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Abstract

Aid In Action Porthcawl (a registered South Wales Charity Organisation) has been carrying out charity work in the town of Rubik in the Mirdita Region of North Albania for many years. Rubik lies within the Catchment of the River Fani which is remote, ungauged and characterised by frequent flooding, erosion and deforestation. Over the years these processes have had a huge environmental and socioeconomic impact on the residents of Rubik. Aid In Action was concerned about this situation and wished to provide a sustainable solution. Following discussions with staff at the University of Glamorgan, it was agreed that a sustainable solution was the development of an integrated hydrological decision support system for the whole River Fani Catchment. 

Hydrological models can be a valuable tool, providing a common platform for experts, decision-makers and stakeholders for the sustainable management of catchments, especially when used within the framework of a Geographic Information System (GIS). Such models and systems require quantitative data of good quality over appropriate spatial and temporal scales. For remote mountainous ungauged river catchments in developing countries the development of a catchment model and management system is often complicated due to limited availability of such data. Very often, any available data are difficult to obtain; they could, for example, be scattered among local authorities and are generally in the national language of the country concerned, thus adding the challenge of having records translated into the study language. 
Over the last few decades, advances in hydrological data capture (e.g. using remote sensing) and data management systems (e.g. GIS) have provided opportunities for overcoming some of the challenges of modelling ungauged catchments. However, the data captured is often from different sensors and sources and at different scales. This research project sought out to creatively use multi-source and multi-scale data to develop a GIS‑based hydrological model of the River Fani Catchment in the North of Albania to provide, a long term solution for the sustainable management of the Fani Catchment, thus improving the quality of life for the residents of Rubik and the rest of the Catchment. Data from various remote sensing sensors (e.g. Landsat, MODIS, ASTER) and other sources such as published maps, limited gauged flow and rainfall records, local library archives, digital datasets (e.g. CORINE and radar rainfall) and interviews with residents were used to develop the integrated GIS-based hydrological (using WMS hydrological modelling environment) and hydraulic (HEC-RAS)  model of the Fani Catchment. The model was then used to not only map significant environmental change in the Catchment (e.g. deforestation using various vegetation indices), but also to assess flooding impact and to analyse various “What-if” scenarios of conservation strategies (e.g. deforestation, afforestation and provision of runoff attenuation systems). 

The results suggest that the changes in vegetation cover (apart from farming practices) are not considerably extensive in the Catchment between 1984 and 2000. It was observed that afforestation as a flooding mitigation measure did not play a decisive role in runoff reduction compared with attenuation measures. This study has demonstrated the effectiveness of remote sensing and GIS in generating quantitative information on land classification, change detection, soil erosion and general catchment management for remote and ungauged catchments in developing countries. This has been particularly so, owing to recent developments in sensor technologies and increasing available datasets from data providers and the global scientific community at little or no cost. 
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Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 200 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.


249Figure 6.8:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 2 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 5 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 10 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 25 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 50 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.


251Figure 6.13:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 100 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.


255Figure 6.15:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 2 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


256Figure 6.16:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 5 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


256Figure 6.17:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 10 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


257Figure 6.18:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 25 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


257Figure 6.19:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 50 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


258Figure 6.20:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 100 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


258Figure 6.21:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 2 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 5 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


260Figure 6.24:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 10 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 25 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 50 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


261Figure 6.27:
 Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 100 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).


262Figure 6.28:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Geologic map of Albania showing (from North to South) River Fani , Shoshaj and Ndroq Catchment boundaries in black outline


209Plate 5.13:
River Fani, Shoshaj and Ndroq Catchment boundary and their river network in Albania. The locations and names of the hydrologic stations are also recorded.


210Plate 5.14:
Ndroq Catchment boundary and the river network in Albania. Area (A), Basin Slope (BS) and Length (L) are recorded as shown above. The Catchment was derived from a DEM of the area of interest.


210Plate 5.15:
Shoshaj Catchment boundary and the river network in Albania. Area (A), Basin Slope (BS) and Length (L) are recorded as shown above. The Catchment was derived from a DEM of the area of interest.


221Plate 5.16:
Hydrographic map of Albania (Selenica (2006)).


222Plate 5.17
Map of 24h precipitation for Albania for a 100-year return period. Average annual rainfall is 1485mm. The highest 24hr precipitation oscillates from 100 to 420mm (Selenica (2006)).


223Plate 5.18:
Flood potential map of Albania for specific peak discharges (Selenica (2006)).


224Plate 5.19:
Flood potential map of Albania for a 100-year return period (Selenica (2006)).


225Plate 5.20:
Flood risk map of Albania for a 100-year return period (Selenica (2006)).


230Plate 5.21:
HEC-RAS Hydraulic model. The elevation dataset in the form of TIN for the AOI are illustrated.


230Plate 5.22:
HEC-RAS Hydraulic model. The cross-sections along River Fani for the AOI are illustrated.


234Plate 5.23:
Rubik town along River Fani Catchment. Red perimeter shows the area surveyed by Coleman (1999).


235Plate 5.24:
Flooding of Rubik’s football pitch.


264Plate 6.1:
River Fani Catchment showing the location of the hypothetical reservoir used in the simulations.


281Plate 6.2:
 Plan of Rubik town and surrounding area, showing the elevation contours and the location of the hypothetical reservoir used in the simulations.


281Plate 6.3:
Plan of Rubik town and surrounding area, showing the elevation contours and the flooded area delineated from a construction of 40m height reservoir upstream, designed to store 18x106m3 of water.


282Plate 6.4:
Plan of Rubik town and surrounding area, showing the elevation contours and the flooded area delineated from a construction of 60m height reservoir upstream, designed to store 36x106m3 of water.
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Background and Research Motivation
1.1 Introduction

Catchment areas and their proper management have become a major issue of concern for resource managers world-wide. This growing level of concern was prompted by an increase in the number of major catchment areas being deteriorated by flooding and soil erosion (Ganoulis (2003), Gelsomino et. al. (2006), Chang Huang et. al. (2007), Malik and Matyja (2008) and Pignatelli et. al. (2009)), These and other catchment problems (e.g. water pollution) are not only isolated in solving water management issues but also include engineering, biophysical, economic, social, environmental, political and institutional issues. Resolving these problems requires integration of interdisciplinary organisations for acquiring all necessary resources (e.g. information, hardware, software, expertise, funding). In developing countries, integrated catchment management is further restricted by lack of quality and quantity of appropriate data as well as insufficient capacity in human resources. Such issues create challenges and so it is even more important to develop tools that could be used to define and apply the policies and strategies at least at the regional scale in order to effectively deal with catchment management problems. The main tool in this regard is a catchment hydrological model developed within the framework of a Decision Support System (DSS), i.e. a Geographic Information System (GIS) enabled model environment. GIS can store, analyse and manipulate spatial data. In this research project GIS was also used to develop management strategies and more importantly as a DSS for mitigation measures to be taken for flood prevention and control in the area under investigation i.e. River Fani Catchment in North Albania. 

Traditionally catchment modelling is used for better understanding of the hydrology of the area under study and consequently for solving catchment problems. It is a complex process and involves representation of the water cycle processes at a scale and/or level appropriate to the catchment problem being addressed. Such methodology was adopted in this research project, by developing a rainfall-runoff model to predict the spatial and temporal response of the River Fani Catchment. Runoff prediction by hydrograph development is a very important part in rainfall-runoff modelling. This is because the hydrographs produced are often required as the basis for an engineering design. The amount of runoff produced by a catchment is dependant upon numerous factors (e.g. the way in which hydrological parameters such as rainfall intensity, Land Cover (LC) and soil type are distributed). Therefore a significantly large number of spatially and temporally distributed data (e.g. terrain models) are required to derive the hydrological parameters required in the modelling procedures. Additional modelling data required include: catchment area, boundary and shape, stream network, topography, land use/cover (LULC), soil type, drainage density and drainage pattern. The quality of these data and the robustness of the underlying assumptions used indicate how useful a model can be. In view of the data challenges encountered in this research project (see Chapter 3, Section 3.4), the use of satellite Remote Sensing (RS) became particularly important as a data source.

Satellite remote sensing technology has come a long way since the launch of the world’s first satellite, Sputnik, in 1957. In 1972, Landsat MSS, a high spatial resolution satellite was launched and the use of its data that became widely available, enabled significant advances in the field of earth monitoring. In 1984, spatial, geometrical, and radiometric resolutions were significantly enhanced with the launch of Landsat-4 and its TM sensor. Since then, more satellites were launched with improved sensors for example Landsat 5 that carried the MSS and TM sensors (Appendix A, Plate A1) and Landsat 7 launched in 1999 that carries the ETM+ sensor (Appendix A, Plate A2). Therefore, the Landsat satellites series prime emphasis is on remote sensing of land resources. 
Since the launch of Landsat and generally high spatial resolution satellites for monitoring vegetation, the application of remote sensing in hydrology as well as the technique of land use mapping (which forms the backbone of this and many other hydrological projects), has increasingly gained recognition. Consequently, research evolved in the applications of remote sensing for land management and in hydrology, towards developing methods to use satellites of various spatial resolutions in monitoring the environment. For land management, data on reflective, thermal and dielectric properties of the Earth’s surface can be provided using a variety of sensors (Engman and Gurney (1991)). On the other hand, in the case of hydrology, remote sensing techniques measure hydrological variables indirectly and hence, the electromagnetic variables (measured by remote sensing techniques) have to be related to the hydrological variables empirically or with transfer functions. Additionally, in the case of hydrological models which are not structured to receive and analyse remotely sensed data directly, advanced computer hardware and software have to be used for imagery storage, analysis and interpretation (e.g. ERDAS Imagine, ENVI, IDRISI and PCI Geomatica). In the current research project, ERDAS Imagine software was opted for and used to analyse satellite imageries.
1.2 The River Fani Catchment Case Study - Overview of the Challenges
This research project was initiated and funded by Aid-in-Action (AIA) Porthcawl in collaboration with the University of Glamorgan. AIA Porthcawl is a South Wales charity organisation set up in 1989 which became a registered charity in 1991 with the motivation and ‘goal’: “We aim to challenge inequality, poverty and injustice, through sharing knowledge and skills to empower the disempowered. We will work with people of all faiths, ethnicity, gender orientation, background and ability.” Over the years AIA Porthcawl has helped many countries with difficulties namely, Albania, Belarus, India, Peru, and Zambia. In Albania, AIA’s work is focused on the town of Rubik, situated on River Fani, in North Albania. 

Rubik town and generally Mirdita region in the northern part of Albania endure environmental problems such as pollution and deforestation (Samimi et al. (1997) and Qiriazi and Sala (2000)). These problems were mainly due to the lack of environmental protection strategies and resulted in social, health, environmental, and financial consequences for the populations of the area. According to Samimi et al. (1997), the following took place; (a) the uncontrolled mine activities in the surrounding mountains caused pollution, (b) illegal logging resulted in deforestation and (c) hunting activities damaged fauna. Consequently, the discharge of the River Fani increased (the average annual discharge is 103 m3/s, which is considered high for the catchment), causing major frequent flooding problems to Rubik town. In addition, these problems have lead to river bank instabilities, landslides and erosion on a regular basis, deterioration of agricultural land and changes in the morphology of the river reaches towards the town. Thus, these let to impacting heavily on the quality of life of the locals, endangering their lives, threatening property as well as affecting the environmental sustainability of the Catchment. As a result, the residents of Rubik town abandon their houses and relocate to safer areas on a regular basis.

In aid of this situation, AIA Porthcawl attempted to provide localised solutions, such as bank stabilisation with different methods but these were unsuccessful in abating the problems. AIA Porthcawl then approached the University of Glamorgan and after extended discussions it was agreed that a sustainable solution to the localised problems in Rubik was to carry out a catchment wide study of the area in order to better understanding its hydrological behaviour. This should help in the provision of localised solutions.
The solutions/measures that can be considered and implemented in catchment management can be distinguished in (a) structural and (b) non-structural (e.g. flood forecasting and warning systems, and flood risk maps). For both measures, a better understanding of the causes of floods, erosion and instability in the region, needs to be established, which requires the use of hydrological models at the scale of the river basin. Developing such a model could contribute not only in the provision of localised solutions that are required but also could significantly aid to the environmental management of the whole catchment.

1.3 Research Aims and Objectives

The general aims of the thesis were: (a) to develop and apply a physically based hydrological model of the River Fani Catchment (in the northern region of Albania) with an emphasis on the use of GIS and RS and, (b) to prepare a flood risk assessment study for the River Fani Catchment. The work in this thesis aimed also to merge both new and old techniques and demonstrate how technical advances may aid the hydrologist in the modelling of variable events such as rainfall and runoff. 
The research investigation was focused on the application of both RS and GIS technologies to overcome data limitations of the mountainous remote Catchment and the application of different hydrological and hydraulic modelling environments and tools (e.g. WMS, HEC-RAS) for modelling different rainfall-runoff scenarios. Even though much work has been done on the application of GIS and RS in hydrological modelling, there are still many unresolved aspects that have to be addressed and therefore, there is a need for further work. For example, better understanding of spatial hydrology is required, especially in remote, mountainous and ungauged catchments with limited available conventional data.

The specific objectives of the thesis were:

1. Monitor and map various hydrologically significant changes (e.g. deforestation) in the River Fani Catchment, with the processing and analysis of remote sensing imagery (Landsat, Moderate Resolution Imaging Spectroradiometer (MODIS) and Advanced Spaceborne Thermal Emission and Reflection radiometer (ASTER)).

2. Develop a hydrologic model using multi-source and multi-scale data (land cover CORINE data, satellite images, field archived data and maps) in a GIS-integrated hydrological modelling package (WMS, HEC-RAS).

3. Quantify channel flow for various specified precipitation events and for various scenarios of change or developments in the Catchment area.

4. Develop a decision support management system with the use of GIS and RS of a remote mountainous catchment that makes recommendations on various conservation measures based on a ‘What-if’ analysis and simulation results of the hydrologic model, to be carried out later in this work.
The output of this research was anticipated to contribute towards the following: 

· Improved quality of life for the residents of the Rubik area of Albania through better catchment management measures that are proposed.

· Extension of results and applications to other parts of Albania (since hydrological problems in the Mirdita region are common to other parts of the country).

· Application of multi-source/multi-scale data (particularly from remote sensing) to enhance the understanding of catchment runoff dynamics in a mountainous area with limited archived field data.

· Mapping of hydrologically significant change in the River Fani Catchment to show its effect on hydrological processes and their interactions within the area.

1.4 Structure of the Thesis

Following this introductory chapter, Chapter 2 is review of literature, looking at hydrological modelling; their different processes and relationships as well as the classification systems into which are aggregated. The limitations, advantages and disadvantages of several hydrological models are also examined and are on these that the selection criteria for an appropriate hydrological model for this research project are based. Once an appropriate model is selected, the review is concentrated on the data scarcity/limitations of remote catchments and goes into investigating advances in technology such as the GIS and RS in tackling them. 
In Chapter 3, the River Fani Catchment topography, climate, hydrology, geology and land use are described. Catchment degradation, erosion, landslips and flooding are also covered in this Chapter giving an overview of the situation and the problems encountered in the area. Acquiring such data for this research project embraced challenges. In overcoming the challenges the use of GIS and RS is introduced and described in this Chapter.
Chapter 4 starts with a description of the remote sensing data acquired for the Catchment from different sensors (such as the Landsat TM, ETM+, MODIS and ASTER), followed by the pre-processing techniques used to correct and enhance the images. The analysis of the images using image processing systems and GIS aided the derivation of parameters, land cover and change detection maps to be used in the hydrological model. This Chapter also examines the changes that occurred in the Catchment from 1984 to 2000 and the soil erosion potential of the area.
Chapter 5 – This Chapter describes the development of the hydrologic model from the data derived in Chapter 4. It starts with the modelling technique used, followed by the use of the WMS tools to construct the hydrologic model of the Catchment, using the derived GIS layers (e.g. land cover, soil, Digital Elevation Model (DEM)). The calibration and validation of the model is presented based on hydrologically similar catchments and different rainfall-runoff scenarios are examined. In order to investigate the effects of these scenarios on the Rubik town (situated on the banks of River Fani Catchment) a hydraulic model was constructed using HEC-RAS. The results and analysis of the hydraulic model as well as the floodplain delineation are described in this Chapter.
One of the objectives of this research project is to make recommendations on various conservation measures based on a ‘What-if’ analysis and simulation results of the hydrologic model. Chapter 6 presents the different ‘What-if’ scenarios for both the hydrologic and the hydraulic models, analyses their results and makes catchment conservation and management proposals.
Finally, in Chapter 7 the conclusions of the research are summarised and recommendations made for areas of further research. To preserve the continuity of the main chapters some detailed information has been placed in the appendices at the end of this thesis.
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Literature Review of Hydrological Modelling of Mountainous Temperate Catchments
2.1 Introduction

“Hydrology is the science that treats the waters of the Earth, their occurrence, circulation and distribution, their chemical and physical properties, and their reaction with the environment, including their relation to living things. The domain of hydrology embraces the full life history of water on the Earth” (Maidmen, (1993a)). Hydrology is therefore a very broad subject area. The research project herein, deals with one segment of the subject, namely: rainfall/runoff modelling with particular emphasis on mountainous catchments.

The rainfall-runoff relationships and consequently all the processes involved in the hydrological cycle are described in the following section (section 2.2) with emphasis on the runoff process and the methods used to determine this. Such processes are simulated using hydrological models and these are classified into different groups as described in section 2.3. The applications of various hydrological models using advanced technologies such as GIS and RS are described in section 2.4, focusing on the advantages gained from such a combination especially in data-poor catchments. The Chapter ends with conclusions on the integrated modelling approach which could lead to DSS for catchment management.
2.2 Rainfall-Runoff Relationships

Rainfall and runoff have a complex relationship as indicated by the hydrological or water cycle. The hydrological cycle does not begin with any one particular activity but it can be characterised as a continuous cycle of water leaving the earth’s surface and eventually returning in the form of precipitation. It describes the storage and movement of water between biosphere, atmosphere, lithosphere, and the hydrosphere. 

Therefore, precipitation falling on the ground can arrive at a stream channel by one of several paths. A portion of the water that does not evaporate or percolate, will flow over the soil surface as surface runoff, whilst the remainder will infiltrate through the soil and flow beneath the surface to a stream. Overland flow generally occurs over a small length with stream channels being reached quickly, and therefore, if surface flow occurs in sufficient quantities it becomes very important in the formation of hydrograph peaks. However, large amounts of surface runoff can only occur when the rate of rainfall exceeds the infiltration capacity of the soil. Subsurface flow, in comparison, moves slower than surface runoff, yet the amount of flow can be quite large, especially for storms of moderate intensity, and may be responsible for rises in stream flow for this type of event.
The processes involved in transforming rainfall to runoff have troubled hydrologists for many years, when attempting to obtain or predict runoff. Consequently, relationships between the rainfall over a catchment area and the resulting flow in a river have been developed. These depend on the timescale being considered. The shorter the time (e.g. hours) the more complex the rainfall versus streamflow relations are, but as time intervals increase (e.g. months) the connection becomes simpler, approaching a straight line correlation when the time interval approaches one year. Another factor affecting the rainfall-runoff relationship is the size of the catchment. Small homogeneous catchments give simple rainfall-runoff relationships but the case is different with large catchments (of national or international scale). In the intermediate scale, of both area and time, rainfall-runoff relationships are complicated due to physical factors (such as geology) and hydrological factors (such as evaporation, infiltration and groundwater flow).

The derivation of runoff from rainfall can be determined with the following methods: (a) Rational, (b) Time-Area, (c) Hydrograph Analysis, (d) Unit Hydrograph, (e) Instantaneous Unit Hydrograph and (f) Rainfall-runoff relationships. These methods are explained in various hydrology textbooks (see, for example, in Chapter 13 of Shaw (1994)). The method of runoff prediction used in this research project has made allowances for the amount of rainfall that would infiltrate into the soil, when calculating the amount of runoff for a rainfall event. The project was then concerned with routing this runoff through the catchment via overland flow paths and river channels in order to produce the hydrograph of runoff that corresponds to a particular rainfall event.

The intensity and extent of surface runoff in streams before and after a storm can be mapped using remote sensing techniques. Such techniques though cannot measure runoff directly but can be used to determine information (in the form/type of map) that can be used as input to hydrological models. These include: (a) catchment geometry and drainage network, (b) LULC classes that are used to define runoff coefficients, (c) soil moisture and other soil characteristics (d) topographic data. Topography is usually represented with a DEM and is considered an important element in hydrological models of mountainous catchments because it is used to extract parameters such as slope, aspect and surface roughness that influence significantly surface runoff and runoff velocities. 
Last but not least, the rainfall-runoff model, like any model is understood as a simplified representation of the natural system it attempts to describe. In this case the natural system is the River Fani Catchment. However, a distinction is made between three different meanings of the general term model, namely the conceptual model, the model code and the model that here is defined as a site-specific model. Generally, the conceptual model (described in more detail in Chapter 5) is derived by considering all or some of the hydrological cycle processes (such as runoff, infiltration, groundwater movement), which in tern can be used for the development of the site-specific hydrological model (using the model code). In general, hydrological modelling can be divided into four components: (a) surface water hydrology, (b) surface water quality, (c) groundwater flow and (d) groundwater transport. These components are subsequently classified into different model categories.
2.3 Hydrological Models

Hydrological modelling has become an indispensable tool for studying flood-related processes and water management in catchments. Computer based hydrological models have been developed and applied at an ever increasing rate during the past four decades. The key reasons for that are twofold: (a) improved models and methodologies are continuously emerging from the research community, and (b) the demand for improved tools increases with the increasing pressure on water resources. Examples of hydrological models are: TOPMODEL (Beven and Kirkby (1979), Beven et. al. (1995), Beven and Freer (2001)), MIKE SHE (originally derived from the SHE model by Abbot et al. (1986a&b)), (Graham and Butts (2005)), LISFLOOD (De Roo (1998)), IHACRES (Post et. al. (1998)) and IHACRES Classic Plus (Croke et. al (2006)), for simulating surface hydrologic processes using spatially varying data (see for example, Littlewood et. al. (2003), Descroix et. al. (2007) and Moretti and Montanari (2007) amongst others).
The hydrological models may vary in terms of how processes are represented, in time and in space scale that are used and in what methods of solution to equations are used. With these principles in mind, several authors have developed different classification systems where they grouped the hydrological models to facilitate the modelling approach.

2.3.1 Classification of Hydrological Models

Considering that there is a plethora of hydrological models, it is expected to find a multitude of classifications into which various authors have grouped their respective model, (see, for instance, Maidment (1993b), Singh (1995) and Refsgaard and Knudsen. (1996)). Nevertheless, all hydrologic models can be classified according to the three space dimensions, time and randomness. This is due to the fact that the hydrologic phenomena vary in all three space dimensions and with time and are also random or uncertain (since they are driven by rainfall and because many of the properties of the flow domain are unknown, especially for subsurface flow). Maidment (1993b) developed such a classification system as used in this research project. The different types of models are separated according to the type of their processes, i.e. whether they are lumped or distributed (see Figure 2.1). The system (hydrological model) can be classified into two main categories, deterministic (no randomness) and the stochastic (randomness). These categories are then further broken down into further classifications. The deterministic model is classified as lumped (processes are assumed spatially uniform) or distributed (processes vary in space). Each type is further classified as steady or unsteady depending on variations with time. This type of classification is very useful in understanding the different hydrological models and their processes as well as selecting an appropriate one for a specific application.
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Figure 2.1:
Classification of hydrologic models based on the way they represent variations with space and time and uncertainty of hydrologic systems (Source: Chow, Maidment and Mays (1988)).

2.3.1.1 Lumped Models

A lumped model is generally described as the model which is expressed by ordinary differential equations taking no account of spatial variability of processes, input, boundary conditions and the system’s (catchment’s) geometric characteristics. In most lumped models, some processes are described by differential equations based on simplified hydraulics laws. Other processes are expressed by empirical algebraic equations (see, for example, DeVantier and Feldman (1993)). The U. S. Army Corps of Engineers (USACE) hydrologic model HEC-1 (U. S. Army Corps of Engineers (USACE) (1998), Feldman, (1995)) is an example of a model classified as lumped, but can effectively operate as a distributed model through small subbasin and/or kinematic wave routing options. Other examples of lumped models are: RORB (Laurenson and Mein (1995a and, 1995b)), SSARR (U. S. Army Engineer (1972), Spears (1995)), tank model (Sugawara (1995)), HBV (Bergström (1995); Lindström et al. (1997)), INCA (Whitehead et al., (1998)), SWAT (Arnold et al. (1998), Arnold and Fohrer (2005)) and many more.
2.3.1.2 Distributed Models

Distributed models (e.g. Refsgaard et. al. (1996) and Reed et. al (2004)) take an explicit account of spatial variability of processes, input, boundary conditions, and/or system (catchment) characteristics (Shrestha et. al. (2006)). In practice, a lack of data – field or experimental (laboratory) – prevents such a general formulation of distributed models. In a majority of cases the system (catchment) characteristics, many of the processes, the input, and even some of the boundary conditions are all lumped, but some of the processes that are directly linked to the output are distributed - for example, the rainfall-runoff process. These models are not fully distributed; rather they are quasi-distributed at best. 

Catchment models, in distributed hydrologic models, require physiographic information such as configuration of the channel network, location of drainage divides, channel length and slope, and sub-catchment geometric properties. Traditionally these parameters are obtained from maps or field surveys. However, over the last few decades, these parameters are derived directly from digital representations of the topography (i.e. DEMs). Bevin et al. (1991) used a raster DEM to extract hillslope flow paths with the aid of a flow path index. The index is based on the upflow area (contributing area) and local slope. According to the author, this approach has inherent assumptions of quasi-steady conditions and ground water tables roughly mirroring the topography. Jones et al. (1990) used a Triangulated Irregular Network (TIN) system and steepest descent and ascent to delineate drainage boundaries, and determine flow paths and stream networks. The TIN is particularly suited to steepest descent/ascent because of the uniform slope along each triangle facet. Le Coz et al. (2009), describes a technique used to aggregate the Shuttle Radar Topography Mission (SRTM) DEM from 3( (90 m) to 5( (10 km) in order to simulate the water balance of the Lake Chad basin (2.5 Mkm2). They used six algorithms (mean, median, mode, nearest neighbour, maximum and minimum) and each of these methods is assessed with respect to selected hydro-geomorphological properties that influence Terrestrial Hydrology Model with Biogeochemistry (THMB) simulations, namely the drainage network, the bottom topography of the basin and the floodplain extent. Although the proposed aggregated two-step procedure was specific for the case study where local variations in elevations are critical to the flow propagation due to the basin flatness, it can be assessed on other flat basins provided the filter window size is adapted by means of a variographic analysis. 

Consequently several models have been developed which can utilise spatially distributed input maps on topography (such as the DEM). This was notably facilitated with the recent advent of powerful computers and the technological advances in spatial data collection processes (such as remote sensing, satellite telemetry systems and aerial photography). Examples of such models are ANSWERS (Areal Nonpoint Source Watershed Environment Response Simulation) (Zagolski and Gaillard (1999)), TOPMODEL (Beven et. al. (1995) and LISFLOOD (De Roo et. al. (2001)). ANSWERS uses a DEM to derive the slope, aspect and channel variables in evaluating various strategies for controlling surface runoff and sediment transport from intensively cropped areas whereas TOPMODEL, can predict the production of surface runoff based on the close relationship between topographic form and subsurface flow. In LISFLOOD, the DEM facilitates the hydrological modelling in a number of ways. For example, the actual stream network is 'burned' into the DEM for better flow direction calculations as well as for calculating parameters such as the slope gradient. Moreover, the inundation extent could be simulated by extrapolating predicted water levels onto a DEM (see section 2.3.1.3 for more details on LISFLOOD model). 
Other examples of distributed models are: MIKE11/SHE (SHE: Abbott, et al. (1986a, 1986b), MIKE11/SHE: Refsgaard and Storm (1995), Danish Hydraulic Institute (DHI) (2000), Graham and Butts (2005)), (Kite (1998)) HYDROTEL (Fortin et. al. (2001a and 2001b)), WATFLOOD (Kouwen and Mousavi (2002)) and HMSMOD (Panday and Huyakorn (2004)).
2.3.1.3 Selection of Model Type

The criteria for choosing the ‘right’ hydrologic model are numerous but are always project-dependent, since every project has its own specific requirements and needs. Among the various project-depended selection criteria, there are four common, fundamental ones. These are: (a) what is required of the model to do i.e. what are the required outputs (e.g. peak flow, hydrograph), (b) the capability of the software to model the required hydrological processes – to estimate the desired outputs adequately (e.g. reservoir operation, snowmelt), (c) the type of data available or collectable and (d) the price/budget of the project.

To facilitate the selection process of the hydrological model, Table 2.1, has been prepared for the purposes of this research project. It presents a summarised review of different hydrological models, describing their input requirements, strengths and limitations. These are explained in more detail in the following paragraphs and the reasons why a certain one was opted for use are analysed. 
	Table 2.1:
Review of different hydrological models, describing their input requirements, strengths and limitations.
	

	Model Type,
 Author
	Application


	Input Requirements
	Strength
	Limitations
	Comments

	1. LISFLOOD 
De Roo (1998).
	Physically-based rainfall-runoff model for large European river basins.
	Spatially distributed input maps on topography (e.g. DEM), the river channel network, land cover (CORINE land use classes), and soils (soil depth and texture class). The driving meteorological variables that are required are rainfall, potential evaporation (for bare soil, closed canopy and open water reference surfaces), and daily mean air temperature. Manning’s n (for channel flow simulation).
	Written using PCRaster GIS environment, having a very flexible model structure which is easily adaptable. Allows remotely sensed data input, output can be validated using remotely sensed data (e.g. SAR images).
	The interception, evapotranspiration, snowmelt and groundwater modules are under development. The model is to be used to simulate floods in large European river basins. Reliable, good quality spatially distributed input data (e.g. land use) are required as can easily alter simulation results.
	Tested and validated in the Meuse and Oder European catchments.

	2. TOPMODEL 
(Unix version) 
TOPSIMPL
(windows version)

Beven et. al. (1995).
	Distributed rainfall-runoff model.
	Precipitation and evapotranspiration time series and topographic information are required. A minimum of four effective catchment parameters need to be estimated to characterise the discharge dynamics of the catchment. The parameters are fitted from the discharge predictions. Neither horizontal nor vertical soil parameters need to be supplied. However, to estimate water table or soil moisture content from the saturation deficit requires soil information.
	Structural simplicity. Results can be visualized in a spatial context. It requires few watershed parameters, low level of expertise and gives distributed outputs. Suited to implementation within a GIS. It has been studied extensively. 

The model code is available for modification. 
	Model assumptions such as: the exponential saturated zone store, quasi parallel water table and topographic control on water table depth may be met for catchments with relatively shallow homogeneous soils, which are quite wet and exhibiting the variable source area runoff mechanism. Another assumption is that the upslope contributing area should be constant for any point. This is valid usually in moist climatic regions but not in arid catchments. So the “effective contributing area” of the catchment may be variable. Model assumes that the effective area of the catchment is defined solely by the watershed. It only simulates watershed hydrology, although studies have been conducted to modify it to simulate water quality dynamics. Model results are sensitive to grid size and grid size <=50 m is recommended. 

TOPMODEL can be applied most accurately to watersheds that do not suffer from excessively long dry periods and have shallow homogeneous soils and moderate topography. 

A correct estimation of evaporation is critical for model performance.

	Popular for its structural simplicity and exaggerated parameterisation. Its concepts are to use simplified physical reasoning to create a model capable of distributed predictions without the use of large number of parameters.


	3. SHE

Abbott et. al. (1986 a & b).
	Physically-based, distributed catchment modelling system.
	Topographic data, vegetation and soil properties.
	The physical basis and flexible operating structure allows the model to use as many or as few data as are available. It does not require a lengthy hydrometeorological record for its calibration and its distributed nature enables the spatial variability in catchment inputs and outputs to be simulated.
	Spatial scale effects or simply a lack of data may create significant uncertainties in the values of the catchment parameters used in simulation. These uncertainties will give rise to corresponding uncertainties in the predictions.
	The current version of SHE is further developed and renamed MIKE-SHE (Refsgaard and Storm (1995)).

	4. IHACRES
Post et. al. (1998).
	Lumped parameter, conceptual rainfall-runoff model. Based on unit hydrograph principles.
	Requires six parameters that can be identified from the daily rainfall and stream-flow of the catchment. Three relate to the non-linear module (tw, f and c) and the other to the linear module (any three of tq, ts, (q, (s or h). Together, these parameters predict the daily stream-flow response of a catchment.

tw (days) is the time constant governing the rate of water loss from the catchment at 20oC.
f varies the rate of catchment water loss due to a unit change in temperature, producing the variable tw(tk)

c (mm) is defined such that the total volume of modelled effective rainfall is equal to the total volume of observed stream-flow. It may be regarded as the maximum volume of the non-linear store, since when the volume of the non-linear store is equal to c, all of the observed rainfall becomes runoff.

tq (days) is the time constant governing the rate of quick-flow recession of stream-flow from the catchment.

ts (days) is the time constant governing the rate of stream-flow recession of stream-flow from the catchment.

(s is the proportion of slow-flow to total flow, thus (s= 1-(q
h (l/s) is the peak of the unit hydrograph resulting from a unit input of effective rainfall.
	The model has been constructed to be as simple as possible, while still representing the daily stream-flow of the catchment as accurate as possible
	The parameters are not defined a-priori to represent individual hydrologic processes, but rather to represent the hydrologic dynamics of a number of physical processes acting together. Good daily rainfall and stream-flow data of catchment are required to identify the six parameters required as correctly as possible.
	The model consists of two modules, a non-linear loss module to convert rainfall to effective rainfall, and a linear module to route this effective rainfall to stream-flow. 

	5. SLURP

Kite (1998).
	Distributed watershed model in which the parameters are related to land cover characteristics.
	Daily mean temperature, precipitation, and aerial evapotranspiration. Land cover data, daily stream flow data. Long-term stream-flows.
	It can incorporate the necessary physics while retaining simplicity of operation. Is able to simulate the behaviour of a watershed at many points and in many variables but avoids the data and computation-hungry excesses of the fully-distributed models.
	Requires a large number of parameters. Each Grouped Response Unit (GRU) requires known land cover/use data and their calibration is necessary. The software program is not user-friendly.
	The model is designed to use satellite data for land cover information, for snow covered areas and for snow water equivalent but can also operate without remotely sensed data.

	6. RORB

Laurenson and Mein (1995 a & b).
	Runoff and stream-flow routing program.
	Storm rainfall on a catchment area or direct inflow to the channel system. Catchment configuration and physical characteristics such as areas of sub-catchments, lengths of stream reaches, types of streams, parameters of special storages.
	Simple yet effective. The program is user-friendly with great flexibility in the modelling/synthesis of flood flows in river reaches and storages, on rural, urban, or part-rural part-urban catchments.
	Catchment storage is represented by a simple and empirical model. It includes both the detention storage on the surface of the catchment during overland flow and the channel storage contained in the stream network. Channel storage components are lumped together and not modelled separately as they do not alter calculated hydrographs significantly.
	It requires little data for simple problems yet it can be applied with equal facility to large and complicated catchments for which there is a great deal of data.


Distributed, physically based models such as SHE (developed jointly by the Danish Hydraulic Institute, the British Institute of Hydrology and SOGREAH in France) are primarily designed to simulate hydrologic processes in great detail at the micro scale (usually less than 102 km2) and is therefore top-ranked, state-of-art products in its category. The SHE model is widely used (see, for example, Jain et. al., (1992), Refsgaard et. al., (1992), Singh and Woolhiser (2002)). SHE requires multiple massive amount of data to compute spatial and temporal distributions of energy and water balances in the soil–plant–atmosphere system. Such detailed input data are often expensive and difficult to collect over large watersheds (say 103 – 104 km2). As a large watershed may be discretised into thousands of grid cells, this type of model requires much computational power, challenging even with current computational technology (Beven (2000); Kokkonen and Jakeman (2001); Croley and He (2005)). Also, with many different parameters involved for each cell, parameter calibration becomes extremely difficult. The MIKE SHE model is a further development of the SHE modelling concept (Refsgaard and Storm (1995)) and it has been used in many European countries. Considering the vast amount of high quality and fine resolution data needed (in both versions), in order to reliably model the physical processes taking place in the River Fani Catchment the model was not selected to be used. Spatial scale effects or simply the lack of data which have been a challenge for this project could have created significant uncertainties in the values of the Catchment parameters used in simulation. These uncertainties could have also given rise to corresponding uncertainties in the predictions and therefore this model was not considered suitable. Lastly, the price of the model, additional add-on modules and technical support represented an important factor to be considered and due to the limited budget of the project this model was not considered.

Alternative approaches to the rainfall-runoff modelling have been developed, which represent physical processes with far less detail but still give a spatial distributed representation of the Catchment. An example of such a model is SLURP (Semi-distributed Land Use-based Runoff Processes) (Kite (1978)), which subdivides the catchment into units of different land cover and other sub-units (Grouped Response Units). SLURP is a distributed conceptual model, which has been primarily designed in order to make use of remotely sensed data. It has been applied in climate change studies. The ease-of-use of its software program is described as non user-friendly and therefore, was a drawback in selecting it for use. Moreover, the large number of parameters it requires was an additional reason for disqualifying it for the use in River Fani Catchment.
Further attempts to simplify the rainfall-runoff modelling approach while maintaining a spatial description of the Catchment have produced a class of semi-distributed models that make use of a distribution function to represent the spatial variability of runoff generation (Croke et. al. (2006)). TOPMODEL is one such model. TOPMODEL (Beven and Kirkby (1979), Beven et. al., (1995)) predicts the dynamics of the contributing areas based on the pattern of the soil topographic index. It is based on simple physical reasoning and assumes that there is a steady transfer of water in the saturated zone along hillslopes, with a water table nearly parallel to the ground surface. It considers two stream flow sources: (shallow) groundwater and saturation overland flow. TOPMODEL is suitable for catchments with a sloping topography (sufficient to drive downslope subsurface flows) and relatively shallow soils over impermeable rock. The main runoff generation mechanisms must be saturation overland flow (precipitation on soils saturated ‘from below’) and baseflow fed by shallow groundwater. Consequently, the model can be applied most accurately to catchments that do not suffer from excessively long dry periods and have shallow homogeneous soils and moderate topography. TOPMODEL has been applied in many practical hydrological studies in Great Britain as well as in other countries such as Czech Republic for estimating flood frequency distribution by continuous simulation in ungauged catchments (Blazkova and Beven (2002), (2004)). Gallart et. al. (2007) when used TOPMODEL in a Mediterranean Catchment found out that during relatively dry periods the adequacy of the model weakened presumably because of the failure of the continuity of the shallow water table and subsurface flow, and the simplicity of the evapotranspiration and unsaturated submodels used in the version of TOPMODEL. For this reason only data from a wet period were selected and used. Considering these, TOPMODEL applicability for the current project was concerned especially due to the long dry periods in the Catchment during the summer months and the topography which is mountainous as well as some of the required model parameters (such as evapotranspiration time series) which were not available at the time for the River Fani Catchment. As a result, the model was considered unsuitable for use. 

LISFLOOD, is a distributed catchment model that simulates runoff in large river basins. It has been developed by De Roo et al. (2001), in order to investigate the causes of the flooding and the influence of land use, soil characteristics and antecedent catchment moisture conditions. The model was applied on two European catchments and the influence of land use and vegetation was tested on the water balance. For example, changing vegetation cover (e.g. leaf area index) would influence evapotranspiration. Further development of the model was to include more hydrological processes (e.g. snowmelt) in order to investigate how other parameters of the model are affected.

As with any model, LISFLOOD has its strengths and limitations (Table 2.1). Its strengths can become its limitations if it is applied in an inappropriate catchment. To explain this, LISFLOOD simulates river discharge in a drainage basin as a function of spatial data on topography, soils and land cover. This spatial distribution that distinguishes and advances this physically-based model from a lumped one, can become an issue if there are not spatial input data available or even if are of bad quality. Spatially distributed input data can easily alter simulation results. Additionally, physically-based modelling at the scale of an entire river basin requires large input databases. LISFLOOD requires spatially distributed input maps on topography (e.g. DEM), the river channel network, land cover (CORINE land use classes), and soils (soil depth and texture class). The driving meteorological variables that are required are rainfall, potential evaporation (for bare soil, closed canopy and open water reference surfaces), and daily mean air temperature. Also, Manning’s number (for channel flow simulation). For data-poor catchments the selection of this model is inappropriate. On the other hand, LISFLOODs PCRaster GIS environment, has a very flexible model structure which is easily adaptable. It allows remotely sensed data input and output can be validated using also remotely sensed data (e.g. SAR images). LISFLOOD model was developed to simulate floods in large European river basins and has been tested and validated in the Meuse and Oder European Catchments.

LISFLOOD, was not opted for use in the River Fani Catchment for different reasons. Firstly, due to the input requirements which were not available such as daily mean air temperature and the spatial scale the corresponding model is designed. Secondly due to the fact that LISFLOOD is suitable for large catchments such as the Oder (119 000 km2) and Meuse (191 000 km2) which was tested for according to De Roo et. al. (2001) and not for moderate size catchments such as River Fani. Lastly, the PCRaster Dynamic Modelling Language which the model is written was a drawback in using it. Given the time to gain the required expertise and tackled this LISFLOOD has a very flexible model structure which can be easily adapted. 

IHACRES (Littlewood et. al. (1997) is a hybrid conceptual-metric model as it uses a conceptual module to estimate the effective rainfall and a transfer function module to convert effective rainfall into streamflow. It was used for water resources purposes by Carcano et. al. (2008), in modelling daily streamflows, and was compared against a Jordan recurrent Neural Network (JNN). The results suggested that when good input data is unavailable, metric models perform better than conceptual ones and, in general, it is difficult to justify substantial conceptualisation of complex processes. Based on that and considering that the model needs good daily rainfall and stream-flow data of catchment to identify the six parameters required as correctly as possible, which were not available at the beginning of the project its use for the current research became sceptical. Additionally, the quality and temporal scale of the data IHACRES requires were an issue as well as the fact that it has limited application for the assessment of the impact of climate change on the river runoff because infiltration (and snowmelt – this process is not modelled in the River Fani Catchment) is not accounted for in the model. Consequently, IHACRES model was not opted for use in the River Fani Catchment. On the other hand, IHACRES can be used in the project for the derivation of unit hydrographs (as inputs to more advanced models), data screening, and preliminary single-event simulations.
Lastly, RORB model (Layrenson and Mein (1995a) and (1995b)) is used for flood forecasting and drainage design. It has built in standard features and recommended practises for both rainfall loss method and a distributed runoff routing model over the river network. RORB model is commonly employed in Australia but hydrologists in the Western part have found that loss models hardwired into the model (e.g. initial loss-continuing loss model) are inadequate for the Catchments in the south-west region of Western Australia with deep permeable soils. RORB model could be opted for use in the River Fani Catchment but WMS was considered a better option due to the additional add-on modules and its interoperability with GIS (see section 2.4.1). 
The WMS is a comprehensive graphical modelling environment for applications in hydrology and hydraulics as has been previously described.  WMS includes powerful tools to automate modelling processes such as automated basin delineation, geometric parameter calculations, GIS capabilities for overlaying for example land use and soil layers to compute curve numbers (CN) and runoff coefficients as well as other overlaying computations such as rainfall depth and roughness coefficients (Smemoe et. al. (2004)). It also facilitates cross-section extraction from terrain data, and many more.  WMS supports different hydrologic and hydraulic models in a GIS-based data processing framework and the user can select modules in custom combinations, allowing him/her to choose only those hydrologic modelling capabilities that are required.
According to the classification of lumped and distributed models described earlier (section 2.3.1.1 and 2.3.1.2), distributed models are more popular and are generally considered better than lumped ones. They have flexible structure suited to implementation within a GIS and remotely sensed data can be used as input (such as remotely sensed estimates of precipitation, potential evapotranspiration and leaf area index, see for example Stisen et. al. (2007)). Additionally their distributed nature enables the spatial variability in catchment inputs and outputs to be simulated. Nevertheless, according to the limitations of distributed models in Table 2.1, it becomes obvious that using such models does not necessarily mean that they will perform better in all applications. This is seen in different reports where many authors have chosen to develop highly parameterised models in an attempt to encapsulate all of the major individual hydrologic responses believed to be occurring in a catchment. In a majority of cases, it lead to complex or over-parameterised models (see Table 2.1: TOPMODEL for instance), where their individual parameters could not be estimated unambiguously. Even in the cases where distributed models are characterised by their simplicity i.e. they do not have complex structure, still, they require large number of parameters and the difficulties in attaining their associate limitations do not facilitate accurate outputs. Other contributing factors such as the lack of data can create significant uncertainties in the determination of catchment parameters used in simulation. Last but not least, models written in a specialised computer language or compiled in non user-friendly software programs can become overcomplicated and difficult to use. 

