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Executive Summary

The Real-Time Inundation Evaluation (R-Time) Team was formed to evaluate the National Weather Service (NWS) experience with real-time (dynamic) mapping pilot projects and to review existing inundation mapping methodologies.

The approach used was to compile information about the four pilot projects, evaluate the OHD developed software FLDVIEW, compare four internet mapping server types and analyze the responses to the Request for Information (RFI).

The report points out differences between static and real-time inundation maps, the benefits and limitations.  Some time was spent to indicate the data needed to build hydraulic models for inundation maps, particularly the challenges of gathering and processing cross sectional information. Besides flow data, cross-sections are the core of every hydraulic model and resulting real-time inundation map. The software used, lessons learned and the mapping products generated are described individually for each of the four demonstration projects. One of the main findings from the RFIs was that private vendors are mostly interested in consulting the NWS in set-up or maintenance of map production, distribution and storage, not in the actual generation of flood forecast maps. One chapter looks at some of the different internet mapping server technologies available and points out the opportunities they present.  Further addressed was the impact of real-time flood map generation and model maintenance on river forecast center (RFC) activities, covering operations in general and backup operations specifically.  In the chapter “Future Considerations” the report elaborates briefly on the topic of probabilistic inundation maps, partnerships for inundation mapping projects and points out the importance of developing a method of verifying the forecasted flood extent and depth of inundation maps. The report concludes with 12 recommendations and the team’s suggestion that the NWS pursue real-time inundation mapping for situations where static mapping is limited, e.g. in coastal regions or rivers showing backwater effects.

The appendices contain the detailed information this report was built on, but are left out of the main document body to keep the document concise.

While working on this report some limitations were discovered when dealing with static inundation maps, e.g.:

· The models used to generate the static inundation maps may not be necessarily the same models used to produce forecasts at the RFCs. This implies that there may be some differences between the forecast elevations and the actual depiction of the inundated area obtained from the static maps. Nevertheless, static inundation maps are valuable because they convey a general idea of what the inundated area will be.

· The steady-state hydraulic models on which the static inundation maps are based on, are split up along a reach to forecast at individual mapping point locations.  Hence there is no connection between water levels at an upstream location along a river reach and a downstream location on the same reach. This can have implications on the forecasted timing of a flood wave traveling downstream as well as on the forecasted inundation extent.

Based on the findings mentioned above and discussed in this report and given the NWS availability of resources the recommendation is to improve the on-going effort in static mapping before embracing the next step, implementation of real-time (dynamic) inundation mapping.

The increased demand of emergency managers asking for probabilistic maps is being recognized. However, there is currently no real-time operational standard procedure in place to generate probabilistic inundation maps with hydraulic models. Once such a procedure is established, the mapping part can follow.

The majority of the team members recognize that it might not be necessary to implement real-time mapping in every case, inundation maps are requested.  Even though static mapping capabilities are limited, in many cases they might suffice. The effort and costs of mapping is not different if dealing with static or dynamic maps.  The main difference lies in the real-time forecasting scheme in which the core issue is the development and operation of an unsteady hydraulic model which is more resource intensive. The latter involves not only monetary resources but also personnel with the appropriate knowledge to successfully implement models reflecting the physics and complexity of the river system(s) under consideration.

While this report is not giving the final answer as to how to implement real-time mapping, it provides the information needed to assess the current NWS efforts toward real-time dynamic mapping.  It identifies the gaps that exist between the described pilot projects and the needs expressed by various parties to move towards real-time inundation mapping.  All these topics are discussed in this report and it is recommended that they are being carefully reviewed before deciding on real-time mapping implementation.

1. Introduction

The demand for flood inundation maps by emergency managers and other users of hydrologic information has been increasing with the widespread availability and use of Geographic Information Systems (GIS), Internet Map Servers (IMS) and other supporting tools.  To address this demand the NWS implemented pilot projects of real-time inundation maps on the Red, St. Johns, Tar and Susquehanna River Basins.  These pilot projects are now under evaluation to determine the feasibility of real-time inundation mapping using the existing National Weather Service River Forecast System (NWSRFS) hydraulic software FLDWAV and the NWS mapping software FLDVIEW.  Throughout the run of these pilot projects different methodologies were used to generate the inundation maps.  However, no single or unified methodology has been proposed as a potential or best flood mapping solution that could be used nationwide.

Real-time inundation maps are generated dynamically during operational forecast activities. Forecast information is derived from hydraulic models capable of generating forecasts for locations where static inundation maps are inappropriate.  These dynamic real-time maps aid in the communication of the spatial extent and depth of inundation for river channels and reaches where complexity of hydraulics needs to be modeled.  Real-time inundation maps associated with NWS flood forecasts will assist users such as water resource operators, emergency managers, and local officials to make more informed decisions and better mitigate the impacts of flooding.

The Real-Time Inundation Mapping Team (Appendix A) was formed to evaluate NWS experience with the real-time pilot projects and review inundation mapping methodologies proposed by sources outside of the NWS to develop a comprehensive and cost effective methodology for generating real-time inundation maps.  This report summarizes the findings of this team. 

