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1. introduction
To identify locations at risk of flooding and understand floodplain mapping techniques will require modelling.  These involve with a large amount of data both spatial and non-spatial data.  The capabilities of GIS (Goodchild, 1993) are (1) pre-processing of data from large volumes into a form suitable for analysis: reformatting, re-sampling, and generalisation; (2) supporting analysis and modelling: providing information for calibration, forecasting, and prediction; and (3) post-processing of results: reformatting, report generation, tabulation, and mapping.  Due to the capability of data handling of GIS therefore hydraulic model coupled with GIS have been widely used for floodplain mapping tasks.  GIS offers methods to simplify not only floodplain mapping but also data preparation for use in the hydraulic modelling of a river system.
Many tools have been successful developed to utilise GIS technology for prediction and floodplain mapping.  Examples of available GIS tools (both freeware and commercial software) for floodplain mapping are HEC-GeoRAS (Ackerman et al., 2000; Evans et al., 2000), MIKE 11 GIS (Muller and Rungoe, 1995), InfoWorks RS (Wallingfordsoftware, 2004).  The application of these tools for a wide variety of studies illustrates that GIS help to create accurate and current floodplain maps with improved efficiency and reduced time usage (Evans et al., 2000; Lindberg et al., 1993; Shamsi, 2002).  However, most of these tools are coupled with or embedded in ArcView GIS developed by the ESRI.  ESRI has upgraded their GIS software with the major release ArcGIS in 2004. As it is envisaged that in future years ArcView GIS will be replaced by ArcGIS, it is therefore beneficial and useful to utilise advanced GIS technology for river modelling systems for floodplain mapping.

The aim of this study: 

(1) to provide a framework for floodplain mapping using the new generation of GIS software, ArcGIS: development of a floodplain mapping procedure with ArcGIS; 

(2) capable of displaying hydraulic modelling results in a GIS, allowing the calculation of flood depths and the generation of floodplain inundation maps; and 

(3) an application using the GIS tool for floodplain mapping was performed for a case study, the Ouseburn catchment in Newcastle upon Tyne, UK, to allow the creation of two dimensional (2D) and three dimensional (3D) views of flood maps.
2. noah-arcgis map template

In ArcGIS, a framework was developed to link NOAH 1D river modelling system to ArcGIS application, NOAH-ArcGIS.  The NOAH-ArcGIS framework is concerned with the development of the geometric data requirements for NOAH 1D model and the display of NOAH 1D simulation data for floodplain management. 

NOAH 1D (Kutija and Murray, 2002) is a 1D river modelling system for hydraulic networks under both steady and unsteady condition, under predominantly free surface flow conditions.  It is capable of modelling branch, looped and mixed networks for both sub-critical and supercritical flows.  The solution is based on the full de Saint Venant equations using the Abbott-Ionescu implicit scheme (Abbott and Minns, 1998) and Generalised Elimination Algorithm (Kutija, 1995).  NOAH 1D was selected due to the availability of access to the code, which is the only ‘true’ documentation. 
In ArcGIS, users can design and save their own template for later use.  The customised template may contain data, necessary toolbars, customised interfaces, user defined code (or open source codes and macros) and a pre-defined layout (e.g. the position of toolbars).  A map template may therefore be tailored for use in performing a specific task to allow the user to work in the most efficient way.  Additionally, for mapping exercises that require each document to have the same look and feel, a standardised template may be developed, which may include background images, logos, etc.  Development in ArcGIS is usually performed using VBA, which generally provides adequate power for the user to succeed in their required customisation (ESRI, 2001).  Customising ArcGIS interfaces requires effort and knowledge of one of the following programming languages COM, VBA, VB, Visual C++ or ATL. 
NOAH-ArcGIS map template for providing an environment for the pre- and post-processing of data for and from a river model has been developed in VBA using Microsoft Visual Basic in ArcMap (Figure 1).  This allows the user to write codes in VBA, to create desired functions or tools for performing required tasks, which are then embedded in the ArcGIS interface.
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Figure 1: NOAH-ArcGIS map template
The NOAH-ArcGIS map template essentially consists of VBA code for exporting geometric data from ArcGIS into an ASCII file for use as input to NOAH 1D, hereafter called ‘Export Geometric data’ tool (see Figure 1).  This tool obtains geometric data (x, y, z coordinates) from 3D features and write these data into a file in the ASCII Generate file format (described later).  Data files created using this tool may be imported into other GIS applications (e.g. ArcView GIS, ArcInfo, etc.), which support this file format. 