Based on these results and previous studies, it appears that what is required for certain hydrological modelling applications such as the River Fani Catchment where data limitations are present, is a modelling approach which accounts for the key hydrologic processes occurring in a catchment, but which avoids the problem of over-parameterisation. Especially in ungauged catchments, the modelling of flood formation process must be build up using simplified descriptions of the hydrological processes characterised by a reduced number of robust parameters in order to ensure a reduced uncertainty in model predictions (Wagener et al, (2004)). Stephenson and Freeze (1974), were the first to recognise that in hydrology, “finer” is not necessary “better”. A model with very small elements and many process description that, in principle can represent great detail, will unlikely have value over coarser models unless the data are available to define the variability of the model parameters (Grayson and Blöschl (2000)). Littlewood et. al., (2007) also recognise that simpler catchment models, perform about as well as more complex ones that are demanding in terms of data requirements and user-time (but which provide more detailed within-catchment spatial representation of soil-vegetation-topographical relationships).  Knowledge of the hydrological processes involved in the model and skills of parameterising them in suitable ways is essential. This is in the spirit of the ten iterative steps in development and evaluation of models proposed by Jakeman et. al. (2006). There is a long track record of studies demonstrating and discussing the difficulties in model identification and calibration once the model becomes too complex (such as Beven, (2001) and Blöschl (2005)). Therefore, model simplification is justified, as long as the essential hydrologic behaviour of a catchment is retained (Goodrich and Woolhiser (1991)) and some degree of calibration is performed to accurately represent the hydrological processes. With this in mind, a rainfall-runoff model was developed for the River Fani Catchment. The model went through different phases of development i.e. starting from almost nothing to an oversimplified model that produces acceptable results. Then, it was further developed and enhanced in stages accordingly in order to incorporate more desirable hydrological processes for simulation and input more data from alternate sources such as remote sensing, as they become available.

The model catchment characteristics are lumped, as well as many of the processes. In addition the input data and some of the boundary conditions are lumped but the rainfall-runoff processes directly linked to the output, are distributed. Hence, the model developed and presented in this work is a quasi-distributed deterministic one. It simulates different rainfall events and produces runoff outputs under present land use such as peak flows, event volumes and hydrographs at the outlets of subbasins, and in the profiles of special interest within the main basin such as reservoirs, spillways, weirs or other hydraulic structures. It also quantifies the impact of future land use conditions on runoff peaks, volumes, and sub-area timing relationships; and evaluates alternative stormwater runoff management techniques. The model was calibrated and validated using hydrologically similar catchments. 

2.3.2 Data Sources

The main data sources used in the development of GIS for mountainous catchments, fall into three categories. These are: (a) maps, (b) field survey data (including global positioning systems (GPS)) and (c) remotely sensed data. The data from the first and second categories i.e. maps and field survey data have been used for years and are considered the traditional source for obtaining the basic parameters of a catchment for hydrologic modelling. However, for large and remote catchments the above methods can be costly and time consuming. On the other hand, data from the third category i.e. remote sensing has proven to be far more efficient (see, for example, Wilkinson and Boots (2000), Jones et. al. (2000), Di Carlo (2000), Pesaresi (2000) and Teo and Grimes (2007), Freitas et. al. (2008)). These data and their pattern recognition technologies, in combination with GIS, have received considerable attention as a way to take into account the topographic and land use characteristics of ground.
RS and GIS data can be acquired from public and/or private sectors. It can be very expensive on the one hand but on the other hand some of these data sets can be available free of cost (e.g. MODIS, ASTER, some Landsat) on the Internet (considering the increased GIS and remote sensing community awareness of making data available and free to everybody or under special research conditions for academic and related sectors). NASA’s websites contain a plethora of remote sensing data from different satellites and sensors. The Land Processes Distributed Active Archive Center (LP DAAC) (USGS, LPDAAC, (n.d., e) [online]) contains higher-level processing and distribution of MODIS (NASA, MODIS, (n.d., d) [online]) and ASTER data (NASA, ASTER, (n.d., a) [online]). Examples of such data are DEM’s, VI’s, Surface Reflectance, BRDF/Albedo and Land Surface Temperature and Emissivity (not all data are free of cost). Landsat data (NASA, The Landsat Program, (n.d., b) [online]) can be found in EROS archives (USGS, EROS, (n.d., a) [online]). Landsat 7 ETM+ data can be searched, downloaded, or requested from Earth Explorer (USGS, Earth Explorer, (n.d., c) [online]) or GloVis (USGS, Global Visualisation Viewer, (n.d., f) [online]). The Landsat 7 ETM+ scenes held in the USGS EROS archive are available at no charge. Processing parameters and other details about the products can be found at USGS, Landsat Missions, (n.d., d) [online]. 
The availability and collection of data for mountainous areas may be affected by different issues such as historical, political, climatological, topographic, and many other considerations. In cases where climate and topography are concerned, it can be extremely difficult to find people to carry out observations, and therefore automatically operated stations are often the only way to extend the network of hydrometeorological stations in these areas. Similarly, where political issues could arise, for example in the case of political instabilities, it is difficult for people to go out for observations and measurements. With changing governments and different policies taking place, available historical hydrometeorological data are often misplaced and difficult to track and trust. In such cases, remote sensing methods are used to complement other measurements. For example, snow mapping by airborne gamma-ray spectrometry is used in mountainous areas. Stefan (2002) used a high-resolution Landsat 7 for single-band snow-cover classification. He showed the effectiveness of the panchromatic band (i.e. band 8) in snow cover classification in the mountainous area west of Abisko, Sweden. The principal component, the colour composite, and the wetness index of the tasselled cap transformations have also played key roles in enhancing the spectral characteristics of the minor features of the land surface. Satellite derived rainfall data from METEOSAT have also been used as input to different conceptual rainfall-runoff models in order to study distinct catchments (see, for example, Tsintikidis et. al. (1999), Kamarianakis et. al. (2008) and Stisen et. al. (2008)). 
Such data challenges were encountered in this research (described in more detail in Chapter 3, section 3.4). The data used herein, are mainly from the remote sensing (category (c) as described above). Data from the second category (i.e. field survey data) were limited and a significant part of them were considered doubtful. Data from the first category (i.e. maps) were also limited and old. 

2.3.3 Modelling Tools

The main tools used throughout this research project are: (a) the Erdas Imagine 8.7 software (ERDAS Inc (1999)) for the processing and analysis of remotely sensed data, (b) GIS packages (e.g. ArcView 3.3 and ArcInfo, ArcGIS Desktop 9.1 (ESRI (1991)) for the management, storage and analysis of spatial data, (c) WMS 7.1 (Brigham Young University (1999), AQUAVEO Water modelling solutions,(n.d.) [online])) for hydrological modelling and (d) HEC-RAS 3.1.3 (U.S. Army Corps of Engineers Engineer, HEC-RAS (2005)); for hydraulic analysis of the River Fani at Rubik. 

2.4 Hydrological Modelling Applications

2.4.1 GIS and Hydrological Modelling

The need of an information system to effectively manage the vast amount of data needed in distributed modelling was recognised in studies as early as the 1970’s when the potential of information systems was so limited (see, for example, Gupta and Solomon (1977)). Since then, a growth in literature on the integration of GIS with hydrological modelling began to become significant in the 1990’s, indicating the recognition of mutual benefits (see, for example, DeVantier and Feldman (1993); Maidment (1993 a, 1993 b and 1996); McDonnell (1996); Moore (1996)).

GISs tools were originally developed to ease cartography. Nowadays they are being used by urban planners, resource managers, earth scientists and civil and environmental engineers for inventory analysis, estimation, planning and modelling (see, for example, Stocks and Wise (2000), Zhoo and Yang (2001) and Stevens et. al. (2007)). GIS could probably best be understood as a valuable computerised system designed to link a database management system to geographically referenced features. Current GIS technologies allow efficient storage, manipulation, display, browsing, query and analysis of spatial data Burrough and McDonnell (1998), Coskun and Musaoglu (2004)). Thus, GIS could serve as a common data and analyses framework for models (see, for example. Rao et. al. (2000), Tianhong et. al. (2003), Shen et. al. (2005)). 
GIS together with digital data such as DEMs (which consists the primary product of digital mapping technique) or other schemes from which DEMs could be structured (such as TINs, grid networks and vector or contour based networks) have provided the means to map real world representations in both spatial and temporal dimensions. Such techniques and tools together with RS techniques (see section 2.4.3) can also be used to obtain spatial information in digital form for example on land use and soil type (at regular grid intervals with repetitive coverage), which are of particular interest in hydrological modelling. More to that, DEMs in a GIS context, can automatically extract topographic variables, such as catchment geometry, stream networks, slope and flow direction from raster data on elevation (see, for example, Thieken et. al. (1999), Tarboton and Ames (2001) and Siart et. al. (2009)). 
There have been attempts to take advantages of GIS capabilities for runoff modelling. Hydrological models with a spatial structure based on digital terrain models have been developed among other by Bates and De Roo (2000), Johnson et. al. (2000), Fortin et. al. (2001a and 2001b), Jain (2002), Karssenberg (2002) and Moussa et. al. (2007). Therefore GIS facilitates the construction of two and three-dimensional predictive models of flooding in the catchment or facilitates the preparation and analyses of multi-source and multi-scale spatial data to be used in hydrologic models (see, for example, Merwade et. al. (2008) and Gallegos et. al (2009)). 
Rahman (2008) used Depth of water, net Recharge, Aquifer media, Soil media, Topography, Impact of vadose zone and hydraulic Conductivity (DRASTIC) model in GIS environment to find out the groundwater vulnerable zones in shallow aquifers in Aligarth in India. The results suggest that a significantly high percentage (80%) of the city’s groundwater is under medium to high vulnerability to water pollution. The DRASTIC model could be an effective tool for local authorities in managing ground water resources owing to the GIS technique which has provided an effective tool for assessing and analysing the vulnerability to groundwater pollution (see also Hamza et. al., (2007)). Another example illustrating the benefits that can be derived by the use of GIS in hydrological modelling is presented by Chen et. al. (2009). They developed and tested the GIS-based Urban Flood Inundation Model (GUFIM) to model flood inundation in an urban environment.
Applications in GIS and hydrological modelling usually require tools of integration and the development or use of interfaces. Cochrane and Flanagan (1999), developed an interface between WEPP (Water Erosion Prediction Project – Watershed Version), and ArcView GIS for small basins (0.59-29 ha), comparing the results obtained from the manual application of WEPP with those obtained using the interface, and studying the effect of DEM resolution on the results from the GIS WEPP interface. Nevertheless, it was reported that this technique with the automated application had no significant difference with the manual method and consequently such coupling was not a success. Renschler (2003), studied and carried further developments in the abovementioned techniques and managed to automate the application of the WEPP model which let to building up the GeoWEPP (see also Baigorria and Romero (2007)).
Consequently, several models have been developed that link/couple GIS with hydrological models. Pullar and Springer (2000), describe and explain the different levels of system coupling between a model and a GIS. These are (a) loose coupling, (b) tight coupling and (c) fully integrated. Hence, different component models can be either loosely linked to GIS software without any common user interface (see, for example, Talkkari et al. (2000); Blennow and Sallnäs (2004); Zeng et al. (2004)), or alternatively GIS tools can be applied to different models (see, for example: Nute et al. (2004)) or the component models can be embedded in the GIS system (see, for example, Gardiner et al. (2003); Gyllenhammar and Gumbricht (2005)). Ruelland et. al. (2007), coupled Riverstrahler model to a SENEQUE-GIS interface to improve the model capabilities in describing the biochemical functioning of an entire river system. The coupling resulted in the coded being entirely generic that can run on any river system for which a suitable database has been assembled, with a spatial resolution which can be adapted to the requirement of the problem studied, from the highest level with each elementary basins individualised to the lowest with the whole watershed idealised as one basin, tributaries of each order having the same characteristics. In general, some of the advantages of integrating GIS and hydrological models are: (a) the ability of a GIS to provide a digital database representing the land surface environment, without having to measure or planimeter the data from maps and other sources, and (b) the capability of a GIS to act as a display environment for hydrological model outputs. 
Examples of other simulation programs which are coupled with GIS include SWAT (Arnold et. al. (1998), Arnold and Fohrer (2005)) and HSPF (Hydrological Simulation Program – FORTRAN) (Bicknell et. al. (2000)). Coupling with GIS makes it easier to represent the watershed with increasing detail. However, this increases the number of model parameters, decreases their identification ability, and makes calibration and uncertainty analysis even more difficult. NexGen models developed by the Hydrologic Engineering Centre, are recognised for their interoperability (cf open GIS Consortium). They have a data-exchange format, which provides a consistent means for transferring physical element descriptions between their H&H software packages and CADD and GIS programs. HEC-RAS and HEC-HMS demonstrate the development of data exchange formats. HEC-RAS (Version 2 or higher) provides the ability to import cross-section locations as xyz data from terrain models to develop channel and reach geometry. When hydraulic calculations are completed, HEC-RAS can export the profile result back to a CADD or GIS program for comparison with the terrain model. Also, HEC-HMS can import the catchment boundaries and areas, river-reach definitions, and the connectivity of the basin from the data exchange file (Evans (1998), Markus et. al. (2007) and Garcia et. al. (2008)). Therefore, HEC-RAS and HEC-HMS software programs are selected and used in this research. 

Another hydrological modelling software program that can be used as stand alone and utilises GIS is WMS (Nelson et. al. (1995)). It is a graphically based, comprehensive hydrological modelling environment that addresses the requirements of rainfall runoff computer simulations (DeBarry et. al. (1999)). WMS was developed by the Engineering Computer Graphics Laboratory (ECGL) of Brigham Young University in co-operation with the U. S. Army Corps of Engineers waterways experiment Station. If it is used as a stand-alone application, data can be imported or exported to or from GIS package through a number of popular file formats. For example, a DEM can be imported from ArcInfo or GRASS and then used in WMS for further analysis. It also includes GIS capabilities for overlaying land use and soil layers to compute curve numbers and runoff coefficients. WMS was opted for use in this research due to its GIS capabilities (see section 2.3.1.3) which could aid in synthesising the hydrologic model as well as utilising the different embedded models to run simulations.

From the work of Hussein and Schwartz (1996) it can therefore be concluded that the practising engineer must not forget that although there are many data sources, concerns still remain regarding data quality, parameter estimation, calibration and grid cell scale and how these affect the representation of hydrological processes. Garbrecht (1998) through selected GIS data coverages (DEMS, channel network, precipitation, soil and remote sensing) gives examples on selected data sources and data quality issues. The examples show that even if there is a wealth of spatial data available in certain cases for distributed hydrologic modelling, as with most data, one has to be aware of its inherent assumptions, limitations and applicability. Mendicino (1999), showed that the estimation of different factors, which combine in an assessment of soil erosion, needs a distributed analysis. This can be carried out only by means of computer systems capable of acquiring, managing and spatially elaborating a great amount of information concerning hillslope morphology, climate, the pedological characterisation of the soil, plant cover, etc. Such information, which makes up the different layers inside GIS, can be analysed by means of a set of map operations (local overlay, focal and zonal operations). These operations, on the one hand, allow better understanding of the phenomenon being observed and, on the other, allow the examination and testing of the model used (empirical, conceptual or physically based). Warwick and Haness (1994), in determining the hydrologic parameters for the HEC-1 hydrologic model, have used Arc/Info GIS. Most of the required parameters were determined directly (e.g. sub basin area) by utilising Arc/Info commands. From these a separate line coverage defining the runoff routes was created manually.

Different uses of GIS have been mentioned so far. Taking a step further in watershed management and planning, is utilising GIS to integrate different sources of information and knowledge into Spatial Decision Support Systems (SDSS) or simply DSS as are well known. A DSS, which seamlessly integrates different component models, could be most useful, for example, in risk assessment of flood damage on people’s properties. In this kind of system the spatial data (e.g. land and/or houses at different risk zones) can be automatically transferred between GIS database and hydraulic models. A GIS-based DSS was developed by Zeng et. al., (2007), for assessing the short- and long-term risk of wind damage in boreal forests. This DSS could help forest managers to analyse and visualise (charts, maps) the possible effects of forest management (such as clear cuts) on both the immediate and long term risks of wind damage at both stand and regional level. Assaf and Saadeh (2008) also developed a GIS-based DSS for assessing water quality management options in Lebanon. Current wastewater pollution conditions and two water quality plans have been simulated and their impact was examined to help policy makers and other stakeholders assess the value of these plans. The most cost-effective, less capital intensive and scalable option to manage water quality in the Basin was thus considered. Therefore, computer models (GIS based) could aid in DSS which are a quick way to evaluate the effect of Best Management Practises (BMPs) across regions, integrating layers of information and site specific variability to determine what can be done to protect the natural or build environment (e.g. water resources, forests, properties) (see, for example, Delgado (2001), Morari et. al. (2004), Almasri and Kaluarachchi (2004), Rao et. al. (2007)) 
2.4.2 Remote Sensing and Hydrological Modelling

In the past work utilising remote sensing in hydrology was constrained by computer software and hardware but data as well, i.e. low resolution satellite imagery. Nowadays, with new advances in technology, not only computer (software and hardware) has shown significant advances but also a plethora of satellite sensors have been launched, providing more advanced imagery with higher spatial and temporal resolution as well as a larger variety in data products. Such examples are NASA/NEWS (NASA Energy and Water Cycle Study) space-borne systems: the Tropical Rainfall Measurement Mission (TRMM), the EOS Terra and Aqua platforms, the Gravity Recovery and Climate Experiment (GRACE), QuickSAT and TOPEX-POSEIDON among other. The TRMM satellite includes both a precipitation radar and a Microwave Imager (TMI), which measures surface microwave emissions from 10.65 to 85.5 GHz in nine frequency bands, for the retrieval of precipitation (Nesbitt et. al., (2004)) and for land surface monitoring (Bindlish et al., (2003); Gao et al., ( 2006)). The EOS Terra and Aqua platforms pave the way to the next-generation NPOESS operational satellites, and have sensors across the visible, near-infrared and microwave frequency bands that allow for the monitoring and retrieval of incoming solar radiation, albedo, vegetation properties, surface temperature, surface emissivity, precipitation, atmospheric water vapour and aerosols. Depending on the frequency, the retrieved surface emissivity can be used to estimate surface properties, surface soil moisture and snow properties. GRACE, measures the change in total column water mass at continental scales (Tapley et al., (2004)). QuickSAT has a radar scatterometer and its measurements have been used to detect freeze–thaw transitions at high latitudes (Kimball et al., (2004)). TOPEX-POSEIDON, has been used to retrieve surface water stage (Birkett, (1998)). Other operational satellites and sensors include:  the Geostationary Orbiting Environmental Satellite (GOES) for solar radiation (Pinker and Laszlo, (1992)), SSM/I for atmospheric water vapour and precipitation, the Advanced Microwave Sounding Unit (AMSU) and Atmospheric Infrared Sounder (AIRS) for atmospheric temperature and water vapour profiles and Landsat and EO-1 Earth surface imaging. EO-1 satellite carries Advanced Land Imager (ALI), Linear Etalon Imaging Spectrometer Array (LEISA) Atmospheric Corrector (LAC) and Hyperion which collects 220 unique spectral channels ranging from 0.357 to 2.576 micrometers with a 10nm bandwidth and a spatial resolution of 30 meters for all bands. 
All these contributed in the extended usage of RS as valuable tools providing both actual and spatial information for surveying and monitoring dynamic environmental systems (e.g. with the aid of hydrological catchment modelling), especially in areas which are difficult to monitor when using conventional techniques (Schultz and Engman (2000), Stisen et. al. (2008)). For example, passive sensor systems, such as Landsat Multispectral Scanner (MSS) and Thematic Mapper (TM), and Enhanced Thematic Mapper (ETM/ETM+), record and measure reflected energy in the visible and infrared portions of the electromagnetic spectrum. It is in these portions of the spectrum that the majority of spectral information on landform features may be detected (e.g. Vegetation Indices (VIs)). 

VIs measure absorption of the sun’s radiation by the chlorophyll of the green leaf tissue (see, for example, Gupta (1993), Wu et. al (2007)). The principle behind the method is that green vegetation does not behave the same in the red and near-infrared part of the electromagnetic spectrum as far as absorption and reflection are concerned. On the contrary, the majority of other natural surfaces are equally bright in both red and near-infrared. Chlorophyll absorbs red light (the radiation at 0.62 to 0.7 μm) and reflects it in the near infrared (0.74 to 1.1 μm). This means that areas of bare soil having little or no green plant material will appear similar in both the red and near-infrared wavelengths, while areas with much green vegetation will be very bright in the near-infrared and very dark in the red part of the spectrum. Hence, if the red light image is subtracted from the near-infrared image, everything that has about the same brightness level in the two wavelengths becomes dark, and everything that is brighter in the near-infrared becomes light. Based on this, different VIs have been developed such as the Ratio Vegetation Index (RVI), the NDVI, the Soil-Adjusted Vegetation Index (SAVI) and the Transformed Difference Vegetation Index (TDVI) (Chen et. al. (1999)). 

The NDVI, proposed by Rouse et al. (1974), is the most commonly used vegetation index for satellite imagery. It is given by the equation:
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NIR and R are the spectral responses of the vegetated surface at the near infrared and red bands, respectively. The difference in reflectances is divided by the sum of the two reflectances. The high reflectance of the near-infrared band and low reflectance of the red band on vegetation produce a positive NDVI. The low reflectance of the near-infrared band and high reflectance of the red band on cloud, snow and water produce a negative NDVI.

The NDVI is successful as a vegetation measure due to its sensitivity to changes in condition compared with a simple vegetation index. Such changes include sensitivity to low levels of vegetation cover. Additionally, the index’s sufficient stability permits meaningful comparisons of seasonal and inter-annual changes in vegetation growth and activity. Another strength of the NDVI is in its ratioing concept, which reduces the multiplicative noise (illumination differences, cloud shadows, atmospheric attenuation), which is present in multiple bands.
The NDVI is the main parameter required in determining LAI i.e. the physiological indicator of biomass. LAI describes the ratio of total area of all leaves in a pixel per unit ground area. Assuming a pixel is completely covered by one leaf layer the LAI is 1.0. LAI governs photosynthesis, transpiration and evapotranspiration and is essential for estimating the amount of interception and for distinguishing soil evapotranspiration from crop transpiration. LAI can be calculated according to the following equation, described by Yin and Williams (1997):
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LAI is in m2/m2, NDVI is dimensionless, and i refers to the monthly average value. This equation is based on the assumption that the relationship between LAI and NDVI is linear and that the maximum NDVI values observed in the images correspond to the maximum LAI of the vegetation cover. Reliable and accurate estimation of LAI, has therefore become widespread and several researchers exploited the potential of extracting this from Remote Sensing data for different applications (see, for example, Price and Bausch (1995); Roberts et. al. (2005); Morsdorf et. al. (2006); Zhao and Popescu (2009); Jensen et. al. (2009)). Habets et. al. (1999), Kite (2000) and Stisen et. al. (2008) used the US National Oceanic and Atmospheric Administration programme advanced very high resolution radiometer (NOAA AVHRR) satellite data to derive LAI for hydrological modelling and surface schemes.

Franklin et al. (1997) suggested that NDVI and LAI are strongly correlated, and LAI is a common input variable for evapotranspiration models. LAI influences canopy evaporation, transpiration and soil evaporation and is thus a very important data set for the evapotranspiration predictions in hydrological modelling. Wulder et al. (1998) have used LAI, duly integrated with texture information, for improving LAI vs NDVI relationship (Eq. 2.2) in forest regions in southeast New Brunswick, Canada. The positive correlation between LAI and NDVI has been demonstrated by Chaurasia et. al. (2006); Chen et. al. (2006); Davi et. al. (2006), among other.

Another VI is the Enhanced Vegetation Index (EVI). The EVI was developed to optimise the vegetation signal with improved sensitivity in high biomass regions and improved vegetation monitoring through a de-coupling of the canopy background signal and a reduction in atmosphere influences. The EVI can be calculated using the following equation:
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where NIR, R and B are the spectral responses at the near infrared, red and blue portions of the electromagnetic spectrum, respectively, L is the canopy background correction that addresses differential NIR and red radiant transfer through a canopy and C1 and C2 are the coefficients of the aerosol term, which uses the blue band to correct for aerosols in the red band. Example applications of MODIS EVI time series in land cover monitoring and mapping are the study by Xiao et. al. (2005), Xia et. al. (2008), Hereher (2009) and Zhao et. al. (2009).
VIs are thus robust measures of vegetation existence, designed to provide consistent, spatial and temporal comparisons of vegetation conditions. VI’s have emerged as important tools in the monitoring, mapping, and resource management of the Earth’s terrestrial vegetation. They represent radiometric measures of the amount, structure, and condition of vegetation and are also used in biophysical interpretation of the LAI, percentage green cover, green biomass, and fraction of Absorbed Photosynthetically Active Radiation (fapar). As a radiometric quantity, VIs provide precise measures of spatial and temporal variations in photosynthetic (green) vegetation activity in support of phenologic (seasonal) and inter-annual ‘change detection’ studies (i.e. assessing land cover change, and resultant climatic and anthropogenic influences on the environment). 

Change detection is one of the most successful implementations of remote sensing (Singh (1989)). This is because remote sensing data is usually the most accurate and up-to-date “map” available especially in developing countries. Additionally, such areas could be benefited from using RS data as can follow up the fast growing towns and cities (i.e. urban growth), (Pesaresi (2000), Baudot (2001); Hurskainen and Pellikka (2004), Brenner and Roessing (2008)) and other human impact on the environmental change such as deforestation, afforestation and land used for agriculture. With a repetitive acquisition of imagery, it is possible to determine the types and extent of changes in the environment. The overall goals in change detection and monitoring are: (a) to compare spatial representations of two points in time by controlling all variance caused by differences in variation not of interest and (b) to measure change caused by differences in the variables of interest. 

The most widespread technique used currently in change detection and monitoring is image-to-image comparison. Image-to-image comparison methods include: image differencing (see, for example, Dale et al. (1996); Teng et. al. (2008); Berberoglu and Akin (2009)), image enhancement techniques like principal component analysis and/or tasseled cap transformation (see, for example, Jin and Sader (2005); Healey et. al., (2005); Pal et. al., (2007); Koutsias et. al., (2009)), band ratioing classification comparisons (see, for example, Muchoney and Haack (1994); Jensen et al. (1995); Dale et al. (1996); Kaiser (2009)) and NDVI analysis (see, for example, Mikkola (1996); Binh et. al. (2005); Lee and Yeh (2009)). 

Post classification change detection (Jensen (2005), Ahlqvist (2008)) was used in this project, utilising the land cover maps created (section 4.7.1) and the NDVI maps. In order to minimise change detection errors introduced by mere seasonal changes (vegetation phenology cycle), near-anniversary images (i.e. 13th of August, 10th of September and 30th of September) were acquired. Change detection errors arising from sensor differences were partly minimised by holding the sensor system (Landsat) constant. 

The steps involved in change detection are summarised as follows (Jensen et. al. (1995); Cihlar (2000); Coops et. al. (2007)): (a) select at least two dates of RS data, (b) hold sensors system variables as constant as possible (e.g. spatial, spectral, temporal and radiometric resolutions, view angle); (c) hold environmental variables as constant as possible (e.g. time of year or day, soil moisture) and (d) extract thematic information from each date of imagery and apply the change detection algorithm.
In their overview of remote sensing applications in hydrological modelling, Kite and Pietroniro (1996) stated that the use of remote sensing in hydrological modelling was limited. Even though a number of new sensors have been launched since then and research has documented that remote sensing data have promising perspectives, uses of satellite data in hydrological modelling still appear to have a lot more to offer in obtaining and filling the gap from the lack of hydrologic data in the majority of case studies. Attempts to measure values as quantitative estimates of the hydrological system variables (such as soil moisture, evapotranspiration) from RS data include Granger (1995), (1997); Das et. al. (2008); Boegh (2009); Sun et. al. (2009). Biftu and Gan (2001) and Chen et. al. (2005) have used remote sensing for parameterisation of land surface. Grimes and Diop (2003) used remotely sensed rainfall as input to a lumped hydrological model of the Qualia Catchment. Remotely sensed estimates of climate variables in distributed hydrological modelling such as radiation (Biftu and Gan (2001)), evapotranspiration (Boegh et. al. (2004)) and precipitation (Anderson et. al. (2002) have also been documented.
In this research project, the NDVI from Landsat TM, ETM+ (from 1984 to 2000) and MODIS Terra satellites as well as an optimised index, the EVI from MODIS Terra satellite (from 2000 to 2004), were used to map and identify vegetation changes in the River Fani Catchment. The NDVI data were also used to derive LAI which were utilised in monitoring vegetation changes (see Chapter 4, section 4. 5). Additionally, the satellite images were used to create a soil erosion potential map and different thematic maps for the GIS as well as input parameters for the hydrological model. In this manner, the outputs are based on satellite data which offer tremendous advantage particularly in this developing country where conventional data are scarce, uncertain and their retrieval associated with many complications. 

2.4.3 GIS and Remote Sensing Technologies Combined for Hydrological Modelling

A major limitation in hydrology, as has been mentioned earlier, is the lack of availability of adequate data to quantitatively describe a hydrologic process accurately. Therefore, rapid parameterisation of hydrologic models can be derived using remote sensing and geographic information systems as remotely sensed data provides valuable and up-to-date spatial information on natural resources and physical terrain parameters. 
In Europe, concerted actions such as River Basin Modelling, Management and Flooding Mitigation (RIBAMOD), (Samuels (1999)), sought to share good practice, and encourage holistic approaches to flood management at the catchment scale, not only for the short term, but also for long-term integrated decision-making process. Muschen et al. (1999) reported on application of the EU project “Applied Remote Sensing and GIS Integration for Model Parameterisation” (ARSGISIP), in using remote sensing techniques and GIS integration for the parameterisation of hydrological, erosion, and solute transport models. The selected European catchments were of different climatic zones and scale but had common problems e.g. affected by serious nutrients leaching, erosion and flood risk. Implementation of the Earth Observation (EO) data confirmed the benefits expected for parameterisation. The spatial-temporal distribution of land cover and land use information was classified with optical and radar data and specific indices were derived from middle infrared (SPOT 4 MIR) data that permitted the identification of hydro-pedological soil units. Fortin et al. (2001a and 2001b) applied HYDROTEL - a distributed hydrological model compatible with GIS and remote sensing – to a medium size catchment (Chaudière catchment) for both summer and year long simulations (such as use of snowpack) throughout winter and spring. The various variables during a simulation run were monitored from the display options allowing better/easier understanding and management of phenomena related to hydrological processes. 
Other examples include the work of Leu (1998), where he utilised raster GIS and remote sensing to establish a network-based hydrologic modelling system. He used computer networking to extract hydrologic parameters from catchment geographic database and hence automatically construct HEC-1 input data file. The geographic database of Lau-Nong Stream Catchment was constructed from 40 x 40 m DTM, rainfall and runoff data, and satellite SPOT, by creating three layers in order to meet the requirements of hydrologic simulation. The database was used to extract the following parameters: (i) slope, (ii) rainfall loss, and (iii) surface roughness. The hydrologic simulation results when compared with the measured runoff rates, showed that the proposed model, with the parameter values estimated from GIS database and expert system, works quite successfully in estimating runoff flow for Lau-Nong Stream Catchment. What’s more, Zagolski and Gaillard (1999), improved a physically based and soil erosion model, ANSWERS, to take into consideration some human effects such as structural entities and linear shapes within the catchment. With the use of GIS and remotely sensed data, the improved model has been applied on an experimental agricultural catchment. Different patterns of cultural practices and landscapes as well as several configurations of tillage orientation within the catchment were simulated.

The use of GIS and remote sensing in hydrologic simulation is capable of saving both time and manpower in ground data collection as well as data analysis. GIS provides undoubtedly many conveniences in data analysis such as (1) overlays of thematic maps, (2) conversion of digitised data, and (3) 3-D analysis in ground-related studies. Remote sensing techniques, such as the use of pattern recognition technologies applied in satellite image processing, are able to provide accurate land use characteristics for use in hydrologic simulation. This strategy was used by Leu (1992) and created a catchment geographic database from which catchment parameters were delineated for rainfall-runoff modelling. The catchment geographic database was built using pattern recognition techniques to identify catchment land use characteristics based on SPOT (a French Earth observation satellite) satellite images and digital terrain model as well as digitising techniques to analyse catchment topographic features. His results showed that the GIS database works quite successfully in estimating the overland runoffs for his case study. Tao and Kuwen (1989) describe a grid-based technique of flood forecasting, which allows a choice of distributed modelling or lumped parameter modelling. The grid size is rather large (10 x 10 km) but a satellite image database is averaged over the grid scale, which accomplishes a preliminary form of lumped parameter determination. 
Other studies demonstrating the potential benefits of RS and GIS in hydrologic and water quality modelling include the work of Alexander and Rao (1985), Hession and Shanholtz (1988); Tim et al. (1992); Maidment (1993a); Srinivasan and Engel (1994); Bhaskar et al. (1992); Yang et al. (1996), Sekhar and Rao (2002); Chowdary et al. (2004); Pandey et al. (2005), (2007). 

It can therefore be concluded that GIS, remote sensing and hydrology and/or any combination of these three sciences have significant benefits in saving both time and cost. The broad field of hydrology has a variety of applications spanning from water pollution, to groundwater or surface water modelling and therefore on catchment management. Applications vary according to data and their sources, techniques and problems at hand. In resolving water management problems, awareness has been increasingly evolved recently and this is due to the increased media, organisations and the public attention.

In this dissertation, the hydrologic modelling software package tool, Watershed Modelling System (WMS) and HEC-RAS were selected for use only to their GIS interoperability in importing GIS data, extracting important catchment information from the GIS database and export model outputs for use in dfsGIS.

2.5 Conclusions 
According to Price and Heywood (1994) “…the greatest and most interesting challenge for mountainous scientists is the use of GIS technology in an investigative role: seeking answers to ‘What-if’ questions such as: which areas of particular tourism/agricultural activities?; how will deforestation affect soil erosion?; or, what are the potential implications of long-term environmental change? To answer such questions, GIS can provide a wide variety of analytical, modelling, and forecasting modes.” Such type of questions is dealt within this dissertation (Chapter 6) with the aid of “What-if” analyses as a DSS for managing flooding and its associated problems in the River Fani Catchment. 
The DSS used herein, for river catchment management was the result of utilising hydrological and hydraulic modelling as the driving tools in combination with the GIS tools and functionality. Hydrological and hydraulic models can assist decision-makers in dealing with catchment management problems (e.g. catchment degradation, erosion, landslips and flooding) for sustainable and economic development of the wider area, by providing systematic and consistent information for example, on the impact of human activities (particularly land use change) on the hydrologic system. Therefore, the modelling processes require certain datasets and in the case of the hydrologic model, these are based on their spatial representation i.e. whether are classified into lumped, distributed or semi-distributed. Usually these datasets are not always all available and therefore this data gap needs to be filled. Technological advances in spatial data collection processes (such as remote sensing and aerial photography) provide a powerful means of filling the data gaps. The more remote an area and the less developed it is, usually the bigger the data gaps that need to be filled. In this project these challenges have been over come through the combine use of GIS and RS for the hydrological and hydraulic modelling of this remote mountainous catchment in Albania. The detailed description and assessment of this Catchment now follows in Chapter 3. 
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Study Area and Data Acquisition   
3.1 Introduction

The objective of this Chapter is to gather all the relevant knowledge about the study catchment of the River Fani in Albania and explain the data challenges encountered and the methodology used to overcome these by utilising technological advances in computer hardware and software as well as advances in the data acquisition techniques. Such technologies as already mentioned are the GIS and Remote Sensing. Therefore, the next section is a description of the River Fani Catchment, followed by a concise background of the physical aspects of the Catchment (Section 3.3) such as topography, climate, hydrology, geology, and land use/cover. Then, the associated environmental issues of the Catchment such as degradation, soil erosion, landslips, and flooding are described.

The ultimate aim of this information is to develop an overview of the hydrological processes and their interactions in order to conceptualise how the system (catchment) should be modelled in sufficient detail to meet the requirements specified in the research objectives. Thus, the following are taken into consideration: (a) the spatial and temporal detail required of the model, (b) the system dynamics, (c) the boundary conditions and (d) how the model parameters can be determined from the available data.
3.2 The Study Area - River Fani Catchment

The River Fani is situated in the North of Albania, Figure 3.1, a country in the south east of Europe, between 39o 16’ and 42o 39’ latitude and 19o 15’ and 21o 00’ longitude. The river lies between high mountains – up to 1873 m above sea level (a.s.l.) in the Martaneshit area. 

[image: image278.jpg]


[image: image279.png]


[image: image280.png]


[image: image281.png]


[image: image282.png]


[image: image283.png]


[image: image284.png]


[image: image285.png]


[image: image286.png]


[image: image287.png]


[image: image288.wmf][image: image289.png]


[image: image290.png]


[image: image291.png]


[image: image292.wmf]Change detection (10-class)

0

50

100

150

200

250

300

broad-leaved forest

transitional woodland-shrub

coniferous forest

land principally used for agriculture

mixed forest

sclerophyllous vegetation

sparsely vegetated areas

natural grasslands

bare rock

water courses

Land cover class

Area km

2  

1984

1991

2000

[image: image293.png]


[image: image5.jpg]Albania River Network
River Fani Watershed
fio Albania




Figure 3.1:
Location of the River Fani Catchment, in Mirdita area, North Albania.
The two main tributaries of the River Fani are, namely: Fani I Madh and Fani I Vogel rivers, which confluence near the city of Rreshen to form Fani River as shown in Figure 3.2. The river forms a delta with Mati River, 7 km approximately downstream of Rubik and confluence to discharge their water into the Patok Lagoon and subsequently into the Adriatic Sea[
]. The Fani I Madh has a basin area of 542 km2. Its source is Qafa e Malit at 1397 m above sea level. The important tributaries of Fani I Madh River are Shperdhaza and Dibri. The Fani I Vogel River has a basin area of 415 km2. Its source is at Maja e Runes at 1856 m above sea level. Its important tributaries are Selita e Spacit, Sineja e Madhe, and Sineja e Vogel[
].

The River Fani has a length of 17.5 km between the confluence of the Fani I Vogel and Fani I Madh and its confluence with River Mati. The important tributaries of River Fani are Linosit, Lisindres, Kervajes, Urakes, Dalsit, and Germanit. The Mati and Fani rivers have a combined catchment area of 1330 km2, at their confluence, whereas the basin of Mati River from the tributaries confluence to the Adriatic Sea is 2441 km2[1]. The Mati River has an average discharge of 103 m3/s with a total sediment load of 2.5 x 106 tons per year and sediment yield of approximately 1100 tons/km2/year. The quantity of eroded soil by the discharge of the river is 1330 ton/km2/year (Qiriazi and Sala (1999)).
The hydrographic map of River Fani and Mati, shown in Figure 3.2, illustrates the five river stations namely: Mati-Klos, Mati-Shoshaj, Uraka-Bruc, Fani-Rubik and Fani I Vogel-Nderfan. 

The study presented herein concentrates on the River Fani. The town of Rubik lies on the banks of this river in the Mirdita area at 41o 55’ 0 N latitude and 20o 4’ 60 E longitude. Erosion of the river banks and landslides in this region poses a serious threat to the livelihood of the citizens of Rubik. 
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Figure 3.2:
Hydrographic map of Mati River [2] showing the Catchment area (Fani and Mati Catchment), the main subsidiary Rivers and the hypsometry.
3.3 Physical Characteristics and Data Archives of the River Fani Catchment
3.3.1 Topography

Topographic data help in terrain analysis, through the delineation of catchment boundary and drainage network; which affect surface runoff. Furthermore, topography can be used to extract information on slope angle and length, surface roughness, flow convergence or divergence which are some of the important factors that influence the runoff velocity (Stephens (1991), Jain and Singh (2005)). 
The topography of the River Fani Catchment is characterised by mountainous rugged terrain with elevations ranging from approximately 100m a.s.l. along the River Fani to 1200m a.s.l. on the top of the surrounding mountains. The hypsometry of the River Fani is 696m. Spatial height information (such as the abovementioned) and topographic attributes distributed in the Catchment are used to develop one of the most important form of digital topographic data i.e. the DEM. DEMs can be derived from remote sensing data, spot levels and/or contour maps (see section 2.4.1). DEMs have been used to derive substitute measures for precipitation, evaporation and soil characteristics where more direct data are unavailable or too difficult to obtain (Brown (1995), Li et. al. (2008)).
A series of 25 topographic maps of 1:25000 scale of the whole Catchment were acquired. These were former military maps that were later released to the public. These maps were digitised with a Graphic Master II digitising pad in ArcView GIS, in order to create the DEM of the River Fani Catchment for the research project.
3.3.2 Climate

The climate of Albania is typically Mediterranean. Mean annual temperatures vary between 15 to 16.5oC, increasing from north to south and from west to east. The number of frosty days is 5 to 30 every year, maximum temperatures are 42.2 to 43.9oC and minimum ones range from -3.5 to -7.2oC. The growing season is 240 to 310 days long (Simeoni et. al. (1997)).
Annual precipitation rates range from 800 to 1400mm from the upstream section of River Fani to the most parts of the downstream section. The average precipitation in Rubik town is 191 mm in December, 162 mm in February and 60 mm to 70 mm in July and August. Historic precipitation data records have been acquired from personal communication with Prof. Skender Sala from the Geographic Studies Centre in Tirana. Frequency analysis on precipitation data was undertaken and is described in Chapter 5, section 5.3.1.7. Precipitation, according to Beven (2001), is in many cases the most important input factor in hydrological modelling. However, this input is subject to uncertainty, as a result of measurement errors, systematic errors in interpolation method and stochastic error due to the random nature of rainfall. These input errors propagate though the model and have a direct impact on the accuracy of the final predictions. Therefore, quantification and a good knowledge of the uncertainty in the hydrological input data is essential for a correct interpretation of modelling results (Jakeman and Hornberger (1993), Benke et. al. (2008), Salamon and Feyen (2009)).
3.3.3 Hydrology

Regular gauging of Albanian rivers commenced in 1947. In 1949 the Hydrometeorological Service was created, which became the Hydrometeorological Institute in 1962. Hence, the available data describing flood events are after 1947. During the more recent transition political period in Albania (1990-1998), where there was a change in regime, the hydrometeorological network suffered much destruction and negligence. As a result, hydrological data for this period are considered doubtful and not continuous either due to hydrologists being unable to collect hydrological measurements/information or due to the data being destroyed, lost or misappropriated.
However, some historic velocity and discharge records for the area of study do exist and were acquired for this research during a site assessment visit in November 2001. Personal communication with Nico Pano from the Hydrometeorological Institute of Tirana and Prof. Skender Sala from the Geographic Studies Centre in Tirana enabled the acquisition of average minimum and maximum velocity data (based on historic records) as well as a series of average monthly discharge measurements for Fani I Madh and Fani I Vogel Rivers (dates and information of the metadata are not available). According to these records, the maximum average monthly flow during 1969 and 1970 at River Fani for the Rubik location was 220 m3/s during December and the minimum was 5.19 m3/s during August[2].The annual mean discharge of River Fani is 45.1 m3/s, with annual mean flow of 1400 mm. Fani I Vogel has annual mean discharge of 11.7 m3/s and annual mean flow of 1150 mm. The maximum flow rate level for River Fani is 90 m3/s and occurs during winter season [2]. Additional average monthly discharge data for Mati River taken at Shoshaj Station, were acquired from Global Runoff Data Center (GRDC), (n.d.), [online] for the period ranging from 1976 to 1984.
Ancillary information such as temperatures, sediment discharge, physio-chemical characteristics of river water of scarce discharge and velocity values were also acquired. According to these information, the Fani River has a relatively wide valley with very little torrential discharge. However, along its length through Rubik town, the discharge from the river is sufficient to cause erosion and landslips of its banks as shown in section 3.2.7, producing an average-yearly sediment discharge[2] of about 28 kg/s. 
3.3.4 Geology

The geology of the catchment is fundamental in hydrological modelling applications for determining the different soil parameters required by the model. Additionally, geological information is essential for soil erosion studies and in more general, for soil erosion modelling (see, for example, Sonneveld and Nearing (2003), Yang et al. (2003)). Soil parameters such as texture, structure, organic matter content, and soil depth can influence the soil erosivity factor (i.e. the erosive power of the rainfall) (see, for example, Adinarayana et. al. (1995), Renschler and Harbor (2002)). Soil structure is important to soil erosion because it largely determines the rate at which water can enter the soil, as well as the resistance of soil particles to detachment by rainfall impact and subsequent removal in surface runoff (Greenland (1977), Muukkonen et. al. (2009)). Soil erosion in River Fani Catchment is dealt in more detail in section 3.2.7.
Therefore, a geology map of Albania at a 1:200 000 scale was acquired from the Faculty of Geology and Mining of the Polytechnic University of Tirana, in Albania. Supplementary geological data such as different geological columns, zones and sections of the Rubik town area were acquired from the local Geologic Centre of Rubik. The different tectonic zones of Albania are shown in Figure 3.3. Although most of the River Fani branches fall on the Mirdita zone, some of them fall into the neighbouring zones such as Cukall, Kruja, Krasta and Korabi. The geology of Rubik town and generally Mirdita region is characterised by the existence of ophiolites (‘Serpentine Zone’, Nowack (1929)). Cambisols (Brown earths, volcanic soil) occupies the Fani I Madh and Fani I Vogel with partial Luvisol formations on their Delta. According to Figure 3.4, quaternary formations are found on River Fani. Volcanic sedimentary rocks, ultrabasic rocks and tectonic debris mainly occupy Rubik town (indicated as Rubiku) with some limestone outcrops.

