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Abstract: Flooding causes more deaths and damage than any other weather-related phenomena. In response to the problem of natural hazards, the Federal Emergency Management Agency developed HAZUS-MH, a risk assessment and hazard mitigation planning program for analyzing potential losses from floods and other natural hazards. To improve the estimation of flooded areas and the timeliness of the information for the HAZUS-MH program, the U.S. Geological Survey, the National Weather Service, and the Polis Center are developing a system to generate flood-inundation maps along the White River in central Indiana. The maps will be displayed on the internet as well as used by the HAZUS-MH program to estimate flood damage and to help coordinate a flood-mitigation plan. The flood-inundation maps are generated by a two dimensional surface-water routing model called FastMECH. The model uses a digital elevation model, streamflow and water-surface elevation data to simulate floodplain characteristics and has been calibrated using historic high water marks and streamflow-gaging station elevation records. To test the adequacy of the system, the predicted flooded area based on historic flood data from the model output will be used in the HAZUS-MH program to estimate flood damage. Then the estimated flood damage will be compared to the historic record of damage and an evaluation of the accuracy of the system will be analyzed. A major component of the study is to display flood maps on the internet. Output from the surface-water model is arrays of ASCII files containing elevation, depth, and time data. The arrays are transformed into ArcGIS grids that will be displayed on the internet through an internet map server. A visitor to the web site will be able to see maps of simulated flood extent, depth, and arrival time for near-real time and predictions for several hours and days into the future.
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1. introduction
Flooding causes more deaths and damage than any other weather-related phenomena, and three-quarters of all federally declared disaster declarations are due, at least in part, to flooding. For example, total national annual flood damage for the 20-year period ending in 2002 has averaged $5 billion (National Hydrologic Warning Council, 2006). Flood damages can be reduced by developing mitigation plans and through advance flood warnings and forecasts. Forecasting and warning, when coupled with effective response plans, enable citizens and public servants to act to protect people and property before floodwaters reach critical levels. If those actions are taken in a timely manner, tangible benefits accrue, especially in terms of inundation damages reduced (National Hydrologic Warning Council, 2006). For example, Day (1970) estimated the value of the damage prevented as a function of flood warning lead time. According to the function developed by Day, flood damages would be reduced by 10, 22, and 30 percent with 4, 12, and 24 hours, respectively, of flood warning lead time. 
In response to the problem of natural hazards, the HAZUS-MH program was developed by the Federal Emergency Management Agency (FEMA) as a risk assessment and mitigation planning tool. The HAZUS-MH flood loss estimation methodology consists of two modules that carry out basic analytical processes: flood hazard analysis and flood loss estimation analysis. The flood hazard analysis module uses characteristics, such as frequency, discharge, and ground elevation to estimate flood depth, flood elevation, and flow velocity. The flood loss estimation module calculates physical damage and economic loss from the results of the hazard analysis. The HAZUS-MH program provides a basic estimate of flood damages, called a “level 1” analysis, based on national databases and expert-based analysis parameters included in the HAZUS-MH software. More accurate loss estimates (level 2 and 3 analyses) are produced by including detailed information on local hazard conditions and/or by replacing the national default inventories with more accurate local inventories of buildings, essential facilities and other infrastructure. 
Technologies now exist that would include detailed information on local hazard conditions by allowing near-real-time and forecast flood inundation maps to be generated and imported into HAZUS-MH. These actual and forecast flood inundation maps, combined with detailed ground-elevation and building/infrastructure inventory data would enhance HAZUS-MH by: 1) allowing emergency managers to estimate losses as the flood was occurring; 2) allowing emergency managers to make flood plan implementation decisions based upon current and forecast flood extents and depths; and 3) improving the accuracy and timeliness of flood damage estimates for actual floods. 
2. Objective and scope