A tool, termed ‘3D Generate to Shapefile’, to import NOAH 1D result files into ArcGIS was also developed.  This tool is designed to read NOAH GIS output files (in the ASCII Generate file format) and create 3D map layers in ArcGIS.  The 3D Generate to Shapefile tool is modified from the ‘Import 3D Generate’ VBA code developed by ESRI within the ArcObject system.  Comprehensive descriptions for developing VBA code for ArcGIS are provided in Razavi, 2002.  Additionally, the interface has been customised to load and organise all of the necessary functions.  

The developed ‘NOAH-ArcGIS’ map template may be imported and used in any computer environment that provides ArcGIS Desktop including 3D Analyst and Spatial Analyst extensions. ArcGIS 3D Analyst is for analysing, managing and visualising 3D data and surface models.  It includes the application ArcScene, for viewing 3D data in a Scene, which is a document used for interactive, display and query of 3D geographic data.  Functions are provided for creating, analysing and displaying surface models, including building TINs, calculating slope, mapping contours, etc.  The Spatial Analyst extension allows useful information to be generated from raster data sets, including surface area estimation and classification, and watershed delineation.  In this study, the most often used function within this extension was the ‘Raster Calculator’ option.  This function allows the user to perform mathematical calculations on raster data using operators and functions, which are required in the creation of a flood map.
Although an automated tool has not been developed, this framework allows the user to perform the necessary tasks for developing a floodplain inundation map.  The complete procedure for developing geometric data for import into river models, floodplain mapping and creating 3D view flood map is provided as the following. 
3. Overview of floodplain mapping process using ArcGIS

Using the methods for pre- and post-processing (Figure 2  below), the user can develop topographic data for use in hydraulic modelling, and import simulation results from the NOAH 1D river modelling system for analysis and mapping in ArcGIS. 

The pre-processing steps involve the use of the surface elevation data to obtain the geometric data (i.e. channel network and floodplain cross-sections) for a river model, Figure 2 (a).  The geometric data can be derived from a DEM, which may be in a raster and a TIN formats. 

The post-processing of the river model involves the generation of floodplain from the results of a NOAH 1D simulation, Figure 2 (b).  The simulation result files can be obtained at any point in time to allow the user to concentrate on a time (moment) of interest.  
The results at incremental time steps can be used to present the progression of results through time. These files are used for the flood depth calculation and the generation of the floodplain inundation map. Details are given in next section.
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Figure 2: The approach diagram of data (a) pre-processing and (b) post-processing

The functions used to perform the pre- and post-processing steps in ArcGIS are summarised in Table 1.  When performing the process, the 3D Analyst and Spatial Analyst extensions are required in both GIS applications.  
Table 1  Pre- and post-processing steps in ArcGIS

	Process

	ArcGIS

	Terrain Modelling
	Conversion Tools, Raster Calculator

	Pre-Processing
	

	Creating channel network
	ArcCatalog, Editor Tool

	Creating cross-section
	ArcCatalog, Editor Tool

	Extracting 3D information
	3D Conversion Tool

	Generating NOAH 1D import files
	Export Geometric Data Tool

	Post-processing
	

	Import NOAH 1D Outputs
	3D Generate to Shapefile Tool

	Water surface TIN
	Create TIN function

	Water surface Grid
	Convert TIN to Raster function

	Floodplain Map
	Raster Calculator

	Visualisation (2D/3D)
	ArcScene


4. floodplain mapping process using ArcGIS
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The NOAH-ArcGIS tool was used to perform the floodplain mapping of the Ouseburn catchment in Newcastle upon Tyne, UK (Figure 3).  The study area covers the middle section of the Ouseburn river from Brunton Bridge to Three Mile Bridge approximately, 3.6 km.  A terrain TIN model using the 2m unfiltered LiDAR data set is firstly created.  Secondly, geometric data files of the channel network and floodplain cross-sections for the study area are developed from the created TIN model.  Finally, floodplain inundation maps of the study area are generated.  Details of these methods are provided below. This can be viewed as a manual for those interested in flood modelling and mapping using the new ArcGIS software product.  

Figure 3: The Ouseburn River, Newcastle upon Tyne, UK
4.1 Terrain Modelling
A terrain model must be created for which geometric data of the channel and floodplain cross-sections can be extracted from.  In ArcGIS, both geographic and non geographic (attribute) data may be imported into a map document using ArcToolBox.  Data (e.g. DEMs, LiDAR or raster data) in ASCII file format can be imported into ArcGIS as a grid layer using the Conversion Tools/Import to Raster/ASCII to Grid function.  Several 2km by 2km panels covering the test catchment of the Ouseburn River were imported into ArcGIS.  A ‘single grid’ of the study area was created using the Spatial Analyst extension i.e. the MERGE command in Raster Calculator to spatially append grid panels together.  