This information was used in HEC-RAS modelling in Chapter 5 to map and simulate the runoff of the Catchment. Consequently, these rock and soil types and their parameters were altered in the model to investigate how runoff was affected (see sensitivity analysis in Chapter 6, section 6.3.1). 
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Figure 3.3:
Tectonic zonation in Albania. SP: Shkodra – Peja transversal dividing the Dinarides from the Hellenides. 1, 2, 3, 4: Windows of the Kruja Zone (Source: Meco and Aliaj (2000)).
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Figure 3.4:
Geology map of Rubik Municipality area[
] showing that the area mainly conforms of volcanic sedimentary and ultrabasic rocks.
3.3.5 Land Cover and Land Use

Land cover/use types information are essential for this research project because they influence runoff and soil erosion. Exposed land is subject to the direct impact of rain causing detachment of soil particles, which are then carried away in water moving over the soil surface. Exposed land could also affect infiltration rate and subsequently runoff and soil loss (Greenland (1977), Zhou et. al. (2008)). Densely covered forest will have less soil erosion compared to bare land. Surfaces such as roads, pavements, parking lots and buildings obviously do not allow infiltration and consequently increase surface runoff. 
Albanian land cover, is generally rich in forests (34%) (World Resources Institute, (n.d.) [online]). The main kinds of trees are oak, beech and other broadleaved species. Other forest types include pine and fir. Although most of these forests are mistreated and destroyed in the North, there are still significant quantities on slopes of 20 - 50% and are particularly important in soil erosion protection and the hydrological balance of the country. High forests occupy about 47% of vegetated areas, low forests 29% and bush land 24%. Bush land, low forests and woods are located mainly close to inhabited centres and long transport routes. Unfortunately, population growth has led to over exploitation of the forests and uncontrolled cutting for fuel-wood and private construction. This has resulted in severe degradation of substantial forest areas, with bush land and low forests being the most affected (Kamberi et. al. (1993)). In addition about 300,000 hectares of forests and bush lands, mainly in the mountains and hilly regions have been turned into cultivated lands and pastures, without due regard to erosion prevention measures (Kamberi et. al. (1993)). The land cover of the River Fani’s Catchment is characterised mainly by grassland with small interactions of forests. 

The main land use in Albania is agriculture, including crop cultivation, animal husbandry and forestry. The main crops consist of wheat, corn and vegetables. Perennial crops such as apples, olives and grapes (wine) are cultivated for export in addition to tobacco, cotton, and sugar beet are less common. In 1990 the planted surface of crops occupied 82.2% of the arable land, orchards 8.5%, olives 6.4% and vineyards 2.8%. In 2001, arable land was reported to occupy 21.09%, permanent crops 4.42% and other land uses took 74.49% of Albania (Central Intelligence Agency (CIA), (n.d.) [online]).

Copper ores were once extracted in the mines located in the Mirdita area, including Rubik town. The mines are not used any more, however, in 1985 they reached their peak production with over one million tonnes/year. This gradually declined to 933,000 tons during 1990. Also, metallurgical copper smelters were set up in Rubik where copper minerals or its concentrate obtained from the enrichment factories were smelted to blister copper. Plants for thermal and electrolytic refinement are also found in Rubik. These plants, in conjunction with a now technically obsolete smelting process caused considerable environmental damage/pollution during the 1980s when the process was common place. Consequently, these plants are no longer used. 

Land cover information for this research project was obtained from the CORINE (CORdination of INformation on the Environment) Land Cover Project. Further land cover information was extracted from the Landsat TM images (see Chapter 4). Detailed land use information for the River Fani Catchment was not available except for some general records. These will be described in more detail in Chapter 4.

3.4 Environmental Issues Associated with the River Fani Catchment
3.4.1 Catchment Degradation

The River Fani, owing to its topography and hydrology has an erosive character and a wide riverbed, especially in the lowlands. Just outside Rubik, the river’s bed is used for gravel extraction – a common practice in Albania. 

The catchment degradation of the area leads to erosion and landslips, with the eroded sediments ending in the rivers. United Nations Economic Commission for Europe (UNECE), in an environmental report for Albania (United Nation, (n.d.) [online]), stated that the annual loss of soil has been estimated to be between 20 and 70 tons/ha, and may reach over 100 tons/ha in extreme cases for the country. The eroded land along riverbanks is estimated at about 100,000 hectares; and 150,000 hectares are affected by landslides, but probably a good part of that land is not used for agriculture. In general, soil erosion in Albania is quite high. Comparing the above erosivity values (i.e. 20-70 (tons/ha)/year) of the whole of Albania with those of Table 3.1, i.e. 13.3-55 (tons/ha)/year it appears that these vary. Despite their difference these are comparable because the latter are based on the average catchment size whereas the first are associated to more localised areas and therefore the range is higher. It can also be observed from Table 3.1 that the soil erosion in River Mati is not as high compared to other rivers in Albania but still, along Rubik town the problem is quite eminent posing a great threat to the residents and their properties as has been described in Chapter 1.

Table 3.1:
Quantity of the eroded soil by the discharge of the Albanian Rivers (source: Qiriazi and Sala (1999)).
	River
	Basin Area (km2)
	(ton/km2)/year
	(ton/ha)/year
	Total Quant/year
(ton x 1000)

	Drini
	11756
	1543
	15.43
	18145

	Mati
	2441
	1330
	13.30
	3246

	Ishmi
	673
	4050
	40.50
	2730

	Erzeni
	760
	5500
	55.00
	4177

	Shkumbini
	2444
	3220
	32.20
	7864

	Vjosa
	6706
	1580
	15.80
	1207

	Semani
	5649
	3080
	30.80
	17429

	Other Rivers
	5306
	2000
	20.00
	10620

	Territory of Basin
	37735
	1729
	17.29
	65318


In the area of study, the changing morphology of the River Fani could add to the factors causing degradation and flooding as well as contributing to making the management of the Catchment more difficult. Figure 3.5 shows the River Fani along Rubik town. The changing morphology of the River can be noticed by comparing Plate 3.1 acquired in the 1980s with Plate 3.2 acquired in the 1990s and Plate 3.4 acquired in 2001. Further to that, the increased flow discharge of the River as seen in Plate 3.3, indicating that the plate was acquired during winter period, shows the change in the quantity of discharge compared with Plate 3.2 for example. This is expected knowing that summers are dry or almost dry and therefore river discharge is low compared to winter discharge where heavy rainfall occurs and contributes to runoff.
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Plate 3.1:
Rubik town and River Fani Catchment, from AIA Porthcawl (exact date unavailable - acquired during 1980s).
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Plate 3.2:
Rubik town and River Fani Catchment, from AIA Porthcawl (exact date unavailable - acquired during 1990s).

	[image: image16.jpg]



Plate 3.3:
Rubik town and River Fani Catchment, from AIA Porthcawl (exact date unavailable - acquired during 1990s).
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Plate 3.4:
Picture of Rubik town and River Fani Catchment, taken during a site assessment visit in November 2001.


Figure 3.5:
Changes in direction, morphology and volume of water of the River Fani, near the Rubik, in the 1980s, 1990s and 2001.

3.4.2 Erosion and Landslips

In Mediterranean regions, erosional soil degradation is of particular interest (see, for example, Grimm et. al. (2002), Gonzalez-Hidalgo et. al. (2007)) because soil resources will continue to deteriorate as a result of climate change, land use and human activities in general (Gobin et. al. (2004), Koulouri and Giourga (2007) and Blavet et. al. (2009)). Therefore, the same concerns apply to Albania as a Mediterranean country and more specific to River Fani Catchment where soil erosion is a problem. Despite the fact that the country’s mountainous topography (60 per cent of the territory) and weather patterns are natural causes of erosion, human activities (i.e. the dredging of rivers for construction materials, logging, overgrazing, the abandonment of terraced land, poorly designed terraces, roads and channels) are exacerbating the problem and decreasing agricultural soil productivity (United Nation, (n.d.) [online]). These natural and anthropogenic disturbances affect the equilibrium between the soil, geologic, and topographic conditions with the vegetative systems that ‘allow’ a base level of erosion. In effect, accelerated erosion could result.

Generally, in temperate Mediterranean climates, where precipitation may be in the form of either rain or snow, the parameters that most often exacerbate the erosion processes are: slope steepness, lack of soil aggregation and high detachability, as well as vegetation cover (Wischmeier and Smith (1978) and Koulouri and Giourga (2007)). Slope and slope-length directly affect the acceleration of runoff waters (Fosters and Wischmeier (1974), Arnau-Rosalen et. al. (2008)). Soil aggregation and shear strength affect the ability of soil to resist detachment as runoff volumes and velocities increase (Elliot and Ward (1995), Knapen et. al. (2007)). Other factors that also cause soil erosion include wind and rainfall. Topography and rainfall duration dictate the importance of wind or rain in contributing towards erosion. These factors, at different extent levels, also contribute towards soil erosion on River Fani Catchment. Intense rainfall for example, on this mountainous catchment as well as the lack of vegetation cover in some areas are the significant contributing factors of soil erosion. 
Poor management, illegal cutting of forests and overgrazing, as well as inappropriate methods of forestry and soil management are additional factors that result in erosion in River Fani Catchment. The hilly, mountainous topography of the Catchment, with steep slopes and generally irregular relief, intensifies the problem. The high erosive power of intense rainfall (1800 - 2000mm/year) contributes significantly to soil erositivity. Plates 3.5 and 3.6 show the erosion of the River Fani banks across different locations along its length as well as an example of the many landslides that occur in the Catchment.
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	(a)
	(b)
	(c)


Plate 3.5:
Soil erosion and bank instabilities along the banks of the River Fani (a) upstream Rubik town. The arrows show landslips and the erosive force of the River flow, (b) landslips, upstream of the River Fani at Rubik town, (c) landslips, downstream of the River Fani at Rubik town (Source: AIA Porthcawl).
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Plate 3.6:
Soil erosion and landslide problems in Lesja (situated near Rubik town) in North Albania. Mitigation measures underway (concrete piles) to stabilise the landslide (Source: AIA Porthcawl).
3.4.3 Flooding

Floods are a natural phase of the hydrologic cycle and are manifested as extreme events of excess water of varying magnitudes. They are one of the most catastrophic forms of natural disasters, and are responsible for high fatality levels and economic damage. Recently this global problem has been observed to be increasing at a more rapid rate, thus posing very serious threats to human lifes and properties. For example: (i) in France, 42 people died in 1992 during flash floods in the town of Vaison-la-Romaine; (ii) basin wide floods caused widespread disruption and losses in the Rhine and Meuse basin in 1992, 1993 and 1995; (iii) exceptional flooding struck the Po Valley in Italy in 1994, (iv) in 1999, in Venezuela, torrential rain and mudslides killed 15,100 people, (v) in UK, 8,000 properties have been flooded during October 31 to November 16, 2000 (vii) in 2004 flash floods have devastated Boscastle village in UK causing damages to properties worth of millions of pounds while the same year the Tsunami in Indonesia killed 295,600 people (vii) in 2005 Carlisle flooding three people were killed, many homes and businesses were flooded and schools were closed. There was widespread transport disruption with all of Carlisle's buses damaged. Appleby, Cockermouth and Keswick also had flooding. This was the worst flood to affect Carlisle since 1822. (viii) Hurricane Katrina in 2005 was the 3rd most intense and one of the most deadliest storms (1,836 people lost their lifes) ever to hit the U.S. The flooding caused widespread disruption to the transport network in England and Wales, but damage was the most severe in northeastern England, North Wales, the Midlands and southern England (Risk Management Solutions (RMS), 2000). (ix) in 2007 floods in UK killed 6 people and caused disruption to Yorkshire transport system (road and rail closures), power system leading to evacuations with Sheffield the worst hit (x) Morpeth Flood in UK in 2008 caused River Wansbeck to burst its banks causing damage to 995 properties costing £40 million (xi) Winter 2009-2010 was devastating not only for UK but the whole of Europe. In UK heavy rain resulted in flooding with the worst concentrated in Cumbria which let to the death of four people. The prolonged period of snowfall and sub-zero temperatures caused disruption and at least 22 deaths in the UK and at least 90 across Europe. Some of the causes of these floods are due to global warming conditions, failure of drainage systems, flash floods or increased runoff caused by frequent rainfall. Consequently some flooding events can be predicted and other cannot, causing additional problems such as: siltation of the rivers, degradation of land, and failure of drainage systems. On a trans-continental level, thousands of lives have been lost directly or indirectly from flooding in many countries including Bangladesh, China, Guatemala, Honduras, Somalia and South Africa (Samuels (1999)).
In Albania, 40,000 hectares of land is affected by flooding (United Nation, (n.d.) [online]). During September 2002, intense rain (which usually occurs in the period from November to March), caused flooding in most parts of Albania, (see Plate 3.7). Northern Albania was particularly affected, leading to the country being placed in a state of emergency requiring external assistance, e.g. from Japan (The Ministry of Foreign Affairs of Japan (2002)).
In the River Fani Catchment, frequent flooding affects the local populations, particularly Rubik residents. The tranquillity of their livelihood, as stated before, is being disturbed with economic, social and environmental issues raised due to flooding and its effects. Catchment management strategies are a necessity and can be achieved and supported with the aid of modelling. Hydrological modelling could be used as a DSS to provide solutions to these problems as has been reported in Chapter 2. These tools, require certain datasets in order to be build successfully and consequently data precision and accuracy are often unavoidable prerequisites. Such data are usually retrieved from archives. In cases where these do not exist, alternatives but useful sources need to be explored.
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Plate 3.7:
Flooding in Kruje in Albania, 30th September 2002 (Source: Co-operative Program on Water & Climate (CPWC), UNESCO-IHE (2002)).
3.5 The Data Challenge
Significant problems were encountered in the collection of quality data for the defined Catchment area. This is a common problem for catchments in less-developed countries. Price and Heywood (1994), defined a majority of these data challenges for such areas. Most of these are similar to those encountered in this project. In particular, the study area is data-poor and the majority of available spatial information has been derived from satellite surveys in recent years, and are owned by the military. Owing to political situations, access to these data is problematic. Other older hardcopy maps owned by the military but released to the public were however available as well as other remote sensing data. Furthermore substantial data records, books, and general literature were destroyed after the 1990’s (Kolaneci (2000)). In many cases, social and economic structures of the country restrict the availability of, and access to, geo-referenced information. 

During a field visit to Albania in November 2001, for data gathering, additional significant drawbacks and difficulties were confronted. Some of these included communication difficulties; documents written only in the Albanian language, bad/non existent infrastructure, limited working hours in Albania and limited hours of electricity supply together with difficulties dealing with bureaucratic systems. It must be noted that no digital data were found during this visit. The data collected were mainly analogue (geological and contour maps) and hardcopy raw data such as rainfall records. 

Noteworthy is the fact that the available georeferenced and hydrologic data acquired from specific individual sources, were not considered fully reliable. Despite this, it was decided to use them but with caution and care (as far as their accuracy and liability were concerned), as they were the only hydrological data available at the time. This meant that the hydrological model of the Fani Catchment would be difficult to calibrate or validate and thus alternative means were sought for this.

3.6 Overcoming the Data Challenge

Due to the limited conventional data collected, other sources of data, such as global datasets (e.g. CORINE) and remote sensing were required. 

Satellite imagery can provide regular digital data regarding the Catchment. Using image processing techniques, information about landforms, soil and current land use can be extracted, extrapolated and manipulated to determine necessary information for catchment management (Rao et. al. (1991), Cavalli et. al. (2009)).

Satellite imageries are acquired from different sensors at different temporal resolution extents and are available from different organisations at different costs. The vast options available and the different characteristics of remote sensing sensors make the selection process harder. In Chapter 4, section 4.2, some of these satellites and their sensors are reviewed and those adopted to be used are described. Briefly, Landsat TM and ETM+ were selected and were used to extract land cover/use information on the Catchment. These sensors are useful in such applications due to their spatial resolution and their thermal and infrared bands. ASTER images were also used to delineate the DEM of the Catchment. This sensor is effective in this due to its VNIR instrument that collects nadir images which are required in DEM delineation. MODIS images were used owing to the Vegetation measures they provide through the EVI. These are further explained in the next Chapter.
3.7 Data Management

The large amount of multi-source and multi-scale data collected was storage intensive, and of different forms (analogue, digital) and scales. Hence, the GIS system was used to store, manage and analyse these data. It must be noted that despite the fact that GISs are designed to handle and analyse large amounts of data, some pre-processing usually takes place to prepare the data and reduce their volume.

GIS frequently uses the overlay technique to obtain additional information. Data layers may come from different scale, resolution and/or based on various co-ordinates systems. In such cases before overlay techniques are used, pre-processing usually is undertaken that may lead to generalisation techniques and resampling. Consequently, loss of detail or information might result from this and is known as scale effects.

Preparation of data for compatibility and comparability is also undertaken in remote sensing analysis (pre-processing). Chapter 4 discusses these processes further.

Chapter 4  
Remote Sensing Assessment and Analysis of the River Fani Catchment
4.1 Introduction

“Remote sensing is the science and art of obtaining information about an object, area, or phenomenon through the analysis of data acquired by a device that is not in contact with the object, area, or phenomenon under investigation.” (Lillesand and Kiefer (1994)). The data measured is often EMR radiated or reflected. The acquisition device can be on a platform that is space-borne or airborne. Remotely sensed data is often in the form of images, mostly digital. Interpreting the images is the most important step because it converts image data into information that is meaningful and valuable for a wide range of users. 

Today there are a variety of satellite sensors and each one is capable of detecting different ranges of radiation wavelengths. Examples of such sensors are listed on Table 4.1 together with their platform on which are carried upon, their region of electromagnetic spectrum and some application on which are used. Thus, according to the table, the AIRSAR senses in the active microwave range, while SMMR operates in the passive microwave region. Other sensors, such as the Thematic Mapper, carried onboard the Landsat satellite and the ASTER and MODIS sensors on the Terra satellite, acquire data mainly in the visible, and the near and thermal infrared regions of the electromagnetic spectrum.
Table 4.1:
Examples of remote-sensing instruments, their region of the electromagnetic spectrum (ER region) wavelengths covered and some applications. IR denotes infrared wavelengths (Table adapted from Jensen (2005)).
	Sensor
	Platform
	Sensor Full Name
	ER region
	Example Applications

	AIRSAR
	Airborne: NASA DC-8 Aircraft
	Airborne Synthetic Aperture Radar
	Active microwave
	Surface change detection, forestry and volcanology. Also for topographic, geologic, and archaeological map purposes.

	ASTER
	TERRA
	Advanced Spaceborne Thermal Emission and Reflection Radiometer
	Optical, 1R, thermal
	Geomatic applications at medium scales, terrain mapping, vegetation and glaciers monitoring.

	AVHRR
	NOAA
	Advanced Very High Resolution Radiometer
	Optical, 1R, thermal
	Initially designed to observe Earth’s weather in the form of cloud pattern, Mapping vegetation on global basis, forestry, geology, snow cover, sea surface temperature and sea ice. Fire monitoring and fuel potential.

	AVIRIS
	Aircraft platforms:
-NASA’s ER-2 jet,
-Twin Otter International’s turboprop,
-Scaled Composites’ Proteus, and
-NASA’s WB-57.
	Airborne Visible/Infrared Imaging Spectrometer
	Optical, IR, thermal
	Map geology, as well as study landslides, swelling soils and mineralogy. Map species and biophysical variables in forest stands and crop identification.

	SAR
	ERS+
	(European Remote Sensing Satellite) Synthetic Aperture Radar
	Active microwave
	Interferometry, environmental (e.g. climatic trends and changes). For measuring sea level, wave height, surface wind speed, current fronts, eddies and surface temperature. For locating ocean floor features (e.g. trenches and sea mounts). For track oil spills, effluent discharges and algae blooms.

	FLIR*
	Airborne: installed in over 76 rotary- and fixed-wing platforms
	Airborne Forward-Looking Infrared
	Thermal
	Habitat mapping, military and monitoring volcanoes.

	LISS
	IRS
	(Indian Remote Sensing) Linear Imaging Self

Scanning Camera
	Optical, IR
	Monitoring vegetation on regional and global scales as well as geologic interpretation

	SAR
	JERS
	Japanese Earth Remote Sensing Synthetic

Aperture Radar
	Active microwave
	Separating rock classes and identifying types of hydrothermally altered rocks

	MSS, TM, ETM+
	LANDSAT+
	Landsat Multi-Spectral Scanner (MSS), Thematic Mapper (TM), Enhanced Thematic Mapper (ETM)
	Optical, IR, thermal
	Change detection, land cover mapping, delineation of wetland areas, coastal changes, and topographic observations.

	LIDAR+
	Airborne
	Laser Radar or Light Detection and Ranging
	Active microwave
	Natural Resource and forest management, telecommunications, planning and analysis, hydrology and floodplain mapping, urban development and transportation engineering.

	MODIS
	TERRA
	Moderate Resolution Imaging Spectrometer
	Optical, IR, thermal
	Measures chlorophyll  (ocean productivity), ocean temperature, clouds and fires. Identifies spreading contamination and hydrocarbons. Land cover mapping.

	SAR
	RADARSAT*
	Canadian Synthetic Aperture Radar
	Active microwave
	Ice reconnaissance, coastal surveillance, land cover mapping, agricultural and forestry monitoring.

	SEAWIFS+
	SeaStar spacecraft
	Sea-Viewing Wide-Field-of-View Sensor
	Optical, IR
	Ocean monitoring, and is capable of tracking water parameters such as turbidity, sediment load and transport, primary production by marine phytoplankton, spring algal blooms, chlorophyll content, dissolve oxygen and Ph. Managing coral reefs, monitoring pollution and oil spills, characterising and monitoring short-term and long-term fish habitat.

	SMMR
	Nimbus-7
	Scanning Multi channel Microwave Radiometer
	Passive microwave
	Geological information (e.g. vegetation cover, pattern and temporal change), soil mapping, hydrology, forestry, land use, ocean, sea ice, agriculture, cartography, coastal zone mapping.

	HRV*
	SPOT
	(Systeme Probatoire d'Observation de Terre)

High Resolution Visible Sensor System
	Optical, IR
	Identifying urban and geologic features, useful in observing dynamic phenomena such as floods and active volcanism, to compile topographic maps (using stereo pairs).

	SRTM
	Space Shuttle Endeavour
	Shuttle Radar Topography Mission
	Active microwave
	Geology, topography and hydrology. Seismoctonic investigations, telecommunications and planning.

	Radar Altimeters
	TOPEX/ Poseidon
	(Ocean Topography Experiment)
	Active microwave
	Monitor surface water levels and their seasonal variations, eddies (i.e. quasi-circular movements of water currents contrary to the main current). Predicting ocean waves and circulation, which in effect can aid in identifying the global threat from the increased atmospheric concentration of carbon dioxide and greenhouse effect.  Protecting ocean fisheries.

	Hyperion
	EO-1
	Hyperion
	Visible/ Near-Infrared, Short Wave Infrared
	Mining, geology, forestry, agriculture and environmental management. In more detail, studies of land use, changes in land cover, mineral resource assessment, research into coastal processes, changes in the atmosphere and more.

	* Commercial

+ Commercial / governmental.
	
	
	


Generally, the satellites can be distinguished into (a) earth resources satellites such as SPOT, JERS-1, IRS and Landsat, and (b) environmental satellites such as GOES, Meteosat and NOAA. Images from the earth satellite are employed for local and regional studies of a wide range of applications including the environment, renewable and non-renewable resources, land use/cover, and natural hazards. Images from environmental satellites are used for regional and global studies of meteorology, climatology, oceanology, the environment and LULC.

A series of images were acquired for this research project (see section 4.2) from the Earth Observation (EO) satellites and in particular from the Landsat series for land cover mapping since they provide multi-spectral data at 30 m resolution, and panchromatic coverage at 15 m resolution (for Landsat 7). In addition MODIS images were acquired for deriving Vegetation Indices (VI’s) and ASTER images for extracting terrain information to be used in the hydrological model.
This Chapter focuses on the processing and analysis of remote sensing data, for deriving useful information and parameters to aid hydrological modelling of the River Fani Catchment. It also aims to address questions like: How can remote sensing using multi-source, multi-scale data aid in the understanding of patterns, characteristics and dynamics of land cover across North Albania. Consequently, how can a comprehensive methodology - using sampling and change analysis techniques - be developed: (a) for measuring land cover change (from 1984 to 2000) without any field data, (b) to document regional driving forces and consequences of change, (c) to prepare land cover and change maps and (d) to derive hydrological parameters for catchment modelling. 

Following this introductory section on the variety of satellites and sensors available, a description is given of the sensors used in this research project, its characteristics and the tools utilised for the analysis of the imageries opted. The processing and analysis of the images is described, which involved (a) transformation techniques such as geometric and radiometric rectification, sub-setting, normalisation, enhancements (i.e. pre-processing) (sections 4.4), (b) derivation of vegetation indices (sections 4.5), (c) classification techniques (sections 4.6), (d) change detection analysis (sections 4.7) and (e) derivation of soil erosion potential map (sections 4.8). The derivation of land cover maps from satellite imagery using different classification techniques, was an important part of this research project as land cover information of North Albania and the area of study do not exist (except of low resolution CORINE data) or if they exist are not available to the public. Lastly, an evaluation of the effectiveness of digital image analysis in the production of land cover maps was carried out, which were later incorporated in the GIS database and hydrological model (Chapter 5).

4.2 Remote Sensing Data for the River Fani Catchment

As we have already seen in Chapter 3, section 3.5 data availability for the River Fani Catchment was one of the main concerns of this research. Consequently, remotely sensed images were acquired and processed for overcoming the data challenge (see section 3.6). A brief description of the satellite sensors used in this research project is given in the following sections.
4.2.1 Landsat TM and ETM+
Landsat TM data were used for this research owing to their frequency i.e. received on a regular basis since 1984. Additionally, are considered the standard data product used by many organizations, and used successfully in catchment management, flood delineation and land use and vegetation mapping. TM and ETM+ data are advantageous in terms of much lower cost and lower data volume per unit area, as compared with other high-resolution data such as SPOT. Not only that, but also its higher spectral resolution was more important for the current research project rather than higher spatial resolution provided by SPOT. 
Therefore, the data acquired from the Landsat 5 Thematic Mapper consist of an image acquired on the 10th of September 1984, and another one acquired on the 30th of September 1991. Also, an image was acquired from Landsat 7 Enhanced Thematic Mapper on the13th of August 2000. The reason for selecting August/September months is because it is the dry season period in the study area and so the images are largely cloud-free. The spacing between image dates was made as even as possible (10 years approx.) taking into consideration the degree of cloud cover. As already mentioned, Landsat TM has a ground resolution of 30m by 30m in six wavelength intervals belonging to the visible and infrared regions of the electromagnetic spectrum. Their different bands, wavelength and characteristics are listed in Table 4.2, whereas Table 4.3 lists the band, wavelength and ground resolution of ETM+ Landsat images. The number of Landsat images used was limited by the high cost of the digital data sets (see Table 4.4) and consequently additional, low cost satellite images were sought. In this regard, images from the Terra satellite were considered. 
Table 4.2:
Landsat Thematic Mapper (TM) spectral bands (source: USGS Science for a Changing World (2006)).
	Band
	Wavelength, (m
	Characteristics

	1
	0.45 to 0.52
	Blue-green. Maximum penetration of water, which is useful for bathymetric mapping in shallow water. Useful for distinguishing soil from vegetation and deciduous from coniferous plants.

	2
	0.52 to 0.60
	Green. Matches green reflectance peak of vegetation, which is useful for assessing plant vigour.

	3
	0.63 to 0.69
	Red. Matches a chlorophyll absorption band that is important for discriminating vegetation types.

	4
	0.76 to 0.90
	Reflected IR. Useful for determining biomass content and for mapping shorelines.

	5
	1.55 to 1.75
	Reflected IR. Indicates moisture content of soil and vegetation. Penetrates thin clouds. Provides good contrast between vegetation types.

	6
	10.40 to 12.50
	Thermal IR. Night-time images are useful for thermal mapping and for estimating soil moisture.

	7
	2.08 to 2.35
	Reflected IR. Coincides with an absorption band caused by hydroxyl ions in minerals. Ratios of bands 5 and 7 are used to map hydrothermally altered rocks associated with mineral deposits.


Table 4.3:
Landsat Enhanced Thematic Mapper (ETM+) spectral bands (Source: USGS, EROS, (n.d., b) [online].

	Band
	Wavelength, (m
	Ground Resolution

	1
	0.45 to 0.515
	30

	2
	0.525 to 0.605
	30

	3
	0.63 to 0.69
	30

	4
	0.75 to 0.90
	30

	5
	1.55 to 1.75
	30

	6
	10.40 to 12.50
	60

	7
	2.09 to 2.35
	30

	Pan
	0.52 to 0.90
	15


Table 4.4:
Satellite remotely sensed data used in this research.

	Satellite and sensor
	Spatial

Resolution
	Frequency
	Cost

£/image
	Parameter estimated

	Landsat TM
	30m, 120m
	16 days
	$0 - $600 *
	NDVI, land cover

	Landsat ETM+
	30m, 60m, 15m
	16 days
	$0 - $600 *
	NDVI, land cover

	TERRA MODIS
	250m
	16 days
	Free
	NDVI, EVI

	TERRA ASTER
	15m, 30m, 90m
	16 days
	Free
	ASTERDEM,


* depending on the date of the imagery but if extensive processing is required the costs may be $5,000 per frame.

4.2.2 MODIS

The launch of Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on board the Terra satellite (Appendix A, Plate A3), in 1999, was considered the improved sustainability of NOAA AVHRR sensor, which was discontinued, with a new vegetation parameter the EVI being made available. 
For this reason, MODIS Terra data titled as “Vegetation Indices 16-Day L3Global 250 m 1SIN Grid” (abbreviated as MOD13Q1) were selected and used to study and analyse vegetation patterns. The acquired data consist of Vegetation Indices acquired every 16-days at 250 meters resolution, spanning from 2000 to 2004 (the 2000 data were the earliest available for the area). They consist of 11 bands having a ground resolution of 250m and observation frequency of 16 days. Their band description and wavelength is given in Table 4.5.
Table 4.5:
MODIS (13Q1) Vegetation Indices band description (Sources: USGS, LPDAAC, (n.d., e) [online] and Huete et. al. (1999)).
	Bands
	Bandwidth nm
	Data Description (units)

	1
	-
	NDVI

	2
	-
	EVI

	3
	-
	NDVI Quality (bit)

	4
	-
	EVI Quality (bit)

	5
	620-670
	Red Reflectance

	6
	841-876
	NIR Reflectance

	7
	459-479
	Blue Reflectance

	8
	2105-2155
	MIR Reflectance

	9
	-
	View Zenith Angle (bit)

	10
	-
	Solar Zenith Angle (bit)

	11
	-
	Relative Azimuth Angle (bit)


4.2.3 ASTER

The Advanced Spaceborne Thermal Emission and Reflection radiometer (ASTER) was launched in December 1999. Like MODIS, ASTER and many more instruments (such as Clouds and the Earth's Radiant Energy System (CERES); Multi-angle Imaging Spectroradiometer (MISR); Measurements of Pollution in the Troposphere (MOPITT)) are aboard the Terra satellite. ASTER covers a wide spectral region (see Table 4.1) with 14 bands from the visible to the thermal infrared with high spatial, spectral and radiometric resolution. An additional backward-looking near-infrared band provides stereo coverage. The spatial resolution varies with wavelength: 15 m in the visible and near-infrared (VNIR), 30 m in the short wave infrared (SWIR), and 90 m in the thermal infrared (TIR). These three instruments carried by ASTER are designed to obtain detailed maps of surface temperature, emissivity, reflectance, and elevations. Each ASTER scene covers an area of 60 x 60 km (Abrams and Hook (2002)). The three instruments are shown in Appendix A. Table 4.6 gives the characteristics of the three ASTER Sensor Systems.
Table 4.6:
Characteristics of the three ASTER Sensor Systems (Source: Abrams and Hook (2002)).
	Subsystem
	Band No
	Spectral Range ((m)
	Spatial Resolution, m
	Quantisation Levels

	VNIR
	1
	0.52-0.60
	15
	256

(8 bits)

	
	2
	0.63-0.69
	
	

	
	3N
	0.78-0.86
	
	

	
	3B
	0.78-0.86
	
	

	SWIR
	4
	1.60-1.70
	30
	256

(8 bits)

	
	5
	2.145-2.185
	
	

	
	6
	2.185-2.225
	
	

	
	7
	2.235-2.285
	
	

	
	8
	2.295-2.365
	
	

	
	9
	2.360-2.430
	
	

	TIR
	10
	8.125-8.475
	90
	4096

(12 bits)

	
	11
	8.475-8.825
	
	

	
	12
	8.925-9.275
	
	

	
	13
	10.25-10.95
	
	

	
	14
	10.95-11.65
	
	


Data onboard the TERRA satellite (e.g. ASTER and MODIS) are distributed for free and/or at low cost. This facility was particularly useful in acquiring a DEM of the study catchment. Even though an ASTER DEM of the Catchment was not available at the time, an ASTER image was obtained (acquired on the 25th of October 2000) and an absolute Aster DEM was created from the EROS Data Centre after an on-demand request and submission of Ground Control Points.

The acquired RS data require special software and processing tools. These are described in the following section.
4.3 Software and Data Processing Tools

Analysis of the images, i.e. pre-processing, enhancements, processing and interpretation of the Landsat TM and ETM+ images was undertaken using Earth Resources Data Analysis System (ERDAS) 8.7 digital image processing software. Functions within ERDAS Imagine include GIS analysis, image processing, cartography and map projections, graphics display hardware, statistics, and remote sensing. A variety of image processing software programs exists and is used all around the world such as IDRISI Kilimanjaro, ENVI, PCI Geomatica and many more. Most of these systems have similar properties and capabilities that can be used for remote sensing purposes.

4.4 Pre-processing of Remote Sensing Data

4.4.1 Pre-processing of Landsat TM and ETM+ Data

Pre-processing of satellite images prior to image classification and change detection is essential. This is due to the inherent errors (such as line dropout, stripping noise, distraction (spatial and spectral), coordinate projections) encountered in the remote sensing data acquisition process that change digital values. If not corrected prior to classification or change detection, misclassification can occur or even areas identified as ‘transformed’ will not represent real changes. Consequently, image processing systems and GIS could be used to correct these errors by applying functions such as radiometric and geometric, normalisation, image registration and masking (e.g. for clouds, water, and irrelevant features). Detailed explanation on remote sensing errors and their associated correction techniques is found in ERDAS Imagine Field Guide and Remote Sensing and Image interpretation book by Lillesand and Kiefer (1994).

The sequence of applying these operations is important and therefore a list was prepared as follows, which was applied to the remotely sensed data acquired for this research project prior to change detection analysis:

a) Project data to the same coordinate system.

The projection system is the first step that needs to be considered prior to analysing and comparing the satellite images. Consequently the 1984, 1991 TM and 2000 ETM+ images were projected to the UTM WGS 84 North, Zone 34 projection system. Albania falls within UTM WGS84 North Zone 34.

b) Mosaic the data of the study area (if the study area requires more than one imagery to be covered).
A Landsat 5 TM full scene of imagery data correspond to an effective ground coverage of approximately 185 km wide by 170 km in along track direction. This was sufficient to fully cover the River Fani Catchment area and hence mosaicking was not required.

c) Subset the data to conform to the outer boundaries of the Area of Interest (AOI).
The sub-setting operation is particularly useful in cutting out unwanted areas and reducing the size of the image. Thus, storage space is saved as well as the time of certain operations/calculations in the analysis process is reduced. Sub-setting was applied after geometric correction to the three images so as to identify more Ground Control Points (GCP) distributed evenly across the whole image for better accuracy. The images were subset and an area of interest of 3899 x 2668 pixels was extracted i.e. an area of 117 km x 80 km approximately. The Coverage Area (CA) was more than enough for the whole Catchment. 

The three subsets Landsat TM images are shown in Plates 4.1, 4.2 and 4.3 and are assigned in true colour (band: 3, 2, 1 into colour guns red, blue and green respectively) so that the objects look as they would to the naked eye. These images were later subset using the River Fani Catchment boundary which was extracted from the ASTER14DEM imagery, acquired on the 25th of October 2000, so as to include only the Area of Interest (AOI).
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	Plate 4.1:
Landat TM imagery acquired on the 10th of September in 1984. The red boundary represents the River Fani Catchment.
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	Plate 4.2:
Landat TM imagery acquired on the 30th of September in 1991. The red boundary represents the River Fani Catchment.

	[image: image25.jpg]



	Plate 4.3:
Landat ETM+ imagery acquired on the 13th of August in 2000. The red boundary represents the River Fani Catchment.


d) Perform Masking operations (to exclude clouds or other irrelevant features that are not required to be analysed).
The next step involves investigating if the images have noise from clouds and treating it with the masking technique. Although there were some cloud cover areas, especially in 2000 ETM+ image, these were mostly outside the Catchment area and masking was not necessary. High clouds were not detected over the River Fani Catchment.
e) Apply geometric corrections techniques (such as image to image registration).
A crucial pre-processing technique, especially in change detection is the accurate geometric (spatial) registration of the images in order to avoid artificially creating areas of change caused by misregistration (Gordon (1980); Singh (1989)). To geometrically register the three images, the 1984 image was used as the master reference image. Prior to rectifying the images the 1984 image was resampled to 30m. A minimum number of four ground control points is required but for better accuracy 30-50 GCP were identified (spread across the image) to generate polynomials for resampling (second order transformation) based on a nearest-neighbour resampling routine. Ground control points were mainly river bands and junctions. The geometric registration process was applied to the data prior of sub-setting the images so as to use the whole image in GCP collection for more accurate rectification. The rectified images were also resampled to 30m as the reference image. The 2000 ETM+ prior to rectification and resampling had layer 6L (low gain) stack with the other layers thus making a 7-layer image like the other TM images. The standard errors in the rectification process (geometric registration), were less than 1 pixel along the X and Y directions. The root-mean-square error (RMSE) was less than 1 pixel (30 m). Accurate geometric registration of a multi-temporal image set, with RMSE of 0.25 - 0.5 pixel or 1 pixel at the most, is necessary for accurate change detection (Jensen (2005); Milne (1988); Mouat et al. (1993)).

f) Use a DEM to achieve the necessary degree of geometric agreement (especially useful in locations with a high degree of topographic relief).
The ASTER DEM ground coverage was not enough for the whole Catchment and thus this operation was not performed. The ASTER DEM was mosaiced with the DEM created by digitising topographic maps and the resultant DEM was then rectified to the 1984 image.A large number of control points were taken that were spread across the image and gave an RMSE less than a pixel. Then, the DEM was resampled to 30m on a second order polynomial transformation and was used to delineate the Catchment in ArcView GIS using CRWR-Prepro project and ArcGIS tools. The output was imported to ERDAS Imagine for overlaying the Landsat TM imageries. 

g) Apply radiometric corrections (required for multi-temporal image analyses e.g. radiometric normalisation).

The final pre-processing technique is the atmospheric and radiometric corrections of the reference image. The effects of the atmosphere upon the remotely sensed data are not considered “errors”, since they are part of the signal received by the sensing device (Bernstein (1983), Vicente-Serrano et. al. (2008)). However, when using Landsat TM and ETM+ satellite imagery to map vegetation cover or monitor vegetation cover changes, it is desirable to remove these effects by implementing a method which can produce a radiometrically consistent time series of images, (Song et al. (2001)). This enables indices or classifications derived for individual satellite scenes to match other scenes both spatially and over time, and it also enables better and more accurate detection of changes to be made on multiple scenes acquired over time.

A number of atmospheric correction procedures are available and could be implemented to the remote sensing data (see, for example, Erdas Inc. (1991-2000), Tour and Field Guides). All of them account to minimise scattering (increases brightness) and absorption (decreases brightness) effects due to the atmosphere. To facilitate these procedures a number of algorithms have been developed by the remote sensing committee to correct variations in atmospheric transmission. The most well-known atmospheric correction techniques are histogram adjustment, dark pixel regression adjustment and scene to scene normalisation. 

Both Landsat 5 TM images have been system corrected to Level 1 (1G). This level of correction is considered a standard product for the majority of users. In Level 1G the images are radiometrically and geometrically corrected to user-specified parameters, including output map projection, image orientation (defaults are UTM and WGS84), and resampling algorithm (Nearest Neighbour or Cubic Convolution). 
Landsat data from EURIMAGE are typically available in three levels of processing. The other two levels are: Level 0 Reformatted (0R, RAW) and Level 1 Radiometrically corrected (1R, RADCOR) (Eurimage, (n.d.) [online]). The Landsat 7 ETM+ image was systematically corrected as the Landsat 5 TM images. The System Corrected image is free from distortions related to the sensor (e.g. jitter, view angle effect), satellite (e.g. attitude deviations from nominal), and Earth (e.g. rotation, curvature). Residual error in the systematic 1G product is less than 250 metres for Landsat 7 (more for other Landsat missions) in flat areas at sea level. Absolute location is better (circa 100 metres) with post-pass processing using the definitive ephemeris.
Although the images were atmospherically corrected from the processing centres, still a relative calibration between image dates was performed. It was done in order to ensure that atmospheric effects do not influence or mask land cover changes between the two dates, hence making it difficult to interpret. A relative calibration between image dates can be performed by applying a band-by-band linear transformation to one image date to “calibrate” it to the second date (Caselles and Garcia (1989)). This approach has the advantages of correcting atmospheric effects as well as other factors (for example, detector miscalibration, sun angle, Earth-Sun distance) that could be sources of error in change-analysis studies. The calibration is achieved by using digital number values of pseudo-invariant features, which are assumed to have constant ground reflectance through time. The 1991 TM and 2000 ETM+ scenes were calibrated, for the present work, to the 1984 TM scene, using histogram matching. Such an approach to scene normalisation proved effective but there are several other relative atmospheric correction methodologies that can be used; linear transformation by using bright coastal sand areas and dark object areas as radiometric control sets for instance.

Another important technique in change detection analysis is image normalisation. This is because the brightness values differ from the actual surface conditions and this is due to sun angle and shadowing effects created especially in mountainous areas. The factors that affect pixel brightness value are: sun angle, earth/sun distance, detector calibration differences between the various sensor systems, atmospheric comparison and sun/target/sensor (phase angle) geometry, (Eckhardt et al. (1990)). The image normalisation technique was applied to the MODIS data acquired for this research (section 4.4.2).

The resultant image of the preprocessing techniques applied on the 1984 Landsat TM image is shown on Plate 4.1. Similar preprocessing steps were followed for the other two Landsat TM imageries on Plate 4.2 and Plate 4.3. The only difference is that that the other two images were geometrically rectified to the 1984 TM image. The rectification techniques used were the same applied for the correction of ASTER DEM (i.e. RMSE less than a pixel and resampled to 30m on a second order polynomial transformation) as explained earlier. Moreover, a relative atmospheric correction; histogram matching on the 1984 TM, was applied to the images on Plate 4.2 and Plate 4.3. An additional layer was also stacked to Plate 4.3 making sure that both TM and ETM+ had the same number of layers i.e.7. It can be clearly seen in these plates that during the years, the urbanisation across the coastline has increased significantly. Changes in the Catchment are also visible such as in the River geometric characteristics (e.g. width) and forest cover. 
4.4.2 Pre-processing of Terra ASTER and MODIS Data 

The Terra ASTER DEM, Plate 4.4 was converted to USGS DEM with 30 m ground resolution. It was also re-projected to the same projection system as the Landsat data i.e. UTM WGS 84 North, Zone 34.
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Plate 4.4:
ASTER DEM USGS 30m ground resolution (image acquired on the 25th of October 2000). Low relief is shown dark colour whereas bright colour indicates high relief.
The Terra MODIS images were firstly reprojected to UTM WGS 84 North, Zone 34 system, for consistency with the other data. Then, the images were corrected/adjusted for brightness with normalisation techniques, adjusting them for better correlation. Sub-setting followed, focusing on the AOI using the River Fani Catchment boundary to trim the images.

4.5 Derived Parameters - Vegetation Indices (VI’s)
This section focuses on deriving hydrological parameters (such as NDVI and EVI) from remotely sensed data to aid in understanding how they influence the hydrological system of the Catchment and how they interact as well as to be used as input to the hydrological model where needed.
The NDVI from Landsat TM, ETM+ (from 1984 to 2000) and MODIS and an optimised index, the enhanced vegetation index (EVI) from MODIS (from 2000 to 2004), are used to map and identify vegetation changes in the Catchment.

4.5.1 Normalised Difference Vegetation Index (NDVI)
NDVI images for each of the Landsat images acquired were created as illustrated in the schematic in Figure 4.1. NDVI was calculated by subtracting the Red band from the VNIR band and dividing it by the sum of the VNIR band and the Red band (Chapter 2, eq. 2.1). Prior to deriving the indices the data were pre-processed as described and explained in the previous sections. The NDVI values, ranged from (-1) to (+1), and were coded to unsigned 8-bit data in order to reduce the size of the datafiles and speed up processing time. Therefore the NDVI value of (-1) is represented by 0 and the NDVI value of (+1) by 255 in the new coded images (NDVI coded). This resulted into a reduced image size compared to the original one (i.e. by a factor of 4). The new images differentiate between vegetation and non-vegetation. Looking at the true colour images, the NIR band, and at the NDVI images was useful to distinguish the vegetated areas and the soil areas. The NDVI results are listed on Table 4.7 and an explanation of the NDVI value range is given in Table 4.8. The resulted NDVI images are shown in Plates 4.5, 4.6, and 4.7. 