2. Approach

The Real-Time Inundation Mapping Evaluation (R-Time) Team was formed with members from the Office of Hydrologic Development (OHD), Office of Climate, Water and Weather Services (OCWWS), National Oceanic Atmospheric Administration (NOAA) Coastal Services Center (CSC) and RFC field hydrologists. The approach followed includes an evaluation of the existing NWS real-time inundation mapping projects and information on flood mapping methodologies developed or proposed by independent organizations and private companies.

Team members familiar with existing NWS real-time inundation mapping pilot projects supplied background information about each of the projects.  The information provided was analyzed and lessons learned from these projects were extracted.   In the evaluation process the factors considered include:  length of time the pilot has been running, efficiency of the methods and the techniques used, resources required, the operational feasibility of real-time inundation maps generated at the pilot location and the benefits and or limitations of the methodologies at the particular site. 

In addition to the information gathered from NWS operational offices, the team acquired information from sources outside the NWS.  The team submitted a RFI document to the Federal Business web page (http://www.fbo.gov).  Submissions from these outside sources addressed one or more of the following topics:

1) Express a business interest in creating, storing and/or distributing flood forecast shapefiles/images and/or in using flood forecast shapefiles/images.

2) Provide (technical) information and sources regarding creation, storage and/or distribution of flood forecast shapefiles/images and/or on potential uses of flood forecast shapefiles/images.

3) Provide information on options for:

a) Nature of the shapefiles/images delivered by the Government, whether it should be in interim or final display formats including whether the images should be pre-generated and stored or generated on the fly.

b) Whether or not the Government should provide shapefiles/images to a third party who would then distribute to the public.

c) Scale and costs of infrastructure for these services

4) Interest in collaboration with the National Weather Service to publish flood forecast shapefiles/images and/or to use flood forecast shapefiles/images.

After review of the NWS pilot projects and RFI responses the information was evaluated to address where the NWS stands in inundation map generation and determine if there is sufficient information and a consensus to recommend a unified approach for the generation of real-time inundation maps.  Final recommendations are presented in this report.

The documentation for the evaluation process follows the OHD-mandated operational software improvement process known as Hydrologic Operations and Service Improvement Process (HOSIP).  The Statement of Need (SON) and HOSIP Research Project Plan appear in Appendix B.

3. Static versus Real-Time (Dynamic) Inundation Maps

The NWS field offices currently produce two types of flood inundation maps near selected forecast locations: static and dynamic.  Static maps provide a graphical representation of flood inundation for NWS flood categories
 and are based on steady state hydraulic modeling of water surface elevations for incremented discharges at specified locations.  The generation of real-time maps, which is addressed in this document, corresponds to maps created dynamically during operational forecast activities. These maps are thus based on real-time hydrologic/hydraulic conditions and forecast water levels.  In the following sections, we will describe both types of inundation mapping, focusing on the benefits and limitations the methods entails.


3.1. Static Inundation Maps

The use of static maps allows development of a-priori inundation maps (library of maps) referenced to specific gage elevations. These libraries are comprised of inundation maps that provide information on the spatial extent and depth of water for various flood levels, ranging from minor flooding all the way through the flood of record (largest ever observed) in the vicinity of NWS river forecast locations. The map libraries, combined with river observations and forecasts, enhance the communication of flood risk and provide decision makers the information they need to mitigate the impacts of flooding. 

Examples from static map libraries can be accessed from the Advanced Hydrologic Prediction Service Web Site at: http://www.weather.gov/ahps/inundation.php
3.1.1. Benefits

During flood events, decision makers could easily access the static inundation map libraries, evaluate the suspected inundation levels, and quickly develop an action plan.  An action plan could address issues such as where to safely position assets, who needs to be evacuated, and what routes are safe for moving people out of danger. 
The maps could also be used for long term planning during non-flood conditions. Scenarios could be developed to illustrate “what if” conditions concerning the depth and spatial extent of flood inundation.  When coupled with AHPS ESP forecasts, users could determine the potential chance of inundation over a 30 and 90 day forecast period.  In addition, the static inundation map libraries furnish users other downloadable resources such as shapefiles and kmz files which could be added to local software such as ESRI ArcGIS and Google Maps.

Accurate inundation mapping requires a significant investment in data collection and modeling that are beyond the current resources of NOAA, therefore NOAA is partnering with other federal, state, and local agencies involved mainly with the Federal Emergency Management Agency’s (FEMA) National Flood Insurance Program.  This partnered approach will allow for the creation of an expanded series of static inundation maps between the 1% chance flood and NWS flood categories at an incremental cost roughly 2% of a FEMA Flood Insurance Study.  The cost of development, development time, and the content delivery are also considerations for NOAA in building static inundation libraries. 
3.1.2. Limitations
Determination of the extent of water inundation during a flood requires high-resolution topographic information and the use of hydraulic models to represent flow through natural channels as well as structures like bridges and other features that affect flows.  Developing static inundation map libraries heavily relies on high-resolution topographic information. Although significant advancements in the coverage of high-resolution elevation data are being made, numerous river basins remain where high-resolution topographic information is not available.  In addition, the static inundation maps are being developed using steady state hydraulics in which the dynamics of the river system due to tidal and/or backwater effects are not addressed.  Consequently, static inundation map libraries are only being developed at selected locations.