This project is a pilot study to develop observed and predicted flood inundation maps designed to be imported to HAZUS-MH and viewed on a web page. To accomplish the objective, collaboration from federal, state and local agencies and institutions was established. Some of the agencies and institutions involved in this cooperative effort are the U.S. Army Corps of Engineers, Indiana Department of Homeland Security, Indiana Department of Natural Resources (IDNR), City of Indianapolis and Indianapolis Museum of Art (IMA).
The pilot study will be conducted for a reach of the White River in Indianapolis (fig. 1). The reach begins at the U.S. Geological Survey (USGS) streamflow-gaging station White River at Nora (USGS station number 03351000) and extends downstream approximately 18 kilometers to 38th Street. This reach was selected because it includes two areas where interest in current and forecast inundation maps is high: 1) the Ravenswood neighborhood near the upstream extent of the reach; and 2) the IMA Virginia B. Fairbanks Art and Nature Park at the downstream extent. Ravenswood floods frequently from the White River and often damage is incurred. The Virginia B. Fairbanks Art and Nature Park is partially situated in the flood plain of White River and is occasionally subject to flooding, thus inundation mapping is beneficial for IMA operations and also will be educational and interesting to IMA visitors. 
The study reach also was selected for the pilot study because major data requirements for flood-inundation mapping were available: 1) high-resolution digital elevation data (2-foot interval digital contour map for Ravenswood and 1-foot contour map for the IMA Art and Nature Park); 2) detailed building inventory data for Ravenswood; 3) the White River at Nora USGS streamflow-gaging station record; 4) a National Weather Service (NWS) flood forecast point collocated at the gaging station; and 5) extensive historic high-water mark and flood elevation data at points along the reach for model calibration purposes. While this pilot project focuses on a small geographic area, the tools, methods, and products associated with the pilot project could be transferable to a regional scale.
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Figure 1: Location of study reach in Marion County, Indiana, USA
3. approach

3.1 Data Compilation

The representatives from USGS and Polis Center (Polis) have met with the Marion County Assessor, City of Indianapolis GIS department, and Indianapolis Mapping and Geographic Infrastructure System (IMAGIS) to address the data requirements for the modeling and inundation analyses. Given the small size of the study area, it will be crucial that site specific information is collected for all buildings in the inundation area in order to derive credible loss estimates. The HAZUS-MH program does not allow for polygonal analysis, so the Polis will use the IMAGIS building footprints to develop building centroids. The Polis will also obtain information about the foundation type, first floor elevation, building replacement cost, and other variables required by the HAZUS-MH modeling process. During the data review meeting, the technical staff will review the required building fields (occupancy or use classification, square footage, year built, number of stories and basic construction type).  Marion County will provide the building stock information tied to a unique Parcel ID and/or location (latitude/longitude). In cases where required information is not readily available on a building-by-building basis, Polis will work with the project participants to identify appropriate estimates based on expert opinion.
USGS will compile all necessary GIS data for the reach between Ravenswood and the IMA Art and Nature Park, including high-resolution digital elevation data and high-resolution orthographic aerial photography data. USGS will gather historic flood profile data and peak elevation data from the IDNR and from the NWS.

3.2 Surface-Water Routing Model
A computational model called FaSTMECH within the USGS multidimensional surface-water modeling system (MD-SWMS) will be used to produce flood elevation surfaces for the reach. FaSTMECH is a steady, two-dimensional (depth-integrated) hydrostatic flow model based on the solution of the full vertically integrated equations for conservation of mass and momentum cast in a curvilinear coordinate system. To speed convergence, the model uses a differential relaxation technique rather than a more common time-stepping technique to step towards a steady-state solution (McDonald and others, 2005). Minimum data requirements for the model include high-resolution digital elevation data, channel geometry, streamflow at the upstream boundary, and water-surface elevation at the downstream boundary. The model can be calibrated by adjusting the drag coefficient until simulated water-surface slope through the modeling reach matches the measured water surface. Physically, this process is equivalent to ensuring that the roughness used in the model accurately simulates the head loss in the channel over long reaches (Barton and others, 2005). 