[image: image27]
Figure 4.1:
Scheme for deriving NDVI maps from Landsat images for change detection of vegetation cover.
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Plate 4.5:
NDVI derived from the 10th of September 1984 TM imagery for the River Fani Catchment. Dark areas indicate no vegetation (bare soil) while lighter (white) colour areas indicate vegetation cover and forests.
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Figure 4.2:
NDVI histogram of 10th of September 1984 TM image data for the River Fani Catchment. The histogram has a mean value of 0.276 of vegetation cover.
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Plate 4.6:
NDVI derived from the 30th of September 1991 TM imagery for the River Fani Catchment. Dark areas indicate no vegetation (bare soil) while lighter (white) colour areas indicate vegetation cover and forests.
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Figure 4.3:
NDVI histogram of 30th of September 1991 TM image data. The histogram has a mean value of 0.118 of vegetation cover.
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Plate 4.7:
NDVI derived from the 13th of August 2000 ETM+ imagery for the River Fani Catchment. Dark areas indicate no vegetation (bare soil) while lighter (white) colour areas indicate vegetation cover and forests.
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Figure 4.4:
NDVI histogram of 13th of August 2000 ETM+ image data. The histogram has a mean value of 0.378 of vegetation cover.
Table 4.7:
NDVI average values recorded from the histograms in Figures 4.2, 4.3 and 4.4.
	Landsat TM
	NDVI coded
	NDVI

	1984
	182.24
	0.435

	1991
	174.90
	0.377

	2000
	161.96
	0.275


Table 4.8:
Classification of NDVI values to land cover (Source: Weier and Herring, (1999))
	NDVI Range
	Land cover

	-1 to 0
	Clouds and snow

	0
	Free standing water 

(Ocean, Lakes and Rivers)

	0 to 0.1
	Barren areas of rock or sand

	0.1 to0.2
	Soils

	0.2 to 0.3
	Shrub and grassland

	0.3 to 0.6
	Dense vegetation canopy

	0.6 to 0.8
	Temperate and tropical rainforests

	0.8 to 1
	Highest possible density of green leaves


Visual interpretation of the images shows that the 1984 NDVI image of the River Fani Catchment is much brighter (higher values) than the 1991 NDVI image. This indicates that the 1984 image has greater vegetation cover. A comparison between the 1991 and the 2000 NDVI images shows again that the 1991 image has brighter values than the 2000 image but some darker areas appear as well. These observations imply that vegetation has significantly decreased between 1984 and 1991 and continued to decrease in 2000 with some minor areas showing slightly increased vegetation. 
The results obtained from the NDVI analysis correspond to the visual interpretation. It was found that the 1984 image has the highest NDVI value of 0.43 (see histogram in Figure 4.2) which according to Table 4.8 represents dense vegetation canopy, whereas the NDVI value of the 1991 image (see histogram in Figure 4.3) was slightly lower i.e. 0.38. This corresponds to 12 % reduction in vegetation biomass from 1984 to 1991. The NDVI value of 2000 was further decreased to 0.27 (see histogram in Figure 4.4) which corresponds to 29 % reduction in vegetation biomass. The NDVI value according to Table 4.8 is associated to shrub and grassland but does not mean that the forests have disappeared completely from the Catchment and only shrub and grassland exist but rather shows that forests and dense vegetation have been reduced and therefore the associated reduction in the mean NDVI value. The decrease in NDVI values between the years suggests that there is a reduction in the vegetation cover in the Catchment. The expected results reinforce the allegations of local people as well as enhance the deforestation issues documented by different authors. Deforestation is an important change that has the potential to alter water infiltration and runoff and should therefore be further examined. Visual comparison of the three NDVI images gives a good indication of the vegetation cover changes from 1984 to 2000 but more detailed qualitative and quantitative analysis will be made in section 4.7.
4.5.2 Enhanced Vegetation Index (EVI)

A series of MODIS images (MOD13Q1) spanning the period from 2000 to 2004, with a sequence of 16-days were acquired for Albania. Table B1 in Appendix B summarizes all the MODIS images acquired for this research project. The images were pre-processed as described in section 4.4.2. ERDAS Modeler was used to process and derive the seasonal MODIS EVI images from the 16-day vegetation images. The resultant images, i.e. Plate 4.8 to 4.11 show the seasonal EVI for the year 2000 in a greyscale. 
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	(a) Spring 2000
	(b) Summer 2000
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	(c) Autumn 2000
	(d) December 2000

	
	

	
	

	
	


Plate 4.8:
MODIS seasonal EVI for 2000, showing vegetation strength in the River Fani Catchment. Black areas indicate no vegetation cover (water) and white areas indicate densely vegetated terrain. The in-between degrees of vegetation strength are illustrated with the different grey shades.
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	(a) Spring 2001
	(b) Summer 2001
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	(c) Autumn 2001
	(d) Winter 2001



Plate 4.9:
MODIS seasonal EVI for 2001, showing vegetation strength in the River Fani Catchment. Black areas indicate no vegetation cover (water) and white areas represent densely vegetated terrain. The in-between degrees of vegetation strength are illustrated with the different grey shades.
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	(a) Spring 2002
	(b) Summer 2002
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	(c) Autumn 2002
	(d) Winter 2002



Plate 4.10:
MODIS seasonal EVI for 2002, showing vegetation strength in the River Fani Catchment. Black areas indicate no vegetation cover (water) and white areas show densely vegetated terrain. The in-between degrees of vegetation strength are illustrated with the different grey shades.
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	(a) Spring 2003
	(b) Summer 2003
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	(c) Autumn 2003
	(d) Winter 2003



Plate 4.11:
MODIS seasonal EVI for 2001, showing vegetation strength in the River Fani Catchment. Black areas indicate no vegetation cover (water) and white areas show densely vegetated terrain. The in-between degrees of vegetation strength are illustrated with the different grey shades. 

Plate 4.8 (d) presents the EVI for December 2000 instead of winter 2000, because data for January and February were not available (see Table 4.9). The black pixels show no vegetation cover, which increases in the greyscale to white indicating the highest vegetation cover. The winter images are noticeably darker than the spring ones; the autumn images are likewise darker than the images acquired during the summer season. This indicates that the brighter summer images have higher vegetation cover in comparison with the winter satellite images. The respective EVI histograms illustrated in Figure 4.5 clearly show this. However, for a Mediterranean catchment, a typical vegetation trend should have revealed higher vegetation cover in winter and lower in dry summer period. This behaviour is satisfied with ancillary information which reveal that Albania is an agricultural country and farming practises are a main source of employment (1998: 70%). It is documented that between 1950 and 1990, arable land in Albania increased from 235,000 hectares to 703,000 hectares with the clearance of 468,000 hectares of forests and pastures. Before 1990s (change of political regime), arable land was expanded by terracing vast expanses of hills and by draining swamps, deviating rivers and disturbing downstream ecosystems (lakes, wetlands) (United Nation, (n.d.) [online]).
The mean EVI results are listed in Table 4.9 and according to Figure 4.5, oscillate between 0.18 (winter) to 0.48 (summer). During the summer, the mean EVI values range from 0.36 to 0.48 and gradually decrease during autumn to reach their minimum values in winter (values range from 0.18 to 0.24). The values increase again gradually during spring producing repetitive seasonal cycles, with each set of seasons giving a similar peak. The minor fluctuations recorded during the successive yearly cycles are due to changes in weather conditions. These results suggest that in winter where the peak of the precipitation occurs in the mountainous Mediterranean Catchment, the EVI is at its lower value which suggests very low vegetation (large areas with bare soil). On the contrary, summer EVI values are at its peak suggesting dense vegetation canopy which could be justified by cultivated crops. The main crops according to UN information are: wheat, maize and vegetables (United Nation, (n.d.) [online]).
The seasonal variations in vegetation cover in the River Fani Catchment it is observed to be comparatively similar for the period 2000 to 2003 (see histograms of Figure 4.5 – EVI values range from 0.36 to 0.48), with the maximum values reached in June. Exception is shown on the 2003 summer EVI maximum values which are reached during July. During the period of 2000 to 2003, no significant changes occurred in the vegetation cover (see Table 4.9 and Figure 4.5) except of some small fluctuations and a minor increase in EVI values, which can be attributed to climate changes. 
Hence, it can be concluded that histogram analysis can aid significantly in describing vegetation cover dynamics. The temporal variations in vegetation cover, will be used in the hydrological modelling represented in Chapter 5 and in the “What-if” analysis of change scenarios in 
Chapter 6.
Table 4.9:
16-day mean EVI values for the River Fani Catchment from 2000 to 2004.

	Date

(2000)
	Mean EVI
	Date

(2001)
	Mean EVI
	Date

(2002)
	Mean EVI
	Date

(2003)
	Mean EVI
	Date

(2004)
	Mean EVI

	-
	-
	02/01/2001
	0.19
	-
	-
	03/01/2003
	0.21
	01/01/2004
	0.22

	-
	-
	16/01/2001
	0.24
	16/01/2002
	0.19
	16/01/2003
	0.21
	16/01/2004
	0.23

	-
	-
	01/02/2001
	0.20
	01/02/2002
	0.18
	31/01/2003
	0.19
	01/02/2004
	0.20

	-
	-
	17/02/2001
	0.19
	17/02/2002
	0.19
	17/02/2003
	0.21
	
	

	04/03/2000
	0.18
	05/03/2001
	0.18
	05/03/2002
	0.19
	05/03/2003
	0.20
	
	

	20/03/2000
	0.17
	21/03/2001
	0.21
	19/03/2002
	0.20
	21/03/2003
	0.17
	
	

	05/04/2000
	0.18
	06/04/2001
	0.24
	06/04/2002
	0.21
	06/04/2003
	0.19
	
	

	21/04/2000
	0.20
	22/04/2001
	0.28
	22/04/2002
	0.28
	22/04/2003
	0.21
	
	

	07/05/2000
	0.30
	08/05/2001
	0.28
	08/05/2002
	0.34
	08/05/2003
	0.32
	
	

	23/05/2000
	0.42
	24/05/2001
	0.38
	-
	-
	24/05/2003
	0.44
	
	

	08/06/2000
	0.45
	09/06/2001
	0.46
	09/06/2002
	0.43
	09/06/2003
	0.47
	
	

	-
	-
	14/06/2001
	0.45
	-
	-
	-
	-
	
	

	24/06/2000
	0.42
	-
	-
	25/06/2002
	0.43
	25/06/2003
	0.44
	
	

	10/07/2000
	0.41
	11/07/2001
	0.42
	11/07/2002
	0.43
	11/07/2003
	0.48
	
	

	26/07/2000
	0.40
	27/07/2001
	0.43
	27/07/2002
	0.43
	27/07/2003
	0.44
	
	

	05/08/2000
	0.40
	12/08/2001
	0.39
	12/08/2002
	0.40
	12/08/2003
	0.41
	
	

	27/08/2000
	0.36
	28/08/2001
	0.38
	28/08/2002
	0.42
	28/08/2003
	0.38
	
	

	12/09/2000
	0.37
	13/09/2001
	0.38
	13/09/2002
	0.40
	13/09/2003
	0.35
	
	

	28/09/2000
	0.34
	29/09/2001
	0.33
	29/09/2002
	0.37
	29/09/2003
	0.36
	
	

	14/10/2000
	0.31
	15/10/2001
	0.36
	15/10/2002
	0.29
	15/10/2003
	0.34
	
	

	30/10/2000
	0.27
	31/10/2001
	0.33
	31/10/2002
	0.25
	31/10/2003
	0.29
	
	

	15/11/2000
	0.22
	16/11/2001
	0.29
	16/11/2002
	0.24
	16/11/2003
	0.28
	
	

	01/12/2000
	0.23
	02/12/2001
	0.24
	02/12/2002
	0.22
	02/12/2003
	0.23
	
	

	-
	-
	03/12/2001
	0.22
	-
	-
	-
	-
	
	

	17/12/2000
	0.20
	19/12/2001
	0.20
	18/12/2002
	0.19
	16/12/2003
	0.21
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Figure 4.5:
Variation of the 16-day mean EVI of the River Fani Catchment spanning from 2000 to 2004.
4.5.3 Leaf Area Index (LAI)
LAI data were derived from the NDVI values obtained from the analysis of Landsat TM and ETM+ satellite images. Firstly, the acquired Landsat images were pre-processed (see section 4.3.3) and then classified into four classes using unsupervised techniques. The four generated classes i.e. (a) forest, (b) agriculture, (c) scrub and or herbaceous associations, and (d) water bodies, represent the major land cover types in the River Fani Catchment and were verified with the CORINE land cover data. More detailed information on the unsupervised classification is given in section 4.6. The classified images were then combined with their respective NDVI layer (which was produced by applying the NDVI algorithm (eq. 2.1)) in the ERDAS Imagine Model Maker. The output images were further processed in another ERDAS Imagine model that was developed specifically to utilise the equations from Table 4.10 in order to derive the LAI of each land cover type i.e. to convert the NDVI to LAI. 
Table 4.10:
Relationship between NDVI and LAI for different land covers.

	
	Land cover type
	Equation
	Reference

	1
	Agriculture
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	Rosenthal et al. (1977)

	2
	Pasture
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	Kite and Spence (1995)

	3
	Mixed Forest
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	Peterson et al. (1987)

	4
	Coniferous forest
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	Nemani and Running (1989)


The results of the LAI analysis are listed in Table 4.11 and were plotted on the graph of Figure 4.6. Typically, LAI values range from 0 for bare ground to 6 m2m-2for a dense forest. In the graph the highest LAI value is 3.13 m2m-2 for mixed forests in the River Fani Catchment during 2000. Mixed forest according to the LAI obtained were decreased during the transition from 1984 to 1991 and then increased by 2000. A 77.1% increase in agriculture was recorded between 1984 and 1991. By 2000 it declined back to the status it used to be in 1984. The scrub and or herbaceous associations show an almost constant LAI value with small increments from 1984 to 1991 and 2000. A small decrease in forest was noted between 1984 and 1991 and by 2000 a 20.4% increase is observed. Baret and Guyot (1991) suggested that the vegetation indices reach a saturation level with higher LAI values. Gitelson et. al. (2003), explain that when LAI exceeds 2, NDVI is generally insensitive to LAI not only in forests canopies with a dense understory, but also in grasses, cereal crops and broadleaf crops (see Mynenei et al. (1997)). They also report that the linkage between surface reflectance and LAI is not straightforward and at the present time it appears that no satisfactory algorithm exists for remote retrieval of moderate to high LAI (i.e. LAI > 2). If this is the case, then the LAI results for the forest canopies might have been affected. 
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Figure 4.6:
Leaf Area Index trendlines for the major land cover types in the River Fani Catchment for the years 1984, 1991 and 2000. The values were derived from Landsat TM and ETM+ satellite images of the respective years.
Table 4.11:
LAI results for the major land cover types in the River Fani Catchment for the years 1984, 1991 and 2000. The values were derived from Landsat TM and ETM+ satellite images of the respective years.
	Image Acquisition Date


	LAI (m2m-2)
Forest


	LAI (m2m-2)
Agriculture


	LAI (m2m-2)
Scrub and or herbaceous associations

	10/09/1984
	2.71
	0.35
	0.77

	30/09/1991
	2.60
	0.62
	0.78

	13/08/2000
	3.13
	0.34
	0.80


Table 4.12:
LAI change detection between 1984-1991, 1991-2000 and 1984-2000. Minus and plus signs indicate, respectively, reductions and increases in vegetation biomass.
	Year
	Land cover type
	LAI Change
	% LAI Change

	1984-1991
	Forest
	- 0.11
	- 4.06

	
	Agriculture
	+ 0.27
	43.50

	
	Scrub and or herbaceous associations
	+ 0.01
	1.28

	1991-2000
	Forest
	+ 0.53
	16.93

	
	Agriculture
	-0.28
	- 45.16

	
	Scrub and or herbaceous associations
	+ 0.02
	2.50

	1984-2000
	Forest
	+ 0.42
	13.42

	
	Agriculture
	- 0.01
	- 2.86

	
	Scrub and or herbaceous associations
	+ 0.03
	3.75


4.6 Land Cover Classification

4.6.1 Classification Number Optimisation

Land cover classification results depend to a great extent on the number of classes selected. A small number of classes, aggregates pixels of a wide spectral range representing different land cover types in one class. Thus, resulted classes are a mixture of major land cover types and such classification is very coarse. On the other hand, a large number of classes can result to the same land cover type being represented with more than one class. An example of this is an urban area that consists of roads, buildings, sparse vegetation and trees and generally a mixture of features, having a wider spectral range. For this research study where such detail is not necessary and since the best spatial resolution of the satellite images is 30 m, such features need to be grouped. In the case of large number of classes, the classification algorithms traditionally select pixels within a small spectral range to form the classes. This can result to the ‘salt and pepper’ effect, in which the land cover image does not have clear boundaries of the classes but rather pixels of different classes spread across the whole image. A correction can be applied in this case but still the problem is in the threshold values and more specifically in the land cover number of classes selected.

Consequently, the number of classes to be used in the land cover classification requires optimisation. Classifications based on 4, 6, 8, 10 and 12 classes were performed for the Catchment on the 1984 and 2000 images. The percentage of change between the corresponding years for each of those classifications made was computed and plotted against the class number (see Figure 4.7). The 4-class classification consisting of broad leaved forest, coniferous forest, mixed forest and natural grasslands produced a 13.8% change between 1984 and 2000 while the 6-class classification with the extra two added classes of transitional woodland/shrub and sclerophyllous vegetation gave a 16.2 % change. Constancy was noticed on the percentage change during the 8, 10 and 12-class supervised classification. The results showed a minor fluctuation of less than 0.05% difference between these classes. These small fluctuations show that the model has reached the optimum class number and is now stable, thus, any further increase in the number of classes will not result into significant alterations in the percentage change. A 4 and a 6-class classification according to the graph are ‘unstable’ because a small number of classes results into quite general categories having wider spectral range (by aggregating major land cover classes together with minor ones). The changes on major land cover classes could not be detected accurately (e.g. in water courses) due to the mixture of pixels and for this reason, the 4 and 6-classses were not considered suitable to use. The 8-class was close to the unsettled 6-class and was disregarded. The 12-class was found that it did not result into significant percentage change from the 10-class and with the concern of segregating major land cover classes into extra minor ones, were also disqualified from use. The 10-class was considered more appropriate and optimum for use as the land cover classes was refined using more data samples thus containing all the information needed with the extra classes of bare rock and water courses. 
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Figure 4.7:
Sensitivity of number of land cover classes to percentage change in River Fani Catchment (to find optimum number of classes). 

4.6.2 CORINE Land Cover Classification Methodology
In this research project, originally the only available land use data found for North Albania were very coarse maps from the Internet and sketchy data. For this reason, CORINE, 1991, land cover data were acquired. CORINE is a classification system developed by the European Commission which is used to produce digital maps, which give a realistic representation of the land cover varieties of Europe, based on manual interpretation. The CORINE land cover map uses a 3-level hierarchical classification scheme with 44 classes shown in Table 4.13. CORINE land use maps only contain parcels exceeding 25 hectares, which means that all cartographic detail is generalised to this level making it very difficult to compare it with data coming from different sources.

The first level (Level I, Table 4.13) of CORINE classification consists of 5 classes, (Plate 4.12), the second level (Level II, Table 4.13) of 15 classes, (Plate 4.13), and the third level (Level III, Table 4.13) of 44 classes, (Plate 4.14). Plate 4.15 shows the 15 land cover classes out of the 44 CORINE (for a third level classification) that are found in the River Fani Catchment.

CORINE land cover classes are very detailed and several studies have been conducted, on detecting them from satellite data automatically or semi-automatically. Wilkinson and Folving (1991) and Wilkinson et. al. (1992) concluded that a large number of the 44 CORINE land cover classes cannot be easily detected from satellite images by traditional image processing, mainly because either the definition of these classes are too vague or they are a mixture of surface conditions only interpreted by the human expert. Examples are the classes such as sport facilities or construction sites, which are too fine in detail to be detected by automatic image processing, and agricultural classes, which are a mixture of different spectral types.

Table 4.13:
CORINE hierarchical Land use Nomenclature (CORINE (1994))
	Level I
	Level II
	Level III

	1. Artificial Surfaces
	11 Urban fabric
	111 Continuous urban fabric

	
	
	112 Discontinuous urban fabric

	
	12 Industrial, commercial and transport units
	121 Industrial or commercial units

	
	
	122 Road and rail networks and associated land

	
	
	123 Port areas

	
	
	124 Airports

	
	13 Mine, dump and construction sites
	131 Mineral extraction sites

	
	
	132 Dump sites

	
	
	133 Construction sites

	
	14 Artificial, non-agricultural vegetated areas
	141 Green urban areas

	
	
	142 Sport and leisure facilities

	2 Agricultural areas
	21 Arable land
	211 Non-irrigated arable land

	
	
	212 Permanently irrigated land

	
	
	213 Rice fields

	
	22 Permanent crops
	221 Vineyards

	
	
	222 Fruit trees and berry plantations

	
	
	223 Olive groves

	
	23 Pastures
	231 Pastures

	
	24 Heterogeneous agricultural areas
	241 Annual crops associated with permanent crops

	
	
	242 Complex cultivated areas

	
	
	243 Land principally occupied by agriculture, with significant areas of natural vegetation

	
	
	244 Agro-forestry areas

	3 Forest and semi-natural areas
	31 Forest
	311 Broad-Leaved forest

	
	
	312 Coniferous forest

	
	
	313 Mixed forest

	
	32 Scrub and/or herbaceous vegetation associations
	321 Natural grassland

	
	
	322 Moors and heathland

	
	
	323 Sclerophyllous vegetation

	
	
	324 Transitional woodland-scrub

	
	33 Open spaces with little or no vegetation
	331 Beaches, dunes, sands

	
	
	332 Bare rocks

	
	
	333 Sparsely vegetated areas 

	
	
	334 Burnt areas

	
	
	335 Glaciers and perpetual snow

	4 Wetlands
	41 Inland wetlands
	411 Inland marshes

	
	
	412 Peat bogs

	
	42 Maritime wetlands
	421 Salt marshes

	
	
	422 Salines

	
	
	423 Intertidal flats

	5 Water bodies
	51 Inland waters
	511 Water courses

	
	
	512 Water bodies

	
	52 Marine waters
	521 Coastal lagoons

	
	
	522 Estuaries

	
	
	523 Sea and ocean



Plate 4.12:
CORINE land cover first level classification (i.e. 5 classes) of North Albania.


Plate 4.13:
CORINE land cover second level classification of North Albania. This level consists of 15 classes, which are listed in Table 4.13 as well on the left side of the plate on the legend.


Plate 4.14:
CORINE land cover third level classification of North Albania. This level consists of 44 classes, which are listed in Table 4.13 as well on the legend.
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Plate 4.15:
CORINE land cover third level classification (15 classes) for the River Fani Catchment. 

In this context, CORINE method was used for land cover classification. The third level classification (i.e. 15 classes) was considered but was narrowed down to 10 classes. This was due to the training areas (from the below 5 categories) being too small for accurate representative training areas to be collected as well as due to the classification number optimisation results that suggested a 10 class. The disregarded classes are: (1) complex cultivation patterns, (2) beaches dunes sands, (3) discontinuous urban fabric, (4) fruit trees and berry plantation and (5) industrial or commercial units. The final 10 broader classes selected are: (1) broad-leaved forest, (2) transitional woodland-shrub, (3) coniferous forest, (4) land principally occupied by agriculture, (5) mixed forest, (6) sclerophyllous vegetation, (7) sparsely vegetated areas, (8) natural grasslands, (9) bare rock and (10) water courses.
Several image processing techniques for the enhancement of classification accuracy were investigated, such as band ratioing and the injection of indices derived from the image analysis including tasselled cap transformations. The classification trials also considered using all available bands in an unsupervised and supervised manner and testing parallelepiped, minimum distance and maximum likelihood algorithms. These techniques did not markedly improve the classification accuracy when tested on their own. It was also found that the use of all available bands in a supervised classification introduced redundancy of the data information and the classification process was time consuming especially when using the maximum likelihood algorithm. Although maximum likelihood algorithm is the most commonly used, in this project, the minimum distance was more attractive as it is faster but the most important is the fact that it gave much better results compared to the other two algorithms. Thus, a methodology was developed that was found to give the most accurate classification results for the current research project and is given below as a sequence of operations.
1. Pre-processing (common projection system, common pixel size, subset to AOI, atmospheric and geometric correction)

2. Select land cover classes according to CORINE nomenclature method

3. Mask clouds (if exist)
4. Define the training sites 

a. The NDVI layer was stack to imagery

b. Extract four principal components
5. Extraction of signatures (create a signature (SIG) file for every information class)

6. Classification of the images using minimum distance algorithm

7. Verification of classification results. The resulting classified images were assessed using maps and CORINE land cover information as ground truth, as well as photos and knowledge of the area due to a prior field visit.

Thus, the classification methodology starts with the pre-processing, a basic step required for any analyses technique applied to the satellite images (see section 4.4). Then, the selected land cover classes based on CORINE nomenclature were selected (as described earlier). Although clouds were not a problem, the 2000 image had some that were masked. For accurate correlation of the land cover classes, the 1984 and 2000 images were masked for the same cloud area used on the 2000 image. In defining the training sites, the NDVI data image of 1984 TM, 1991 TM and 2000 ETM+ was stack to its corresponding year thus creating three 8 band multi-layered images. A PCA (Principal Component Analysis) technique was used, which is basically a rotational transformation that provides better spectral separation between classes and improved enhancement (Nirala and Venkatachalam (2000)) for image compression (Gonzalez and Wintz, (1977) refd. in Richards (1994)), and for digital change detection (Koutsias et. al. (2009)). PCA defines the dimensionality of the data set and identifies the principal axes of variability within the data which produces uncorrelated data sets enabling efficient extraction of significant information. In the case of Landsat 7 ETM + data (consisting of eight bands), the dimensionality of the data set is not necessarily the same as the number of spectral bands. For example, highly positively correlated data from two bands will have one dimensionality (forming an almost straight line) as shown in Figure 4.8 and adjacent image bands will generally be well correlated (Mather (1999)). This multi-spectral inter-correlation is due to common illumination, natural spectral correlation, slope of the terrain, and an overlap of spectral sensitivities between adjacent bands (Schowengerdt (1983)), and implies redundancy in information.


[image: image58]
Figure 4.8:
Two variables band 1 and band 2 with effectively one dimensionality (some scatter).
A four band combination was opted and used after several trials on the number of principal components that retain and reflect the most useful information which result into better spectral segregation of land cover classes. Thus, a four PCA was applied to Landsat TM5 1984 and 1991 and ETM+7 2000 images. Then, training areas have been identified for each image and signature files have been created, which were used to classify the images. 

It was found that by using PCA technique in land cover classification can have effective results. The 8-band images were compressed into fewer bands and information became more apparent aiding the sampling procedure for the land cover classes. PCA also gave better results as opposed to using other techniques such as the NDVI layer to collect sample points but at the same time, the sequence followed for the derivation of land cover maps for the River Fani Catchment was proven more effective, compared to all other techniques tested.

4.6.3 Derived Land Cover Maps 

Land cover maps have been created for the River Fani Catchment from the classification techniques applied to the remote sensing data, Plate 4.16, 4.17 and 4.18. The area of each land cover class for all three maps was calculated (in km2 and %) and is presented in Table 4.14. The results indicate significant land cover changes between the different classes in the River Fani Catchment from 1984 to 1991 and 2000. In particular, reduction of the coniferous forests between 1984 and 2000 is evident and an increase of natural grassland for the same period. Analysis of these and other change detection results is made in section 4.7. Figure 4.9, 4.11 and 4.12 illustrate the percentage cover of the land cover classes of the Catchment for 1984, 1991 and 2000 respectively. The pie graphs illustrate clearly the prevailing classes in the Catchment (e.g. coniferous forest vs bare rock) and the percentage each one occupies is visually noticeable and comparable.
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Plate 4.16:
Land cover classes of the River Fani Catchment, North Albania (using Landsat 5TM image of 10th September 1984). 
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Plate 4.17:
Land cover classes of the River Fani Catchment, North Albania (using Landsat 5TM image of 30th September 1991). 
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Plate 4.18:
Land cover classes of the River Fani Catchment, North Albania (using Landsat 7 ETM+ image of 13th August 2000). 

Table 4.14:
Land cover classes of the 1984, 1991 Landsat TM and 2000 Landsat ETM+ image of the River Fani Catchment and their associated area covered in square kilometres and in percentage values.
	
	TM 1984
	TM 1991
	ETM+ 2000

	Land cover
	Area (km2)
	Area

(%)
	Area (km2)
	Area 

(%)
	Area (km2)
	Area 

(%)

	Broad-leaved forest 
	158.45
	15.01
	193.55
	18.33
	194.48
	18.42

	Transitional woodland-shrub
	92.52
	8.76
	105.38
	9.98
	104.73
	9.92

	Coniferous forest
	281.09
	26.63
	285.49
	27.04
	135.60
	12.84

	Land principally occupied by agriculture
	66.28
	6.28
	69.82
	6.61
	47.22
	4.47

	Mixed forest
	141.54
	13.41
	121.47
	11.51
	161.28
	15.28

	Sclerophyllous vegetation
	98.70
	9.35
	72.88
	6.90
	101.07
	9.57

	Sparsely vegetated areas
	42.22
	4.00
	108.68
	10.29
	60.84
	5.76

	Natural grasslands
	157.29
	14.90
	84.78
	8.03
	227.60
	21.56

	Bare rock
	10.14
	0.96
	1.35
	0.13
	9.51
	0.90

	Water courses
	7.45
	0.71
	12.28
	1.16
	13.37
	1.27

	SUM
	1055.68
	100
	1055.68
	100
	1055.68
	100
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Figure 4.9:
Land cover percentages for the River Fani Catchment in 1984.
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Figure 4.10:
Land cover percentages for the River Fani Catchment in 1991.
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Figure 4.11:
Land cover percentages for the River Fani Catchment in 2000.
4.6.4 Ground-truth

CORINE LULC maps of North Albania were used as ground truth data. The classified areas on the produced land cover maps were compared with the actual land cover categories determined from the CORINE maps. Areas where the map categories do not match the ground truthing are considered inaccurate. The selected sample areas of each cluster matched well with the associated land cover types in the ground truth data. The relationship between each CORINE class in the map and combinations of land cover classes (broader clustering) on the classified images were thus verified. The ground-truthing based solely on CORINE LULC maps would unavoidably encompass a degree of error. This is because CORINE LULC maps were generated from remote sensing data/information and consequently some generalisation techniques would entail some degree of error which will unavoidably propagate through the ground truthing of the land cover classification results. Owing to this, further validation of the land cover classification results was carried based on knowledge of the area after a field trip conducted in the Catchment (field observations) and from the use of photographs (photo–interpretation) and ancillary maps of the area which aided in the identifying key point areas. The comparison of image classes show the spatial improvement in the classification accuracy of the Landsat images which resulted from proper pixel training and cluster number optimisation. Ground truthing, given the time and equipment at the time could have been conducted based on a GPS, a task that would have improve confidence levels in land cover classification results and should be considered in future work.
4.7 Change Detection

4.7.1 Post Classification Change Detection
Post classification comparison is one technique used for change detection, where images are compared at the pixel level (Jensen (2005)). Using this method it is possible to see directly which classes have changed into what class. In other words, the location and direction of change can be identified. This method was used herein and the changes in images between (a) 1984 and 1991, (b) 1991 and 2000 and (c) 1984 to 2000 were identified. The land cover areas recorded in Table 4.14 (which were derived from the maps created in section 4.6.3) were used to calculate the changes in km2 and % between the abovementioned years. These are listed in Table 4.15.

Table 4.15:
Change detection (in percentage and in square kilometres) between 1984-1991, 1991-2000 and 1984-2000 of the ten land use classes of the River Fani Catchment. Negative and positive values indicate change reduction and increase, respectively.
	
	1984-1991
	1991-2000
	1984-2000

	Land use
	Area Diff. (km2)
	Area Diff.

(%)
	Area Diff. (km2)
	Area Diff.

(%)
	Area Diff. (km2)
	Area Diff.

(%)

	Broad-leaved forest 
	35.09
	3.32
	0.93
	0.09
	36.03
	3.41

	Transitional woodland-shrub
	12.86
	1.22
	-0.65
	-0.06
	12.21
	1.16

	Coniferous forest
	4.40
	0.42
	-149.89
	-14.20
	-145.49
	-13.78

	Land principally used for agriculture
	3.54
	0.34
	-22.60
	-2.14
	-19.06
	-1.81

	Mixed forest
	-20.06
	-1.90
	39.81
	3.77
	19.74
	1.87

	Sclerophyllous vegetation
	-25.82
	-2.45
	28.19
	2.67
	2.37
	0.22

	Sparsely vegetated areas
	66.46
	6.30
	-47.84
	-4.53
	18.62
	1.76

	Natural grasslands
	-72.51
	-6.87
	142.82
	13.53
	70.31
	6.66

	Bare rock
	-8.79
	-0.83
	8.15
	0.77
	-0.63
	-0.06

	Water courses
	4.83
	0.46
	1.09
	0.10
	5.92
	0.56



Figure 4.12:
Comparison of change detection of the land use classes in the River Fani Catchment between 1984, 1991 and 2000 based on a 10-class system.
A comparison between the 1984, 1991 and 2000 land cover classes as can be seen from the graph in Figure 4.12 is quite revealing regarding the scale of the changes that have occurred during the years. Reductions in the first six classes and increases of the remaining 4 classes can have an adverse effect on the hydrological processes of the Catchment such as an increase of overland flow, reduction of infiltration rate and evapotranspiration. From the first six categories, significant reduction is observed in the coniferous forest cover of year 2000 compared to 1984 
(-14.2% which is equivalent to almost 150 km2, Table 4.15). Additionally in the latter 4 categories a significant increase is observed in natural grassland (between 1984 and 2000) which is equivalent to approximately 7% (Table 4.15). It is expected therefore that the hydrological respond of the Catchment will be affected to some degree from these changes. This is investigated in the following chapters.
Investigation on the changes that occurred in the basic LC classes took place by using the LC maps created previously. Prior to extracting and recording the changes between the classes, the ten LC classes (as shown in Plate 4.16, Plate 4.17 and Plate 4.18), were reduced to five categories i.e. forest, agriculture, scrub, bare land and water bodies (listed in Table 4.16).
Table 4.16:
Level 2 and level 3 classification system for River Fani Catchment. Level 2 consists of 12 classes whereas Level 3 classes are aggregated down to 5 sets.
	LC Class
	Level 2
	Level 3

	1
	Broad-leaved forest
	Forest



	
	Coniferous forest
	

	
	Mixed forest
	

	2
	Complex cultivation patterns
	Heterogeneous agricultural areas



	
	Land principally occupied by agriculture with significant areas of natural vegetation
	

	3
	Natural grassland
	Scrub and or herbaceous vegetation associations



	
	Sclerophyllous vegetation
	

	
	Transitional woodland-shrub
	

	4
	Beaches, dunes, sands
	Open spaces with little or no vegetation



	
	Bare rock
	

	
	Sparsely vegetated areas
	

	5
	Water courses
	Inland waters


ERDAS Imagine Model Maker was used and a model was created to calculate the number of pixels in each LC class for the three images (instead of manually adding the LC classes together and calculating total areas and changes). By doing so, the new digital LC maps were further utilised to derive forest maps, maps of the forest changes and investigate and map the transformed LC classes. The areas in km2 (Table 4.17) for 1984, 1991 and 2000 for the 5 land cover classes were plotted as shown in Figure 4.13. The incremental changes (negative and positive) are clearly illustrated. For each year, a pie chart illustrating the Catchment area and the percentage area that each one of the 5-classes occupies was also plotted, as demonstrated in Figure 4.14, 4.16 and 4.17. The percent in area change (in the Catchment) of each LC class is also listed in Table 4.18. The minus sign indicates reduction and the plus sign indicates increase of the specified LC class of the Catchment.

Table 4.17:
Area covered by the five main land cover classes for the 1984, 1991 Landsat TM and 2000 Landsat ETM+ images of the River Fani Catchment.
	
	 Class name
	TM 1984
	TM 1991
	ETM+ 2000

	
	
	Area (km2)
	Area (km2)
	Area (km2)

	1
	Forest
	581.08
	600.51
	491.36

	2
	Heterogeneous agricultural areas
	66.28
	69.83
	47.22

	3
	Scrub and or herbaceous vegetation associations
	348.51
	263.04
	433.39

	4
	Open spaces with little or no vegetation
	52.36
	110.03
	70.34

	5
	Inland waters
	7.45
	12.28
	13.37
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Figure 4.13:
Comparison of change detection of the land cover classes in the River Fani Catchment between 1984, 1991 and 2000 based on a 5-class system.
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Figure 4.14:
Percentage covered by the land cover classes in River Fani Catchment for 1984.
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Figure 4.15:
Percentage covered by the land cover classes in River Fani Catchment for 1991.
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Figure 4.16:
Percentage covered by the land cover classes in River Fani Catchment for 2000.
Table 4.18:
Percent change detection of the main five land cover classes in the River Fani Catchment from 1984 to 2000. Negative values indicate reduction and positive correspond to an increase.
	
	 Class name
	1984-1991
	1991-2000
	1984-2000

	
	
	Area Diff

(%)
	Area Diff (%)
	Area Diff (%)

	1
	Forest
	3.24
	-18.18
	-15.44

	2
	Heterogeneous agricultural areas
	5.08
	-32.38
	-28.76

	3
	Scrub and or herbaceous vegetation associations
	-24.52
	39.31
	19.59

	4
	Open spaces with little or no vegetation
	52.41
	-36.07
	25.56

	5
	Inland waters
	39.33
	8.15
	44.28


4.7.2 Forest Maps

ERDAS Imagine Model Maker was used to process the derived land cover maps and to develop three new forest maps consisting of broad-leaved forest, coniferous forest and mixed forest as shown on Plate 4.19, 4.20 and 4.21.
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Plate 4.19:
Forest cover map of the River Fani Catchment in 1984. Black colour indicates forest and white colour indicates other land cover classes.

[image: image70.png]



Plate 4.20:
Forest cover map of the River Fani Catchment in 1991. Black colour indicates forest and white colour indicates other land cover classes.
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Plate 4.21:
Forest cover map of the River Fani Catchment in 2000. Black colour indicates forest and white colour indicates other land cover classes.

4.7.3 Forest Change Maps

The derived Forest maps were used to examine the forest changes in the Catchment between 1984 and 2000. The ‘new’ land cover classes created from the changed classes were also investigated and mapped. Of particular interest was the 2000 image, where a significant area of forest disappeared. Change detection techniques and the Erdas Imagine Model Maker aided in mapping these changes. Plate 4.22 shows the increase and decrease of forest cover between 1984 and 1991 in the Catchment. Green colour areas indicate increase in forest from 1984 to 1991 and red colour indicates decrease in forest cover between 1984 and 1991. The same method applied for the 1991 and 2000 images and the changes recorded for that period are illustrated in Plate 4.23. In Plate 4.22 the green areas prevail indicating an increase in forest of 3.34% of the total Catchment, which corresponds to approximately 20 square kilometres increase in the total Catchment. In some areas it is also noticed concentrated deforestation. In Plate 4.23 the deforestation between 1991 and 2000 is obvious with a forest decrease of 15.44% of the total Catchment. This corresponds to 100.15 km2 of forest area being destroyed (e.g. illegal logging). But what happened to the land cover previously occupied with forests? According to Plate 4.24 and Plate 4.25 the majority of land was converted to scrub and open spaces (Plate 4.24) which indicates that forest were cut down (e.g. illegal logging) and used by the locals (e.g. for firewood). A small amount of land of these forests was converted to agricultural land (Plate 4.25). Consequently the main land cover changes are:

· Forest degradation into scrub and herbaceous vegetation associations

· Conversion of agricultural areas into scrub and herbaceous association vegetations

· Expansion of built-up areas on former agricultural land (from photographs of the area)

· Open spaces with little or no vegetation next to River Fani Catchment are frequently flooded (photos and facts).

The changes in forest land cover according to the results and documentation (Qiriazi and Sala (2000)) is mainly due to (a) logging; after collapse of socialism (1991) and of pyramid schemes (1996-1997) illegal logging took place from local population to generate income from the timber sales, (b) firewood consumption; approximately 70% of population is dependent on firewood (expert estimation) which results to yearly firewood demand being greater than 3 Million m3 (3-4% of standing volume) for the whole Albania and (c) ownership; most forests are still state-owned while there is an ongoing privatisation process.
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Plate 4.22:
Forest change detection between 1984 TM and 1991 TM image in the River Fani Catchment. Green colour indicates forest increase and red colour indicates forest decrease.
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Plate 4.23:
Forest change detection between 1991 TM and 2000 ETM+ image in the River Fani Catchment. Green colour indicates forest increase and red colour indicates forest decrease.
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Plate 4.24:
Forest land cover changes to open spaces and scrub (indicated with black colour) between 1984 and 2000 in River Fani Catchment.
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Plate 4.25:
Forest land cover changes to agriculture between 1984 and 2000 (indicated in black colour) in River Fani Catchment.
4.7.4  Using NDVI Maps for Change Detection

The NDVI image, derived from the 1984 Landsat TM, was used to map forest and non-forest areas. The methodology involved is illustrated on Figure 4.17 and consists of discriminating between vegetation and non-vegetation regions using threshold values on the NDVI images. Further discrimination of non-vegetation into water and non-water areas was not undertaken as the aim here was to detect and map forest areas alone from the NDVI image.


Figure 4.17:
Hierarchical tree structure, showing the NDVI layer of a Landsat Image distinguished into vegetation and non-vegetation. Vegetation is differentiated into forest and non-forest and the non-vegetation into water and non-water.
The processing of the image was performed in ERDAS Imagine Model Maker where a model was developed to discriminate vegetation pixels from non-vegetation, Figure 4.18. Different threshold values were tested using the region growing tool of ERDAS Imagine. An optimum threshold NDVI coded value of 160 (i.e. NDVI=0.26) was found for discriminating between vegetation and no-vegetation (shrub and grassland) and a value of 182 (i.e. NDVI=0.43) for separating densely vegetated areas (forests) from scrub and grassland (non-forest). The threshold values are also verified from the Table 4.8. The discrimination model was used on the 1984 NDVI image and a forest cover map was created, as shown in Plate 4.26.
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Figure 4.18:
Forest and no forest discrimination model (and calculation of area that covers in the Catchment) from vegetation images in the River Fani Catchment.
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Plate 4.26:
Forest cover of 1984 TM image using NDVI layer and a threshold of 182. Black colour indicates forest and white colour indicates other land cover classes.

The output forest map was compared with the one derived with the post classification method and it was concluded that the post classification method was more accurate. The forest area for the 1984 image for the Catchment, was found to be approximately 577 km2 (the whole Catchment is 1065.845 km2) with the NDVI method and with the post classification method was found to be equal to 581 km2. The difference is minor but still the post classification method was opted for use. The sensitivity of the threshold value was tested by using a small decrement and increment in the optimum NDVI threshold value (i.e. -2 and +3 NDVI). The analysis involved testing (a) an NDVI coded value of 180 (i.e. NDVI = 0.42) and (b) an NDVI coded value of 185 (i.e. NDVI = 0.46). It was found that the first simulation (NDVI=180) resulted into a forest cover of approx. 602 km2 and the second one into a forest area of 537 km2 (NDVI=185). Thus, slight changes in threshold values resulted into significant alterations to forest cover area. An increase in the NDVI threshold value by an amount of 2 resulted into approximately 25-km2 decrease in forest cover. It can therefore be concluded that this method is very sensitivity to threshold values. 

The NDI method was found to be simple and faster compared to the post classification method, with acceptable results (considered that the optimum threshold values are used). Nevertheless, the post classification method gave better results and was thus decided not to proceed with further derivation of the 1991 and 2000 forest maps using the NDVI method. 

A research was conducted to record and review statistics on the forest cover of the River Fani Catchment but was found that such information is not available. However, these statistics for the whole of Albania were recorded as shown in Tables 4.19, 4.20, 4.21, 4.22 and 4.23.
Variations in the percentage of forest change are observed in theses tables. Table 4.19 shows a 7% decrease in forest cover in Albania between 1990 and 2000, which is almost the same with the 7.2% of the Table 4.22 and the 0.8% annual rate reduction of forest cover (i.e. 7.45%) from Table 4.20. Alternatively, the calculated decrease in forest cover between 1990 and 1999 from Table 4.21 and Table 4.23 is found to be 1.7% and 1.6% respectively. In a forestry project for Albania (The World Bank, (n.d.) [online]) it is reported that between 1990 and 1995, 15% of Albania’s forest cover was lost (according to a spot check by FAO). 

A decrease of 18.2 % (Table 4.18) of forest cover was calculated in this research project in the River Fani Catchment between 1991 and 2000. Considering that the Catchment is situated in the Northern part of Albania, close to the borders of former Yugoslavia, Kosovo and FYR Macedonia, where political instabilities and wars took place in the 1990s (the only road from Tirana to Kosovo passes through the Catchment and Rubik town) it is expected that the problem of illegal logging would be enlarged in that area. Particularly rural Albanians living in poverty intensified the gathering of wood from forests for fuel, lacking alternatives to head the houses and this has significantly affected the forest cover of the Catchment (The World Bank, (n.d.) [online]).

The forest cover information for Albania, were acquired from reliable sources: i.e. UNECE, FAO, Directorate General of Forest and Pasture, and World Resources Institute organisation. The differences in their percentage of forest land cover change might be due to threshold values. In particular density factor i.e. how the sparsely vegetated trees are recorded as well as mixed plantations with forests input are factors that may have influenced the calculation of land cover occupied by forests. 

Table 4.19:
Forest area and change for Albania during 1990 and 2000 (Source: World Resources Institute, (n.d.) [online]).

