flysch lithologies were exposed along the river (21°36′E, 38°25′N).
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Figure 3. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 2, 0.52 to 0.60 μm) with three different acquisition dates. Land surface destruction due to mass landsliding along roads and river banks, as well as other changes in bare soil and vegetation, can be identified. The black arrows point to alterations of the surface described in the text. 
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A spectacular change in the land surface resulting from restoration of a burnt area can be observed over a large area in the north central portion of the study area (21°44′E, 38°24′N). In the oldest image (1992), this large area represents a region of bare soil in the middle of forest-type vegetation; such features normally correspond to tree destruction. In the multi-temporal pseudo-color images this area is colored reddish, whereas a smaller area in between the large ones is colored green (Figure 3, Figure 4). In the high resolution Quickbird image (Figure 1) it is clear that in the same area there is a densely vegetated area with striped cultivation corresponding to vineyards. This interpretation is based on the reflectance contrast between bare soil and vegetation. Thus bare soil existed during 1992, a large part of which was cultivated before 2000 (red) and the vineyard expanded between 2000 and 2003 (green); as seen in the Quickbird image, the vegetation seems to be quite homogenous throughout this whole area.



Just west of this vineyard another major environmental alteration is indicated by the multi-temporal data analysis. A big quarry was developed sometime after 1992 but before 1996 when air photographs show its operation at a very early stage. This quarry is located on flysch, mainly consisting of shale and sandstone. Such materials are widely used in local housing settlements for decorative reasons. The quarry works have expanded, gradually causing a decrease in the forest vegetation that used to cover the surrounding area. Restoration of the quarry site must have begun between 2003 and 2005 because there is no blue in the false color image at this location, indicating that the reflectance was not that of bare soil when the latest Landsat image was acquired (Figure 4). There is also a smoothing of the relief as shown in the Quickbird image; this is not consistent with the exposure of the steep quarry terraces that are clearly visible in the 1996 high resolution air photographs.
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Figure 4. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 3, 0.63 to 0.69 μm) with three different acquisition dates. High contrast spots in the forested area reveal changes in reflectance due to human activity or forest fires. The time at which the reflectance changed can be estimated by the colors on the image, as described in the text (see black arrows). 
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For many years now, the reduction in water flow along rivers emptying into the Gulf of Corinth has caused coastal erosion and a regression of the shoreline. This could be related to construction of several dams along upstream portions of the rivers or perhaps to global climate change. Multi-temporal interpretation of Landsat images reveals that the northern coastlines of the two gulfs, on either side of Antirio, have suffered serious regression. In the near infrared datasets a discontinuous red stripe of a few pixels width is visible, beginning just east of Nafpaktos through the west of its waterfront, indicating that the beach which existed there in 1992—and possibly for many years before—has eroded (Figure 4, Figure 5).
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Figure 5. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 4, 0.76 to 0.90 μm) with three different acquisition dates. The high absorbance of water creates a high reflectance contrast along the coastline so that shoreline regression is easily observed and quantified. The white arrows point to alterations of the coastal areas described in the text. 






Figure 5. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 4, 0.76 to 0.90 μm) with three different acquisition dates. The high absorbance of water creates a high reflectance contrast along the coastline so that shoreline regression is easily observed and quantified. The white arrows point to alterations of the coastal areas described in the text.



[image: Remotesensing 02 02547 g005]





Along the eastern coast of the Antirio fan, no significant changes in the shoreline can be observed. A blue linear feature corresponds to a small pier constructed before 2005 but after 2000. In contrast, along the western part of the coastal deltaic area, an almost continuous red stripe corresponds to a regression of the 1992 shoreline, which in places has regressed by as much as 50 meters. Reddish pixels can also be observed along the western part of the coastline in the study area, where the main outcrops onshore consist of limestone, conglomerate, shale and sandstone, which make up parts of the flysch sequence. The steep topographic slopes present here, combined with the high frequency of planes of weakness in the rock (caused by bedding, joints, etc.) have the potential to produce rock fall into the sea; thus the red pixels along the coast line might represent missing land surfaces destroyed by rock fall, with rock fall probably occurring after 2000 and definitely after 1992. The epicenter of the large Aigion earthquake on June 15, 1995 (M=6.1) is located just 35 km eastward of this area, suggesting that rock fall could have been triggered directly by the earthquake or be related to post seismic surface deformation [20].