3.2. Real-Time (Dynamic) Inundation Maps
Real-Time maps are produced during forecast activities, usually when an event resulting in flooding is predicted.  Because these maps are based on real-time conditions, they require the continuous execution of the hydrologic and hydraulic forecast models to maintain proper initialization of state variables such as those related to soil moisture conditions. Unsteady hydraulic models produce water level forecasts along the modeled reach at specified time increments. The locations for water level forecast and specified time increments are pre-determined during model development. The time increments should reflect the response of the basin in terms of flood wave travel time. 

3.2.1. Benefits

The generation of real-time inundation maps is based on an unsteady hydraulic modeling approach.  Most of the effort in developing these models is the same as for steady models, but the set-up required for ingestion of real time data is more time consuming.  If the groundwork has already been done, the transition from static maps to dynamic ones does not require much extra effort.  A significant advantage of the dynamic approach over static mapping is the generation of inundation maps in areas where the hydraulic and hydrologic context changes frequently. Examples include coastal areas, where the hydrodynamics of streams are highly influenced by tides, watercourse junctions where backwater effects from tributaries affect the others, and rapidly urbanizing areas, where changes in land cover (e.g. increased imperviousness) and development within the floodplain (e.g. bridges and culverts) significantly alter the system. In these cases, libraries of static maps may not represent the complexity of a system adequately or may quickly become outdated.

3.2.2. Limitations

During flood events, RFCs dedicate most of their resources to generate real-time hydrologic forecasts and related products to address the needs of the emergency managers and decision-makers.  Because dynamic inundation maps are produced during operations, there is a possibility of failure to deliver or update maps in a timely and consistent manner to our customers.  The processing effort of dynamic inundation maps will definitely have an impact on RFC operations and will require adjustments in duties to carry out responsibilities, actions, or communications among key stakeholders in a timely fashion. 

Spurious forecast data could lead to generation of unrealistic inundation surfaces.  Bad data is a concern of any real-time system, but the output product (maps) creates new challenges regarding Quality Assurance and Quality Control (QA/QC) of the product.  Quality control checking is essential and a scheme should be developed to use existing information that could provide thresholds of ‘reasonable’ inundation extent along reaches of a system near a NWS river forecast location.  The software to generate real-time inundation maps require QA/QC components that will signal or alarm the forecaster to perform additional computation prior to publishing the map data.  

4.  Data needs for Inundation Mapping 

 
Before we consider the process and methodology to create inundation maps, it is important to examine the data needs for such effort. The following sections describe the data required to generate the maps.


4.1 River Information (Hydrologic versus Hydraulic Models)

Inundation maps are based on predictions of water levels along a river reach. There are several methods to produce water-level simulations; thus, depending on the approach used to generate the maps and usage of the information, the most effective method may be determined.

Insurance companies have used inundation maps for a long time for flood insurance purposes. These maps are static, depicting inundated areas for a given return period and are derived from steady state models implemented for that purpose. Another type of inundation map depicts flooding conditions based on real-time forecast activities. The latter are maps needed for emergency response where depiction of inundated areas is important as well as the travel time for the flood wave passing through a given reach. As it was mentioned before in section 3, a steady state model may not provide the answers needed by emergency managers and decision makers; these are scenarios requiring a dynamic model. 

To successfully generate real-time inundation maps it is necessary to understand the role of hydrologic and hydraulic models and their implications in inundation mapping. The discussion about the effectiveness in using hydrologic or hydraulic models is related to their independent usage in the generation of inundation maps. In figure 1 the hydrologic model is shown as a fundamental part of the setting, because no matter what hydraulic model is used, all the rainfall/runoff derived input needs to be generated with a hydrologic model, whether it is lumped or distributed. 


[image: image1]
Figure 1 - General process for generation of inundation maps
Hydrologic models can be lumped or distributed and their capabilities are different as far as the nature of the output being generated. Hydrologic routing consists of the continuity equation and relationships between storage in the reach and discharge at the outlet. Hydrologic routing is typically utilized on a reach by reach basis to obtain a discharge hydrograph at a specific location.

Hydraulic models can be steady or unsteady and the use of their output for inundation maps changes depending on these conditions.  Hydraulic routing consists of the continuity equation and the momentum equation.  There are many factors affecting the selection of a routing method, e.g. backwater, channel slope, floodplain size, hydrograph characteristics, flow networks, required accuracy, and time and costs factors.
4.1.1. Hydrologic Models

Lumped hydrologic models provide information on flows at the outlet of a basin, generally at the location of a stream gage, where a rating curve has been defined.  The hydrologic model performs flow computations that are converted to water level based on a rating curve at that particular site. Using the water level at this location and assuming that it is valid through the cross-section; inferences are made as to the area inundated. Any extrapolation, upstream or downstream from the gage location is nothing more than an “ideal” approximation. The limitations in this case are the assumptions on uniform flow when the water level is extrapolated to define water level in a river reach, and in the assumption of steady state conditions reflected in a unique relationship among flow and water-level. The latter is not valid for reaches where flat slope or backwater might occur.  If any of the assumptions are violated this method is not applicable and a lumped hydrologic model cannot be used to generate inundation maps.
Distributed hydrologic models have more potential in inundation mapping, but their use is also limited due to the conditions of slope and backwater. The potential resides in the fact that flow is computed at each grid discretization (cell) along the reach as well as at the basin outlet.  To compute the water level at each cell you would need to have a rating curve applicable to each cell. At the moment the distributed model tested at OHD uses idealized channel cross sections to compute flow rates, so these cross sections cannot be used to accurately compute water levels.