	Forest area and change
	Albania

	Total forest area, (2000)
	9910 km2

	Natural forest area, (2000)
	8890 km2

	Plantations area, (2000)
	1020 km2

	Original forest
	92%

	Forest area in 2000
	34%

	Change in forest area (1990-2000)
	-7%


Table 4.20:
Forest cover statistics for Albania between 1990 and 2000 (Source: Butler (2000)).
	Forest area and change
	Albania

	Total forest area, (2000) 
	9910 km2

	Forest cover (2000)
	36.2%

	Forest Plantations, (2000)
	1020 km2

	Tropical forest cover (2000)
	0%

	Subtropical forest cover (2000)
	83%

	Subtropical forest cover (2000)
	8230 km2

	Temperate forest cover (2000) 
	17%

	Temperate forest cover (2000)
	1680 km2

	Boreal/polar(2000)
	0%

	Forest change (1990-2000)
	- 80 km2

	Forest area annual rate of change (1990-2000)
	- 0.8%


Table 4.21:
Land cover for Albania during 1950, 1990 and 1999 (Source: National Environmental Agency: Overview of the Steps Undertaken in the Context of the Convention to Combat Desertification, 2001 rfrd in: United Nation, (n.d.) [online]).
	
	1950
	1990
	1999

	Class name
	km2
	%
	km2
	%
	km2
	%

	Forests
	12820
	45
	10450
	36
	10270
	36

	Pastures and meadows
	8160
	28
	4170
	15
	4460
	15

	Arable land
	3910
	14
	7040
	24
	6990
	24

	Other land or new soils
	3860
	13
	7090
	25
	7030
	25

	TOTAL
	28750
	100
	28750
	100
	28750
	100


Table 4.22:
Land area covered by forests for the whole of Albania, (United Nations University (UNU), (n.d.) [online]).
	Year
	1990
	2000

	Land area covered by forests (Albania)
	39%
	36.2%


Table 4.23:
Land use activities in Albania, (referred in: Republic of Albania, (n.d.) [online]).
	Type of Land Use
	1950
	1990
	1995
	1999

	Agriculture (km2)
	3910

(14%)
	7040

(24%)
	7020

(24%)
	7020

(24%)

	Forest (km2)
	12820

(45%)
	10450

(36%)
	10520

(37%)
	10280

(36%)

	Pasture and meadows (km2)
	8160

(28%)
	4170

(15%)
	4280

(15%)
	4120

(14%)

	Other (km2)
	3860

(13%)
	7090

(25%)
	6930

(24%)
	7340

(26%)

	Total area (km2)
	28750
	28750
	28750
	28750


Deforestation problems and bare soil often result in erosion and land degradation. The soil erosion potential of the River Fani Catchment is studied and mapped in the following section.

4.8 Soil Erosion Potential 

The present erosion and flooding problems in the River Fani Catchment have been intensified by persistent environmental degradation over the years. Qiriazi and Sala (2000) report damage to forests and pastures as well as changes in land use and agriculture trends that have led to soil erosion and degradation of the land during the different political periods in Albania.

The soil erosion potential and possible causes of soil erosion for Mirdita area, in the northern part of Albania are investigated in this section using vegetation data from the MODIS sensor and Landsat TM sensor. The MODIS data used here are the Level 3, 16-day composites of NDVI/EVI at 250m resolution for the period of 2000 to 2003.  The Landsat TM images used were acquired on the 10th of September 1984 and 30th September 1991 as well as a Landsat ETM+ acquired on the 13th August 2000.

The objective of the soil erosion mapping is to be able to identify areas of soil at risk of being eroded. This information is very useful in the context of decision making for land development planning either to avoid the erosion risk areas or alternatively to recommend soil conservation measures to reduce soil loss if development were to continue (Wan Yusof and Bahan (1999)).

In order to determine the overall soil erosion potential of the River Fani Catchment, the Bare Soil Index (BSI) was used. This helps to identify areas of increased erosion potential caused by human activities (agriculture, urbanisation).

4.8.1 Bare Soil Index (BSI)

Different bare soil indices have been developed for multispectral imagery using combination and relationships of bands. In this research project the Bare Soil Index (BSI), as shown in equation 4.1 adopted by Rikimaru and Miyatake (1997), was initially used to develop an Erdas Imagine model, which is schematically represented in Figure 4.19 and was used for the Landsat images. 

	BSI = [((TM3+TM5)-(TM1+TM4))/((TM3+TM5)+(TM1+TM4))*100]+100
	eq.(4.1)


Hence 0<BSI<200
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Figure 4.19:
Schematic of the BSI model created in ERDAS Imagine model, based on eq.4.1.
Where:
R0 = ETM 13 Aug 2000 georeferenced and subseted

F1, R1 = TM1 Float

F2, R2 = TM3 Float

F3, R3 = TM4 Float

F4, R4 = TM5 Float

F5, R5 = (TM1 + TM4) Float

F6, R6 = (TM3 + TM5) Float

F7, R7 = (TM3 + TM5) - (TM1 + TM4) Float 

F8, R8 = (TM3 + TM5) + (TM1 + TM4) Float

F9, R9 = BSI

The BSI model uses blue-green (TM1), red (TM3), reflected infrared (TM4) and reflected infrared (TM5) bands but does not utilise the green (TM2) or mid-infrared (TM7) bands, which exhibit high and low reflectance values for soil, respectively. For this reason it was decided that Pretorius and Bezuidenhout (1994), concept and formula; using Landsat TM band 7 (mid-infrared, TM7) and TM band 2 (green, TM2), will be better to be used and developed as required. Their BSI is as follows:

	BSI = 100 * ( (TM7 - TM2) / (TM7 + TM2)
	eq.(4.2)


A model was developed in Erdas Imagine to facilitate the calculations involved in the BSI formulae. The schematic of this model is given in Figure 4.20. 
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Figure 4.20:
Schematic of the BSI model created in ERDAS Imagine model, based on eq. 4.2.
The model shown on Figure 4.20 was tested but negative values resulting from the square root created errors in the resulting image and density slicing and so the formula was altered as follows:

	BSI = 100 * (TM7 - TM2) / (TM7 + TM2) + 100
	eq.(4.3)


Giving values in the range: 0 < BSI < 200

The equation 4.3 was converted into a model utilising the tools of Erdas Imagine Model Maker. This new BSI model created is given in a schematic form in Figure 4.21 and was applied to the Landsat ETM+ imagery (the TM2 and TM7 have the same reflectance values as the ETM2 and ETM7) acquired on the 13th August 2000.
The resultant BSI map shows the bare soil areas but still, further processing is required to classify the BSI values based on thresholds for clearly identifying the bare soil areas from the remaining classes. This is achieved by density slicing.
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Figure 4.21:
Schematic of the BSI model created in ERDAS Imagine model, based on eq.4.3.
Where:

R0 = 13 August 2000 georeferenced and subset

R1, F1 = TM2 Float

R2, F2 = TM7 Float

R3, F3 = (TM7 - TM2) Float

R4, F4 = (TM7 + TM2) Float

R5, F5 = 100*(TM7 - TM2) / (TM7 + TM2) + 100 Float i.e. BSI

Hence 0 < BSI < 200

4.8.1.1 Density Slicing

The values of the BSI model vary from 0-77. A definition of threshold values is needed in order to successfully apply BSI. The model shown in the schematic of Figure 4.22 was developed to classify the BSI map according to defined threshold values. 
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Figure 4.22:
Schematic of the density slicing model created in ERDAS Imagine model that classifies image according to threshold values into water, grass and bare soil.
CONDITIONAL { ($n1_13aug2000_image_georef_subset_nosnap_bsi<1) 0, 

($n1_13aug2000_image_georef_subset_nosnap_bsi<=40)1, 

($n1_13aug2000_image_georef_subset_nosnap_bsi>40) 2 }

For BSI values:

= 0 water, shadows and vigorous plant growth

0 - 40 grass

> 40 bare soil types ranging from red and dark yellow to grey in colour.

Due to the lack of field measurements it was difficult to define exact threshold values in order to classify the BSI values. The different pixels were tested on known water and vegetation areas and some approximate threshold values were identified. The BSI values for the Catchment were: between 0 and 40 water, shadows, between 40 and 80 for grass and vegetation and more than 90 indicates bare soil types. Nevertheless because the threshold values had not been calibrated at this point, the BSI image on Plate 4.27 shows high vegetation (dark grey areas except black which indicates water) and bare soil light grey and white.


Plate 4.27:
The Landsat ETM+ imagery acquired on the 13th August 2000 was used to calculate the Bare Soil index of North Albania.

The map shown on Plate 4.28 shows the soil erosion zones of Albania. The River Fani Catchment is between low and medium erosion vulnerability. Approximately the half eastern part of the Catchment has low erosion whereas the other part (including Rubik town) has medium erosion vulnerability. 
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Plate 4.28:
Soils affected by drought, erosion and other parameters (Source: United Nation, (n.d.) [online]).

Areas at risk of soil loss, in other words with high erosion potential were identified from the produced BSI map in Plate 4.27. The susceptible areas were related to the areas without vegetation and to the steepest slopes in the Catchment. Although the BSI map does not give the total soil loss at the Catchment level and the threshold values were not calibrated, it can be used to identify the most susceptible areas to be eroded in the area, thus helping to simulate different hypothetical land use/cover scenarios on these spots and analyse the spatial variation of runoff (Chapter 6). The effects that these changes have on catchment flow (runoff) can facilitate decision making for catchment management against flooding and reducing soil erosion at the same time. 

4.9 Discussion

Land cover classification techniques can be straightforward but at the same time very complicated. Depending on the methodology used, each classification technique can give different results. If attention is not given, the classification results could be misleading and erroneous. In order to find a comprehensive and appropriate methodology for land cover classification for the River Fani Catchment, the following techniques have been examined:

· Supervised/Unsupervised Classification

· Enhancing image with additional layers (i.e. NDVI layer stack)

· PCA

· Classification algorithms

· Sensitivity of number of classes

Unsupervised classification was performed on the satellite images acquired for this research project (after pre-processing) but the results were not desirable when tested and verified with CORINE classes. It was found that unsupervised classification is highly sensitive to the class number, so its results are less reliable. Areas of one class were significantly reduced after two classes were added. Unsupervised classification also fails to classify different types of vegetation because there is no spatial consideration. Without any spatial consideration, pixels with similar spectral characteristics were assigned to the same class, resulting in pixels of that class being scattered all over the image.

Consequently supervised classification showed improvements but still it was extremely difficult to collect sampling areas without any detailed land cover maps. It was therefore apparent that a methodology was required to be developed that can aid in accurately collecting sampling areas. Hence, the images had to be enhanced in such a way that the different classes would be apparent and distinguished visually on screen. After several trials, it was found that by adding the NDVI layer prior to performing PCA, gave a much better clustering of the results. Supervised classification provided the most reliable results since (a) the classified areas were similar in location to the classification maps from other techniques and as indicated by visual interpretation and the CORINE map (b) the selection of signatures was based on visual interpretation of the PCA clustering, NDVI maps and the use of the region growing tool of the ERDAS Imagine. 

Another important factor in the classification that affects the results is the algorithm used. Several researchers reported that the “maximum likelihood algorithm” usually performs better that any other algorithm (see section 4.6) but results in this research showed that “minimum distance algorithm” gave in more accurate outcomes and therefore was used for the classification.

The number of classes used was initially dependant on the spatial resolution of the satellite images among other factors. For example sand areas were not expected to be significantly distinguishable, if existed, in the mountainous Catchment as opposed to forest areas. Since the classes were based on CORINE nomenclature it was vital to establish representative classes for the Catchment. These CORINE nomenclature (i.e. 44 classes) were studied carefully against reports (from locals, personal communication with geologists, hydrologists and other Albanian engineers) and other published documentation of what land cover classes exist in the Catchment as well as the CORINE maps. Hence, the number of classes’ selected (listed on section 4.6.2) was adopted from CORINE nomenclature and was customized to represent the major land cover types in the Catchment with some classes being added and others being broadened. A sensitivity test performed on the number of classes against the total percentage change in the Catchment also played a contributing factor in choosing the final class number.
Selecting an optimum number of classes in land cover classification was crucial. Not only it would facilitate a better description of the Catchments different land cover classes but would also aid in giving better and more detailed results in changes among classes between the years in the post-classification change detection. A small number of classes is more generalised as each class can be a mixture of different smaller classes and consequently, post-classification will result in large changes which are not representative of actual ones and which cannot be discriminated. On the other hand a large number of classes could result in a too-detailed situation where changes would be quite small and unnecessary and could result in time consuming procedures. Therefore, the sensitivity of 4, 6, 8, 10 and 12 classes was tested on the 1984 and 2000 images (see section 4.6.1) and was found that a 10-class is optimum to be used for the River Fani Catchment.

The three thematic land cover maps produced, were compared and verified with the CORINE data, information acquired from a field trip and reports/information on the Catchment. Despite the limited availability of land cover maps at a detailed spectral resolution the classification methodology used (data fusion with VIs and PCA), enhanced the total and individual accuracies of the mapped classes and gave accurate representative land cover types for the River Fani Catchment. 
Spatio-temporal changes in the different land cover classes were investigated with change detection analysis. In the analysis, the actual Catchment area was decreased by a small amount of pixels. This was due to clouds covering some areas in the 2000 ETM+ image that were masked prior to delineating land cover areas. Consequently, for correct correlation and accurate comparison of the land cover classes of the Catchment, the 1984 and the 1991 image were masked to the same area used on the 2000 image. The decreased total Catchment area used for change detection did not affect in any way the calculations. On the contrary, the area and the percentage of each land cover class of the Catchment were comparable for all three images. 

4.10 Conclusions

Remote sensing satellite images, given its cost-effectiveness and technological soundness, provided rapid and continuous spectral and spatial information of the land surface in the River Fani Catchment. Their use was imperative for this study in deriving vegetation indices, mapping and characterising the spatio-temporal land cover distribution, mapping BSI and in identifying the major changes which have taken place over a 16-year period (1984-2000) in the Catchment. The highly dynamic nature of the land cover, as well as the difficulty of obtaining accurate data on the land cover, even when such data existed, presented problems. This was resolved by combining data on recent and historical land use gathered through a field trip coupled with the processing of the available remote sensing data for the area. 
Vegetation indices of NDVI, EVI and LAI were derived for monitoring and mapping variations in vegetation biomass. Three thematic NDVI maps and their corresponding histograms were created. The NDVI results suggest that a gradual decrease in vegetation cover occurred in the Catchment from 1984 to 2000, with the 1984 having the highest mean NDVI value. The quantified decrease was found to be 4% between 1984 and 1991 and 7% between 1991 and 2000. LAI values were calculated for forest, agriculture and scrubs and/or herbaceous associations. It was found that between 1984 and 1991 the agriculture was increased by 77.1% and by 2000 it declined back to the status it used to be in 1984. For scrub and or herbaceous associations the results show an almost constant LAI. Forests have shown a small decrease between 1984 and 1991 and by 2000 a 20.4% increase is observed. Nevertheless the LAI results obtained for the forest cover are prone to variations due to the high LAI and its linkage to surface reflectance. Basically the NDVI becomes insensitive to LAI when LAI exceeds 2 m2m-2. The EVI-time series of 16-day composites and the seasonal means show a comparable repeated seasonal behaviour with low winter values and higher values in summer. In a Mediterranean catchment where you expect the highest vegetation cover to be in the winter where most of the rain falls and the lowest vegetation to be in the summer which is hot and dry, the EVI results are inconsistent suggesting that seasonal crops influence the temporal distribution of vegetation biomass. The temporal variations of the vegetation indices are important input parameters for the modelling and management of the catchment’s hydrological behaviour. 
A sensitivity test on the number of classes to be used in the classification was performed. A 4, 6, 8, 10 and 12-class were tested against the percentage land cover change (in the Catchment) each class produces and the results were plotted as shown on Figure 4.7. It was found that the 4- and the 6-class classification between 1984 and 2000 were unstable and produced respectively a 13.8% and 16.2% total change between classes. Between the 8-, 10- and the 12-class the graph of Figure 4.7 shows an almost horizontal line with a minor fluctuation of less than 0.05 %. This suggests that at this stage an optimisation number has been reached and even if the number of classes continues to increases, the percentage change will remain fairly the same with no significant changes occurring beyond that number of classes. Taking in consideration that the 8-class was close to the unsettled 6-class and that the 12-class did not result into significant percentage change (concern of segregating major land cover classes into extra minor ones) the 10-class was considered more appropriate and optimum to be used. Once the class number for the land cover classification has been identified, a comprehensive land cover methodology was developed as a result of several classification trial using different methods. Signature files were created using the spectral contents of the PCA images including an NDVI layer stack. The approach considered a supervised ISODATA clustering to create three land cover maps consisting of 10 classes each. These classes are 1) broad-leaved forest, 2) transitional woodland-shrub, 3) coniferous forest, 4) land principally occupied by agriculture, 5) mixed forest, 6) sclerophyllous vegetation, 7) sparsely vegetated areas, 8) natural grasslands, 9) bare rock, and 10) water courses. With this, it became clear that image pre-processing, enhancement and data fusion with PCA and vegetation indices had contributed considerably to effectively identify sample areas of each cluster since the resulted land cover classes matched well with the associated land cover types in the ground truth data (i.e. CORINE maps and existing photographs and maps of the area acquired from a field trip to the Catchment). The land cover maps derived from satellite images for River Fani Catchment are shown on Plates 4.16, 4.17 and 4.18 and present a meaningful interpretation of the data. These datasets were used to quantify the area of each land cover class - for each map - (see Table 4.14) for better comparison and evaluation of the changed areas in the different classified maps. It was found that forests cover a significantly large area of the Catchment. In 1984, 55% of the total Catchment was forested with conifers covering a significant 27% of the area, broad-leaved having 15% coverage and mixed forest having a 13%. Transitional woodland was occupying an extra 9% of the area. Natural grassland was found to be 15%, sclerophyllous vegetation 9%, agriculture 6%, sparsely vegetated areas 4% and bare rocks and water courses 1% each. These are shown on Figure 4.9 whereas Figure 4.10 and 4.12 shows the percentage cover of each land cover class during 1991 and 2000 successively. 

Correctly describing and classifying the land use classes of the Catchment is not only important for a better understanding the terrain cover, climate, geology and hydrological behaviour of the AOI but the information could also be used in post-classification change detection procedures for evaluating changes that occurred between 1984, 1991 and 2000.

Post-classification change detection was performed and forest cover maps for the Catchment area were developed (see Plates 4.19, 4.20 and 4.21). The thematic forest maps were further processed for change detection analysis and forest/vegetation change maps were derived (Plates 4.22 and 4.23). Forest areas ‘transformed’ to open spaces and shrub between 1984 and 2000 as illustrated in Plate 4.24 whereas areas changed to agriculture are illustrated in Plate 4.25. The results of post classification change detection analysis are interesting and revealing in demonstrating the degradation effect on the vegetation state with an increase in areas of open spaces with little or no vegetation and in inland waters. For the 1991–2000 period, a majority of the landscape units were significantly cleared, firstly to extend the agriculture surface area, secondly for firewood supply and thirdly for selling timber as an alternative source of income in the difficult periods of political instabilities, collapse of different schemes, unemployment and poverty. It is documented by UN that a significantly large percentage of the order of 70% of population depends on firewood consumption as the main source of heating in the houses. The fact that the majority of forest areas are state owned made it easier for locals to result to illegal activities since there were no environmental laws and legislations for protecting the forest but even if some existed, control was not implemented. Despite the limits of the adopted methodology, it can be said that the resulting change maps reflect the impact of deforestation in the area.

NDVI maps were additionally being used for change detection. This technique involved discriminating between forest and non-forest areas by using threshold values on the NDVI images. An optimum threshold value of NDVI 0.275 (i.e. NDVI coded of approx. 162) was found and used for discriminating between vegetation and no-vegetation (shrub and grassland) and a threshold of NDVI of 0.435 (i.e. NDVI coded of approx 182) for separating densely vegetated areas (forests) from shrub and grassland (non-forest areas). Plate 4.26 shows the forest cover in 1984. The calculated total forest cover was equal to 576.93 km2 whereas the forest cover from the post classification method was found to be 581.08 km2. The 0.7% (4.15 km2) difference in the values is minor and the post classification method was opted for use because it was considered the most accurate method. Additionally, the NDVI method was found to be sensitive to threshold value. A threshold NDVI value of 0.417 (i.e. NDVI coded of 180) was tested and resulted in a forest cover of 601.62 km2 whereas an NDVI coded of 185 threshold (i.e. NDVI of 0.457) gave a forest cover of 536.60 km2. Therefore a decrease in the threshold value (NDVI coded) by 2 resulted into approximately 25 km2 increase in forest cover whereas an increase in NDVI coded value of 3 resulted to a decrease in forest cover of 40 km2. Consequently, the NDVI method was not used for deriving further maps. Nevertheless, the NDVI method is simple and faster compared to the post classification method and once an optimum threshold is used the results are quite satisfactory and acceptable.

Quantified forest area cover of the River Fani Catchment was difficult to verify, as the recorded statistics existed were sampled for the whole of Albania. Despite the fact that these statistics were acquired from reliable sources such as UNECE, FAO, Directorate General of Forest and Pasture and World Resources Institute organisation, they were quite different. The factors that might have contributed could be the threshold values used and in particular the density factor i.e. how the sparsely vegetated trees are recorded as well as mixed plantations with forests input. Other factor could be the technique/instrumentation used to derive these values. A decrease in forest cover between 1990 and 2000 was recorded to be in the region of 7-7.5% from some sources whereas in the Catchment was found to be around 18%. Considering that the Catchment is situated in the Northern part of Albania, close to the borders of former Yugoslavia, Kosovo and FYR Macedonia (ex-Yugoslavia), where political instabilities and wars took place in the 1990s (the only road from Tirana to Kosovo passes through the Catchment and Rubik town) it is expected that the problem of illegal logging would be extended in that area. Particularly rural Albanians living in poverty intensified the gathering of wood from forests for fuel, lacking alternatives to heat the houses and this has significantly affected the forest cover of the Catchment (The World Bank, (n.d.) [online]).
The results have shed light on many factors that have contributed to the soil erosion and flooding problems in the River Fani Catchment. The information derived (e.g. land cover and VIs) as well as their temporal dynamic changes are important input parameters for the hydrological modelling and management of the Catchment. In particular, the impact of land cover changes on the catchment runoff, which is of major interest. Considering that many of the input parameters of the hydrological models depend on catchment characteristics, which are conventionally estimated from maps that often appear inaccurate or obsolete, can now be estimated from remote sensing data. Consequently the results of this chapter were used as input to the hydrological model.

Chapter 5  
Hydraulic and Hydrological Modelling Using GIS – Results and Analysis
5.1 Introduction

A number of computer programs for hydraulic and hydrologic modelling are available to the engineering community. All of them have a common scope: to accurately and efficiently facilitate the simulation of desired events and the prediction of future occurrences by allowing the user to combine a series of inputs, governing factors and physical laws into one comprehensive system.

Floodplain management hinges on the use of models and their accuracy, as floods can be caused by a vast array of circumstances and are affected by nearly every component of the natural and constructed environment. Evidently, floods are impossible to predict with complete accuracy. However, a model that accurately describes the characteristics of the landscape, weather and precipitation patterns, hydrologic and hydraulic principles and current regional and local conditions will significantly increase the odds of successful early prediction. Besides prediction, models permit user-specified circumstances to be simulated without actual occurrence. This feature aids in the investigation of environmental trends and the identification of potential sources of increased flood risk as well as better catchment management and decision support with the use of GIS.

GIS applications in hydrological modelling are widely recognised and integrated approaches have been applied to different cases (see section 2.4.1, Chapter 2). Consequently, these tools and techniques have been adopted and applied for the first time to the River Fani Catchment. 
This chapter focuses on formulating a hydrological model and using it to address issues such as:

· Can multi-source and multi-scale data (e.g. from remote sensing) be used to derive parameters required for the hydrologic model and/or contribute to the understanding and analysis of the hydrology of the catchment?
· How does GIS’s interoperability (e.g. integration with hydraulic and hydrologic tools and models) facilitate the analysis of data (e.g. for the derivation of hydrologic data) and transfer to other software programs (e.g. to enable simulation)?
Initially, the modelling technique and the conceptual model used to develop the hydrological model are described. Followed is a brief explanation of the modelling environment (WMS) where the models is being build up and a description of the GIS approach used to derive the different required model input data and parameters such as topographic, land cover and soil information. Precipitation data are a substantial input to the rainfall runoff model and were examined by performing frequency analysis. Once the model was running, calibration and validation techniques are performed and these are described and explained. The results of the frequency analysis (designed precipitation values) were used to simulate different storm events of varying frequencies. Using WMS interoperability with HEC-RAS, the results were transferred and further analysis of the storm effects was performed focusing on Rubik town and the surrounding area. Floodplain delineation showed the flood prone areas according to the magnitude of the storm. Lastly the outputs were analysed and some conclusions are drawn. 
5.2 Modelling Technique

The approach used in this research project, is utilising a rainfall runoff model to simulate the impact of land use changes on stream-flow. The effects of land use changes were studied by altering the proportions of existing vegetation types in the Catchment as well as introducing new species on bare areas or areas with little or no vegetation, in order to investigate the effect on Catchment runoff. In the modelling of different specified rainfall-runoff scenarios for validation and/or for evaluation purposes of the Catchments conditions, the latest at the time information and parameters were used. 

5.2.1 The Conceptual Model

A conceptual model is a simplified representation of the site to be modelled including the model domain, boundary conditions, sources, sinks, and material zones. A complete conceptual model consists of several coverages such as precipitation, soiltype, land cover/use and topography. Figure 5.1 shows an urban and forested hillslope catchment, similar with the catchment under study and the different processes involved which contribute to rainfall runoff and are basically part of the processes of the hydrological cycle. These processes and their relationship are shown on the flowchart of Figure 5.2 and represent the proposed hydrologic model of the River Fani Catchment. The model will simulate surface hydrological processes (runoff and flooding) for different rainfall events (extreme events) taking into account the influences of topography, precipitation amounts and intensities, antecedent soil moisture content, land use type and soil type. 
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Figure 5.1:
Model representation of urban and forest hillslope elements draining to a channel reach, (Source: Wigmosta and Burges (1997) (Fig.1)).


Figure 5.2:
Flowchart of the proposed hydrologic model (Adapted from De Roo et al. (1998)).
For large regions (catchments), the total water cycle (water movement in all its phases) it is best to be simulated in order to predict and mitigate flood damage during extreme weather conditions. Nevertheless, some of these processes are more important than others and their contribution to runoff and channel flow is different, depending on the area of study (e.g. geometric properties), topography, hydrology, meteorology and geology.

The overland flow, i.e. rain falling on the catchment and becoming surface runoff after interception and infiltration, is the major process to be modelled in the case of River Fani Catchment. Overland flow can either be formed from rainfall that is in excess of the infiltration capacity – infiltration excess – (Horton (1933)), or from the rainfall that is infiltrated until soil storage is filled (saturation of soil) and subsequently rainfall will cause overland flow. The first concept is valid in areas of infrequent high-intensity rainfall, and where soils are poorly developed and/or vegetated. The latter concept is valid in areas of frequent low-intensity rainfall, and where soils are well developed. Ishaq and Huff (1977 a, b) and Chorley (1978) give details of the hydrologic properties of source areas.

Snow and consequently snowmelt, although it contributes to the discharge of the River Fani, is not reported to be the cause of any serious flooding. Only in the cases when the rainfall is accompanied by the snowmelt, especially in northern Alps, the snow is considered to contribute to the floods. However, in this case, the snowmelt will be minor part of floods (Kolaneci (2000)) and therefore was not considered.

In the runoff simulation, interception and infiltration (surface interception, depression storage and infiltration) are the major parts of the rainfall loss. This will be determined by using the Exponential Loss Rate method (section 5.3.1.7).
Other parameters such as area and geometric properties of the sub-basins, length of overland flow, rainfall amount, slope, aspect and overland flow roughness will be considered as they control overland flow.

5.2.2 Initial Modelling Concepts

The initial concept was to develop a physically based hydrological model of the River Fani Catchment. Whilst being very simple to use, the model is intended to yield results of an acceptable accuracy. The Catchment will be divided into sub-basins and the data within each basin will be homogeneous. The information and parameters needed would be derived from any available multi-source and multi-scale data such as satellite imagery.

A powerful hydrologic modelling software package, i.e. the WMS, was selected to be used for synthesising the model. As already mentioned, WMS has the capability of importing GIS data, extracting important catchment information from the GIS database and running several hydrologic modelling programs. Furthermore it is compatible with ArcView and ArcINFO. Thus the GIS Package could act as both pre-and post-processors to WMS.

A diagrammatic representation of the model is given in Figure 5.3. Each rectangular box represents a layer of data in the GIS, from which information on each sub-catchment can be retrieved. Processes and calculations are indicated by ovals and were performed in GIS, ERDAS Imagine and other tools. 

At the highest level in the structure is the input to the model. For each basic input there is a process of interpretation which yields a fresh set of parameters for each basin, describing the main functions affecting runoff i.e. slope, land cover and soil type. These operations are carried out within the GIS, which is capable of carrying out simple arithmetic and logical operations. The model structure then splits into two main elements: one assembling the information needed for the runoff estimation for each basin and the other bringing together information on the movement of runoff to the outlet i.e. hydrologic and hydraulic. The two elements recombine to produce the outflow hydrograph. 

In order to calculate the amount of runoff and then route the overland flow through the catchment, each basin would need the data set typified below:

(1) The slope and aspect of the land

(2) The land cover type

(3) The hydrological soil type

(4) The SCS runoff curve number

(5) The runoff for a given storm event

(6) The runoff travel time through a basin

(7) The total travel time for basin runoff to reach the downstream outlet

The slope and aspect of the Catchment were derived from the digital elevation model, whereas the land cover type from the Landsat images. The hydrological soil type was derived from soil data such as hydrogeological maps and was combined with the land cover information to derive the SCS runoff curve number. For this, the SCS soil classification and Curve number value tables were used as well. The runoff travel time through the basin and the total travel time for the basin runoff to reach the downstream outlet were calculated in the model from the terrain morphology i.e. the DEM. These were aggregated with the runoff for a given storm event which was calculated from the land cover, soil data and rainfall distribution to give the outflow hydrograph. The techniques used to derive these datasets are explained in the following sections.
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Figure 5.3:
Hydrologic schema proposed for the River Fani Catchment. Rectangles represent data input and ovals show activities using the data.
5.3 The Hydrological Model - WMS

WMS is a comprehensive environment for hydrologic analysis. Its capabilities have been well described in earlier sections. One important characteristic of this tool are the several models which are embedded in and can be used for simulation (anyone or even all of them). The HEC-1 model was used herein, which takes uniform flow concept in both overland and open channel flow conditions. The model components used for simulation consider the rainfall-runoff process as it occurs in an actual river basin. A simple mathematical relationship governs its function, which is intended to represent individual meteorological, hydrological and hydraulic processes, which comprise the precipitation-runoff process. These processes are separated into precipitation, interception/infiltration, transformation of precipitation excess to sub-basin outflow, addition of baseflow and flood hydrograph routing. The governing equations of the model used are (U. S. Army Corps of Engineers (1998)):

	(y / (t + (q / (x = r
	eq. 5.1


	q = a ym
	eq. 5.2


In which:

y :
depth

t :
time

q :
flow rate per unit width

x :
flow direction

r :
rainfall rate

a, m :
constant

The entire Catchment was divided into three sub-catchments and for each one, the Muskingum routing method was performed to obtain runoff rate. Consequently, by routing all sub-catchments, the output hydrograph at the Catchment outlet for individual rainstorm was thus simulated. The runoff flow rates were further used in HEC-RAS to simulate overland flow rate and some “What-if” scenarios for catchment management (Chapter 6).


[image: image85]
Figure 5.4:
GIS data management for the hydrological model.
5.3.1 Deriving Model Input Parameters using GIS
In order to estimate the required hydrological model parameters for the modelling, catchment characteristics need to be determined. Physical catchment characteristics include catchment boundary (shape), area, drainage density, length, slope (topography), rainfall loss, surface roughness, land cover, soil type, vegetation canopy and channel cross section properties. These parameters are very important in rainfall runoff simulation as they influence the process of runoff (overland flow). The following sections describe the techniques used to develop different GIS layers (e.g. topographic, soil and land cover). In particular, detailed explanation is given to the creation of the digital elevation model, which forms one of the most important set of information for the rainfall-runoff modelling process. Any GIS errors and/or problems encountered in the process to construct a hydrologically sound digital elevation model for this research project are thus described. 
Once a digital, geographic based catchment model, geographic land cover data and geographic soil type data layers are derived, some of the required input parameters in WMS could be determined or automatically computed for each sub-catchment of the River Fani. These parameters fall under five categories i.e. (a) basin data, (b) precipitation, (c) loss method, (d) unit hydrograph and (e) routing data. The runoff processes are simulated based upon sub-catchment system. The entire River Fani Catchment was initially divided into three sub-catchments and then was further broken down into several smaller ones. The rainfall runoff relationship was then simulated from the upper stream to Catchment outlet according to the stream flow network.

5.3.1.1 Deriving Catchment Topography – DEM Layer

A series of topographic maps of 1:25000 scale Figure 5.5, which were acquired from a field trip to Albania were used and xyz coordinates were extracted for a grid of spacing of 250 meters (every 1 cm) to start. However, due to the time consuming process the spacing and sampling increased to 500 meters (every 2 cm). The topographic maps had a coordinate system used in 1942, which was the Pulkovo 1940, (similar to TM and Gauss Kruger projections) with Krasovski ellipsoid. The parameters used are: central meridian: 21(E; reference latitude: 0 (Equator); scale factor: 1; false Easting: 500,000 and false Northing: 0. 
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Figure 5.5:
Schematic of topographic maps of 1:25 000 scale acquired for the River Fani Catchment. Each map covers an area of approximately 95 km2.
The x and y coordinates were extracted in decimal degrees, converted to meters using Geotrans program and reprojected from S-42 Pulkovo, Krasovski 1940 ellipsoid to S-42 Pulkovo, Krasovski 1940, TM (Northing and Easting in meters). ArcGIS and Erdas Imagine tools were used and the coordinates were converted to a surface, conditioned to the required file format and processed to create contours at 10 m distance.

The surface file created representing topography (DEM) was treated to remove ‘pits’ or ‘sinks’, ensuring its depressionless status. ‘Pits’ or ‘sinks’ may be the results of data set errors, sampling effects, human errors, or they may actually exist in the landscape. In many cases, these are not readily detected by visual inspection of the data set in an image display package. The most common technique in handling these sinks areas is to ‘fill’ them in. This is the most reasonable solution, although it might change (or not) the hydrological response of the catchment, especially in remotely sensed areas. Other techniques available involve interpolation methods which were used for the correction of the River Fani Catchment DEM developed herein. 

The developed DEM of the Catchment, was originally used to delineate the catchment boundary and the sub-catchments for the hydrologic model. Due to its coarse resolution, it was decided to find other digital elevation data to check its accuracy but at the same time to improve its resolution. Such data were not available for the study area, but an ASTER image covering most of the Catchment was obtained and used to derive a DEM. The ASTER DEM was combined with the derived DEM within GIS as described in the next section.
5.3.1.2 Extracting the DEM of River Fani Catchment from ASTER Data – ASTER DEM Layer
An ASTER image, acquired on the 25th of October 2000, for North Albania was obtained. The 3N (nadir looking) and 3B (backward looking) bands were used for the extraction of the ASTER-DEM from the EOS Data getaway centre (ASTER on demand). Control points extracted from topographic maps were sent to the centre to rectify the image. The resultant DEM did not cover the whole of Catchment and consequently, was used in conjunction with the DEM derived from topographic maps. The new rectified enhanced DEM was geo-referenced to UTM, zone 34 projection and resampled to 30 m to match the Landsat images. It was then imported in ArcView for further preprocessing (e.g. correction of sinks), with the aid of CRWR-PrePro extension (an ArcView preprocessor for hydrologic, hydraulic and environmental modelling). A series of operations, see Figure 5.6, led to the extraction of the Catchment boundary that was used in ERDAS Imagine to subset the DEM. The Catchment DEM is shown in Plate 5.1. Additionally, the DEM was processed in ERDAS Imagine and the painted relief map was developed as well as the aspect map presented on Plate 5.2 and 5.3 respectively. The slope map was also derived because in addition to the aspect constitute two important catchment characteristics in determining overland flow direction.












Figure 5.6:
A Schematic of the hydrologic modelling processes.
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Plate 5.1:
Digital Terrain model of the River Fani Catchment extracted from the ASTER DEM combined with the DEM derived from topographic maps. Dark colour indicates terrain with low elevation such as the river network whereas high terrain areas such as mountains are shown in bright grey shades.
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Plate 5.2:
Painted relief of the River Fani Catchment showing the topography. The dark green colour indicates areas with low elevation whereas brown colour shows areas in high terrain.
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Plate 5.3:
Aspect DEM of the River Fani Catchment for visualisation of the topography.

5.3.1.3 Drainage Catchment Properties – Delineation of Catchment Boundary, Outlet and Stream Network Layers

Following the sequence of operations listed on the schematic of Figure 5.6 the new pre-processed DEM was used for the extraction of the drainage network and the sub-catchments within ArcView GIS using CRWR-PrePro tools. Hence, the drainage catchment properties are identified and described in order to build the catchment topology.

Building the catchment topology consists of correctly identifying the catchment boundaries, the outlet, the stream network and any other hydrologically significant factor relating to the geometry. Prior of doing this, the most downstream outlet was located within the Catchment, resulting in the individual cells being assigned a flow direction, which aid in the stream identification (tracing). 

The depressionless DEM is shown in Plate 5.4 and the flow direction of the River in Plate 5.5. The Catchment grid is shown in Plate 5.6. The extraction of the river network is explained in the following section. It must be noted that although the Catchment boundary was from the last to be delineated, the earlier plates already show this. This was done for illustration purposes i.e. to show only the relevant Catchment information but the DEM that was processed in the software programs was covering a significantly broader area of North Albania.
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Plate 5.4:
Depressionless DEM of the River Fani Catchment.
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Plate 5.5:
Flow direction GIS layer of the River Fani Catchment.
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Plate 5.6:
Catchment Grid GIS layer of the River Fani Catchment.

5.3.1.3.1 Delineating Stream network layer

The stream network can be digitised or more conveniently identified via a flow accumulation routine. Extracting the stream network from a DEM is very often arbitrarily and required some engineering judgment to select a threshold value. The resulting drainage network is then compared to existing topographic maps, blue line maps, and other sources of accuracy. The threshold value is then adjusted accordingly. This is not always possible, feasible and certainly not desirable and an alternate method to confidently select a threshold value must be found.

The initial DEM of the Catchment as mentioned earlier was developed from topographic maps. Hence, an interpolation method was needed to be performed to remove spurious sinks and pits in order to delineate a stream network that flows to the outlet. The TOPOGRID function in ArcINFO workstation was used for this. The TOPOGRID command (which is based upon the ANUDEM program) implements a locally adaptive interpolation approach by Hutchinson (1989). According to the author, the procedure couples a drainage enforcement algorithm that removes spurious sinks and pits, with a finite difference interpolation technique based on the minimisation of a terrain specific, rotation invariant roughness penalty.
The application of TOPOGRID requires the use of a stream network in Arc-Node format with the flow direction correctly defined. The stream shapefile was edited to eliminate dangling lines and over shoots and to create arcs in place of lake polygons. The correct flow direction was set using an ARC Macro Language (AML) (Streamflip.aml) provided in the help for the TOPOGRID command in ArcINFO (see Figure 5.7). Another method tested to obtain the stream network was by digitising it from topographic maps in GIS. The preformulated river grid was then burned into the preformulated DEM. The ‘BurnDEM’ method is illustrated in Figure 5.8. The results were satisfactory as all the sinks and pits were removed but it was decided to use a more accurate DEM (from ASTER image) that was obtained at a later stage of the project.

The ASTER DEM (combined with the DEM derived from topographic maps) was used in GIS to automatically derive the river network with the CRWR-PrePro tools. This DEM was preferred and the resultant stream network is illustrated in Plate 5.7. 
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Figure 5.7:
Streamflip arc macro language (aml) used for correcting the flow direction of the stream network of the River Fani Catchment.
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Figure 5.8:
Representation of the stream burning technique.
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Plate 5.7:
River network-GIS layer of the River Fani Catchment.

5.3.1.3.2 Delineating Catchment and sub-catchment layer

Originally and as seen in Plate 5.7, there was only one outlet just downstream Rubik town and therefore there was only one catchment. Later on, the Catchment was subdivided into three sub-catchments. The major rivers in each catchment were namely (from North to South): Fani I Vogel, Fani I Nderfan and Fani. For further hydraulic analysis the most downstream catchment was subdivided into several sub-catchments at a later stage, to investigate river flow on several sections of the River.

5.3.1.4 Delineating Land Cover Layer
As shown in Chapter 4, Landsat TM and ETM+ multispectral image and CORINE data were used to determine Catchment land cover characteristics using ERDAS image analysis software. The Land Cover maps derived in Chapter 4 were used as layers in GIS (see Plate 4.16, 4.17 and 4.18). Land cover information is essential in hydrologic modelling as many of the parameters,  influence water flow such as surface roughness, surface storage, and evapotranspiration (though the Leaf Area Index). Furthermore, the land cover and its change reflect the interactions between human activities, such as agriculture and urbanisation, and nature as dynamics of water and energy, therefore, it is one of the essential parameters for the development of the model.

The derived data layers/coverages were combined in the WMS and the required parameters for the hydrologic simulation were obtained. Combining for example soil type and land use SCS curve number could be calculated.
5.3.1.5 Delineating Soil Layer

Soil Data of the River Fani Catchment were acquired from geologic maps (1: 100 000 scale), which were scanned, registered and rectified to the 1984 Landsat image (like the other data) and projected to WGS 84 UTM system with 30m resolution. The image was on screen digitised within ArcGIS and subsetted to the River Fani Catchment boundary. Subsequently, the soil type map of the River Fani Catchment was derived as shown in Plate 5.8. Further information such as soil type names were added to the attribute files. Noteworthy is that soil type is an important factor in determining rainfall loss and Manning’s roughness n as well as aiding in the SCS Classification.
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Plate 5.8:
Soil type of the River Fani Catchment. The colour-coded attributes are described in the key.

5.3.1.5.1 Soil group classification (SCS)
The SCS developed a soil classification system that consists of four groups, which are identified by the letters A, B, C and D. Soil characteristics that are associated with each group as shown in the following table.

Table 5.1: 
SCS Soil classification groups and their characteristics (USDA-SCS (1998)).

	SCS Group
	Soil characteristics

	A
	Deep sand, deep loess, aggregated silts

	B
	Shallow loess, sandy loam

	C
	Clay loams, shallow sandy loam, soils low in organic

	D
	Soils that swell significantly when wet, heavy plastic clays


Therefore, the SCS soil groups and their attributes for the River Fani Catchment were identified from the soil type map (i.e. Plate 5.8) and the SCS soil group map was derived as illustrated in Plate 5.9. Soil analysis can be used to estimate the minimum infiltration rates, which can also be used to classify the soils using the values on the following table.
Table 5.2:
SCS hydrologic soil group characteristics. The minimum infiltration rate (cm/hr) for each group is listed with its infiltration potential and runoff characteristics (USDA-SCS (1998)).

	SCS Group
	Minimum infiltration rate (cm/hr)
	Infiltration potential
	Runoff

	A
	> 0.76
	High/Very High
	Low/Very Low

	B
	0.38-0.76
	Moderate
	Moderate

	C
	0.13-0.38
	Low
	High

	D
	0.00-0.13
	Very low
	Very High
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Plate 5.9:
SCS Soil classification group of the River Fani Catchment. The soiltype groups (A, B, C and D) are illustrated. Their characteristics are described in Table 6.1.

5.3.1.5.2 SCS cover complex classification

The SCS cover complex classification consists of three factors: land use, treatment or practice and hydrologic condition. There are approximately fifteen different land uses identified in the tables for estimating curve numbers (see Table 5.3). Land types that are classified as agricultural are often subdivided according to treatment or practice, for example, contoured or straight row. This separation is a reflection of the different hydrologic runoff potential that is associated with the variation in land treatment. The hydrologic condition reflects the level of land management and is separated into three classes of poor, fair and good. However not all of the land uses in Table 5.3 are separated by treatment or condition.

5.3.1.5.3 Determining Curve Numbers (CN)
Table 5.3 is a compilation of the curve number tables provided in NEH-4 and TR-55 (US Department of Agriculture (1972)) and shows the curve number values for the different land uses, treatment and hydrologic conditions, with separate values being given for each of the four soil groups. This table is used to obtain the curve number for the required land group, for example the curve number for a wooded area with good cover and a soil group B is 55; if the wood was in an area with soil type C the value would increase to 70, likewise if the cover on soil group B was poor then a value of 66 would be obtained as the curve number.

Table 5.3:
SCS Curve number value (USDA-SCS (1998)).
	Land use description/Treatment/Hydrologic Condition
	Hydrologic Soil Group

	Residential (1):
	A
	B
	C
	D

	Average lot size
	Average % Impervious (2)
	
	
	
	

	
	1/8 acre or less
	65
	77
	85
	90
	92

	
	¼ acre
	38
	61
	75
	83
	87

	
	1/3 acre
	30
	57
	72
	81
	86

	
	½ acre
	25
	54
	70
	80
	85

	
	1 acre
	20
	51
	68
	79
	84

	Paved parking lots, roofs, driveways, etc. (3)
	98
	98
	98
	98

	Streets and roads:
	
	
	
	

	
	Paved with curbs and storm sewers (3)
	98
	98
	98
	98

	
	Gravel
	76
	85
	89
	91

	
	dirt
	72
	82
	87
	89

	Commercial and business areas (85% impervious)
	89
	92
	94
	95

	Industrial districts (72% impervious)
	81
	88
	91
	93

	Open spaces, lawns, parks, golf courses, cemeteries, etc.
	