Missing data at the edges of the adjacent grids may occur.  The missing data may be caused by the original construction of the DEMs or the translation of the DEMs from the ASCII format to ArcGIS grids.  In ArcGIS, these missing data can be infilled with the average of the adjacent values, termed the ‘mean grid’.  The ‘mean grid’ can be obtained using the FOCALMEAN command.  The original single grid is then merged with the ‘mean grid’ to give a new grid layer with original grid infilled with the mean grid data, termed the ‘merged grid’.  However, for large areas that have no data values, this method may not be adequate to give all the missing data values.  Another option to obtain the missing data values is through the conversion of the grid to a TIN data.  The merged grid was then converted to a TIN, from which the geometric data of the channel network and floodplain cross-sections for use in the hydraulic modelling were extracted.

In ArcGIS, a grid can be converted to a TIN using the ‘Convert/ Raster to TIN’ menu in the 3D Analyst extension.  When converting the grid to the TIN model, the values between grid cells are interpolated and connected with a line (edge) to form contiguous, non-overlapping triangular facets.  Therefore, the grid cell locations that have no data are replaced with the interpolated values in the TIN. 
In this study, the TIN of the study area was created from the 2m LiDAR data set for extracting of the geometric data (Figure 4).  The edges in TINs can be used to capture the position of linear features that play an important role in the surface, such as streams, peaks, pits and channel embankments.  Thus, in the visualisation aspect the TIN surface presents a more realistic surface than the raster surface.
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Figure 4: Terrain Modelling
4.2 Developing Geometric Data

This section provides details of the development of the 2D and 3D data sets of channel network and floodplain cross-sections, and their geometric data to be imported into NOAH 1D using NOAH-ArcGIS.  The TIN derived from the 2m unfiltered LiDAR data (previous Section) is used as the surface model for these features to obtain geometric data from.

The channel network and floodplain cross-section features can be created in ArcGIS as PolyLine shapefiles using ArcCatalog and Editing Tool in ArcMap.  The 2D channel network should be digitised from the upstream toward downstream ends.  The 2D floodplain cross sections must be created beginning from the left floodplain to the right floodplain when facing downstream and starting from the upstream end and finishing at the downstream end.  They should be drawn perpendicular to the direction of flow and should cover the entire expanse of the floodplain as the maximum flood extent defining by the end of each cross-section.  Each cross-section must cut across the main channel exactly once, and no two cross-sections may intersect.  Modellers must ensure that cross-sections capture the change in topography of the interested areas (e.g. changes in channel shape, slope, breaks in embankments).

Once the 2D features of the channel network and floodplain cross-sections are created, the process of obtaining the elevations (z coordinate) can be performed, converting the 2D data set to a 3D representation. This requires a terrain model for the extraction of elevation.  The 3D Analyst extension (using the Convert Features to 3D function) allows the users to create 3D features from existing 2D data set, using the z values from a specified surface data set, in this case the LiDAR derived TIN data.  Figure 5 shows the the 3D channel network and the 3D floodplain cross-sections displayed on the TIN derived from the 2m LiDAR data.

The next step is to export and write the 3D feature data into a file for importing into a river model for hydraulic analysis.  The geometric data to be imported into NOAH 1D are required in the ASCII generate file format (Figure 6).  These files contain only the basic geometry (i.e. a series of x, y, z coordinates) and features descriptions (e.g. identifiers, length) that are required for the hydraulic model.  Other additional information can be added to the blank line header.  Since the file format is widely used in GIS softwares, with simple transformations the geometric data created from this procedure in ArcGIS can be imported into many other GIS applications (e.g., MapInfo).    
For the generation of a data file in this format, the developed ‘Export Geometric Data’ tool within NOAH-ArcGIS was used (above described).  This tool obtains geometric data (x, y, z coordinates) from the 3D channel network and 3D floodplain cross-sections and writes the data into files to be used in NOAH 1D.  Figure 6 shows an example of a geometric data file.
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4.3 Developing Floodplain Inundation Map

A floodplain inundation map providing flood extent and flood depth above the ground surface may be determined using a water surface grid and a land surface grid. 