In summary, hydrologic models (lumped or distributed) can only be used to generate local flows to feed the hydraulic model for river reaches that contain forecast points. At this time, for operational (real-time) conditions, only the lumped hydrologic model is able to provide inputs to the operational hydraulic model. 

4.1.2. Hydraulic Models

Steady-state hydraulic models assume a constant discharge throughout the reach. Multiple runs of a steady-state hydraulic model could be used to simulate the peak discharge as well as different levels of flow at all points along the river reach.  Implementation of a steady hydraulic model is less time consuming than unsteady state, but remains data intensive with requirements of cross sectional information from surveys and/or digital elevation models (DEMs) to build the channel and flood plain geometry. Additional data must be collected for any hydraulic structures included in the model as well. The steady-state model is pre-cursor to create unsteady model and is also used to obtain a reasonable calibration of model parameters.

Producing inundation maps using steady state hydraulic models have many limitations and could ultimately mislead the end users by wrongly depicting inundated areas.  Steady-state models cannot be used when there is backwater and/or tidal effects.  Real-time mapping using a steady state hydraulic model that produces a maximum water surface profile would inaccurately represent the water surface throughout the entire length of river reach.  In a large river system the flood wave could take many hours or even days to travel to the lower reaches of the system.  Producing a flood map with only peak water surfaces for the entire river would misinform the users in various locations along the river.  The coincidence of experiencing peak stages in all reaches of a river is very slim.  A peak stage inundation map would also falsely represent the backwater effects on the tributaries of that river.  

Unsteady-state hydraulic models are used to simulate the variation in water level and discharge along the river as a function of time. This type of model can reproduce the passage of a flood wave through a river reach with time. Other advantages of unsteady hydraulic models are that they do account for backwater and/or tidal effects. They also better represent off-channel storage and routing of off-channel areas, as well as provide a better volumetric accounting of the flood hydrograph. Implementation of an unsteady hydraulic model requires even more data than a steady model since the unsteady model must be calibrated to historical time series of stage and/or discharge. However, once the steady model has been developed, migration to unsteady is more feasible and perhaps requires a minimal effort.  Additional calibration of parameters may be needed while transitioning from steady to unsteady.

In regions of little topographic relief, unsteady state hydraulic models can simulate a wide variety of effects that may occur.  Hydraulic models can also handle a multitude of hydraulic structures including inline and lateral weirs, the latter of which is used to represent levee overtopping and breaching. Some of these models were evaluated by a team led by OHD and recommendations are included in the final report
.

In summary, implementation of hydraulic models is time consuming, very data intensive and requires a hydrologic model to generate the inflows. However, generation of real-time inundation maps requires information generated by unsteady hydraulic model simulations. Their results are crucial for inundation mapping needs in areas where static map libraries derived from steady hydraulic models will not provide the answer. The types of information obtained from unsteady hydraulic models include estimates of time to flood arrival, time to flood crest, water levels and the maximum flow depth. 

4.1.2.1 One-Dimensional (1-D) versus Two-Dimensional (2-D) Models 

Even if the steady flow limitation is addressed by using an unsteady hydraulic model, it is important to determine if the physical characterization of the reach is satisfied with the usage of a one-dimensional (1-D) model.  The 1-D approach is valid and reasonable for a prismatic channel in a relatively narrow floodplain but may not be appropriate for sinuous rivers with several tributaries in broad floodplains.  One-dimensional flow implies that all variables are cross sectional averages.  

V = Q/A     where V is the cross sectional average velocity.

One-dimensional flow does not consider transverse or vertical velocities, only stream wise velocities.

Low-lying coastal estuaries are complex hydrodynamic systems that often require two-dimensional models for proper simulation.  Thus, if flow conditions are complex in nature, two-dimensional (2-D) models are required and should be evaluated. Currently, the NWS does not have the capability of using 2-D models for operational purposes, therefore development of real-time inundation maps will focus on areas where the 1-D approach is valid or can be approximated. Future considerations for hydraulic modeling improvements should include the evaluation and benefits from 2-D models.

4.1.2.2. Cross-Section Data 

Among the data required for the development of hydraulic models, the most important one for inundation mapping is the cross-section information along river reaches. Cross-section data for some rivers are available from previous flood plain studies in particular those that FEMA or the US Army Corps of Engineers have conducted. Real-time inundation maps produced by the pilot projects evaluated in this report use cross sectional data in the format required by the NWS hydraulic model, FLDWAV. The following paragraphs describe potential difficulties of using this model data for flood inundation mapping.