	
	
	

	
	Good condition: grass cover on 75% or more of the area
	39
	61
	74
	80

	
	Fair condition: grass cover on 50% to 75% of the area
	49
	69
	79
	84

	Fallow
	Straight row
	----
	77
	86
	91
	94

	Row crops
	Straight row
	Poor
	72
	81
	88
	91

	
	Straight row
	Good
	67
	78
	85
	89

	
	Contoured
	Poor
	70
	79
	84
	88

	
	Contoured
	Good
	65
	75
	82
	86

	
	Contoured and terraced
	Poor
	66
	74
	80
	82

	
	Contoured and terraced
	Good
	62
	71
	78
	81

	Small grain
	Straight row
	Poor
	65
	76
	84
	88

	
	Straight row
	Good
	63
	75
	83
	87

	
	Contoured
	Poor
	63
	74
	82
	85

	
	Contoured
	Good
	61
	73
	81
	84

	
	Contoured and terraced
	Poor
	61
	72
	79
	82

	
	Contoured and terraced
	Good
	59
	70
	78
	81

	Closed-seeded legumes (4) or rotation meadow
	Straight row
	Poor 
	66
	77
	85
	89

	
	Straight row
	Good
	58
	72
	81
	85

	
	Contoured
	Poor 
	64
	75
	83
	85

	
	Contoured
	Good
	55
	69
	78
	83

	
	Contoured and terraced
	Poor 
	63
	73
	80
	83

	
	Contoured and terraced
	Good
	51
	67
	76
	80

	Pasture or range
	
	Poor
	68
	79
	86
	89

	
	
	Fair
	49
	69
	79
	84

	
	
	Good
	39
	61
	74
	80

	
	Contoured
	Poor
	47
	67
	81
	88

	
	Contoured
	Fair
	25
	59
	75
	83

	
	Contoured
	Good
	6
	35
	70
	79

	Meadow
	
	Good
	30
	58
	71
	78

	Woods or Forest land
	
	Poor
	45
	66
	77
	83

	
	
	Fair
	36
	60
	73
	79

	
	
	Good
	25
	55
	70
	77

	Farmsteads
	
	-----
	59
	74
	82
	86


(1) Curve numbers are computed assuming the runoff from the house and driveway is directed towards the street with a minimum of roof water directed to lawns where additional infiltration could occur.

(2) The remaining pervious areas (lawn) are considered to be i9n good pasture condition for these curve numbers.

(3) In some warmer climates of the country a curve number of 95 may be used.

(4) Close-drilled or broadcast.

5.3.1.6 Determining Base Flow (BF) Parameters

Catchment data such as catchment area, perimeter, catchment length and slope were automatically calculated in WMS with the ‘compute basin data’ tools once the drainage, land use, soil and DEM coverages were created. The total Catchment area was calculated to be 
1065.845 km2 with a length of 56.686 km. The sub-catchment of Fani I Vogel (2B) has an area of 416.1 km2, the Fani I Madh (3B) 531.4 km2 and Rubik (4B) 118.3 km2. The base flow parameters required in the model are: (a) STRTQ, which represents the initial flow in the river in m3/s, (b) QRCSN, which is the flow in m3/s below which base flow recession occurs in accordance with the recession constant RT10R. In other words, it is that flow where the straight line (in semilog paper) recession deviates from the falling limb on the hydrograph, (c) RT10R is the ratio of the recession flow (QRCSN) to that flow occurring one hour later (must be greater or equal to 1). The STRTQ value is variable depending on time/period and storm simulated. For the simulations, the discharge values used were obtained from Prof. Skender Sala. The historical record data correspond to discharge values processed to produce average values for each calendar month. From these records December discharge values were extracted and used since they corresponds to the wetter month and will result to the worst case scenarios (more than 80% of the precipitation occurs in winter months). The STRTQ parameters of Fani I Madh, Fani I Vogel and Rubik were 24.4m3/s, 19.1m3/s and 86.1m3/s respectively. The QRCSN is variable – linked to STRTQ (usually -0.1 i.e. computed by program) and the RT10R is 1.015 for the River Fani Catchment.
5.3.1.7  Frequency Analysis of Precipitation Data

Precipitation is one of the most important processes in the hydrological cycle. Precipitation data are important inputs to many environmental monitoring systems and their spatial and temporal variability is necessary for river management.

Historic precipitation data records of the River Fani Catchment were collected from a field trip in Albania after direct communication with Prof. Skender Sala. The annual maximum (AM) precipitation data which were observed daily for the period of (a) 1948 to 1980 in Rubik (Table 5.4), (b) 1957 to 1980 in Fani I Madh (Table 5.8) and (c) 1951-1980 in Fani I Vogel (Table 5.12) sub-catchments were investigated and frequency analysis (Extreme Value Distribution (EVD)) was performed. The objective of frequency analysis of precipitation data is to relate the magnitude of extreme events to their frequency of occurrence through the use of probability distributions. The hydrologic data (precipitation) analysed are assumed to be independent and identically distributed, and the hydrologic system producing them (e.g. a storm rainfall system) is considered to be stochastic, space-independent and time-independent in the classification scheme shown in Figure 2.1. For the purposes of the current research project equal return periods for the design storm depth and the resultant flood from the model have been adopted. Thus the 100-year flood in the model is generated by the 100-year rainfall. 
The 2, 5, 10, 25, 50, 100 and 200 return period of the AM series of precipitation of the three sub-catchments of the River Fani Catchment were calculated using the lognormal and log-Pearson type III (LPIII) distributions (Table 5.5, Table 5.9 and Table 5.13). The different return periods of the annual maximum precipitation lognormal distribution was calculated using the following equations:
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	eq. 5.9


When calculating the return periods of annual maximum precipitation using the Log Pearson Type III distribution, the equations 5.10 and 5.11 were used (Kite (1977)). The reduced variate yT was calculated using equation 5.8 and for the determination of the T year return period annual maximum precipitation (xT) the equation 5.9 was applied.
	
[image: image129.wmf]6

S

C

k

=

                                                                             for Cs ≠ 0
	eq. 5.10


	
[image: image130.wmf](

)

(

)

(

)

5

4

3

2

2

3

2

*

3

1

*

*

1

*

*

6

*

3

1

1

k

k

z

k

z

k

z

z

z

z

K

T

+

+

-

-

-

+

-

+

=


	eq. 5.11


Where:

T :
return period

p :
exceedence probability 


[image: image131.wmf]y

 :
mean value

yT :
reduced variate
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T year return period annual maximum precipitation
It was observed that the inclusion of a small negative coefficient of skewness in the calculations altered slightly the estimated precipitation with the effect being more pronounced at higher return period values i.e. T = 50, 100 and 200. Another feature of the results is that the 25-year return period estimates are about two times as large at the 2-year return period estimates. 
A probability plotting analysis (i.e. fitting of probability distribution) was performed of the AM precipitation data of the River Fani sub-catchments using equation 5.12. For normal distribution data, the Bloms (1958) plotting position (b=3/8) is used. For the Log Pearson Type III distribution, the optimal value of b depends on the value of the coefficient of skewness, being larger than 3/8 when the data are positively skewed and smaller than 3/8 when the data are negatively skewed. 
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	eq. 5.12


Where:

P(X≥xm) :
form of plotting position

m :

the rank of a value

b :

parameter depending upon the distribution

n :

total number of values to be plotted

The calculated parameters of the analysis are presented in Table 5.6, Table 5.10 and Table 5.14. The observed data were plotted against the fitted curve, in which the value of the standard normal variable is used as the horizontal axis to linearise the plot (this is equivalent to using normal probability plotting paper). The graphs in Figure 5.9, Figure 5.11 and Figure 5.13 show that their fitted lines are consistent with the observed data. The LP III fitted curve was developed by using HEC SSP (US Army Corps of Engineers, (n.d.) [online]) software program. The computed data are presented on Table 5.7, Table 5.11 and Table 5.15 and the fitted curves on Figure 5.10, Figure 5.12 and Figure 5.14.
It was found that the curve fitting was more consistent using LPIII distribution and the results of this distribution were opted and used in the hydrologic model to obtain the discharge.
Table 5.4:
Annual maximum 24-hour precipitation in millimetres of the River Fani Catchment in Rubik sub-catchment, Albania 1948-1980.
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1948 48

1949 66

1950 74

1951 128

1952 137

1953 107

1954 73

1955 115

1956 80

1957 120

1958 117

1959 196

1960 105

1961 158

1962 89

1963 190

1964 90

1965 90

1966 170

1967 160

1968 140

1969 102

1970 60

1971 181

1972 150

1973 76

1974 100

1975 68

1976 71

1977 68

1978 70

1979 38

1980 80


Table 5.5:
Designed annual maximum precipitation (in mm) in the Rubik sub-catchment for different return periods using Log-normal and Log-Pearson Type III distributions. 

	
	Return period (T)

	
	2
	5
	10
	25
	50
	100
	200

	Distribution
	Precipitation (mm)

	Log-Normal

(Cs=0)
	98.6
	138.8
	166.0
	200.9
	227.3
	253.9
	281.1

	LPIII

(Cs=-0.14)
	99.5
	139.1
	164.9
	196.8
	220.2
	243.1
	266.0


Table 5.6:
Probability plotting using the normal distribution and Blom’s formula for the annual maximum precipitation of the Rubik sub-catchment, Albania.
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196 1 0.019 2.078 2.361 2.292

190 2 0.049 1.655 2.286 2.279

181 3 0.079 1.411 2.243 2.258

170 4 0.109 1.231 2.211 2.230

160 5 0.139 1.083 2.185 2.204

158 6 0.169 0.957 2.163 2.199

150 7 0.199 0.843 2.143 2.176

140 8 0.229 0.740 2.124 2.146
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70 27 0.801 -0.843 1.845 1.845

68 28 0.831 -0.957 1.825 1.833

68 29 0.861 -1.083 1.802 1.833

66 30 0.891 -1.231 1.776 1.820

60 31 0.921 -1.411 1.744 1.778

48 32 0.951 -1.655 1.701 1.681

38 33 0.981 -2.078 1.627 1.580
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Figure 5.9:
Annual maximum precipitation for the Rubik sub-catchment, Albania, plotted using Blom’s formula on a probability scale for the lognormal distribution.

Table 5.7:
Probability plotting using the LPIII distribution for the annual maximum precipitation of the Rubik sub-catchment, Albania.
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Figure 5.10:
Annual maximum precipitation for the Rubik sub-catchment, Albania, plotted on a probability scale for the Log Pearson Type III distribution.

Table 5.8:
Annual maximum 24-hour precipitation in millimetres of the Fani I Madh sub-catchment in Rubik, Albania 1957-1980.
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1957 80

1958 93

1959 195
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Table 5.9:
Designed annual maximum precipitation (in mm) in the Fani I Madh sub-catchment for different return periods using Log-normal and Log-Pearson Type III distributions. 

	
	Return period (T)

	
	2
	5
	10
	25
	50
	100
	200

	Distribution
	Precipitation (mm)

	Log-Normal

(Cs=0)
	97.5
	125.3
	142.9
	164.3
	179.8
	195.0
	210.1

	LPIII

(Cs=0.797)
	93.8
	123.0
	145.2
	176.5
	202.4
	230.6
	261.4


Table 5.10:
Probability plotting using the normal distribution and Blom’s formula for the annual maximum precipitation of the Fani I Madh sub-catchment, Albania.
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195 1 0.026 1.945 2.241 2.290
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Figure 5.11:
Annual maximum precipitation for the Fani I Madh sub-catchment, Albania, plotted using Blom’s formula on a probability scale for the lognormal distribution.
Table 5.11:
Probability plotting using the LPIII distribution for the annual maximum precipitation of the Fani I Madh sub-catchment, Albania.
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Figure 5.12:
Annual maximum precipitation for the Fani I Madh sub-catchment, Albania, plotted on a probability scale for the Log Pearson Type III distribution.

Table 5.12:
Annual maximum 24-hour precipitation in millimetres of the Fani I Vogel sub-catchment, Albania 1951-1980.
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Table 5.13:
Designed annual maximum precipitation (in mm) in the Fani I Vogel sub-catchment for different return periods using Log-normal and Log-Pearson Type III distributions. 

	
	Return period (T)

	
	2
	5
	10
	25
	50
	100
	200

	Distribution
	Precipitation (mm)

	Log-Normal

(Cs=0)
	86.9
	113.1
	129.7
	150.2
	165.1
	179.7
	194.3

	LPIII

(Cs=0.786)
	83.8
	110.9
	131.9
	161.8
	186.6
	213.8
	243.6


Table 5.14:
Probability plotting using the normal distribution and Blom’s formula for the annual maximum precipitation of the Fani I Vogel sub-catchment, Albania.
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Figure 5.13: 
Annual maximum precipitation for the Rubik sub-catchment, Albania, plotted using Blom’s formula on a probability scale for the lognormal distribution.

Table 5.15:
Probability plotting using the LPIII distribution for the annual maximum precipitation of the Fani I Vogel sub-catchment, Albania.
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Figure 5.14:
Annual maximum precipitation for the Fani I Vogel sub-catchment, Albania, plotted on a probability scale for the Log Pearson Type III distribution.

In September 2002 an extreme storm event devastated the whole of Albania with severe flooding. The rainfall distribution (in mm/hr) of the storm recorded every 3-hours by TRM satellites in North Albania is demonstrated in Plate 5.10. The event has started on the 21st of September and ended on the 23rd of September. The images clearly show the high magnitude of the storm, reaching its peak during 06:00 and 09:00 hours on the 22nd of September with a precipitation rate of 22 mm/hr. It can be clearly noticed that during the 09:00hours of the 22nd of September, the storm occurred was focused in the River Fani Catchment. The accumulated rainfall (Plate 5.11) recorded on that day was found to be an enormous 400mm (at the River Fani Catchment location). This clearly shows that the extreme storm event had a return period of well above 200 years as the results of the design annual maximum precipitation reveal (see Table 5.5, Table 5.9, Table 5.13). 
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Plate 5.10:
Rainfall distribution in mm/hr recorded every 3-hours in North Albania (NASA, TRM, (n.d., c) [online]).
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Plate 5.11:
Right: Accumulated rainfall in mm, recorded on the 22nd September 2002 in North Albania. Left: River Fani Catchment boundary (correlation purposes). Inundation caused on the recorded day affected mainly River Fani Catchment.

5.3.1.8 Loss Method Calculations
Interception and infiltration are the major parts of the rainfall loss in overland runoff simulation and therefore are referred to as precipitation losses in the hydrological model used herein. Interception is intended to represent the surface storage of water by trees or grass, local depressions in the ground surface, in cracks or in a surface area where water is not free to move as overland flow. Infiltration represents the movement of water to areas beneath the land surface.

Usually, the loss amount is determined mainly by soil types, land use, and antecedent condition. In the precipitation loss calculation, the system does not consider precipitation that does not contribute to runoff – it is considered to be lost in the system- and it does not provide for soil moisture or surface storage recovery. 

In this research project, the Exponential Loss Rate method was used to calculate precipitation losses in the River Fani Catchment. This is an empirical method which relates loss rate to rainfall intensity and accumulated losses which are representative of the soil moisture storage. The equations 5.13, 5.14 and 5.15 are used to compute the loss (U. S. Army Corps of Engineers (1998)).
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Where:

ALOSS :
potential loss rate in mm per hour during the time interval 
AK :

loss rate coefficient at the beginning of the interval
DLTK :
incremental increase in the loss rate coefficient during the first DLTKR mm of accumulated loss, CUML.
CUML :
accumulated loss, determined by summing the actual losses computed for each time interval.
DLTKR :
the amount of initial accumulated rain loss during which the loss rate coefficient is increased. This parameter is considered to be a function primarily of antecedent soil moisture deficiency and is usually storm dependent.
STRKR :
the starting value of loss coefficient on exponential recession curve for rain losses (snow-free ground). The starting value is considered a function of infiltration capacity and thus depends on such basin characteristics as soil type, land use and vegetal cover.
RTIOL :
the ratio of rain loss coefficient on exponential loss curve to that corresponding to 10 mm more of accumulated loss. This variable may be considered a function of the ability of the surface of a basin to absorb precipitation and should be reasonably constant for large rather homogeneous areas.
ERAIN :
the exponent of precipitation for rain loss function that reflects the influence of precipitation rate on basin-average loss characteristic of a particular region. ERAIN varies from 0.0 to 1.0.
The parameters required by the hydrological model to determine the loss amount are: (STRKR), DLTKR, RTIOL, ERAIN and the percentage of drainage area that is impervious (RTIMP) STRKR and ERAIN were determined in the calibration method and was found to be equal to 0.6 and 0.96 respectively. RTIMP was determined from hydrogeological maps and was set to 4, 4.5 and 5.5 for Fani I Madh, Fani I Vogel and Rubik sub-catchments respectively. RTIOL was determined as 1.015 for Fani I Vogel and Rubik sub-catchments and 1.0 for Fani I Madh. Fine-tuning was also applied to the abovementioned parameters during the calibration process.
5.3.1.9 Unit Hydrograph (UH) and Lag Time Determination
To estimate discharge hydrographs the simplified dimensionless unit hydrographs are developed to transform excess infiltration to discharge as a function of time (U.S. Soil Conservation Service (1972)). The SCS dimensionless Unit Hydrograph (UH) method determines direct runoff from rainfall based on the physiographic characteristics of land use, antecedent moisture conditions and soil type.

The hydrograph developed by the SCS method has its shape defined by a single parameter, the basin time lag. Basin lag is normally developed from empirical equations, travel time studies or observed flood hydrographs. The Lag-Time was computed using the empirical equation of Kiprich for overland flow on grassy earth on mountains and is given in equation 5.16 (U. S. Army Corps of Engineers (1998)).

	
[image: image177.wmf]Ct

S

L

m

t

p

*

*

00013

.

0

*

385

.

0

77

.

0

÷

÷

ø

ö

ç

ç

è

æ

=


	eq. 5.16


The earth type coefficient is calculated using the equation 5.17.
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Where:
m:
earth type coefficient
L:
length of overland flow (ft)

S:
average overland slope (%)

CN:
sub-catchments Curve Number

Ct:
analysis time step
All the parameters required to compute the Lag-Time, were stored in the software (either determined individually or computed by combining data) and therefore no additional parameters needed to be input to complete calculations. For example, the CRVNBR for each basin was computed based (a) on the percent of imperviousness of the land, as shown on Table 5.16 (b) soil type properties (e.g. infiltration rate given by the hydrologic soil group) and (c) land use characteristics (Figure 5.15).

Table 5.16:
Percentage Impervious for each land use type (Dunne and Leopold (1978) and Klein (1979)).
	Land use type
	Percent Impervious

	Residential
	25

	Open Land
	5

	Forest
	0

	Commercial
	70

	Agriculture
	5

	Barren
	0


[image: image179.png]85 Land use mapping

WMS landuse D Land use proptiss

Land ID 32 [LandiD 41 [Land
Land b 42 [ |SHRUE & BRUSH RANGELAND  DECIDLIDUS FOREST LAND  EVER

[5cs s Type TN |00 a0 a0
[scss o Joo 00 0o

[scsseimeca |00 o w0
|55 saiType D oN |00 00 00

Land D 43

Addlanduse D o st

Display parameters

¥ SC5 CN's
GreenAmpt

I~ HsPF

I~ Maiicops County

I~ Percent impervious

T~ SMA Unit

I~ Manring'sn

Impartand use altiute fie Exportland use altibuts e
ot e type: Export e ype:

[SC5 Land usefe tmporle ||| 505 Lond e i ] Eponte |

Hep | Close





Figure 5.15:
Land use mapping in WMS. Each land use polygon is given an ID under which its properties are listed (e.g. SCS group and CN).
5.3.1.10 Flow Routing Calculations
The aim of this part of the work was to route the runoff through the sub-basins to the outlet, thus estimating the hydrograph of the runoff. The Muskingum (RM) flow routing method was used to route flow through the drainage network. This method computes outflow from a reach using the following equations (U. S. Army Corps of Engineers (1960)):
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	eq. 5.18
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	eq. 5.20


Where:

QIN :

inflow of the routing reach in m3/s

QOUT :

outflow of the routing reach in m3/s

CA, CB :
routing coefficients

Δt :

computation time interval in hours
AMSKK :
travel time through the reach in hours
X :

Muskingum weighting factor (0 ≤ X ≤ 0.5)

The routing procedure may be repeated for several sub-reaches (designated as NTPS).

Therefore, in order to route runoff through the sub-basins the AMSKK, NSTP and X parameters where determined as follows:

· AMSKK is the travel time through the reach (in hours) and was computed by multiplying the length of the stream segment by the channel velocity. The channel velocity – acquired by personal communication with Mr Pano from the Hydrometeorological institute in Tirana- was provided to the software and consequently, AMSKK was computed. 
· NSTPS is the number of time steps the flood wave is in the channel and was determined by dividing AMSKK by the computational time step. 
· X is a Muskingum coefficient and varies between 0 and 0.5. This was estimated to be 0.2.

5.3.2 Model Calibration and Validation

The initial idea was to use existing discharge data and calibrate them against their rainfall records. However as the research progressed it became apparent that hydrometric data for the study area was either very poor, or non-existent. In addition, the model needed predictions of catchment scale hydrologic response on a daily time step, on which data were not available. For this reason, the Catchment was considered ungauged for streamflow data and a more generalised technique was sought, that of hydrologically similar catchments. The notion of hydrologic similarity is that if the rainfall-runoff processes in two catchments are similar, their hydrologic responses will be similar too.

This technique’s main assumption is that the catchment under consideration behaves hydrologically similar to other analogue or donor catchments with similar climatologies and landscape attributes. A donor site is usually on the same river regardless its catchment size, whereas an analogue catchment is a more distant one. Particular caution is required when a donor or an analogue catchment is affected by urbanisation, reservoir development or other major land use change. 
Two hydrologically similar catchments in Albania (Ndroq and Shoshaj) were selected and investigated. Defining ‘similarity’ was a key issue, as previous studies have shown that geographic proximity alone is insufficient and catchment attributes have also to be used (Zrinji and Burn (1994)). In this study, the catchment under consideration is thought to be sufficiently similar to the geographic proximity of the other two catchments, as well as to the landscape attributes and hydrologic response.

Calibration of the model was accomplished by trial and error in Shoshaj Catchment, in which a hydrograph was computed for an initial set of parameters and compared with the observed hydrograph (peak discharge 741 m3/s). The parameters were then adjusted on the basis of the comparison until a satisfactory fit was obtained. The storm event of  January 13th, 1962-1963, which produced a basin average rainfall of  72 mm of rainfall over 5 days duration period (Time of travel 8-10 hours), was used to calibrate the model. 

Validation of the model’s capability to simulate the observed flow was accomplished using a storm event that occurred in 1970-71, 8 years later. This particular storm event was selected because it was similar to the calibration storm event (with respect to precipitation magnitude i.e. 80mm). The validation results were accurate enough to proceed with the calibrated parameters which were also tested on Ndroq Catchment and gave comparable results. As a consequence, the parameters were considered acceptable and were transferred over to the River Fani Catchment.
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	Plate 5.12:
Geologic map of Albania showing (from North to South) River Fani , Shoshaj and Ndroq Catchment boundaries in black outline

.
	Plate 5.13:
River Fani, Shoshaj and Ndroq Catchment boundary and their river network in Albania. The locations and names of the hydrologic stations are also recorded.
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Plate 5.14:
Ndroq Catchment boundary and the river network in Albania. Area (A), Basin Slope (BS) and Length (L) are recorded as shown above. The Catchment was derived from a DEM of the area of interest.
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Plate 5.15:
Shoshaj Catchment boundary and the river network in Albania. Area (A), Basin Slope (BS) and Length (L) are recorded as shown above. The Catchment was derived from a DEM of the area of interest.

5.3.3 Hydrological Modelling - Results, Analysis and Discussion
5.3.3.1 Surface Runoff Modelling using Designed AMAX Precipitation
The impact of spatial variations of precipitation on spatial accumulation of peak flow and excess runoff depth were investigated by performing a series of simulations using the designed amax precipitation values acquired from the frequency analysis (see Table 5.17). The 2, 5, 10, 25, 50, 100 and 200 year return period discharge results are shown in Table 5.18. The resulted hydrographs at the most downstream outlet are given in Figure 5.16-22.

Table 5.17:
Precipitation values (in mm) of the River Fani sub-catchments used in the WMS hydrological model to simulate design storm events.

	
	Return period (T) years

	
	2
	5
	10
	25
	50
	100
	200

	Sub-catchment
	Precipitation (mm) (using LPIII)

	Fani I Vogel

 (2B)
	83.8
	110.9
	131.9
	161.8
	186.6
	213.8
	243.6

	Fani I Madh

 (3B)
	93.8
	123.0
	145.2
	176.5
	202.4
	230.6
	261.4

	Rubik (4B)
	99.5
	139.1
	164.9
	196.8
	220.2
	243.1
	266.0


Table 5.18:
Discharge values (in m3/s) of the River Fani sub-catchments derived from the WMS hydrological model.
	
	Sub-Catchment 

	
	Rubik (4B)
	Fani I Madh (3B)
	Fani I Vogel (2B)
	Outlet (2C)

	Return period 
(T) years
	Discharge Q (m3/s)

	2
	247.6
	382.2
	300.4
	792.5

	5
	321.1
	500.8
	401.7
	1032.7

	10
	369.9
	591.7
	480.2
	1215.8

	25
	431.3
	720.8
	594.5
	1476.2

	50
	476.9
	828.3
	691.1
	1692.8

	100
	522.0
	945.9
	798.6
	1930.2

	200
	567.6
	1075.0
	918.2
	2191.1
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Figure 5.16:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 2 years.
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Figure 5.17:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 5 years.
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Figure 5.18:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 10 years.
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Figure 5.19:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 25 years.
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Figure 5.20:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 50 years.
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Figure 5.21:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 100 years.
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Figure 5.22:
Hydrograph of River Fani Catchment at the outlet point for a designed 
precipitation event having a return period 200 years.
5.3.3.2 Analysis and Discussion

The results of the hydrologic model simulations are interesting and revealing. It was found that a basin average precipitation having a return period of 5 years yields a peak discharge of 1032.7 m3/s in the River Fani Catchment (most downstream outlet) with the time of peak occurring 23.25 hrs after the event has started. It results to a volume of 79.9x106m3, Figure 5.17. A storm event having a return period of 200 years, with basin average rainfall approximately 2 times more intense than the above yields an enormous discharge of 2191.1m3/s and an accumulative volume of water of 158.8x106m3. By comparing the two storm events it was found that the discharge has been doubled in the second case with accumulative volume of water twice as large. As can be expected, the Catchment cannot accommodate such significant volumes of water and flooding becomes unavoidable. 
5.3.3.3 Design Storms and Comparison of Results

The probability distribution used in Albania to compute peak discharges for different return periods are mostly based on Pearson III and sometimes Gumbel methods and for some catchments with short series the Gradex method (Selenica (2004) and (2006)). Discharge data of the River Fani Catchment sampled every 24hours were not available to perform frequency analysis and fit the above distributions for verification as such. Table 5.19 lists the peak discharge computed for Mati and Fani Rivers at different stations using Pearson III or Gumbel probability distribution for a return period of 100 (Q1%) and 50 years (Q2%). The catchment area listed in the table differs slightly from the area delineated from the terrain model used herein. The computed peak discharge for Fani River with a return period of 100 years corresponds to 1803m3/s and for 50 years 1630m3/s. According to Nico Pano frequency analysis of maximal discharges (data acquired from direct communication) in Fani River, T100, T50, T20 and T5 were calculated to be 1833m3/s, 1677m3/s, 1463m3/s and 1085m3/s respectively. The hydrologic model developed for the purposes of this research gave discharge outputs as follows: 1930.2m3/s, 1692.8m3/s, 1476.2m3/s and 1032.7m3/s for T100, T50, T25 and T5 respectively. These results are quite comparable having less that 7% difference in their magnitude.
Table 5.19:
Peak discharges for design return period of 100 and 50 years for some Albanian rivers.

	River

Station
	Period of observation
	A

(km2)
	Qm
(m3/s)
	CV
	CS/CV
	Type of probability distribution
	Q1%
	Q2%

	Mati

Shoshaj
	1949-90
	646
	352
	0.45
	4
	Pearson III
	908
	802

	Fani

Rubik
	1951-90
	1014
	784
	0.40
	3
	Gumbel
	1803
	1630

	F.Vogel

Nderfan
	1961-90
	320
	282
	0.44
	4
	Pearson III
	713
	634

	F. Madh

Bukmire
	1975-90
	428
	344
	0.40
	4
	Pearson III
	780
	705


Further information on designed peak discharges of 50 and 100 years return period for different rivers in Albania were sourced from Selenica (2006) and listed in Table 5.20 and Table 5.21. Inconsistencies are noticed in the values of these tables. Both tables list the peak discharges computed using Pearson III probability distribution for 50 and 100 years return period for the same Rivers stations and hence values vary. A maximum of 15% difference was calculated from the values of the two tables. Hence such data are not quite reliable and can only be used as indicative information. The only logical explanation to these discrepancies can be allocated to the fact that since information on the period of observations for the data in Table 5.20 are not available, they might be different to those recorded in Table 5.21. Nevertheless the author that published both tables at different papers states that values of Table 5.20 are based on historical records of peak discharges and consequently the justification is not valid.

Table 5.20:
Peak discharges for design return period of 100 and 50 years for some Albanian rivers, using Pearson III probability distribution (Selenica (2006)).

	No
	River

Station
	Peak discharges (m3/s)
	Volume of the floods (x106m3)

	
	
	Return period (years)
	Return period (years)


	
	
	50
	100
	50
	100

	1
	Mati-Milot
	2700
	3400
	267.393
	308.445

	2
	Ishmi- Sukth Vendas
	1230
	1380
	77.220
	83.655

	3
	Erzeni - Ndroq
	1250
	1400
	80.437
	90.090

	4
	Shkumbini - Rogozhine
	1900
	2200
	192.146
	222.485

	5
	Semani – Ura e Kucit
	2600
	3000
	348.488
	402.101

	6
	Vjosa - Mifol
	4350
	5000
	768.353
	883.164


Table 5.21:
Peak discharges for design return period of 100 and 50 years for some Albanian rivers, using Pearson III probability distribution (Selenica (2004)).
	
	
	
	Peak discharges (m3/s)

	No
	River Station
	Period of observation
	Return period (years)

	
	
	
	50
	100

	1
	Mati-Milot
	N/A
	N/A
	N/A

	2
	Ishmi- Sukth Vendas
	1968-90
	1443
	1620

	3
	Erzeni - Ndroq
	1953-90
	1099
	1247

	4
	Shkumbini - Rogozhine
	1949-90
	2034
	2270

	5
	Semani – Ura e Kucit
	N/A
	N/A
	N/A

	6
	Vjosa - Mifol
	1948-90
	5040
	5570


Table 5.22:
The flood peaks of 1962-63 and 1970-71 in Albanian catchments (Kolaneci (2000)).

	
	
	
	
	Flood 62-63
	Floods 70-71
	Q m3/s

With return period

	No
	River
	Station
	Area

km2
	Q m3/s
	Date
	Q m3/s
	Date
	100

Years
	50 Years
	20 Years

	1
	Drini
	Vau Dejes
	13650
	5180
	13.01
	1900
	1.01
	6530
	5870
	4850

	2
	Mati
	Shoshaj
	646
	741
	16.11
	330
	1.01
	762
	690
	590

	3
	Ishmi
	Ura Gjoles
	468
	1370
	16.11
	448
	31.12
	1420
	1230
	998

	4
	Erzeni
	Sallmonaj
	755
	932
	16.11
	800
	31.12
	1280
	1160
	981

	5
	Skumbini
	Paper
	1958
	1920
	16.11
	1640
	1.01
	2016
	1793
	1490

	6
	Devolli
	Kozare
	3122
	1250
	16.11
	1240
	1.01
	1570
	1390
	1150

	7
	Osumi
	Ura Vajguror
	2073
	1100
	16.11
	1050
	1.01
	1270
	1130
	958

	8
	Semani
	Ura Kucit
	5358
	1800
	
	1870
	1.01
	2160
	1975
	1730

	9
	Vjosa
	Dorze
	5420
	3290
	3.02
	3320
	1.01
	4520
	4200
	3400


The probability distribution of non-exceedence used for the River Fani Catchment is the Gumbel’s and is given by the following formula:
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	eq. 5.21


Where:

(:
scale factor=1.283/S

U:
location factor=Qm-0.45S

Qm:
mean (average) flow rate

S:
standard deviation of flow series (data)

Once the probability of non- exceedence is computed, the probability of exceedence (P) can be found as follows: P=1-F(Q).

The standard deviation is computed using the following formula based on N records of annual maximum series.
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	eq. 5.22


Where:

N:
number of records

Qi:
the flow rate corresponding to each annual maximum

Qm:
mean (average) flow rate

When the Gradex method is used, the regression equation has the following form:
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	eq. 5.23


Where:

Q:
peak discharge

A:
surface of the catchment

R:
maximum 24h rainfall

H:
mean catchment altitude

I:
mean catchment slope

According to Selenica (2006), the empiric formula (e.q. 5.24) applies to Albanian watersheds.
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	eq. 5.24


Where:

qA:
specific discharge for the catchment area of A km2
q100:
specific discharge for the catchment area of 100 km2
The formula of equation 5.24 is known as the standard module and is an index of the flood potential. The specific discharges with a return period of 100 years can be computed and then transformed to a standard catchment of area 100km2. 

These probability distribution equations were used in conjunction with the historic peak discharge records for all the Rivers in Albania and the maps in Plate 5.17, 18, 19 and 20 were derived by the Hydrometeorological Institute in Tirana, Albania. As these information were acquired lately, after simulations have completed, there was no knowledge that the September 2002 storm was extraordinary and has a flood risk potential of greater than 100 years return period. Nevertheless is a good indication of the actual enormous discharges that are likely liable to occur in the Catchment.

The flood risk, potential and 24hrs precipitation maps for a 100 year return period are very important in catchment management. From these, extraction of important information can aid in design procedures for flood mitigation measures. Plate 5.17 shows that for a 24hr period, the precipitation that would yield a 100 year return period is equivalent to 200mm for the River Fani Catchment. The storm event simulated had precipitation ranging from 345-511mm at approximately the same time. This is equivalent to approximately 42% to 61% of more rain.

From Plate 5.18 it can be seen that River Fani Catchment has a maximum module of 3 m3/s.km2 whereas Rubik town lies in a zone of 4 m3/s.km2. This module (q1%) when multiplied by the catchment area can give the peak discharge equivalent to a 100 years return period. Consequently, the magnitude of the 100 year discharge is greater in Rubik town than elsewhere in the Catchment.

Plate 5.19 illustrates the flood potential map of Albania for 100 years return period. Rubik town lies in a high potential zone, whereas the rest of the Catchment is in a considerable flood potential condition. The flood risk map of Plate 5.20 indicates that Rubik Fani Catchment is outside flooded zones for a 100-year return period, but this is not true according to our data.
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Plate 5.16:
Hydrographic map of Albania (Selenica (2006)).
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Plate 5.17
Map of 24h precipitation for Albania for a 100-year return period. Average annual rainfall is 1485mm. The highest 24hr precipitation oscillates from 100 to 420mm (Selenica (2006)).
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Plate 5.18:
Flood potential map of Albania for specific peak discharges (Selenica (2006)).
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Plate 5.19:
Flood potential map of Albania for a 100-year return period (Selenica (2006)).
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Plate 5.20:
Flood risk map of Albania for a 100-year return period (Selenica (2006)).

5.4 The Hydraulic Model - HEC-RAS

HEC-RAS is a one-dimensional steady flow hydraulic model designed to aid hydraulic engineers in channel flow analysis and floodplain determination. The results of the model can be applied in floodplain management and flood insurance studies. Therefore, a hydraulic model was developed within HEC-RAS and WMSs embedded and GIS tools for Rubik town and the surrounding area. WMSs interoperability facilitated the development of additional required information (e.g. geometry of the river, materials and cross sections) and enabled the extraction of these information to the HEC-RAS program for more detailed analysis. An example of the geometry model (river network, cross section, junctions and reaches) is shown on Figure 5.23. 
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Figure 5.23:
HEC-RAS Hydraulic model. The geometric data are shown with the cross sections, the junction and reaches names.
5.4.1 Hydraulic Modelling Simulations
The hydraulic model developed covers a small area of the Catchment. It focuses on Rubik town and the upstream area up to the confluence between Fani I Vogel and Fani I Madh. The geometry file and the cross sections were developed in WMS and extracted to HEC-RAS to simulate different rainfall events. Steady flow analysis was used because the AOI is small (flooding is still eminent at the upstream and downstream section of the AOI at the time of peak). Furthermore the aim was to illustrate flooding at the time of peak where the flow could be considered steady, as the time is constant. In reality unsteady flow conditions are present during the time-span of the storm which results into varied flows at different times during the storm (e.g. less flow at the beginning, increased flow at the time of peak and reduced flow at the end of the event). Unsteady simulations could be conducted in future work in order to evaluate the floodplain depths and water surface elevations throughout the designed storms, which are required in any structural engineering design (e.g. for the reservoirs and hydroelectric power station). 
HEC-RAS model requires flows of each river reach and therefore WMS model was further subdivided into smaller subbasins to obtain the required data. Fani I Madh and Fani I Vogel sub-catchments remained the same whereas Rubik sub-catchment was subdivided into smaller ones i.e. one catchment for each reach of the river. The resulted discharges are presented in Table 5.24. These are the results of using the designed precipitation data resulted from the frequency analysis. Therefore, the output data represent the designed discharge having a frequency of 2, 5, 10, 25, 50, 100 and 200 years return periods. The variability in the magnitude of the discharge values is justified and can be explained. Firstly the values vary according to the size of the catchment. The sub-catchments of Fani I Madh and Fani I Vogel which were not subdivided have a much greater discharge from that of a small reach as is the Eperm, for example. Secondly as it can be seen from the schematic of the river geometry, Figure 5.23, the discharge along the main stream reaches accumulates from upstream to downstream incorporating the flow from all the small reaches (such as Eperm, Markazefit, Reja e Veles, Ferasit, Kulme, Rubikut). The roughness values used are given in Table 5.23. Once the simulation was completed the results were loaded in WMS and flood delineation simulation was conducted.

Information of the river dimensions and bed shape were taken from the survey done in the area by Coleman (1999) (see section 5.4.2, Plate 5.23). Where such information was not available approximations were made considering additional data such as photos. This was done for demonstration purposes only. In the case of detailed evaluation, a proper survey of the area is required or a very detailed DEM in combination with bathymetric data. Plate 5.21 illustrates the TIN of the AOI.
The results are illustrated in Figure 5.24 to 5.30. Figure 5.24 shows the water level for a return period of 2 years with a water elevation of 83.21m to results to 2.03m head of water (Catchment elevation base is. 81.18 m a.s.l.). Similarly, the other Figures show the water elevation at different return periods of discharge values.
Table 5.23:
Roughness values used in the HEC-RAS Hydraulic model.

	Material
	Roughness

(Manning n)

	Bare rock
	0.03

	Broad-leaved forest
	0.12

	Coniferous forest
	0.12

	Land principally occupied by agriculture
	0.04

	Mixed forests 
	0.12

	Natural grasslands
	0.05

	River
	0.03

	Sclerophyllous vegetation
	0.06

	Sparsely vegetated areas
	0.05

	Transitional woodland/shrub
	0.12


Table 5.24:
Flows of River Fani Catchment reaches derived from the WMS hydrologic model for different design precipitation events. Values were used in the HEC-RAS Hydraulic model.

	
	
	
	Flow (m3/s)

	Reach
	Area (km2)
	CN
	T2
	T5
	T10
	T25
	T50
	T00
	T200

	
	
	
	Basin
	Acc.
	Basin
	Acc.
	Basin
	Acc.
	Basin
	Acc.
	Basin
	Acc.
	Basin
	Acc.
	Basin
	Acc.

	Vogel
	416.1
	73.1
	300.4
	
	401.7
	
	480.2
	
	594.6
	
	691.1
	
	798.6
	
	918.2
	

	Madh
	531.4
	75.9
	382.2
	
	500.8
	
	591.7
	
	720.8
	
	828.3
	
	945.9
	
	1075.0
	

	Blinit
	3.8
	64.0
	
	678.1
	
	896.7
	
	1065.2
	
	1307.4
	
	1510.4
	
	1734.5
	
	1981.9

	Eperm
	2.6
	73.9
	15.3
	
	21.1
	
	24.9
	
	29.7
	
	33.2
	
	36.7
	
	40.3
	

	Shkjezit
	2.1
	55.2
	
	683.5
	
	902.9
	
	1071.9
	
	1314.8
	
	1518.3
	
	1742.9
	
	1991.1

	Reja e Veles
	34.3
	73.2
	102.9
	
	136.9
	
	159.6
	
	188.0
	
	209.1
	
	229.9
	
	251.0
	

	Markazefit
	4.3
	83.3
	21.8
	
	29.8
	
	35.1
	
	41.8
	
	46.8
	
	5169
	
	56.6
	

	Rubikut
	21.6
	74.7
	67.7
	
	90.4
	
	105.6
	
	124.5
	
	138.6
	
	152.5
	
	166.6
	

	Mashenit
	4.3
	74.3
	
	688.9
	
	909.1
	
	1078.7
	
	1322.2
	
	1526.2
	
	1751.2
	
	1999.8

	Ferasit
	1.8
	71.1
	10.1
	
	13.90
	
	16.4
	
	19.5
	
	21.9
	
	24.2
	
	26.5
	

	Munazi
	1.2
	43.0
	
	723.7
	
	949.7
	
	1123.1
	
	1371.6
	
	1579.2
	
	1807.9
	
	2060.2

	Drenit
	3.7
	64.0
	
	726.2
	
	952.5
	
	1126.3
	
	1375.1
	
	1583.0
	
	1812.0
	
	2064.7

	Kulme
	1.6
	81.5
	10.5
	
	14.4
	
	17.1
	
	20.3
	
	22.8
	
	25.2
	
	27.7
	

	Vathes
	1.3
	68.0
	
	730.5
	
	957.5
	
	1131.6
	
	1381.1
	
	1589.5
	
	1818.9
	
	2072.0

	Kfalles
	2.1
	57.8
	
	750.7
	
	980.9
	
	1157.2
	
	1409.4
	
	1620
	
	1851.5
	
	2106.6
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Plate 5.21:
HEC-RAS Hydraulic model. The elevation dataset in the form of TIN for the AOI are illustrated.
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Plate 5.22:
HEC-RAS Hydraulic model. The cross-sections along River Fani for the AOI are illustrated.
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Figure 5.24:
Cross section at Rubik town showing the water level of the river after a storm event of a 2 year return period.
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Figure 5.25:
Cross section at Rubik town showing the water level of the river after a storm event of a 5 year return period.
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Figure 5.26:
Cross section at Rubik town showing the water level of the river after a storm event of a 10 year return period.
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Figure 5.27:
Cross section at Rubik town showing the water level of the river after a storm event of a 25 year return period.
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Figure 5.28:
Cross section at Rubik town showing the water level of the river after a storm event of a 50 year return period.
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Figure 5.29:
Cross section at Rubik town showing the water level of the river after a storm event of a 100 year return period.
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Figure 5.30:
Cross section at Rubik town showing the water level of the river after a storm event of a 200 year return period.
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Plate 5.23:
Rubik town along River Fani Catchment. Red perimeter shows the area surveyed by Coleman (1999).
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Plate 5.24:
Flooding of Rubik’s football pitch.

5.4.2 Analysis and Discussion

The results of the HEC-RAS model are interesting and revealing. The effect of the flooding is evident at Rubik at the smaller scale. The cross sections illustrate this, in addition to the surface water elevations being mapped. The cross sections used are taken at Rubik town, where the inclusion of the football pitch is an attempt to examine the extent of flooding at this particular location where AIA Porthcawl and the residents of Rubik value, as the only place where young people can socialise and use for leisure facilities. The analysis aimed to define what levels of flows are acceptable provided that they do not overflow the banks and consequently try to reduce excess water caused by storm events (considering worst cases i.e. extreme) by the ‘What-if’ analysis, which will follow in Chapter 6.

5.5 Conclusions 

Rapid advances on the technologies in geographical information systems makes the complicated spatial analyses on ground features to be more convenient. All kinds of map data such as topographic and soil type can be stored as different layers in computer though GIS digitised techniques. Consequently, these thematic maps can be a part of a catchment geographic database and applied to hydrologic studies. In this research project, in order to meet the requirements of hydrologic simulation, a catchment geographic database was created containing the following layers: DEM, soil type and land cover. Multi-source and multi-scale data were utilised, pre-processed and processed within GIS and combined to form the required layers of the hydrologic model, from where all the hydrologic parameters were obtained.

Deriving a coherent and accurate DEM of the catchment from hardcopy maps was challenging and time-consuming. A combination of the derived DEM with a digital version developed from an image from the ASTER satellite sensor was found to be more consistent as a DEM covering the whole Catchment was not available. The DEM was treated for ‘sinks’ or depressions and used for the delineation of the catchment boundary and river network (Plate 5.7).

Land cover (vegetation) is an important and dynamic element in the hydrological cycle. It affects hydrological processes such as interception, evapotranspiration, soil water content and runoff volume. The most obvious influence of land use on the water balance of a catchment is on the evapotranspiration process, Calder (1992) (see also Olchev et. al. (2008)). Different land use types have different evapotranspiration rates, because different crops have different vegetation cover, leaf area indices, root depths and albedo. Additionally, the flow path that rainfall follows to streams is controlled by conditions of the land surface. Land use/cover in terms or urban versus agricultural land, type and size of vegetation, and soil hydraulic properties are some of the surface conditions that influence infiltration and overland flow. Consequently, land cover change has a direct effect on hydrologic processes through its link with the evapotranspiration regime on one hand and on the other hand the degree and type of ground cover has an enormous impact on the initiation of surface runoff. Such information for the River Fani Catchment were derived from remote sensing images in the form of LC maps (Chapter 4: Plate 4.16, 5.6 and 5.7). The LC maps were verified against CORINE maps, photos of the area and other known information acquired from a field trip. Additionally, soil information were extracted from geological maps of the area. Acquiring the model input parameters was considered relatively straight forward once all the GIS layers were developed. 