The first step involved the importing of the simulation results including the water surface profiles and the maximum possible spatial extent of water surface boundary, from NOAH 1D into ArcGIS.  Using a ‘3D Generate to Shapefile’ tool provided in NOAH-ArcGIS, the water surface profile data set was imported to create a 3D PolyLine shapefile (water surface profile layer) and the maximum possible spatial extent of water surface boundary data set was imported to created a Polygon shapefile (bounding polygon) in ArcGIS.  The water surface profile layer contains water elevation data at each model cross-section. The bounding polygon contains water elevation data at the ends of each model cross-section.  
Then, a continuous surface of water elevations must be developed. This may be created in a form of TINs.  Using the ‘Create TIN From Features’ function in the 3D Analyst extension, a water surface TIN can be created.  The water surface TIN was generated from the water surface profile layer using water elevation from each cross-section in the model.  The bounding polygon was used to specify the extent of the water surface TIN.  The water levels between cross-sections were interpolated, and a continuous surface of water created, with the bounding polygon giving the limit of the water surface extent. 
In the process of obtaining the inundation depth, a grid of water surface level and a land surface level are required.  The conversion tool ‘Convert TIN to Raster’ in the 3D Analyst extension allows the creation of a grid from a TIN data set.  A water surface grid can therefore be created from a water surface TIN.  The land surface grid was created from the TIN derived from the 2m unfiltered LiDAR data set.  Subtracting the land surface grid from the water surface grid to provide a grid layer representing the flooded areas (floodplain inundation map) can be performed using a simple raster calculation.  This process can be carried out in the Spatial Analyst extension using the Raster Calculator function and CON command.  Positive values from this calculation correspond to the depths of water above the land surface.  Examples of floodplain inundation maps in 2D and 3D views are shown in Figure 7.
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Figure 7: Floodplain inundation maps in 2D and 3D Views
5. Conclusion

The developed NOAH-ArcGIS map template provides the necessary framework to assist users with limited GIS training to set up hydraulic models and present the hydraulic model results for developing flood inundation mapping.  The developed template contains all the necessary code for (1) the creation of geometric data for input into a hydraulic model, and (2) the generation floodplain inundation map in ArcGIS.  However, it does not provide a logical user environment and therefore user must have a good understanding of the pre- and post-processing data needs for hydraulic modelling and mapping. 
In the absence of the tool, the user who is less versed in operating a GIS may find the ordering of the ArcGIS commands that need to be completed confusing.  The user needs a degree of familiarity with the GIS software to perform even simple tasks because of the powerful functions, flexibility and complexity of the software.  The user must know exactly which tasks are to be done, how the tasks can be done and the order the tasks need to be performed in order to obtain the geometric data for use in a hydraulic model and to produce floodplain inundation maps.  Therefore a complete set of procedure guidelines to quickly and efficiently perform the tasks is required.  Essentially, this paper provides this information.  This would reduce a knowledge burden for the less advanced user and provide a logical framework for more skilled users.  This also provides advantages for users who have a good understanding of hydraulic river modelling, aiding them to properly create and interpret GIS data sets.

6. References
Abbott, M.B. and Minns, A.W., 1998. Computational Hydraulics: USA, Ashgate Publishing, 557 p.

Ackerman, C.T., Evans, T.A., and Brunner, G.W., 2000. HecGeoRAS: Linking GIS to Hydraulic Analysis Using ARC/INFO and HEC-RAS, in Maidment, D., and Djokic, D., eds., Hydrologic and Hydraulic Modeling Support with Geographic Information Systems: California, ESRI, p. 155-176.

Goodchild, M.F., 1993. The State of GIS for Environmental Problem-Solving, in Goodchild, M.F., Parks, B.O. and Steyaert, L.T., eds., Environmental Modeling with GIS: Oxford University Press, p. 8-15.

ESRI, 2001, 'What is ArcGIS?' California, USA, ESRI, 76 p.

Evans, T.A., Djokic, D., and Ackerman, C.T., 2000. Extending Hydraulic Engineering Applications of GIS: New Features in HEC-GeoRAS: Proceedings of the Twentieth Annual ESRI User Conference, 2000, San Diego, CA, ESRI.
Kutija, V.,  1995. A Generalised Method for the Solution of Flows in Networks: Journal of Hydraulic Research, v. 33, p. 535-554.

Kutija, V., and Murray, M.G., 2002. A fast hydrodynamic network modelling system using object-oriented numerics: Proceeding of the Fifth International Conference on Hydroinformatics, Cardiff, v. 1, p. 200-205.
Lindberg, S., Syme, W., and Miller, H., 1993. Floodplain Management with ARC/INFO and MIKE 11: Proceedings of the Thirteenth Annual ESRI User Conference 1993, Palm Springs, CA, ESRI, p. 3-12.
Muller, H.G., and Rungoe, M., 1995. Integrating floodplain management and numerical modelling, using ArcView: Proceedings of the Fifteenth Annual ESRI User Conference 1995, Palm Spring, CA, ESRI. 

Razavi, A.H., 2002. ArcGIS Developer's Guide for Visual Basic Applications (VBA), Delmar Learning.

Shamsi, U., 2002. GIS Applications in Floodplain Management: Proceedings of Twenty-Second Annual ESRI User Conference 2002, San Diego, CA, ESRI.










































Figure 5: Channel and Floodplain Cross-sections





Figure 6: A geometric data file








Flood boundary





Flood boundary








1
PAGE  
8

[image: image8.emf]