Symmetrical Cross Sections

Cross sections in FLDWAV are in a top width (BS) vs. elevation (HS) format (figure 2). Cross sections are usually obtained from different sources such as topographic maps, DEMs or surveys from various sources (e.g. US Army Corps of Engineers). All are in an x/y format (figure 3) and need to be transformed into the BS/HS format to build a hydraulic model in FLDWAV. During the translation from a cross section in x/y format with up to 100s of data points to a cross section in BS/HS format, information is lost because FLDWAV has an upper limit of permissible top width pairs. In fact, for most hydraulic models not more than eight top width pairs are used. Additionally, in a split flow situation (e.g. an island in the channel) where the left channel is x1-wide and the right channel is x2-wide, both widths are summed and used as one top-width within a FLDWAV cross section. Therefore when taking the computed water surface levels for specific cross sections some information for the cross sections will always be irretrievably lost during the translation which makes mapping the water surface level back one-to-one onto an x/y formatted cross section practically impossible.

Limited Geo-Referencing of Cross Sections

In FLDWAV a cross section is referenced only by its absolute location along the centerline of a river measured in miles (figure 4). For mapping scenarios this only allows geo-referencing of a cross section where it crosses the river centerline. However a straight line is defined in a plane by at least 2 reference points and in space by 3 reference points. In the example in figure 4 the location reference of river mile 4.5 is the same for cross section A, B, or C. Therefore the given information doesn’t suffice to map a FLDWAV cross section accurately. Most contemporary hydraulic models include geo- reference for the entire cross section.  This makes a one-to-one mapping in terrain possible.
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Figure 2. Cross section in BS/HS format.

[image: image3]
Figure 3. Cross section in x/y format. 

[image: image4]
Figure 4. Three different cross sections sharing the same river center line location.
Geo-referencing of cross sections for flood forecast mapping within HEC-RAS is possible if the cross sections are being cut and laid out using HEC-GeoRAS and then imported automatically into HEC-RAS to build the hydraulic model based on those cross sections.  Per default, cross sections in HEC-RAS are entered in an x/y format, x for the distance along the cross section, y for the elevation.  To achieve "true" georeferencing within HEC-RAS, x/y formatted cross-sections should be entered in an x/y/z format, x and y for the location on the earth surface and z for the elevation.  This can be achieved by using the cross section editor and manually entering the additional location information, cross-section by cross-section.  It needs to be pointed out that surveyed cross sections should always include information (map, or some sort of chart) that indicates their true location on the earth surface. Without the location information, the surveyed cross-sections are useless.

Model Extrapolation above Top Cross Section

When a cross section is cut too short and the computed water surface level exceeds the maximum elevation in a cross section the hydraulic model must perform an extrapolation. The FLDWAV model does this by automatically extending the cross section based on the slope between the two last elevation points. In an extremely flat terrain this can lead to a cross section extended to infinity and hence introduce a large error margin in the computed water surface level. Under the same condition, the HEC-RAS model extrapolates above the top of the cross section by assuming vertical walls, which can also lead to errors in computed water surface levels. The only way to correct for these situations in either model is to ensure that the cross sections used in the model and inundation map extend well beyond the flood plain.   

In HEC-RAS the cross section can be extended in a number of ways.  If the hydraulic model was developed using HEC-GeoRAS with a DTM or triangular irregular network (TIN), the cross section can simply be extended and the updated geometry then exported directly to HEC-RAS. The extension of the cross section in this manner will truly represent the actual terrain features of the over bank or flood plain.  Even if the hydraulic model was not developed using HEC-GeoRAS, HEC-RAS has geometry editing tools that enables the modeler to manually extend the cross sections. 

4.2 Topographic Information

The data necessary to build a hydraulic model and to develop dynamic inundation maps are very similar and include ground surface elevation, channel cross-sections and structures influencing the movement of water such as bridges, levees, and flood walls at the very least, and possibly buildings within the flood plain.  This information typically is not gathered by the NWS and outside resources must be acquired.  Topographic data can be obtained from various sources:

· Federal government agencies such as FEMA, USGS, and COE

· Local jurisdiction engineers

· State transportation departments

· State GIS-involved agencies (e.g. LIDAR-based elevation data)

· Survey work, other sources (e.g. private vendors such as ESRI), etc.

When gathering data from different sources and combining them into one project for a study area, issues related to scale, projection, resolution and accuracy arise. All data within one project must share the same horizontal and vertical datums. Horizontal resolution, vertical accuracy and projection problems need to be resolved when processing digital terrain data. For an in-depth discussion of these topics please refer to Appendices C and D.