The Evinos dam, which is not located in the study area, has apparently altered the natural flow regime of the river. This has created temporary changes in the pattern of river incision, especially in the low relief segments of the valley at the northwestern end of the study area. In the multi-temporal pseudo-color images these changes are visible as linear features of different colors and widths; these linear features cross each other in a wide part of the river valley (Figure 6). These shifts in the river bed and incision pattern could have been the result of short-term meteorological changes, but because the three multi-temporal images were all acquired during the summer it is most likely that they are caused by controlled water release at the Evinos dam. Controlled water release at the dam would produce a significant change in the rate of discharge and sediment carrying capacity in downstream portions of the river, potentially causing erosion, landsliding and/or rock fall in the lithological formations that outcrop adjacent to the river valley, especially after sudden flooding.



Similar phenomena do not seem to have occurred along the Mornos river valley, perhaps because this dam has been in operation since 1981 and did not alter its operations during the period when the satellite images were acquired, or because a narrow artificial watercourse was constructed downstream of the dam in order to avoid floods at the river outlet in the Mornos deltaic fan area.
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Figure 6. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 5, 1.55 to 1.75 μm) with three different acquisition dates. The pattern of water flow in the rivers has shifted throughout the thirteen year observation period as indicated by crosscutting linear features of different colors. The black arrows point to alterations of the surface described in the text. 
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Because the lithology of the mountainous area consists mainly of flysch [21] and the climate is generally humid, the forest is extremely dense. During the summer whilst temperatures are high, forest fires occur quite frequently, resulting in large burnt areas with consequent environmental effects. By using the multi-temporal interpretation technique of Landsat data images, the areas affected by forest fires can by highlighted and one might be able to determine the extent of the burned area and the approximate time of the fire. In the case of Antirio, several burnt areas are apparent on the image in Figure 7.



A bluish area just east of the Evinos river valley corresponds to a burnt area that appeared between 2000 and 2005; there has been no effective rehabilitation. There are also many spotty areas in the forests that display a mixture of colors; these are in contrast with the densely vegetated areas that were burned and subsequently restored between the three capturing dates. For a more detailed study in terms of time, a more complete time series of images should be used in the future by applying the same methodology but with shorter periods of time between the capturing dates of the acquired remote sensing data.





[image: Remotesensing 02 02547 g007 1024] 





Figure 7. Multi-temporal pseudo-color image produced from layer stacking of Landsat satellite data (Band 7, 2.08 to 2.35 μm) with three different acquisition dates. The reflectance in this band highlights the difference between bare soil and cultivated land, thus showing areas that have been denuded by forest fires. The various colors show surface changes between the three satellite acquisition dates. In particular, large areas of a reddish color appear across the mountainous area where previously burnt areas have been rehabilitated either naturally or artificially before the 2000 Landsat data was acquired. The black arrows point to alterations of the surface described in the text. 
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5. Conclusions


For the last decade, Greece has been making an ongoing investment in its infrastructure in western mainland Greece, including the building of roads, bridges and dams. The human interaction with the natural landscape evolution has a much higher impact than if the human factor was less significant. Almost all the landscape evolution observed for this area is directly or indirectly connected to major ongoing construction activities.



The environmental impact of these activities would not be apparent without the interpretation of remote sensing data such as described in this paper. The region of western Greece is nearly ideal for applying techniques involving multi-temporal remote sensing data because in a very short time period many environmental alterations have occurred due to natural and human activities. The multi-temporal image interpretation technique allows for the identification and, in many cases, the quantification of these environmental effects. The availability of a dense time series of remote sensing multispectral data provides an opportunity to identify changes on the earth’s surface. In some cases, these may signal major environmental changes of a serious nature and indicate the need for preventative measures to avoid an environmental disaster.



This paper highlights the important role that analysis of multispectral satellite data can play in the identification of surface alterations related to human activity and natural processes. In some cases high resolution satellite images will also be needed to quantify the spatial extent of surface alterations, but multispectral data, at either medium or high spatial resolution, will remain the key in identifying the existence and timing of changes to the earth’s surface environment.
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