Model calibration initially was to be performed using existing (historical) discharge data and calibrate them against their rainfall records. Consequently, validation was to use the same approach. However, as the research progressed it became apparent that hydrometric data for the Catchment were either very poor, or non-existent. For this reason, the Catchment was considered ungauged for streamflow data and alternative technique was adopted. This involved calibrating and validating the catchment to other hydrologically similar catchments. Two catchments in Albania (Ndroq and Shoshaj) were developed and investigated. Apart from the geographic proximity, the catchments had similar landscape attributes and climate. A trial and error technique was used in which a hydrograph is computed based on an initial set of parameters and compared with the observed hydrograph. The parameters were ‘tuned’ until a satisfactory fit was obtained between computed and observed hydrograph. An acceptable error of 5% was found. Similarly, validation took place on a storm event and results were comparable.

Different varying rainfall events were simulated and their discharge is presented in hydrograph form. Specifically, the Catchments response based on a 2, 5, 10, 25, 50, 100 and 200 year return periods using designed precipitation data derived from a frequency analysis on annual maximum records (sampled every 24 hours) was investigated and the respective hydrographs derived. These results are important and are used as control values in an analysis of different ‘What-if’ change scenarios at the Catchment. Comparisons can be made and the best changes scenarios that significantly reduce runoff could then be considered. This analysis is achieved at the Catchment scale by using the hydrologic model and for the AOI a more detailed local scale (much smaller) is accomplished with the use of a hydraulic model. The hydraulic model results are in the form of cross sections where the surface water elevation can be shown at different locations and the extent of flooding illustrated. The next chapter investigates the different changed scenarios of the Catchment with ‘What-if’ analysis at both catchment and local scale.

Chapter 6  
Catchment Conservation and Management – ‘What-if’ Analyses
6.1 Introduction

Management scenarios are often established and simulated to evaluate alternative options ‘What-if’ scenarios. For example what will the effect of surface runoff quantity be on agricultural land when remedial actions are implement or not (Gowing and Wyseure (1994)). In catchment management, several management scenario types such as continued trend, reduced, changing or forced trend, can be run within GIS to support decision-making. Continued trend is applying a ‘do nothing’ option, i.e. maintaining the existing condition of the catchment area (Heathcote (1998)). Reduced, changing or forced trend scenarios can be termed as applying remedial actions though management strategies (Meijerink et. al. (1993)). Management strategies may include Best Management Practices (BMP’s) from structural management systems such as constructing diversion channels and detention basins such as reservoirs, to non-structural practices such as crop rotations, terraces and conservation tillage (Cooper et. al. (1987); Morris and Fan (1998); White et. al. (1996); Tim et. al. (1996); Heathcote (1998)). Management scenarios should also consider sustainable environmental practice that is influenced by social, economic and cultural factors as well as the general aesthetic that the desirable solution will have on the area of interest and more generally on the environment. 

This Chapter aims to simulate management scenarios to reduce runoff and hence discharge as well as soil erosion of River Fani along Rubik town during peak rainfall periods and extreme rainfall events of design frequency. Four scenarios were considered: The first scenario was ‘a do nothing’, the second one was reducing the proportions of forest LC causing deforestation, the third one was increasing the proportions of forest LC in the Catchment causing afforestation and the fourth one was the construction of a reservoir.

6.2  ‘What-if’ Analyses using the Hydrologic Model (WMS)

6.2.1 Scenario 1: A ‘Do nothing’ Scenario

This management strategy is to keep on doing what is the current practice; in other words to retain the status quo. The strategy needs no building of structures, hence no additional cost; therefore this option can provide a useful basis for comparison with other remedial-action scenarios (Heathcote (1998)).

The procedure followed for this scenario is described in Chapter 5, section 5.3.4 and the results of the discharges derived for various return periods are presented in Table 6.1. The hydrographs at the most downstream outlet of the Catchments are shown on Figure 5.16 to 5.22 respectively for a 2, 5, 10, 25, 50, 100 and 200 year return period. From this, it can be observed that the discharge of a storm of 100 year return period (i.e. 1930.2 m3/s) has a much greater magnitude which is almost 2.5 times more intense than that of a 2 year return period (i.e. 792.5 m3/s). The excess volume of water produced between the two storm events was found to be 95.5x106m3 i.e. 2.6 times larger as can be seen from Table 6.2.
Table 6.1:
Discharge values (in m3/s) of the River Fani sub-catchments derived from the WMS hydrological model (restatement of Table 5.18).

	
	Sub-Catchment 

	
	Rubik (4B)
	Fani I Madh (3B)
	Fani I Vogel (2B)
	Outlet (2C)

	Return period (T)
	Discharge Q (m3/s)

	2
	247.6
	382.2
	300.4
	792.5

	5
	321.1
	500.8
	401.7
	1032.7

	10
	369.9
	591.7
	480.2
	1215.8

	25
	431.3
	720.8
	594.5
	1476.2

	50
	476.9
	828.3
	691.1
	1692.8

	100
	522.0
	945.9
	798.6
	1930.2

	200
	567.6
	1075.0
	918.2
	2191.1


Table 6.2:
Volume of water (x106 m3) of the River Fani sub-catchments derived from the WMS hydrological model.
	
	Sub-Catchment 

	
	Rubik (4B)
	Fani I Madh (3B)
	Fani I Vogel (2B)
	Outlet (2C)

	Return period (T)
	Volume Q (x106m3)

	2
	16.8
	26.8
	19.8
	63.3

	5
	19.3
	34.7
	26.2
	79.9

	10
	21.0
	40.7
	31.1
	92.5

	25
	23.2
	49.3
	38.3
	110.3

	50
	24.8
	56.5
	44.4
	125.0

	100
	26.4
	64.3
	51.2
	141.1

	200
	28.1
	72.9
	58.8
	158.8


6.2.2 Scenario 2: Land Use/Cover Change Scenarios

LULC change has a direct effect on hydrologic processes through its link with the evapotranspiration regime. In addition, the degree and type of ground cover has an enormous impact on the initiation of surface runoff. For annual flow, afforestation can cause an increased interception of water during the wet periods of the year and increased transpiration during dry periods through augmented water availability to deep root systems of trees. For the seasonal flow this can lead to a rise of soil moisture deficits and a reduction of dry season flow. This higher interception of forest reduces floods by removing a proportion of the storm rainfall and by allowing a build-up of soil moisture storage. This effect is in general small but greatest for small storm events. High infiltration rates under forest and an effective soil cover reduce surface runoff and erosion (Calder (1992)).

6.2.2.1 Scenario 2a: Deforestation Scenarios

Deforestation, as discussed in previous chapters, is a problem of major concern for this developing country. Highland areas in the northern part of Albania have been particularly affected as seen from the satellite imagery analysis in Chapter 5. Deforestation in the Catchment, although declined from 55% of total cover in 1984 to 47% by 2000, has resulted in the increase of sediment in the rivers downstream through increased overland flow. 

The first simulation case involves replacing broad-leaved forest with sparsely vegetated areas. This is equivalent to 18% deforestation in the Catchment. The changes were implemented on the land cover information of the Catchment recorded from the Landsat ETM+ image acquired in 2000. For correlation purposes and to evaluate the sensitivity of the Catchment to the influence of deforestation and how the discharge and total water volume are affected, the storm events and rainfall distribution used in this simulation are the same as those in scenario 1. The resultant hydrograph are shown in Figure 6.1-6.7 for the different simulation scenarios. In each plot, three hydrographs are presented showing the response of the Catchment after (a) a do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line). From the results, presented in Table 6.3, it was found that for the 18% deforestation scenario in the Catchment, the peak discharge was increased by a magnitude ranging from 6-7% (Table 6.4) as compared with the peak discharge of the forest state of the year 2000. More specifically, the peak discharge of a storm having a return period of 100 years, was increased from 1930.2 m3/s to 2058.9 m3/s (i.e. 6.6% increase, Table 6.4) with the time of occurrence also reducing by 1 hour (i.e. 4.3% reduction). The total volume of water increased from 141.1x106 m3 to 142.8x106 m3 (i.e. 1.2% increase, Table 6.4). The discharge results (for the 18% deforestation scenario) for all storm events simulated are recorded in Table 6.3 whereas Table 6.4 shows the quantified change in meters and in percentage occurred as a consequence of the effect of deforestation in the Catchment.

The second case similarly involves replacing coniferous forest with sparsely vegetated areas i.e. equivalent to 13% deforestation in addition to the changes occurred in the first simulation as explained earlier i.e. 18% deforestation resulting in a total of 31% reduction in forest cover (compared to the forest state of the year 2000). Figure 6.7-6.6 shows this (red line hydrograph).
From the results, it is noticeable that further increase in the peak discharge values occurred. For the 100 year storm event, the peak discharge increased from 2057.9 m3/s to 2149.2 m3/s producing an excess of 219.0 m3/s which gives a total increase of 11.3% in peak discharge, Table 6.3 and Table 6.4. The volume of water was thus further increased from 142.8x106 m3 to 144.0x106 m3, resulting to a total 2.1% (from the discharge values recorded during the forest state of the year 2000), Table 6.5 and Table 6.6. The time of peak has also been further reduced by 45 minutes i.e. 1 hour and 45 minutes in total (i.e. 7.5% reduction).
The routed hydrographs at River Fani at a reach adjacent to Rubik town for a storm event of 100 year return period are presented in Figure 6.8-6.14. Each hydrograph illustrates the three deforestation scenarios i.e. (a) a do nothing (in red line), (b) 18% deforestation (in blue line) and (c) 31% deforestation (in green line). The gradual increase in peak discharge is clearly shown in all storms of varying frequency. It can therefore be concluded that a deforestation of the order of 18% of the Catchment area results to an increase of approximately 7% in peak discharge and a 31% deforestation to an increase of 12% as compared to the peak flow occurring for the same storm considering the forest state of the year 2000 as a benchmark. 
Table 6.3:
Comparison of peak discharge of the hydrographs resulted from 18% and 31% deforestation in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.

	
	Outlet (2C)

	
	2000 Forest state 
	18% Deforestation
	31% Deforestation)

	Return period (T) years
	Discharge Q (m3/s)

	2
	792.5
	841.9
	877.2

	5
	1032.7
	1098.9
	1145.7

	10
	1215.8
	1294.4
	1350.3

	25
	1476.2
	1572.7
	1641.5

	50
	1692.8
	1804.0
	1883.7

	100
	1930.2
	2057.9
	2149.2

	200
	2191.1
	2336.8
	2441.0


Table 6.4:
Quantified change of the peak discharge (in m3/s and %) of the hydrographs produced from an 18% and 31% deforestation change scenarios in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.
	
	Outlet (2C)

	
	18% Deforestation
	31% Deforestation

	Return period (T) years
	Change in Discharge Q (m3/s)

	2
	+49.4 (+6.2%)
	+84.7 (+10.7%)

	5
	+66.1 (+6.4%)
	+113.0 (+10.9%)

	10
	+78.7 (+6.5%)
	+134.5 (+11.1%)

	25
	+96.5 (+6.5%)
	+165.3 (+11.2%)

	50
	+111.3 (+6.6%)
	+190.9 (+11.3%)

	100
	+127.7 (+6.6%)
	+219.0 (+11.3%)

	200
	+145.7 (+6.6%)
	+249.9 (+11.4%)


Table 6.5:
Comparison of the volume of water of the hydrographs resulted from 18% and 31% deforestation in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.
	
	Outlet (2C)

	
	2000 Forest state 
	18% Deforestation
	31% Deforestation

	Return period (T) years
	Volume V (x106m3)

	2
	63.3
	63.8
	64.1

	5
	79.9
	80.6
	81.2

	10
	92.5
	93.4
	94.1

	25
	110.3
	111.5
	112.3

	50
	125.0
	126.4
	127.4

	100
	141.1
	142.8
	144.0

	200
	158.8
	160.8
	162.3


Table 6.6:
Quantified change of the volume of water (in m3 and %) of the hydrographs produced from an 18% and 31% deforestation change scenarios in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.

	
	Outlet (2C)

	
	18% Deforestation
	31% Deforestation

	Return period (T) years
	Change in Volume V (x106m3)

	2
	+ 0.5 (+0.8%)
	+ 0.8 (+1.3%)

	5
	+ 0.7 (+0.9%)
	+ 1.3 (+1.6%)

	10
	+ 0.9 (+1.0%)
	+ 1.6 (+1.7%)

	25
	+ 1.2 (+1.1%)
	+ 2.0 (+1.8%)

	50
	+ 1.4 (+1.1%)
	+ 2.4 (+1.9%)

	100
	+ 1.7 (+1.2%)
	+ 2.9 (+2.1%)

	200
	+ 2.0 (+1.3%)
	+ 3.5 (+2.2%)
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Figure 6.1:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 2 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.2:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 5 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.3:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 10 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.4:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 25 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.5:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 50 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.6:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 100 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
[image: image221.png]Flow (m*3/s)

2500

2000

1500

1000

500

Flow vs. Time
PEAK: 2441.01 cms; TIME OF PEAK: 1290min.; VOLUME: 162314092.80 m*3

500 1000 1500 2000 2500 3000 3500
Time (min)
[¥] ]
Index 1,2C Ratio 1,P:2441.01,7:1290 1623140928 Indlex 1,2C Ratio 1 P:2336.79,T:1335,. 160804405 3

Index 1 9C Ratia 1 P-7191 14 T 1395 v/ 158839885 4.




Figure 6.7:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 200 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.8:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 2 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.9:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 5 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.10:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 10 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.11:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 25 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.12:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 50 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.13:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 100 years return period. Deforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
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Figure 6.14:
Hydrograph of the River Fani Catchment, at Rubik town, for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the broad leaved forest have been replaced with sparsely vegetated areas i.e. 18% deforestation (blue line), (c) the coniferous and broad leaved forests have been replaced with sparsely vegetated areas (green line) i.e. 31% deforestation.
6.2.2.2 Scenario 2b: Afforestation Scenarios
In the first simulation for this change scenario was a hypothetical forest (coniferous and broad-leaved) being introduced to a plot of land with high soil erosion potential (sparsely vegetated areas). The identification and selection of the plots to be used in the land use change scenario was made with the aid of the (bare) soil erosion potential map. This resulted in 6% of the Catchment area being hypothetically afforested. The output hydrographs at the Catchment outlet are presented in Figure 6.15-6.21. 
From this afforestation simulation scenario it was found that the peak discharge and volume were slightly decreased whereas the time that the peak occurred was marginally increased. The results are presented in Table 6.7 and Table 6.9. The changes calculated using the 2000 LC as benchmark are listed in Table 6.8 and Table 6.10. Considering the 100 year return period storm, it was found that the peak discharge was decrease by 0.9%. The volume of water for the same storm event was reduced by 0.1% whereas the time of peak increased by 1.1%. Generally, it can be concluded that since this management scenario results to approximately 1% reduction in the peak discharge and 0.2% in the water volume for all storms events simulated, it could not be implemented as a drastic measure for alleviating flooding in the Catchment.
The second simulation case involves hypothetically replacing natural grassland (i.e. 22% of the Catchment area) with broad-leaved or coniferous forests in addition to the afforestation considered in the first simulation case (i.e. 6% of the Catchment area). Therefore 28% of the Catchment area was hypothetically afforested. The resultant hydrographs are shown in Figure 6.15-6.21 (the plots show the output discharge curves from simulating all afforestation scenarios as well as the forest state of the year 2000 in one hydrograph for correlation purposes). Similarly, in this case further decrease was recorded in the peak discharge and volume with the time of peak marginally increasing (see Table 6.7 and Table 6.9).

It was found that for the 100 year storm simulation the peak discharge was decreased by 2.7% (using the 2000 LC as benchmark). The volume of water was also reduced by 0.5% and the time of peak increased by 2.1% (see Table 6.8 and Table 6.10).
Table 6.7:
Comparison of the peak discharge of the hydrographs resulted from 6% and 28% afforestation in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods. 
	
	Outlet (2C)

	
	2000 Forest state 
	6% Afforestation
	28% Afforestation

	Return period (T) years
	Discharge Q (m3/s)

	2
	792.5
	785.3
	772.3

	5
	1032.7
	1023.3
	1006.1

	10
	1215.8
	1204.5
	1184.1

	25
	1476.2
	1462.3
	1437.3

	50
	1692.8
	1676.7
	1647.9

	100
	1930.2
	1911.9
	1878.8

	200
	2191.1
	2170.3
	2132.5


Table 6.8:
Quantified change (in m3/s and %) of the peak discharge for an 6% and 28% afforestation change scenarios in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.
	
	Outlet (2C)

	
	6% Afforestation
	28% Afforestation

	Return period (T) years
	Change in Discharge Q (m3/s)

	2
	-7.2 (-0.9%)
	-20.2 (-2.5%)

	5
	-9.4 (-0.9%)
	-26.6 (-2.6%)

	10
	-11.3 (-0.9%)
	-31.7 (-2.6%)

	25
	-13.9 (-0.9%)
	-38.9 (-2.6%)

	50
	-16.1 (-1.0%)
	-44.9 (-2.7%)

	100
	-18.3 (-0.9%)
	-51.4 (-2.7%)

	200
	-20.8 (-0.9%)
	-58.6 (-2.7%)


Table 6.9:
Comparison of volume of water of the hydrographs resulted from 6% and 28% afforestation in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.
	
	Outlet (2C)

	
	2000 Forest state 
	6% Afforestation
	28% Afforestation

	Return period (T) years
	Volume V (x106m3)

	2
	63.3
	63.2
	63.1

	5
	79.9
	79.8
	79.6

	10
	92.5
	92.4
	92.1

	25
	110.3
	110.1
	109.8

	50
	125.0
	124.8
	124.4

	100
	141.1
	140.9
	140.4

	200
	158.8
	158.5
	158.0


Table 6.10:
Quantified change (in m3 and %) of the volume of water for an 6% and 28% afforestation change scenarios in the River Fani Catchment outlet as opposed to the forest state during the year 2000 for storms with 2, 5, 10, 25, 50 100 and 200 year return periods.
	
	Outlet (2C)

	
	6% Afforestation
	28% Afforestation

	Return period (T) years
	Change in Volume V (x106m3)

	2
	-0.1 (-0.2%)
	-0.2 (-0.3%)

	5
	-0.1 (-0.1%)
	-0.3 (-0.4%)

	10
	-0.1 (-0.1%)
	-0.4 (-0.4%)

	25
	-0.2 (-0.2%)
	-0.5 (-0.5%)

	50
	-0.2 (-0.2%)
	-0.6 (-0.5%)

	100
	-0.2 (-0.1%)
	-0.7 (-0.5%)

	200
	-0.3 (-0.2%)
	-0.8 (-0.5%)


Similarly, Figure 6.22-6.28 display the routed hydrographs at Rubik town. From the hydrographs can be seen that there is a gradual decrease in peak discharge but this is not immense. It was found that for a storm of 100 years return period, the “do nothing” simulation resulted into a discharge of 1727.75 m3/s, the 6% afforestation case gave a 1708.74 m3/s and the third simulation of 28% afforestation in the Catchment produced a discharge of 1677.93 m3/s (Figure 6.27). Gradual decrease in the water volume produced was also computed.
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Figure 6.15:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 2 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.16:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 5 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.17:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 10 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.18:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 25 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.19:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 50 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.20:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 100 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.21:
Hydrograph of the River Fani Catchment at the outlet for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.22:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 2 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.23:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 5 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.24:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 10 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.25:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 25 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.26:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 50 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.27:
 Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 100 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).
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Figure 6.28:
Hydrograph of the River Fani Catchment at Rubik town for the storm event of designed precipitation of 200 years return period. Afforestation scenario: (a) do nothing scenario (red line), (b) the sparsely vegetated areas have been replaced with coniferous and broad leaved forest (blue line) (6% afforestation), (c) the natural grassland areas have been replaced with coniferous and broad leaved forests (green line) (28% afforestation).

A comparison between the change in peak discharge produced from the deforestation and the afforestation output hydrographs was interesting and revealing. It was found that deforestation influences peak discharge in a much greater magnitude that afforestation. For the 100 year storm event of a 31% deforestation change in a Catchment area gave an 11.3% increase in peak flow whereas a 28% afforestation resulted to only 2.7% decrease in flow. From this it can be seen that the rate of change that afforestation and deforestation have on runoff is not proportional. Where an afforestation case will not greatly reduce runoff and will not affect the Catchment to a great extent, deforestation of the same scale will significantly increase runoff. This can be explained as the deforestation scenarios hypothetically replace a forest land cover to a bare area but in the case of afforestation, the land was already sparsely vegetated and a forest cover has been introduced. Consequently it can be concluded that flood mitigation measures cannot be successfully achieved through afforestation measures only. Afforestation, in combination with other measures have to be investigated typically detention basins such as reservoirs.

6.2.3 Scenario 3: Attenuation 
This scenario involves designing a hypothetical reservoir in the Catchment to retain water from flowing downstream and therefore delaying/reducing runoff that can contribute to flooding. It must be noted that the purpose of this at the current stage was only to evaluate the efficiency and the size required of the structure to reduce flooding in Rubik. No consideration of the construction cost/material or availability of location was taken into account. A full reservoir design requires typically: detailed study of the terrain, detailed design considering land reclamation, access to the site, funding, cost and selection of materials and labour, licensing, accessibility of vehicles and material delivery on site, electricity and environmental disruption (taking into account fauna and flora), causing disruption and problems to neighbouring towns/ villages and their residents.

6.2.3.1 Reservoir

The hypothetical reservoir was placed just upstream Rubik town (on the confluence between Fani I Madh and Fani I Vogel) as seen on Plate 6.1. The location was chosen considering the topography of the area (e.g. slope, natural drop) and river characteristics (e.g. river curvature and width and effective detention catchment area) and the land use. The size (and height) of the reservoir was restricted by the storage area that could feasibly retain certain amount of water in respect to the reclaimed land. The storage capacity of the selected location was designed to be 36x106m3 and to have a height of 60m. The storage capacity curve is shown on Figure 6.41 and was computed using HEC-RAS (see section 6.3.3). The design undertaken herein is theoretically based and socioeconomic and other factors (e.g. how is the land use such as agriculture affected by reclaiming a catchment area for detention or if reallocation of people to other areas is required) were not considered. To implement such a design, it is proposed to further study and undertake in situ investigation of the proposed reservoir location. 
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Plate 6.1:
River Fani Catchment showing the location of the hypothetical reservoir used in the simulations.
The first scenario considered in the reservoir design was to take an extreme storm event (e.g. 100 year storm generating 141.2 x106m3 of water) and reduce its magnitude by converting it to a typical rainfall storm (e.g. with a return period of 2 years generating 63.3x106m3 of water). This was done by controlling the outflow of the reservoir. The excess water generated from the storm (i.e. 77.9x106m3) was stored and slow-released to result to a flow corresponding to a 2 year storm event. The channelbed at a selected cross section upstream Rubik town (see location of reservoir on Plate 6.1) was found to be 82m a.s.l. The elevation Vs Discharge Vs Volume data are presented on Table 6.11. The height of the reservoir as already stated was set at 60m for total water storage of 36x106m3. The 100 year storm event produces a significantly large volume of water that the reservoir cannot accommodate due to its relatively small capacity and a basic condition was that the reservoir should be almost empty at the beginning of such event- as seen on Figure 6.29 and early enough outflow to begin. The water elevation in the reservoir versus time is shown in Figure 6.31. Figure 6.33 shows the hydrograph of the 100 year storm (in blue colour) with a peak discharge of 1734.46m3/s occurring after 21 hours and 15 minutes after the storm has started, producing 141.2 x106m3 of water. The time required for the reservoir to fill up and overflow is approximately 26 hours and 40 minutes. 
This scenario is not very practical due to the small size of the structure. Redesigning the reservoir to have a greater capacity was not considered a realistic option for the proposed location as the morphology of the area could not allow for it. Other options that could be considered are (a) the construction of more (smaller) detention areas, (b) a combination of different measures altogether (described in earlier sections) and (c) to control the outflow of the reservoir to result to a 10 year storm event. Option (b) is considered and (c) was investigated as described in the following paragraphs.
Limitations in the storage capacity of the detention basin led to seek alternate options in managing the excess water generated by extreme storm events in the Catchment. One such option was in the management of the controlled output discharge thus storing the water and releasing it gradually to produce a discharge similar to one corresponding to a 10 year storm. 
Table 6.12 presents the data input to the model i.e. basically the elevation versus discharge versus volume relationship. The elevation versus released discharge is given in Figure 6.34. A comparison between Figure 6.29 and Figure 6.34 shows that in the latter, the release of water starts with a much lower rate of outflow. At approximately 42m above the channelbed it has a discharge of 700 m3/s whereas in the first case the reservoir is required to be empty and discharge to starts immediately and to reach 700m3/s at 15m height (above the channel bed). In the second case the reservoir could also retain an initial volume of water. Figure 6.35 show the accumulated volume of water versus time and Figure 6.36 the outflow versus time whereas the water elevation versus time is presented in Figure 6.37. Figure 6.38 presents the hydrograph of a 100 year storm event (blue line) and the new hydrograph (green line) output from the reservoir simulation. It can be clearly seen that the peak was decreased and therefore the time to peak increased to retain the same volume of water. This management scenario is a better option than the earlier one described. Considering that a 10-year storm is acceptable and does not create flooding then this measure could be considered for implementation.
Table 6.11:
Elevation, discharge and volume data for the proposed reservoir, controlled to generate outflow of a 2 year return period storm. 
	Datum (m)
	SE 

(m) a.s.l.
	SQ 

(m3/s)
	SV 

(x103m3)

	0
	82
	40
	0

	5
	87
	60
	512

	10
	92
	120
	1024

	15
	97
	700
	2049

	20
	102
	792
	3073

	25
	107
	792
	6419

	30
	112
	792
	10069

	35
	117
	792
	14035

	40
	122
	792
	18313

	45
	127
	792
	22735

	50
	132
	792
	27156

	55
	137
	792
	31578

	60
	142
	792
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000
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Figure 6.29:
Elevation of water versus discharge in the proposed reservoir, controlled to result to a 2 year return period storm outflow.
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Figure 6.30:
Accumulated volume of water versus time in the proposed reservoir, controlled to give an outflow corresponding to a storm event having a 2 year return period.
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Figure 6.31:
Water elevation versus time for the proposed reservoir, controlled to result to a 2 year return period storm outflow.
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Figure 6.32:
Hydrograph of the outflow water versus time for the proposed reservoir controlled to result to a 2 year return period storm.
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Figure 6.33:
Hydrograph of River Fani Catchment showing the controlled flow to result to a 2 year return period storm outflow (in green colour) at Rubik town once a reservoir is located upstream. The hydrograph in blue colour is the flow of a 100 year storm simulation. 
Table 6.12:
Elevation, discharge and volume data for the proposed reservoir, controlled to generate outflow of a 10 year return period storm.
	Datum (m)
	SE 

(m) a.s.l.
	SQ 

(m3/s)
	SV 

(x103m3)

	0
	82
	10
	0

	5
	87
	10
	512

	10
	92
	10
	1024

	15
	97
	20
	2049

	20
	102
	30
	3073

	25
	107
	60
	6419

	30
	112
	125
	10069

	35
	117
	250
	14035

	40
	122
	500
	18313

	45
	127
	1000
	22735

	50
	132
	1215
	27156

	55
	137
	1215
	31578

	60
	142
	1215
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000

	60.01
	142.01
	2000
	36000
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Figure 6.34:
Elevation versus discharge for the proposed reservoir, controlled to result to a 10 year return period storm outflow.
[image: image250.png]Reservoir Volume of Water [x1000 m3]

40000

35000

30000

25000

20000

15000

10000

5000

Reservoir Volume of Water Vs Time

0

1000

2000

3000

Time [min]

4000

5000

6000




Figure 6.35:
Accumulated volume of water versus time in the proposed reservoir, controlled to result to a storm outflow having a 10 year return period.
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Figure 6.36:
Hydrograph of the proposed reservoir showing the controlled outflow versus time (at Rubik town) to result to a controlled 10 year return period storm outflow.
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Figure 6.37:
Water elevation versus time for the proposed reservoir controlled to result to a 10 year return period storm outflow.
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Figure 6.38:
 Hydrograph of River Fani Catchment showing the controlled flow to result to 10 a year return period storm (in green colour) at Rubik town once a reservoir is located upstream. The hydrograph in blue colour is the output simulation of a 100 year storm.

The amount of excess water required for storage to retain a 100 year return period storm is quite large but compares well with the storage capacity of a reservoir system found in a neighbouring area. The system consists of two reservoirs namely Ulza and Shkopeti in Mati Hydroelectric power station. It has total water storage of 255x106 m3. Designing a structure of such capacity in the River Fani Catchment will accommodate the excess water generated from extreme storm events of frequencies 100 year or higher but as already mentioned is not feasible due to the morphology of the area among other considerations. Nevertheless, hydropower plants of huge storage capacities have been constructed throughout Albania. In the Drini river three hydropower plants have been constructed with a total water storage volume of 3730x106 m3, from which 93% of the country’s generation capacity is produced (Banja (2004)). Across the Ishmi River a dam was constructed in 1998 for drinking water with a 85x106 m3 storage capacity. In Devolli river a dam is under construction (irrigation and hydropower), which will store 700x106 m3 of water (Kolaneci (2000)). Therefore, the extremely huge volume of excess water calculated for River Fani Catchment is considered acceptable for the Albanian territory.

The proposed reservoir on its own is not a practical solution - due to the small capacity it was designed - even thought it can accommodate a large volume of water from extreme storm events. Restrictions associated with the location of the reservoir did not allow a larger structure to be considered. As a result the proposed reservoir could assist in reducing the magnitude of high frequency storms and gradually releasing the excess discharge accordingly to result to a 2 or 10 year storm. The proposal of such a structure will be to a great advantage to the residents of the surrounding areas. In addition to the flood alleviation, its construction can create employment opportunities to the residents of the area in the short and long term. The construction of such a structure could be fully utilised, to serve other purposes as well in benefiting locals and aiding in some socio-economic issues. 

6.3 ‘What-if’ Analysis using the Hydraulic Model (HEC-RAS)

The HEC River Analysis System (RAS) software of Haestad Methods was used to model the changes of the River Fani flow and the water surface elevation (WSE) at the banks of Rubik town according to different ‘What-if’ scenarios. Earlier, different ‘What-if’ scenarios (using the WMS hydrologic model) were studied and their effects on the whole Catchment was analysed. In this section, the investigation is localised in Rubik town.

6.3.1 HEC-RAS Sensitivity Analysis

Sensitivity analysis was performed on HEC-RAS model. A +10%, +20% and +30% bias was applied to the roughness values (Manning’s number (n)) as listed on Table 6.13. Additionally, a bias of +10%, +20% and +30% was introduced to the peak flows (listed in Table 5.24). The water surface elevation (above the base of the riverbed at the selected cross section which is 81.2 m a.s.l.) results for the sensitivity test on Manning’s number and discharge values are listed on Table 6.14 and Table 6.16 respectively whereas Table 6.15 and Table 6.17 represent the change in water surface elevation in meters and in percentage produced from the introduction of these biases in roughness values and peakflows.
Table 6.13:
Sensitivity analysis on Manning’s number (n). Results are based on 10, 20 and 30 percent increase on the actual Manning’s number of the River Fani Catchment.

	Material
	Roughness

(Manning n)
	n (+10%)
	n (+20%)
	n (+30%)

	Bare rock
	0.03
	0.033
	0.036
	0.039

	Broad-leaved forest
	0.12
	0.132
	0.144
	0.156

	Coniferous forest
	0.12
	0.132
	0.144
	0.156

	Land principally occupied by agriculture
	0.04
	0.044
	0.048
	0.052

	Mixed forests 
	0.12
	0.132
	0.144
	0.156

	Natural grasslands
	0.05
	0.055
	0.060
	0.065

	River
	0.03
	0.033
	0.036
	0.039

	Sclerophyllous vegetation
	0.06
	0.066
	0.072
	0.078

	Sparsely vegetated areas
	0.05
	0.055
	0.060
	0.065

	Transitional woodland/shrub
	0.12
	0.132
	0.144
	0.156


Table 6.14:
WSE results of sensitivity analysis at a cross section on River Fani adjacent to Rubik town, using the Manning’s number (n) values as presented in the table above. The base of the riverbed at the cross section is 81.2m a.s.l.
	
	Water surface elevation (m)

	T
	No change
	n (+10%)
	n (+20%)
	n (+30%)

	2
	2.01
	2.08
	2.14
	2.20

	5
	2.32
	2.39
	2.46
	2.53

	10
	2.54
	2.61
	2.68
	2.76

	25
	2.82
	2.90
	2.98
	3.06

	50
	3.04
	3.12
	3.20
	3.29

	100
	3.26
	3.35
	3.44
	3.53

	200
	3.49
	3.58
	3.68
	3.78


Table 6.15:
The effect (quantified change) of an increase bias applied on roughness values on water surface elevation of the River Fani Catchment at Rubik.

	
	Change in water surface elevation in m and (%) 

	T
	n (+10%)
	n (+20%)
	n (+30%)

	2
	+0.07m (+3.48%)
	+0.13m (+6.47%)
	+0.19m (+9.45%)

	5
	+0.07m (+3.02%)
	+0.14m (+6.03%)
	+0.21m (+9.05%)

	10
	+0.07m (+2.76%)
	+0.14m (+5.51%)
	+0.22m (+8.66%)

	25
	+0.08m (+2.84%)
	+0.16m (+5.67%)
	+0.24m (+8.51%)

	50
	+0.08m (+2.63%)
	+0.16m (+5.26%)
	+0.25m (+8.22%)

	100
	+0.09m (+2.76%)
	+0.18m (+5.52%)
	+0.27m (+8.28%)

	200
	+0.09m (+2.58%)
	+0.19m (+5.44%)
	+0.29m (+8.31%)


Table 6.16:
WSE results of sensitivity analysis on a cross section of the River Fani adjacent to Rubik town, by introducing an increase bias of 10%, 20% and 30% in the peak discharge. The base of the riverbed at the cross section is 81.2m a.s.l.

	
	Water surface elevation (m)

	T
	No change
	Q (+10%)
	Q (+20%)
	Q (+30%)

	2
	2.01
	2.12
	2.21
	2.31

	5
	2.32
	2.44
	2.56
	2.67

	10
	2.54
	2.67
	2.79
	2.91

	25
	2.82
	2.96
	3.10
	3.24

	50
	3.04
	3.19
	3.34
	3.49

	100
	3.26
	3.43
	3.59
	3.74

	200
	3.49
	3.67
	3.84
	4.01


Table 6.17:
The effect (quantified change) of an increase bias applied on peak flows on water surface elevation of the River Fani Catchment at Rubik. 
	
	Change in water surface elevation in m and (%) 

	T
	Q (+10%)
	Q (+20%)
	Q (+30%)

	2
	+0.11m (+5.47%)
	+0.2m (+9.95%)
	+0.3m (+14.93%)

	5
	+0.12m (+5.17%)
	+0.24m (+10.34%)
	+0.35m (+15.09%)

	10
	+0.13m (+5.12%)
	+0.25m (+9.84%)
	+0.37m (+14.57%)

	25
	+0.14m (+4.96%)
	+0.28m (+9.93%)
	+0.42m (+14.89%)

	50
	+0.15m (+4.93%)
	+0.30m (+9.87%)
	+0.45m (+14.80%)

	100
	+0.17m (+5.21%)
	+0.33m (+10.12%)
	+0.48m (+14.72%)

	200
	+0.18m (+5.16%)
	+0.35m (+10.03%)
	+0.52m (+14.90%)


In order to investigate the effect of roughness values on the head of water produced, the Manning’s number equation described as follows is investigated:
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	eq. 6.1


Where:

V:
velocity in m/s

N:
roughness coefficient

R:
hydraulic radius in m

S:
channel slope 

Also, 

	
[image: image255.wmf]P

A

R

=


	eq. 6.2


Where:

A:
cross sectional area of flow in m2
P:
wetter perimeter in m (is often approximated as the top width of the channel)

	Q= A.V
	eq. 6.3


Where:

Q:
flow in m3/s

Equations 6.1, 6.2 and 6.3 can be rearranged so that:
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	eq. 6.4


Therefore A is directly proportional to n and reduction in roughness value results to proportional reduction to cross sectional area of flow (i.e. head of water). Similarly, increase in roughness value results to proportional increase to cross sectional area of flow. The results of Table 6.14 and Table 6.15 reflect these changes. It was found that a 10% increase bias in Manning’s number results to an increase in the water surface elevation ranging from 2.6%-3.5% for the different simulation scenarios of design frequency. For the 20% and 30% increase in the Manning’s number the increase in water surface elevation ranges from 5.4%-6.5% and from 8.3%-9.5% respectively. The results are plotted as shown on Figure 6.39 and show a linear behaviour with proportional change of Manning’s number to water surface elevation. It was also found that in order to have an increase of 1% in water surface elevation, Manning’s number will need to increase by 3.5 times. 
The 10% increase bias introduced to the discharge values resulted to an increase of 5.2% in the value of WSE for a storm event of 100 year return period. Proportional increase was found to result from further increase i.e. of 20% and 30%. The 20% increase in discharge values (for the same simulated storm event) gave approximately double the increase in WSE from the first case i.e. 10.1% whereas the 30% increase resulted to almost triple the change i.e. 14.7%. Figure 6.40 shows that the changes in peak flow values are proportional (linear relationship) to the changes in WSE. The plot also shows that the lines for the different return periods are in a close proximity with very small dispersions. Overall, comparing the parameter sensitivities gained between the different analysed events showed that both roughness and discharge parameters have a linear relationship and the contribution to WSE are not decisive but vary within reasonable limits.
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Figure 6.39:
Sensitivity of Water Surface Elevation (WSE) of the application of 10, 20 and 30 percent increase bias to Manning’s number for different scenarios of varying frequency in the River Fani Catchment at the reach adjacent to Rubik town.
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Figure 6.40:
Sensitivity of Water Surface Elevation (WSE) of the application of 10, 20 and 30 percent increase bias to peak flows for different scenarios of varying frequency in the River Fani Catchment at the reach adjacent to Rubik town.
6.3.2 Scenario 1: River Channel Engineering
The simulated storm events of varying frequency were considered by hypothetically changing the riverbed material. The new riverbed consists of gravel with sides of formed concrete and its roughness has changed from 0.03 to 0.02. This change was only applicable for the main River downstream Rubik town. The reaches and the upstream of the main river remained unchanged. This was made firstly because such changes can be considered and implemented for small sections of rivers and secondly because it was aimed to delay water upstream (therefore maintaining its current roughness) and to increase its velocity downstream so that water moves faster without ponding and consequently flooding. Table 6.18 shows the new surface water elevation that reduced from 84.46m to 84.06m (the channel base is at 81.2m a.s.l.) for a 100 year storm event, corresponding to a drop of 0.4m which results to 12.3% reduction in WSE. This measure does not yield huge changes in WSE to be implemented on its own but in combination with other measures can contribute in the reduction of the head of water resulting from extreme storm events.
Table 6.18:
The effect on surface water elevation of changing riverbed material (roughness value) on a reach downstream Rubik town on the River Fani Catchment.

	T (years)
	WSE (m) before change
	WSE (m)
	Change (m)
	Change (%)

	2
	2.01
	1.68
	-0.33
	-16.42

	5
	2.32
	1.96
	-0.36
	-15.52

	10
	2.54
	2.16
	-0.38
	-14.96

	25
	2.82
	2.43
	-0.39
	-13.83

	50
	3.04
	2.64
	-0.40
	-13.16

	100
	3.26
	2.86
	-0.40
	-12.27

	200
	3.49
	3.08
	-0.41
	-11.75


6.3.3 Scenario 2: Reservoir

The second simulation as in the WMS hydrologic model is the design of a reservoir. HEC-RAS facilitates the investigation of flooding at a more localised scale. With WMS and HEC-RAS interoperability, the computed storage capacity curve developed in HEC-RAS was transferred to WMS for analysis. Plate 6.2, Plate 6.3 and Plate 6.4 show the area before the construction of the reservoir, the land required for the construction of a 40m height reservoir of 18x106m3 capacity and lastly the area required to retain a 36x106m3 volume of water of 60 m height structure. The floodplain required for the construction of a 60m height reservoir as can be seen from Plate 6.4 is significantly large and thus the land usage has to be investigated prior to considering implementing this management solution.
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Figure 6.41:
Storage Capacity Curve for the River Fani Catchment showing the amount of water that can be stored in a reservoir and the required elevation.
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Plate 6.2:
 Plan of Rubik town and surrounding area, showing the elevation contours and the location of the hypothetical reservoir used in the simulations.
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Plate 6.3:
Plan of Rubik town and surrounding area, showing the elevation contours and the flooded area delineated from a construction of 40m height reservoir upstream, designed to store 18x106m3 of water.
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Plate 6.4:
Plan of Rubik town and surrounding area, showing the elevation contours and the flooded area delineated from a construction of 60m height reservoir upstream, designed to store 36x106m3 of water.

6.4 Catchment Conservation and Management Proposals

As has been mentioned in the introduction of this Chapter, proper catchment conservation and management involves maintaining a sustainable and environmentally sound development in a catchment by diagnosing first the potential problems in the catchment, and then developing management and planning strategies to provide remedial action to alleviate the problems as well as creating harmony between human and environment (Meijerink et. al. (1993)).

The potential problems of the Catchment have been clearly identified throughout the research project. The modelling results suggest that a reservoir could greatly mitigate severe flooding events in the Catchment. Nevertheless, choosing a suitable site is a crucial phase in the reservoir construction. A well-selected site will not only give optimum benefits and aesthetic value to the area but could also provide a recreational area surrounding the reservoir. Conversely, a poorly selected site could cause a detrimental effect in fauna and flora in the area and downstream life and disturb the balance with the environment and human. GIS could facilitate in the selection of an optimum reservoir site and aid in better decision-making, utilising remote sensing data as well and introducing additional parameters such as economic and social. 

6.4.1 Selection of a Potential Reservoir Site

The selection of the reservoir location was mainly based on the suitability of the site in relation to the topography of the area. It is located after the confluence between Fani I Madh and Fani I Vogel, upstream of Rubik town and where there is a narrowing of the river valley. Detailed analysis involving the factors such as detailed structural dynamic of the reservoir, mentioned in section 6.2.3 have not been undertaken as was not in the content. Such an analysis and design considerations could be part of further work to be undertaken for the continuation of the project in Albania. 

6.4.2 Hydroelectric Power Station

Mati reservoirs (Ulza and Shkozet) supply the population of the surrounding areas with drinkable water, irrigation and electricity at all times. The population of Rubik town and surrounding area (Mirdita area) in the River Fani Catchment has limited electricity hours, with negative effects on their economic development as the light, heat and power that electricity provides, produces communication. Consequently, the use of hydropower in this rural area could have many positive benefits. The power that can be generated at the selected location was calculated using the following equation.
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Where P is the power in kW, ( is the density of water i.e.1000 kg/m3, g is the gravitational acceleration i.e. 9.81 m/s2, Q is the volume rate of flow in m3/s and H is the head in m. The reservoir is 60m high but assuming that 70% of it will be usually full of water (According to the storage capacity curve in Figure 6.41 then 70% x (36x106m3) = 25.2x106m3 ( 129m - 81m = 48m) results in a head of 48m. The elevation difference between the turbine and the base of the reservoir according to the topography (i.e. steep slope as is a mountainous terrain) at the area could reach 4m, giving a total head of 52m. The discharge was taken to be 45 m3/s (annual average). Thus the generated power is calculated to be 22.95x106 kW.
6.4.3 Leisure Facilities

Leisure facilities are an important element in the social development of people of all areas. It has been noticed that the Rubik town lacks of such facilities and that the only place in use at the moment for such purposes is the football pitch. Proper, considerate sustainable design of the reservoir could provide aesthetic views that could additionally facilitate in using the surrounding area for leisure (e.g. waterfalls) and family-day-out that can contribute in their social and cultural activities. 
6.4.4 Bird and Animal Sanctuary

Another consideration for the area surrounding the reservoir could be the development of a sanctuary for birds and animals. The construction of the reservoir would unavoidably interact at some degree to the destruction of flora and fauna and therefore considering to improve it will contribute to environmentally sustainable practice.

6.5 Discussion and Conclusions

A modelling approach has been attempted to emphasise the role of different management scenarios such as altering the proportions of forest cover, development of detention basins and river engineering upon the streamflow in a Mediterranean Catchment. The response of the Catchment to different storm scenarios of varying frequency (i.e. T2, T5, T10, T25, T50, T100 and T200) was simulated and the results were compared with the 2000 LC map. This is an important step as it can facilitate comparison with changed trends at a later stage as well as identifying what discharges are desirable and what can cause detrimental effects. The storm event having a return period of 100 years is used as a reference to compare the discharges yielded from the different scenarios. This is done because the 100 year return period storm is usually used for the design of flood alleviation measures. Thus, it was found that such a storm yields a peak discharge of 1930.2m3/s (at the outlet of the Catchment) in 23 hours and 15 minutes and has a total volume of water of 141.1x106m3. 
Areas classified as sparsely vegetated are usually prone to erosion and high runoff. Owing to the lack of consistent vegetation, which bonds topsoil through the rooting system giving resistance to erosion. Such areas were targeted and hypothetically changed to forested areas (afforestation) and vice-versa (deforestation) for analysing their hydrologic effect on the River Fani Catchment. 