5. Software used in NWS Inundation Mapping  

Even though all the NWS prototypes reviewed utilize NWSRFS FLDWAV to produce water surface profiles for use in a GIS, the software used to generate the maps was not always the same. The mapping software is briefly described below. In the case of FLDVIEW (a collection of Avenue scripts) it will be discussed in more detail since the NWS contracted an evaluation of the software
 to determine the feasibility of adopting it as the NWS software. The report on this evaluation is presented in Appendix E.
5.1. Description of Software Used

Two, of the pilot projects used FLDVIEW as its means to generate the shapefiles to produce real time inundation maps.  The North Central River Forecast Center (NCRFC) for the Red River and the SERFC for the Tar River wrote their own customized ArcGIS applications in Visual Basic.
5.1.1. St. Johns and Susquehanna Rivers

In the St. John’s and Susquehanna projects, the software used was FLDVIEW.  The NWS flood forecast mapping application (FLDVIEW) was developed to produce maps of the expected aerial extent of flooding in an operational setting where timeliness is as important as accuracy4. FLDVIEW was developed using the Environmental Systems Research Institute’s (ESRI) ArcView 3.1 GIS software with the Spatial Analyst and 3-D Analyst extensions.  It uses custom scripts written in Avenue, ArcView’s scripting language, to produce a map of the inundated area in both raster and vector formats. 

The flood raster in FLDVIEW is a hydraulic representation of the water surface in a specified area.  It represents the extent of flooding due to unsteady flow, backwater from tributaries or man-made structures (e.g., dams, bridges, levees) and levee overtopping and/or failure.  FLDVIEW was developed to utilize the increasing availability of digital spatial data, as well as the relative ease afforded by off-the-shelf GIS software.  The development of the flood surface in FLDVIEW is conceptually similar to other geospatial processors for generating inundation maps from predicted point water elevations, and involves three key activities.  First it processes the GIS data to obtain a ground surface grid.  Second, it processes output data from FLDWAV or other hydraulic models to obtain a water surface grid.  Thirdly, it generates the flood surface from the ground and water surface grids.  These processes have been automated in FLDVIEW so that the user is not required to have extensive knowledge of GIS (e.g. ArcView), and so that the raster may be generated rapidly.  After a ground grid has been created, multiple flood surfaces (grids) may be generated as often as a forecast is made.

5.1.2. Red River

The Red River mapping tool, run at the NCRFC, utilizes results from the NWS FLDWAV model and custom ESRI ArcMap scripts written using ArcObjects and Visual Basic for Applications (VBA) to complete an inundation map of the FEMA. ArcObjects is a set of platform-independent software components, written in C++, that provide services to support GIS applications on the desktop, in the form of thick and thin clients, and on the server. The development environment for utilizing ArcObjects is Microsoft Visual Basic. The flood mechanism within the FEMA is complex. Flooding occurs not only because of overbank flows, but also due to break-out flows from adjacent tributaries and rivers, and because of downstream high-water conditions. Therefore, development of the tool required incorporating some of the flood mechanism rule-based logic into the program.  Figure 5 shows a conceptualization of the flow process for the mapping tool, from the time FLDWAV model results are generated by the NWS to access via the user interface on the web.
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Figure 5. Red River- Conceptualization of flow process for the mapping tool.
The Red River Basin Flood Forecast Display Tool (RRBFFDT) user interface http://www.rrbdin.org is incorporated into the Red River Basin Decision Information Network (RRBDIN) as a “tool”. The interface is an interactive map giving users the ability to navigate, turn on/off layers and query certain data layers.

Several files are integral to the successful execution of the RRBFFDT. Files may generally be classified as either “geoprocessing files” or “web interface” files. Geoprocessing files are those integral to processing and mapping the FLDWAV model results from the NWS. Periodic updating of these files may be necessary to ensure the continued quality of the products displayed by the RRBFFDT.

5.1.3. Tar River

The Tar River project included access to interactive maps which show flood forecast maps. One of the challenges of the Tar River real-time flood forecast mapping project was the dissemination of flood mapping information to those who lack the technical capability or software to handle output generated by a GIS.  As a result, a need arose for the production of graphical outputs that made use of the previously generated shapefiles.  A considerable component of this demonstration project has been the design and creation of an ESRI ArcObjects based tool that aided in automating flood map production.  The map creation tool called the Flood Imagery Production Tool (FIPT) imports flood inundation shapefiles and exports a user defined map extent as a .jpeg image.  These .jpeg images can then be incorporated into a variety of display formats including animated .gif images, Web-based JavaScript mouse-over frames, and movie files such as an .avi or .mpeg.  This process eliminates the need for a GIS system and helps broaden the audience of potential users of this data. 

Within the application, a user may access the file menu that shows the layout of the flood map production tool to add a series of flood shapefiles to the map view.  Once the shapefiles are added, the tool places them in chronological order using the values in an attribute field.  The user could click on the Time Series tab and create the output .jpeg images.  The .jpeg images are saved to a user-specified directory, and a time stamp is automatically added.  The finished .jpeg files are then ready for use in a variety of Web applications.

The animations are available in animated Graphics Interchange Format (.GIF), reduced image size animated GIF, Audio Video Interleave (.AVI), JAVA Applet, and JavaScript formats.  Note that the animations may take some time to open depending upon connection speed.
5.2.  Evaluation of FLDVIEW and Alternatives

The FLDVIEW Evaluation report provides an investigation into the strengths and limitations of the FLDVIEW tool based on a deconstruction of the code and thorough evaluation of FLDVIEW performance.  FLDVIEW methods and outputs were compared and contrasted with another inundation mapping tool, HEC-GeoRAS.  Based on the findings of this evaluation, it was recommended that NWS discontinue supporting further development of FLDVIEW for the following reasons:

(1) The FLDVIEW code itself is poorly written, poorly documented.  Rewriting and documenting the code would be very expensive. Given the FLDVIEW tool sits on a software platform that is increasingly obsolete (ArcView), rewriting the tool in Avenue (the native programming language of ArcView) is not practical. If FLDVIEW was to be maintained by NWS, the code should be ported to a contemporary GIS such as ArcGIS, also an expensive process.