USGS has calibrated the FaSTMECH model using selected historic flood discharges from the White River at Nora streamflow-gaging station in conjunction with historic flood elevation data along the reach. The calibration of the model used the March 2007 flood hydrograph to ascertain how flood elevations computed by the model compare with high-water marks in the Ravenswood area, at two USGS stage-only stations in the Broadripple area (fig. 1) and high-water marks set in the IMA Art and Nature Park. IDNR has surveyed the elevation of the high-water marks and has reported the elevations to USGS.

To automate the data input process for the model, hourly data will be downloaded automatically from the USGS National Water Information System (NWIS) data base and processed for input to the model to produce flood elevations for observed conditions. When storms are imminent, streamflow and water-surface elevation forecasts for the White River at Nora streamflow-gaging station and NWS forecast point are generated by the NWS River Forecast Center (RFC) located in Cincinnati, Ohio. The forecasts are based on regional rainfall-runoff relations and consist of 6-hour forecasts over a period of 5 days. These data will be downloaded automatically from the NWS RFC computers through the NWS Advanced Hydrologic Prediction Service (AHPS) and processed for input into the FaSTMECH model to produce flood elevations for forecast conditions.

3.3 Model Output
Automated post-processing routines created for the pilot study will use a GIS program to produce map files that can be downloaded from the Web for import to HAZUS-MH. The map files are also suitable for internet map server software that presents the information in a flexible, user-friendly map in near-real time through the Web. An automated application will process the output files created by FaSTMECH: a file with maximum flood depths for all locations in the study area and a file with flood arrival times. The files generated by FaSTMECH are ASCII files and need to be converted to a spatial data format that can be used by HAZUS-MH and can be displayed on the Internet. This will be accomplished by a Visual Basic program that converts the FaSTMECH output files from ASCII format to raster grid files by utilizing ArcGIS applications. The Visual Basic program will also copy the raster grid files to a directory where they can be downloaded for importing to HAZUS-MH and routed to an internet map server for display on the Web. 

3.4 HAZUS-MH Analysis

USGS near-real-time and NWS forecast data from an actual flood event will be synthesized and input to the model (the synthetic hydrographs will be based on real, archived data). The generated flood elevation surfaces from the model will be imported into HAZUS-MH by Polis. Polis will then generate loss estimates from the flood depth grid for the Ravenswood area.  Polis will generate a level 1 HAZUS-MH analysis (using the national database and HAZUS-MH built-in flood functions) and generate more detailed analysis (levels 2 and 3) reports for the same flood event. The results from the detailed analysis and level 1 analysis will be compared to actual losses recorded from the flood event in order to ascertain the increase in loss estimate accuracy from using the current and forecast flood inundation mapping. The analysis reports will include the following:
· Estimation of the percentage of damage and economic losses to structures
· Estimation of the percentage of damage and economic losses to contents 
· Calculation of total economic loss 

· Creation of a map that shows the areas of highest loss
3.5 Products

· Current and predicted flood-inundation maps of the Ravenswood area and of the IMA Virginia B. Fairbanks Art and Nature Park in GIS raster grid file format, updated hourly using USGS streamflow-gaging station and NWS flood prediction data. The predicted maps would be generated for pre-determined forecast time periods; for example from 4 hours out to 28 hours out, in 4 hour increments. 
· A web page from which the GIS files can be retrieved for import to HAZUS-MH and that allows viewing of current and predicted flood inundation maps in a user-friendly format. Current inundation mapping would show geographic features, roads, and structures and flood extents and estimated depths similar to fig. 2. Predicted maps would also show “time-to-wet” flood maps for pre-determined forecast time periods.
· Metadata that documents all GIS data files and web products; the metadata will be accessible from the web.

· HAZUS-MH analysis results of the Ravenswood area for a simulated historic flood. The flood will use real, archived flood data from a recent flood such as the January 2005 or March 2007 flood. 
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Figure 2: Example of a web page showing the flood extent and depth based on the March 2007 flood event in Ravenswood area
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