The first deforestation scenario involved hypothetically replacing 18% of the Catchment classified as broad-leaved forests with sparsely vegetated areas. A comparison between the results of the 100 year storm event (do-nothing scenario) and the new one (having the same frequency), shows that the peak value was increased from 1930.2 m3/s to 2057.9 m3/s with the time of occurrence also reducing by 1 hour. The total volume of water increased from 141.1x106 m3 to 142.8x106 m3.

The second deforestation scenario included the changes made in the first one in addition to coniferous forests being replaced with sparsely vegetated areas giving a total 31% deforestation. This resulted in 2149.2 m3/s of peak discharge with a total water volume of 144.0x106 m3.

The 18% and 31% deforestation of Catchment’s area results in an increase of approximately 7% and 11% respectively in peak discharge for the 100 year storm. A reduction of 4% was recorded in the time that these peaks occurred in both cases and approximately 1% and 2% increase in the volume of water produced for each scenario.

The afforestation scenarios involved changing areas of little or no vegetation to forests. In the first case, sparsely vegetated areas covering 6% of the Catchment were substituted with broad-leaved or coniferous forests. 

In the second scenario, natural grassland (i.e. 22% Catchment area) was replaced with broad-leaved or coniferous forests in addition to the afforestation considered in the first simulation case (i.e. 6% Catchment area), giving a total 28% afforestation of the Catchment.

Decrease in the peak discharge was found to be approximately 1% for 6% afforestation, 3% for 28% afforestation. The volume of water reduced accordingly for the three cases: 0.1% and 0.5% approximately.

The results showed that forest cover could substantially reduce flood peaks whereas bare land areas could result in increased discharge. This is explained by the greater soil water storage capacity of forest covered land. It is also observed that the rate of deforestation and afforestation is quite different. It is noticed that even the slight deforestation will significantly increase discharge whereas a similar afforestation case will have a mild influence on runoff. This is because the areas selected to be hypothetically deforestated (transformed to bare land) were originally covered with broad leaved or coniferous forests whereas in the case of afforestation the land was already sparsely vegetated (not bare). Concluding it can be said that forest cover introduces a reduction of the flood peaks and flood volume, but this corresponds to a low percentage and thus this measure could be used in combination with other ones for alleviating flooding. Even if the whole Catchment is reinstated with coniferous and/or broad-leaved forests, the results suggest that the discharge is still enough to cause flooding in cases of extreme storms. 
Sustainable, environmentally friendly structural solutions have been considered for attenuation taking into account the above pros and cons. A hydroelectric power station could be constructed upstream Rubik town at the confluence of Fani I Madh and Fani I Vogel. It could serve for producing hydropower, providing the locals in this rural area, with light heat and power that have only for limited hours at the moment. A reservoir (or generally any water detention system) apart from aiding in flood alleviation could also be used for irrigation purposes as well as for leisure facilities for locals to socialise.
Chapter 7  
Conclusion and Recommendations
7.1 Introduction

The main aim of this thesis was to develop and apply a hydrological and a hydraulic model of the River Fani Catchment which is situated in the northern region of Albania, utilising GIS and RS technologies, in order to prepare a flood risk assessment study for the Catchment. It aimed also to examine (through various simulation outputs) allegations of documented historical reports on deforestation - due to intense agriculture (since the 1990s) and mining activities – being the primary cause of flooding or at least a major contributing factor (Selenica (1982), Kolaneci (2000)).
The work in this thesis is focused in Rubik town, where severe frequent flooding events endanger the human lives of the residents creating socioeconomic problems and making living conditions in the area difficult. This phenomenon was initially observed by AIA Porthcawl, a South Wales Charity organisation which initiated this project in collaboration with the University of Glamorgan in seeking to provide long-term solutions to the residents of the Rubik. It was agreed that sustainable environmental solutions in the context of Catchment wide management were in need for tackling these issues. The summarised solutions are presented in the next sections of this Chapter. Followed, is a description of the methodology limitations and some recommendations for further work. The Chapter ends with a concluding remark. 

7.2 General Achievements

The contribution of this study to the advancement of scientific knowledge can be summarised as follows:
· Developed a hydrologic model from multi-source and multi-scale data acquired (land cover CORINE data, satellite images, field archived data and maps) in a GIS-integrated hydrological modelling package (EMSI-WMS framework)

· Developed a hydraulic model of the River Fani Catchment

· Quantified channel flow for various specified precipitation events and for various scenarios of change or developments in the Catchment for both models developed i.e. Catchment scale and local scale 
· Derived land cover maps of the River Fani Catchment from remote sensing images (Landsat TM and ETM+)
· Mapped hydrologically significant changes (e.g. deforestation) in the River Fani Catchment (change detection maps) using remote sensing images (Landsat, MODIS and ASTER)
· Derived a soil erosion potential map of the River Fani Catchment
· Calibrated and validated the hydrologic model using hydrologically similar Catchments
· Developed a methodology that combines hardcopy and digital data in a data poor remote mountainous catchment to overcome data challenges
· Prepared a flood assessment study that makes recommendations on various conservation measures based on a ‘What-if’ analysis and simulation results of the hydrologic model.

The methodology developed for the River Fani Catchment for Catchment management could be transferred to other Albanian Catchments (knowledge transfer) and to other developing countries facing similar problems (such as flooding and erosion as well as data issues). Furthermore, the results of this study can be used by various stake-holders, particularly land use planners of different technical background as well as for helping administrators to manage water resources and resolve flood related issues.
7.3 Specific Conclusions 
7.3.1 Land Cover and Soil Erosion Potential Maps of the River Fani Catchment Using Remote Sensing
Landsat TM satellite images were used to derive land cover maps of the River Fani Catchment. In order to find a comprehensive and appropriate methodology for land cover classification for the Catchment, the following techniques have been examined: (a) Supervised/Unsupervised Classification, (b) Enhancing image with additional layers (i.e. NDVI layer stack), (c) PCA and (d) Classification algorithms.
From the results, it was found that the unsupervised classification results were not desirable when tested and verified with CORINE LC classes. This type of classification is highly sensitive to the class number and there is no spatial consideration among classes, so its results are less reliable.

Supervised classification results were found to be further improved but still it was extremely difficult to collect sampling areas without any detailed land cover maps. Consequently, a methodology was developed, which was the result of several trials that facilitated the accurate collection of sampling areas. This involved the addition of the NDVI layer prior to performing PCA. By using this method the results were much better for the clustering. Consequently, supervised classification provided the most reliable results since (a) the classified areas were similar in location to the classification maps from other techniques and as indicated by visual interpretation and the CORINE map (b) the selection of signatures was based on visual interpretation of the PCA clustering, NDVI maps and the use of the region-growing tool of ERDAS Imagine. Additionally, it was found that the minimum distance algorithm was resulting in more accurate outcomes than the maximum likelihood algorithm and therefore was used for the classification.

The number of classes selected according to the methodology, was adopted from CORINE nomenclature but customised to represent the major land cover types in the Catchment with some classes being added and others being broadened. Therefore, an optimisation test on 4, 6, 8, 10 and 12 class systems was performed on the 1984 and 2000 images. It was found that the 4-class classification between 1984 and 2000 produced a 13.8% total change between classes whereas the 6-class classification gave a total of 16.2 % change. Between the 8-, 10-and 12-class the graph (of Figure 4.7) showed an almost horizontal line with a minor fluctuation of less than 0.05 %. This reveals that even though the number of classes is increased, the percentage change in almost the same i.e. constant and therefore no significant changes will occur beyond that number of classes. At this stage, an optimisation number is achieved. 

A 4 and a 6-class classification according to the graph are ‘unstable’ because a small number of classes results into quite general categories having wider spectral range (by aggregating major land cover classes together with minor ones). The changes on major land cover classes could not be detected accurately (e.g. in water courses) due to the mixture of pixels and for this reason, the 4 and 6-classses were not considered suitable to use. Taking in consideration that the 8-class was close to the unsettled 6-class was disregarded. The 12-class was found that it did not result into significant percentage change from the 10-class and with the concern of segregating major land cover classes into extra minor ones, were also disqualified from use. The 10-class was considered more appropriate and optimum for use as the land cover classes were refined using more data samples thus containing all the information needed with the extra classes of bare rock and water courses. The resulted classes are: 1) broad-leaved forest, 2) transitional woodland-shrub, 3) coniferous forest, 4) land principally occupied by agriculture, 5) mixed forest, 6) sclerophyllous vegetation, 7) sparsely vegetated areas, 8) natural grasslands, 9) bare rock, and 10) water courses.
The results were compared and verified with the CORINE data, but due to some inherent errors in their generation techniques, further ground-truthing was conducted. This involved using information acquired from a field trip and reports/information on the Catchment to validate the final land cover classes. Despite the limited availability of land cover maps at a detailed spectral resolution, the classification methodology used gave accurate representative land cover types for the River Fani Catchment.

7.3.2 Land Cover Change Detection Maps of the River Fani Catchment Using Remote Sensing
In order to investigate the effects of land cover on hydrologic processes and more importantly on runoff production, change detection between 1984, 1991 and 2000 took place and forest change maps were produced indicating the new ‘transformed’ areas in the Catchment. 

NDVI maps and post classifications methods were used in change detection. The technique using NDVI maps involved discriminating between forest and non-forest areas by using threshold values on the NDVI images. An optimum threshold value of NDVI 0.275 was found and used for discriminating between vegetation and no-vegetation (shrub and grassland) and a threshold of NDVI of 0.435 for separating densely vegetated areas (forests) from shrub and grassland (non-forest areas). The total forest cover was computed to be 576.93 km2 whereas from the post classification method was found to be 581.08 km2. The 0.7% (4.15 km2) difference in the values was regarded to be minor, however the post classification method was opted for use as was considered to be more accurate. More to that, the NDVI method was found to be sensitive to threshold values. A threshold value of 0.417 was tested and resulted in a forest cover of 601.62 km2 whereas a 0.475 threshold gave a forest cover of 536.60 km2. Therefore a decrease in the threshold value of NDVI coded by 2 resulted into approximately 25 km2 increase in forest cover whereas an increase by 3 resulted to a decrease in forest cover of 40 km2. Consequently, the NDVI method was not used for deriving further maps. Nevertheless, the NDVI method is simple and faster compared to the post classification method and once an optimum threshold is used the results are quite satisfactory and acceptable.

Post classification change detection was used to identify the location and direction of changed trends in the Catchment. The results are interesting and revealing. Regressive changes were considerable; particularly those recorded for the period between 1991 and 2000 and demonstrate the degradation effect on the vegetation state. Additionally, they show that open spaces with little or no vegetation have increased as well as the inland waters. The driving forces according to documentation are: political instabilities, collapse of different schemes, unemployment and poverty that forced the local population to search for alternative sources of income from the environment such as illegal logging for selling timber and using land for agriculture. Additionally forests served, during winter, for firewood consumption as were the main source of heating in the houses (70% of population depended on firewood). The fact that the majority of forest are state owned made it easier for locals to result to illegal activities since there were no environmental laws and legislations for protecting the forests. Even if some existed, control was not implemented. Despite the limits of the adopted methodology, it can be said that the resulting change maps reflect the impact of deforestation in the area.

In 1984, 55% of the total Catchment was forested with conifers covering a significant 27% of the area, broad-leaved having 15% coverage and mixed forest having a 13%. Transitional woodland was occupying an extra 9% of the area. Natural grassland was found to be 15%, sclerophyllous vegetation 9%, agriculture 6%, sparsely vegetated areas 4% and bare rocks and water courses 1% each.

In 1991, 56.88% of the total Catchment was forested with conifers covering a significant 27.04% of the area, broad-leaved having 18.33% coverage and mixed forest having a 11.51%. Transitional woodland was occupying an extra 9.98% of the area. Natural grassland was found to be 8.03%, sclerophyllous vegetation 6.90%, agriculture 6.61%, sparsely vegetated areas 10.29%, bare rocks 0.13% and water courses 1.16%.

In 2000, 46.54% of the total Catchment was forested with broad-leaved covering a significant 18.42% of the area, conifers having 12.84% coverage and mixed forest having a 15.28%. Transitional woodland was occupying an extra 9.92% of the area. Natural grassland was found to be 21.56%, sclerophyllous vegetation 9.57%, agriculture 4.47%, sparsely vegetated areas 5.76%, bare rocks 0.90% and water courses 1.27%.

The results are revealing and comparable regarding the scale of the changes occurred. Significant reduction is observed in the coniferous forest cover of 2000 compared to 1984 (14.2 % which is equivalent to almost 150 km2). In total, forest cover has decreased during 1991and 2000 by 18.2% and between 1984 and 2000 15.4%. This could have resulted in an adverse effect on the hydrological processes of the Catchment such as increase of overland flow, reduction of infiltration rate and evapotranspiration. Additionally, significant increase is observed in natural grassland (between 1984 and 2000), which is equivalent to approximately 7%. Agricultural areas have significantly decreased by 28.8% between 1984 and 2000. Scrub have increased by 19.6% for the same period as well as open spaces and inland waters. The open spaces have increased by 25.6% and the inland waters by 44.3%. The direction of these changes, particularly those involving forests were investigated and the ‘transformed’ areas have been mapped. It was found that significant forest areas were transformed to open spaces and scrub in the period between 1984 and 2000.

7.3.3 Hydrologic Modelling (WMS) and ‘What-if’ Results

Digital spatial data play a fundamental role in hydrologic modelling of remote mountainous catchments. Different data sets can be combined either to improve the available data or provide additional information. However, experience gained in this research shows that some of the data can be of poor quality. RS imagery from various sensors were used in the research since many of the input parameters of hydrological models depend on catchment characteristics (conventionally estimated from maps that often appear inaccurate or obsolete) that can be estimated from remote sensing data. With this, it can be concluded that remote sensing has a clear and varied applicability to surface hydrology, especially in poorly instrumented regions, but no single approach can provide all the additional information required from remote sensing sources.
Hence, a rainfall runoff model was developed because it is an ideal tool to comprehend and manage the hydrological processes, their relationship and how the Catchment responds to different case scenarios of land cover change. Even though it was not possible to perfectly calibrate the model, simulations gave us valuable information on the extreme flood regime. Since the designed rainfall amounts were very high, differences in land cover apparently did not play a deciding role. Nevertheless, sites with an intact forest cover showed increased water retention (less runoff) even under simulation scenarios of high recurrence intervals (i.e. T100, T200). On the other hand, deforestation scenarios showed to have a greater effect on runoff (neglecting whether that change is positive or negative) compared to the same afforestation condition. Consequently the rate of change is not proportional and attention must be given not to exploit forests further as can significantly increase runoff production. Thus, afforestation to open land should be promoted. A combination of spatial data and hydrological modelling could give valuable indications to areas to be preferred to afforestation. Even though the increase of forests is not enough to amend flooding on its own, but a combination of measures can lead to a decisive solution. Structural measures considered was the design and simulation of a reservoir upstream of Rubik town. Results showed that this solution is more constructive in managing the enormous amount of discharge produced in extreme weather conditions and therefore giving the desired control of the released discharge.

The peak discharge results from the simulations were verified against flood risk and potential maps of Albania. It was found that these are very comparable. The computed peak discharge for Fani River with a return period of 100 years corresponds to 1803m3/s and for 50 years 1630m3/s. According to Nico Pano frequency analysis of maximal discharges (data acquired from direct communication) in Fani River, T100, T50, T20 and T5 were calculated to be 1833m3/s, 1677m3/s, 1463m3/s and 1085m3/s respectively. The hydrologic model developed for the purposes of this research gave discharge outputs as follows: 1930.2m3/s, 1692.8 m3/s, 1476.2 m3/s and 1032.7 m3/s for T100, T50, T25 and T5 respectively. These results are quite comparable having less that 7% difference in their magnitude. The maps also revealed that Rubik town lies on a high potential terrain of peak discharge (and flooding) with a return period of 100 years. This is because it is in an area with high precipitation amounts. It is expected that 200 mm of precipitation within 24hrs to result to a peak discharge of 100 years. Such events have occurred in the past and are liable to occur in the future especially with the climate changes. Finally, the maximum module (q1%) of Rubik town is found to be higher than anywhere else in the Catchment. 

Thus, it can be concluded that the land cover change has a direct effect on hydrologic processes through its link with the evapotranspiration regime and the degree and type of ground cover which has an enormous impact on the initiation of surface runoff. For annual flow, afforestation for example, can cause an increased interception during the wet periods of the year and increased transpiration during dry periods through augmented water availability to deep root systems of trees. For the seasonal flow this can lead to a rise of soil moisture deficits and a reduction of dry season flow. This higher interception of forest reduces floods by removing a proportion of the storm rainfall and by allowing a build-up of soil moisture storage. As has been seen, this effect is small for the River Fani Catchment (for extreme storms events of high return period) but can be greatest for small storm events. 

7.3.4 Hydraulic Modelling (HEC-RAS) and ‘What-if’ Results

The hydraulic model results illustrated clearly the effect that changes e.g. riverbed material and reservoir construction have on the water surface elevation of Fani River at Rubik. The reduction of the rivers roughness value downstream Rubik increases velocity and reduces the head of water at the investigated location. This reveals that maintaining the rivers condition is important and that if such alterations are implemented could improve the problem of flooding. The final ‘What-if’ scenario i.e. reservoir construction showed the controlled runoff and WSE at a localised level in Rubik town and is considered a promising measure in substantially reducing flood discharge. Several other scenarios can be simulated such as including detention ponds, two reservoirs and levees or even a combination of scenarios. 

7.3.5 Sustainable Management

The principle of sustainable development has received international acceptance and commitment as a fundamental policy aim for national governments and supra-national institutions, particularly since the 1992 Earth Summit in Rio (United Nations (1993)). The classic definition of sustainability was formulated in the Bruntland report (Bruntland (1987)) as a development which “…meets the needs of the present without compromising the ability of future generations to meet their own needs.” However, the application of this principle in practice presents considerable challenges in that its impact in the development has to be assessed in a holistic manner with long time-horizons. In terms of river basin management, as its broadest scale, it may encompass:

· Scenarios of social, legal and political institutions

· Spatial planning of land use, agriculture and industry

· Scenarios for the future climate and associated impacts and adaptations

· Scenarios for future demography, resource demands, trace, societal expectations etc.

There is a need to promote understanding of concepts relating to sustainable development in such a developing country as Albania both with the general public and with the professional community. In the context of this research project, only recommendations for sustainable catchment management for flood prevention and control are given with the aid of knowledge transfer. Such recommendations involve the design and construction of a hydroelectric power station that can be used for irrigation purposes as well and considerations of using the downstream area for leisure facilities and/or bird sanctuary. Proper detailed analysis on sustainable catchment development and management can be carried out in the form of future work as the pathway that needs to be followed, for flood plains, must be achievable (technically, economically, socially and politically). Additionally, a broad view of the interventions in the river catchment is required than local single-issue design or management that requires comprehensive system to analyse policies and options that will help administrators to manage water resources and resolve the flood-related problems. 

7.4  Limitations of the Study

One of the main problems throughout the research was the lack of real (e.g. field data, historic precipitation series and their corresponding discharge) against which models results could be checked for accuracy. As a result the River Fani Catchment is characterised ungauged for stream flow data and hydrologically similar catchment were used for validation and calibration. Additionally, ground-truthing of land cover classification results were carried out based on CORINE LULC data which unavoidably carry a degree of error due to the classification generalisation techniques applied in their generation procedures. For this reason additional data/information were used to verify the resultant images.
Another issue to be considered is the DEM resolution. Although it was found to be adequate for the hydrologic model at the catchment scale, the HEC-RAS hydraulic model requires better resolution terrain data and bathymetric data of the River. These fine resolution data are required to produce accurate cross-sections of a small (localised) scale for monitoring surface water elevation fluctuations resulting from different ‘What-if’ simulation scenarios. 
7.5 Recommendations for Future Work

The modelling techniques presented within this thesis were developed from an initial concept and therefore numerous areas of work were opened up which time and resources did not permit to be investigated. It also became apparent during the work that quantitative and qualitative data were scarce and challenges arose in seeking alternative sources of data or making the best of what information is available. Consequently some of the methods used to derive data were labour intensive and time consuming and prone to errors. This section is therefore aimed as a guide to the successor engineer by AIA Porthcawl, which will continue the project in Albania. 

The HEC-RAS hydraulic model can be a valuable tool in simulating a large number of scenarios in the Catchment, typically implementing structures, levees, ponds, reservoirs, changing riverbed material and any other required scenario for investigating resulting surface water elevations. In order to do so, field survey data are required for the area of interest.
The accuracy of the model inputs, derived from terrain models, can be improved with the use of additional, more recent with better resolution DEMs. 
Additional advances in remote sensing technology with more data/information being made available became apparent at the end of the project but due to time constrains could not be utilised. These include: GloVis, LIDAR images, BRDF’s, Hyperion images from EO-1 satellite as well as field measurements using instruments such as GPS for more accurate supervised classification outputs (see Table 4.1, sections 2.4.2 and 4.6.4).

7.6 Final Concluding Remarks
Overall, this study has demonstrated that the methodological approach in developing a hydrologic and a hydraulic model of the River Fani Catchment from an available multi-source and multi-scale data was successful despite the limited data and the lack of a thorough field study. The four objectives stated in section 1.3 have been achieved. As a summary, land cover maps of 1984, 1991 and 2000 have been derived from remote sensing data as well as forest maps of the Catchment and ‘transformed’ areas have been mapped and quantified as part of the change detection analysis. The hydrologic model was synthesised in the EMS-I - WMS environment and calibrated and validated against two neighbouring hydrologically similar catchments namely Ndroq and Shoshaj for which historic rainfall and discharge records were available. The model simulated a series of storm events using design annual maxima precipitation data. These had a return period of 2, 5, 10, 25, 50 100 and 200 year. The results were checked against historic records and flood risk and potential maps derived from designed storms with a return period of 100 years and were found to be comparable with less that 10% variation. These events were used in the hydrologic and hydraulic model in the context of different ‘What-if’ catchment changed scenarios to monitor which factors and measures could mitigate flooding and hence reduce surface water elevation of Fani River at Rubik town. The hypothesis that forests are capable of mitigating violent flows was examined within this context. The results showed that the discharge reduction caused by afforestation was not significantly important in playing a decisive role in preventing flooding. On the other hand, structural measures such as detention basins i.e. reservoir - as the results of the models showed - can control runoff and according to the storage capacity accommodate storms of different frequencies thus avoiding flooding. In addition, when such a design is made taking into consideration sustainability, it could benefit the residents of the area by serving a multitude of factors that can aid in improving their life, socially and economically. Among these is the idea of using the reservoir for the production of renewable hydroelectric power and the released water could be used for irrigation purposes. 

Concluding it can be said; this research project has demonstrated the effectiveness of remote sensing and GIS in generating quantitative information on land classification, change detection, soil erosion and general catchment management for remote and ungauged catchments in developing countries. This has been particularly so, owing to recent developments in sensor technologies and increasing available datasets from data providers and the global scientific community at little or no cost. 
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APPENDIX A:

SATELLITE SENSORS
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Plate A1: Landsat 5 TM sensor (source: Spaceflight Now, (n.d.) [online]).

[image: image265.jpg][
Sun Sanars

B hanment ~
oanure

Caaer
[

(open) ™

Ful
spenure Soar Ay
hor (e 20" fom 2w

Eant!
sensor
sty

Ay

Siiandelasty

} Gimbaleg O
Xoand  éotern

M
X

Nadir





Plate A.2: Landsat 7 ETM+ sensor (source: Geoscience Australia, (n.d.) [online]).
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Plate A.3: Terra instrument (Source: Earth Observing System, http://eos-am.gsfc.nasa.gov).
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Figure A.1: VNIR Subsystem Design (Source: Abrams and Hook (2002)).
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Figure A.2: SWIR Subsystem Design (Source: Abrams and Hook (2002)).
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Figure A.3: TIR Subsystem Design (Source: Abrams and Hook (2002)).
APPENDIX B:

DATA RECORDS

Table B1: MODIS 13Q1 Data Acquired.
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[�] Personal communication with Skender Sala, geographer in the Geographic Studies Centre (independent scientific researching institution supported by the Council of Ministers) , Tirana, Albania 2001.


[�] Direct contact with Nico Pano, engineer in the Hydrometeorological Institute (governmental organisation), Tirana, Albania, 2001.


(�( Map provided by Artan Topjana, engineer in road networks (Head of Technical Department), Tirana, Albania, 2001.
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		1		broad-leaved forest		158.45		15.01		193.55		18.33		194.48		18.42				35.09		3.32		0.93		0.09		36.03		3.41

		2		transitional woodland-shrub		92.52		8.76		105.38		9.98		104.73		9.92				12.86		1.22		-0.65		-0.06		12.21		1.16

		3		coniferous forest		281.09		26.63		285.49		27.04		135.60		12.84				4.40		0.42		-149.89		-14.20		-145.49		-13.78

		4		land principally occupied by agr		66.28		6.28		69.82		6.61		47.22		4.47				3.54		0.34		-22.60		-2.14		-19.06		-1.81

		5		mixed forest		141.54		13.41		121.47		11.51		161.28		15.28				-20.06		-1.90		39.81		3.77		19.74		1.87

		6		sclerophyllous vegetation		98.70		9.35		72.88		6.90		101.07		9.57				-25.82		-2.45		28.19		2.67		2.37		0.22

		7		sparcely vegetated areas		42.22		4.00		108.68		10.29		60.84		5.76				66.46		6.30		-47.84		-4.53		18.62		1.76

		8		natural grasslands		157.29		14.90		84.78		8.03		227.60		21.56				-72.51		-6.87		142.82		13.53		70.31		6.66

		9		bare rock		10.14		0.96		1.35		0.13		9.51		0.90				-8.79		-0.83		8.15		0.77		-0.63		-0.06

		10		water courses		7.45		0.71		12.28		1.16		13.37		1.27				4.83		0.46		1.09		0.10		5.92		0.56
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				land principally occupied by agr		66.28		69.82		47.22

				mixed forest		141.54		121.47		161.28

				sclerophyllous vegetation		98.70		72.88		101.07

				sparcely vegetated areas		42.22		108.68		60.84

				natural grasslands		157.29		84.78		227.60

				bare rock		10.14		1.35		9.51
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						84 glsum (pixel)		84 glsum ndvi		84 glsum (km^2)				91 glsum (pixel)		91 glsum ndvi		91 glsum (km^2)				00 glsum (pixel)		00 glsum ndvi		00 glsum (km^2)

		1		broad-leaved forest		176892		102126.87026897		159.2028				215814		120981.772078126		194.2326

		2		transitional woodland-shrub		103117		17943.054433681		92.8053				117375		26878.1950811827		105.6375

		3		coniferous forest		313105		102126.87026897		281.7945				318359		158228.157072246		286.5231

		4		land principally occupied by agr		73939		13209.3901119255		66.5451				77813		18758.8313436256		70.0317

		5		mixed forest		160741		59442.8401766419		144.6669				138361		61342.0006631016		124.5249

		6		sclerophyllous vegetation		116206		29351.7708894554		104.5854				87860		25288.2332145012		79.074

		7		sparcely vegetated areas		47564		6226.227514293		42.8076				121420		37081.6677078902		109.278

		8		natural grasslands		175613		61783.2093010023		158.0517				94666		34956.3310433197		85.1994

		9		bare rock		11312		1344.8477936962		10.1808				1503		-132.7759914044		1.3527

				complex cultivation patterns

				beaches dunes sands

				discontinuous urban fabric

		10		water courses		8939		-519.0133068208		8.0451				14257		288.6908508511		12.8313

				fruit trees and berry plantation

				industrial or commercial units
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				sclerophyllous vegetation		109669		28405.7250342648		98.7021		9.3496052789		80983		23845.6616365257		72.8847		6.9040392846		112301		4306.6922734641		101.0709		9.5739910314

				sparcely vegetated areas		46909		6169.7586640948		42.2181		3.99913042		120751		36902.4395116269		108.6759		10.2943784208		67595		-3958.1323565934		60.8355		5.7626728503

				natural grasslands		174767		61497.6347551271		157.2903		14.8994015243		94199		34781.0779795814		84.7791		8.0307422121		252884		6853.5937616392		227.5956		21.5591058671

				bare rock		11266		1341.8966856503		10.1394		0.9604596839		1503		-132.7759914044		1.3527		0.1281351771		10564		-1216.7554263212		9.5076		0.9006121161

				complex cultivation patterns

				beaches dunes sands

				discontinuous urban fabric

				water courses		8279		-475.4194685742		7.4511		0.7058091357		13641		329.3248532228		12.2769		1.1629354294		14854		-3384.609194085		13.3686		1.2663472523

				fruit trees and berry plantation

				industrial or commercial units
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						84		91		2000				84-91		91-00		84-00
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										Scrub and or herbaceous vegetation associations		348.51		263.04		433.39				-24.52		39.31		19.59

										Open spaces with little or no vegetation		52.36		110.03		70.34				52.41		-36.07		25.56

										Inland waters		7.45		12.28		13.37				39.33		8.88		44.28
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						km^2		%		km^2		%		km^2		%				km^2		%		km^2		%		km^2		%

		1		broad-leaved forest		158.45		15.01		193.55		18.33		194.48		18.42				35.09		3.32		0.93		0.09		36.03		3.41

		2		transitional woodland-shrub		92.52		8.76		105.38		9.98		104.73		9.92				12.86		1.22		-0.65		-0.06		12.21		1.16

		3		coniferous forest		281.09		26.63		285.49		27.04		135.60		12.84				4.40		0.42		-149.89		-14.20		-145.49		-13.78

		4		land principally occupied by agr		66.28		6.28		69.82		6.61		47.22		4.47				3.54		0.34		-22.60		-2.14		-19.06		-1.81

		5		mixed forest		141.54		13.41		121.47		11.51		161.28		15.28				-20.06		-1.90		39.81		3.77		19.74		1.87

		6		sclerophyllous vegetation		98.70		9.35		72.88		6.90		101.07		9.57				-25.82		-2.45		28.19		2.67		2.37		0.22

		7		sparcely vegetated areas		42.22		4.00		108.68		10.29		60.84		5.76				66.46		6.30		-47.84		-4.53		18.62		1.76

		8		natural grasslands		157.29		14.90		84.78		8.03		227.60		21.56				-72.51		-6.87		142.82		13.53		70.31		6.66

		9		bare rock		10.14		0.96		1.35		0.13		9.51		0.90				-8.79		-0.83		8.15		0.77		-0.63		-0.06

		10		water courses		7.45		0.71		12.28		1.16		13.37		1.27				4.83		0.46		1.09		0.10		5.92		0.56

				SUM		1055.68		100.00		1055.68		100.00		1055.68		100.00				-0.00		-0.00		0.00		0.00		-0.00		-0.00
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				sclerophyllous vegetation		9.35		6.90		9.57

				sparcely vegetated areas		4.00		10.29		5.76
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				bare rock		0.96		0.13		0.90

				water courses		0.71		1.16		1.27
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		1		broad-leaved forest		176892		102126.87026897		159.2028				215814		120981.772078126		194.2326

		2		transitional woodland-shrub		103117		17943.054433681		92.8053				117375		26878.1950811827		105.6375

		3		coniferous forest		313105		102126.87026897		281.7945				318359		158228.157072246		286.5231

		4		land principally occupied by agr		73939		13209.3901119255		66.5451				77813		18758.8313436256		70.0317

		5		mixed forest		160741		59442.8401766419		144.6669				138361		61342.0006631016		124.5249

		6		sclerophyllous vegetation		116206		29351.7708894554		104.5854				87860		25288.2332145012		79.074

		7		sparcely vegetated areas		47564		6226.227514293		42.8076				121420		37081.6677078902		109.278

		8		natural grasslands		175613		61783.2093010023		158.0517				94666		34956.3310433197		85.1994
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				transitional woodland-shrub		102795		17886.7359346887		92.5155		8.7635765316		117087		26812.9786509824		105.3783		9.9820116285		116362		-16043.6836822233		104.7258		9.920203243

				coniferous forest		312324		152037.995689034		281.0916		26.626540947		317208		157648.926174402		285.4872		27.0429163328		150663		37717.161581695		135.5967		12.8444645262

				land principally occupied by agr		73645		13155.1105641261		66.2805		6.2784531706		77583		18704.1859186748		69.8247		6.6141792699		52468		-5126.1857293956		47.2212		4.4730515439

				mixed forest		157265		58270.0001691579		141.5385		13.4073044724		134971		59861.6598231494		121.4739		11.5066753056		179199		24756.0763738676		161.2791		15.2772425787

				sclerophyllous vegetation		109669		28405.7250342648		98.7021		9.3496052789		80983		23845.6616365257		72.8847		6.9040392846		112301		4306.6922734641		101.0709		9.5739910314

				sparcely vegetated areas		46909		6169.7586640948		42.2181		3.99913042		120751		36902.4395116269		108.6759		10.2943784208		67595		-3958.1323565934		60.8355		5.7626728503

				natural grasslands		174767		61497.6347551271		157.2903		14.8994015243		94199		34781.0779795814		84.7791		8.0307422121		252884		6853.5937616392		227.5956		21.5591058671

				bare rock		11266		1341.8966856503		10.1394		0.9604596839		1503		-132.7759914044		1.3527		0.1281351771		10564		-1216.7554263212		9.5076		0.9006121161

				complex cultivation patterns

				beaches dunes sands

				discontinuous urban fabric

				water courses		8279		-475.4194685742		7.4511		0.7058091357		13641		329.3248532228		12.2769		1.1629354294		14854		-3384.609194085		13.3686		1.2663472523

				fruit trees and berry plantation

				industrial or commercial units
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						84		91		2000				84-91		91-00		84-00

				forest		581.085		600.5097		491.3568				3.3428328042		-18.1767088858		-15.441493069

				heterogeneous agricultural areas		66.2805		69.8247		47.2212				5.3472740851		-32.3717824781		-28.7555163283

				scrub and or herbaceous vegetation associations		348.5079		263.0421		433.3923				-24.5233465296		64.7615723871		24.356521043

				open spaces with little or no vegetation		52.3575		110.0286		70.3431				110.1486892995		-36.0683495019		34.3515255694

				inland waters		7.4511		12.2769		13.3686				64.7662761203		8.892309948		79.4178040826
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										Forest		581.08		600.51		491.36				3.24		-18.18		-15.44

										Heterogeneous agricultural areas		66.28		69.83		47.22				5.08		-32.38		-28.76

										Scrub and or herbaceous vegetation associations		348.51		263.04		433.39				-24.52		39.31		19.59

										Open spaces with little or no vegetation		52.36		110.03		70.34				52.41		-36.07		25.56

										Inland waters		7.45		12.28		13.37				39.33		8.88		44.28
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		1		broad-leaved forest		158.45		15.01		193.55		18.33		194.48		18.42				35.09		3.32		0.93		0.09		36.03		3.41

		2		transitional woodland-shrub		92.52		8.76		105.38		9.98		104.73		9.92				12.86		1.22		-0.65		-0.06		12.21		1.16

		3		coniferous forest		281.09		26.63		285.49		27.04		135.60		12.84				4.40		0.42		-149.89		-14.20		-145.49		-13.78

		4		land principally occupied by agr		66.28		6.28		69.82		6.61		47.22		4.47				3.54		0.34		-22.60		-2.14		-19.06		-1.81

		5		mixed forest		141.54		13.41		121.47		11.51		161.28		15.28				-20.06		-1.90		39.81		3.77		19.74		1.87

		6		sclerophyllous vegetation		98.70		9.35		72.88		6.90		101.07		9.57				-25.82		-2.45		28.19		2.67		2.37		0.22

		7		sparcely vegetated areas		42.22		4.00		108.68		10.29		60.84		5.76				66.46		6.30		-47.84		-4.53		18.62		1.76

		8		natural grasslands		157.29		14.90		84.78		8.03		227.60		21.56				-72.51		-6.87		142.82		13.53		70.31		6.66

		9		bare rock		10.14		0.96		1.35		0.13		9.51		0.90				-8.79		-0.83		8.15		0.77		-0.63		-0.06

		10		water courses		7.45		0.71		12.28		1.16		13.37		1.27				4.83		0.46		1.09		0.10		5.92		0.56
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				land principally occupied by agr		6.28		6.61		4.47

				mixed forest		13.41		11.51		15.28

				sclerophyllous vegetation		9.35		6.90		9.57

				sparcely vegetated areas		4.00		10.29		5.76

				natural grasslands		14.90		8.03		21.56

				bare rock		0.96		0.13		0.90
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						84 glsum (pixel)		84 glsum ndvi		84 glsum (km^2)				91 glsum (pixel)		91 glsum ndvi		91 glsum (km^2)				00 glsum (pixel)		00 glsum ndvi		00 glsum (km^2)

		1		broad-leaved forest		176892		102126.87026897		159.2028				215814		120981.772078126		194.2326

		2		transitional woodland-shrub		103117		17943.054433681		92.8053				117375		26878.1950811827		105.6375

		3		coniferous forest		313105		102126.87026897		281.7945				318359		158228.157072246		286.5231

		4		land principally occupied by agr		73939		13209.3901119255		66.5451				77813		18758.8313436256		70.0317

		5		mixed forest		160741		59442.8401766419		144.6669				138361		61342.0006631016		124.5249

		6		sclerophyllous vegetation		116206		29351.7708894554		104.5854				87860		25288.2332145012		79.074

		7		sparcely vegetated areas		47564		6226.227514293		42.8076				121420		37081.6677078902		109.278

		8		natural grasslands		175613		61783.2093010023		158.0517				94666		34956.3310433197		85.1994

		9		bare rock		11312		1344.8477936962		10.1808				1503		-132.7759914044		1.3527

				complex cultivation patterns

				beaches dunes sands

				discontinuous urban fabric

		10		water courses		8939		-519.0133068208		8.0451				14257		288.6908508511		12.8313

				fruit trees and berry plantation

				industrial or commercial units

						84 glsum (pixel)		84 glsum ndvi		84 glsum (km^2)				91 glsum (pixel)		91 glsum ndvi		91 glsum (km^2)				00 glsum (pixel)		00 glsum ndvi		00 glsum (km^2)

				broad-leaved forest		176061		101626.474712431		158.4549		15.0097188358		215054		120551.9568668		193.5486		18.3339869392		216090		62034.086738497		194.481		18.4223089908

				transitional woodland-shrub		102795		17886.7359346887		92.5155		8.7635765316		117087		26812.9786509824		105.3783		9.9820116285		116362		-16043.6836822233		104.7258		9.920203243

				coniferous forest		312324		152037.995689034		281.0916		26.626540947		317208		157648.926174402		285.4872		27.0429163328		150663		37717.161581695		135.5967		12.8444645262

				land principally occupied by agr		73645		13155.1105641261		66.2805		6.2784531706		77583		18704.1859186748		69.8247		6.6141792699		52468		-5126.1857293956		47.2212		4.4730515439

				mixed forest		157265		58270.0001691579		141.5385		13.4073044724		134971		59861.6598231494		121.4739		11.5066753056		179199		24756.0763738676		161.2791		15.2772425787

				sclerophyllous vegetation		109669		28405.7250342648		98.7021		9.3496052789		80983		23845.6616365257		72.8847		6.9040392846		112301		4306.6922734641		101.0709		9.5739910314

				sparcely vegetated areas		46909		6169.7586640948		42.2181		3.99913042		120751		36902.4395116269		108.6759		10.2943784208		67595		-3958.1323565934		60.8355		5.7626728503

				natural grasslands		174767		61497.6347551271		157.2903		14.8994015243		94199		34781.0779795814		84.7791		8.0307422121		252884		6853.5937616392		227.5956		21.5591058671

				bare rock		11266		1341.8966856503		10.1394		0.9604596839		1503		-132.7759914044		1.3527		0.1281351771		10564		-1216.7554263212		9.5076		0.9006121161

				complex cultivation patterns

				beaches dunes sands

				discontinuous urban fabric

				water courses		8279		-475.4194685742		7.4511		0.7058091357		13641		329.3248532228		12.2769		1.1629354294		14854		-3384.609194085		13.3686		1.2663472523

				fruit trees and berry plantation

				industrial or commercial units

										1055.682								1055.682

						84		91		2000				84-91		91-00		84-00

				forest		581.085		600.5097		491.3568				3.3428328042		-18.1767088858		-15.441493069

				heterogeneous agricultural areas		66.2805		69.8247		47.2212				5.3472740851		-32.3717824781		-28.7555163283

				scrub and or herbaceous vegetation associations		348.5079		263.0421		433.3923				-24.5233465296		64.7615723871		24.356521043

				open spaces with little or no vegetation		52.3575		110.0286		70.3431				110.1486892995		-36.0683495019		34.3515255694

				inland waters		7.4511		12.2769		13.3686				64.7662761203		8.892309948		79.4178040826

												1984		1991		2000				84-91		91-00		84-00

										Forest		581.08		600.51		491.36				3.24		-18.18		-15.44

										Heterogeneous agricultural areas		66.28		69.83		47.22				5.08		-32.38		-28.76

										Scrub and or herbaceous vegetation associations		348.51		263.04		433.39				-24.52		39.31		19.59

										Open spaces with little or no vegetation		52.36		110.03		70.34				52.41		-36.07		25.56

										Inland waters		7.45		12.28		13.37				39.33		8.88		44.28
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						km^2		%		km^2		%		km^2		%				km^2		%		km^2		%		km^2		%

		1		broad-leaved forest		158.45		15.01		193.55		18.33		194.48		18.42				35.09		3.32		0.93		0.09		36.03		3.41

		2		transitional woodland-shrub		92.52		8.76		105.38		9.98		104.73		9.92				12.86		1.22		-0.65		-0.06		12.21		1.16

		3		coniferous forest		281.09		26.63		285.49		27.04		135.60		12.84				4.40		0.42		-149.89		-14.20		-145.49		-13.78

		4		land principally occupied by agr		66.28		6.28		69.82		6.61		47.22		4.47				3.54		0.34		-22.60		-2.14		-19.06		-1.81

		5		mixed forest		141.54		13.41		121.47		11.51		161.28		15.28				-20.06		-1.90		39.81		3.77		19.74		1.87
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		14

		2000-07-26


MOD13Q1.A2000193.h19v04.004.2003045081451

		2001-07-27


MOD13Q1.A2001193.h19v04.004.2003132074622

		2002-07-27


MOD13Q1.A2002193.h19v04.004.2003249073041

		2003-07-27


MOD13Q1.A2003193.h19v04.004.2003225003959

		



		15

		2000-08-05


MOD13Q1.A2000209.h19v04.004.2003047131548

		2001-08-12


MOD13Q1.A2001209.h19v04.004.2003136183526

		2002-08-12


MOD13Q1.A2002209.h19v04.004.2003258005606

		2003-08-12


MOD13Q1.A2003209.h19v04.004.2003240092319

		



		16

		2000-08-27


MOD13Q1.A2000225.h19v04.004.2003048214835

		2001-08-28


MOD13Q1.A2001225.h19v04.004.2003141142717

		2002-08-28


MOD13Q1.A2002225.h19v04.004.2003259033009

		2003-08-28


MOD13Q1.A2003225.h19v04.004.2003261055249

		



		17

		2000-09-12


MOD13Q1.A2000241.h19v04.004.2003051013414

		2001-09-13


MOD13Q1.A2001241.h19v04.004.2003155224135

		2002-09-13


MOD13Q1.A2002241.h19v04.004.2003262095335

		2003-09-13


MOD13Q1.A2003241.h19v04.004.2003269223531

		



		18

		2000-09-28


MOD13Q1.A2000257.h19v04.004.2003058015417

		2001-09-29


MOD13Q1.A2001257.h19v04.004.2003160025949

		2002-09-29


MOD13Q1.A2002257.h19v04.004.2003265020103

		2003-09-29


MOD13Q1.A2003257.h19v04.004.2003286175326

		



		19

		2000-10-14


MOD13Q1.A2000273.h19v04.004.2003060085058

		2001-10-15


MOD13Q1.A2001273.h19v04.004.2003163133128

		2002-10-15


MOD13Q1.A2002273.h19v04.004.2003268170829

		2003-10-15


MOD13Q1.A2003273.h19v04.004.2003296075640

		



		20

		2000-10-30


MOD13Q1.A2000289.h19v04.004.2003065004851

		2001-10-31


MOD13Q1.A2001289.h19v04.004.2003166085714

		2002-10-31


MOD13Q1.A2002289.h19v04.004.2003273135453

		2003-10-31


MOD13Q1.A2003289.h19v04.004.2003309015758

		



		21

		2000-11-15


MOD13Q1.A2000305.h19v04.004.2003069101224

		2001-11-16


MOD13Q1.A2001305.h19v04.004.2003171102111

		2002-11-16


MOD13Q1.A2002305.h19v04.004.2003275100630

		2003-11-16


MOD13Q1.A2003305.h19v04.004.2003324211757

		



		22

		2000-12-01


MOD13Q1.A2000321.h19v04.004.2003073115131

		2001-12-02


MOD13Q1.A2001321.h19v04.004.2003177071816

		2002-12-02


MOD13Q1.A2002321.h19v04.004.2003279080408

		2003-12-02


MOD13Q1.A2003321.h19v04.004.2003353041606

		



		23

		2000-12-17


MOD13Q1.A2000337.h19v04.004.2003075052811

		2001-12-03


MOD13Q1.A2001337.h19v04.004.2003180183402

		2002-12-18


MOD13Q1.A2002337.h19v04.004.2003282202406

		2003-12-16


MOD13Q1.A2003337.h19v04.004.2003364065901

		






_1177229703.unknown

_1167752746.unknown

_1142159094.unknown