(2) The automated process of generating an inundation surface in FLDVIEW is not commensurate with the level of effort given to the hydraulic modeling itself, and can result in an inadequate representation of the flood extent. 

(3) Comparison of FLDVIEW with HEC-GeoRAS in the evaluation highlighted that FLDVIEW has several shortcomings compared to other post-processors for generating inundation maps from hydraulic model outputs. Chief of these is that the flood mapping process with FLDVIEW is not tied tightly to the hydraulic modeling. This increases the chance of errors being unwittingly embedded in the mapping, and reduces opportunities to relate flood map output back to the hydraulic model in order to improve this modeling via enhanced validation and calibration. 
The HEC-GeoRAS tool is an ArcGIS extension specifically designed to process geospatial data for use with HEC-RAS. HEC-GeoRAS is a set of procedures, and utilities for processing geospatial data in ArcGIS.  This interface allows the preparation of geometric data for import into HEC-RAS.  HEC-GeoRAS also provides an interface to process the resulting water surface profile that is exported from HEC-RAS.  This interaction between the development of the geometric data used within the hydraulic model and the analysis of the water surface profile data from these HEC-RAS simulations is a desirable feature.

The cooperative agreement between HEC and ESRI has allowed the functionality of GeoRAS to migrate from the ArcView 3.x platform to the ArcGIS platform.  This upward migration is lacking within FLDVIEW.  As noted in the FLDVIEW Evaluation, a significant amount of work is needed to port this tool to a fully supported GIS platform such as ArcGIS.  However, if AWIPS adopts open source GRASS as the baseline GIS, porting FLDVIEW to GRASS will enable the NWS to produce the water surface profiles from the hydraulic model and the flood mapping aspects all within the AWIPS framework.

6. Review of NWS Demonstration Projects

In an effort to aid emergency manager’s need for more information during times of expected river flooding, the National Weather Service began providing inundation maps for select areas across the country.  Four pilot projects have been conducted (Table 1) and this section describes the lessons learned from each effort. Additional summary tables with all the aspects retrieved to compare these projects are presented in Appendix F.
6.1. Red River

The Red River real-time inundation mapping project was developed as a collaborative effort, a partnership between the NCRFC, local government, and private agencies.  The project uses flood forecast information generated with an ArcGIS9.1 application using output from a FLDWAV model. 

Products are disseminated to the public using the Flood Forecast Display Tool (FFDT) at http://ffdt.rrbdin.org/ which displays interactive flood inundation maps, an inundation depth grid, a graphic depicting the estimated arrival time for the flood peak, and flow conditions in and around the Fargo, North Dakota – Moorhead, Minnesota metropolitan area for the flood forecast period. 

Table 1.  NWS Pilot Projects. P (Probabilistic) and D (Deterministic).
	Projects
	Hydraulic

Model
	DEM Resolution
	GIS
	IMS


	Probabilistic or

Deterministic Maps

	Red
	FLDWAV
	2 foot
	ArcView 9.1
	Mapserver

[ FREE ]
	D

	Susquehanna
	FLDWAV
	2 ft -10 m
	HP-UX

ArcView 3.2
	ARC

FLD
	P & D

	Tar
	FLDWAV
	50 ft
	ArcGIS 9.x

ArcView 3.3
	None
	D

	St. Johns
	FLDWAV
	UNK at this time
	Arcview 3.3
	ARC
	D


6.1.1. Lessons Learned

The positive responses from the users in the Red River have shown a strong interest in having inundation information available.  Additionally, two community-sponsored sites that previously utilized static inundation maps, have abandoned those in favor of the dynamic maps.  Some technically advanced users and organizations prefer to utilize the geo-referenced layer data for analysis within their GIS systems. 

It is important to have access to GIS layers and/or geo-referenced photos which provide documented evidence of past flood events.  This provides validation of hydraulic calibrations and the resultant inundated areas.

It is also important that base digital elevation data be consistent in both the development and calibration of the hydraulic model and in the inundation processing and displays.  Additionally, appropriate quality checks need to be performed on these data to ensure they accurately reflect the areas being modeled.

To provide the best possible results, hydraulic modeling requirements and the details applied are increased to better reflect the water surface profile along the designated river reach.  For example:  It may be necessary to include most if not all of the structures within a river reach, designating areas of off channel storage, and address overland flow from sources other than the river channel.

There are additional training requirements for RFC forecasters in the correct use and interpretation of hydraulic models and the associated inundation process.  Training also needs to be developed and provided on appropriate modeling techniques for adjusting the water surface simulations during flood events.

Computational processing, and communication bandwidth sufficient to provide timely products is something which needs attention from the beginning, otherwise the creation or transmission of the inundation products can present an undesirable workload for the RFC or delay in delivery of products to the users.

6.2. Tar River

In the aftermath of Hurricane Floyd, North Carolina Governor Jim Hunt asked the National Oceanic and Atmospheric Administration to improve the flood forecasting capabilities for coastal North Carolina.  Several federal organizations have collaborated with the State of North Carolina to meet this need, including NOAA, the NWS, FEMA and the U.S. Geological Survey (USGS). 

The Tar River Basin pilot project began in the spring of 2002 with a coalition of partners including the NOAA CSC, the SERFC, and state partners with the North Carolina Floodplain Mapping Program.  While there are numerous NWS efforts under way throughout North Carolina to improve flood forecasting, the Tar River Basin was selected for “full deployment” of the Advanced Hydrologic Prediction Service (AHPS) initiative.  Through the NWS AHPS funding mechanism, a detailed hydraulic model and operational mapping procedure were developed for the Tar River, the first of their kind in North Carolina (Appendix G).  The resulting flood inundation areas combined with information overlays (e.g., roads, critical facilities, etc.) clearly illustrate the potential risks associated with floods. Emergency preparedness officials and the general public can use these flood forecast maps to make critical and timely decisions to reduce loss of life and property.

An operational forecast mapping process was developed as a pilot project for a 73-mile reach of the main stem of the Tar River.  The mapping process includes 1) computing water surface profiles with an operational FLDWAV model, 2) generating inundation area shapefiles with ArcView and NWS FLDVIEW scripts, and 3) processing the shapefiles using the flood imagery production tool to generate Web images for display.  Web pages for the new forecast products were also developed and the display includes mouse-over animations.
6.2.1. Lessons Learned

Positive feedback from the user community on the inundation map products was received.  Giving emergency and floodplain managers the capability to step through the forecast and see the expected flood inundation area is a powerful tool for evacuation and response.

Due to the level of mapping detail requested and concerns with the FLDWAV hydraulic model, we did not fully satisfy the needs of our North Carolina state partners.  For their flood warning system, they elected to supplement the NWS mapping products with a map library based on pre-event, steady state, HEC-RAS model outputs provided by the USGS. 

Due to the level of mapping detail, the daily execution of the Tar River inundation maps was deemed unnecessary early on in the evaluation.  The inundation maps did not noticeably change from day to day.  The SERFC policy was changed to generate the Tar River inundation maps only during high flow conditions along the Tar River or when requested by a user.   The SERFC staff needs to set aside normally 20 minutes to assure a successful model run and to manually proceed through the map generation process.
Prior to model construction a thorough review of the river system should be conducted.  Some pre-constructions steps are listed below, following these steps will help to identify modeling obstacles and help to focus development efforts: 

a. Collect terrain maps and any available river cross-section data from FEMA flood insurance studies before beginning model development.  Use this data to determine where data gaps exist and to identify areas of special interest/concern

b. Using the available data, create a schematic of the river system and rough in gage locations, hydraulic features, cross-section locations, and tributaries

c. Collect all available flow and stage data to determine data gaps and to get a feel for the type of events needed to perform a calibration.  If the hydrologic model is being recalibrated, try and schedule these activities to occur prior to calibration of the FLDWAV model

d. Using the flow and stage data, conduct a flow volume analysis for the major river junctions in the study area.  This simple analysis can help determine whether or not tributaries in the study area will need to be modeled dynamically    

After creating the schematic, and getting a mental picture of the system, visit the site.  Try and become familiar with the storage and hydraulic structures within the reach.  Walk, float, or drive the reach if possible to get a feel for the area.  Take photographs and notes that can be referenced in the months ahead when working through calibration issues.

6.3. St. John’s River

When NOAA started the Coastal Storm Initiative (CSI), the St. Johns River was selected for a demonstration project to showcase improved forecasting capabilities in coastal river systems. The NWS OHD and SERFC have worked toward the development of the St. Johns River model envisioned by CSI.  The combined effort involved improvements to and expansion of the existing hydraulic model from the city of Deland toward the mouth of the river in the Atlantic Ocean at Mayport, Fla.   In addition, based on the simulation of the water levels provided by the hydraulic model, flood forecast maps could be generated to provide an improved method for forecast visualization.

6.3.1. Lessons Learned

Modeling estuary systems in the lower reaches of coastal rivers provides a challenge to real-time modeling.  The many hydrodynamic processes occurring in these areas make them extremely difficult to accurately model.  The lack of critical data has also been an issue.  The Salinity portion of this project had issues with the lack of internet access on pc within the AWIPS firewall.  This Salinity portion is now being run on an external pc with limited success.  

Boundary conditions are critical to any one-dimensional hydraulic model.  Without the proper tidal information in the downstream river reaches, model accuracy becomes suspect.  In other words, without the National Ocean Service (NOS) tide information the model cannot be executed operationally.  In addition, data transmission issues have arisen while exporting the water surface layer to the web server.  

The St. John’s River maps were hosted on a server using Autodesk MapGuide. The operating system requirement for Autodesk MapGuide server is Microsoft Windows 98 or later which made it necessary to host the server outside of OHD under the supervision of the NWS helpdesk. This added an extra layer of administrative complexity. After one of the upgrades was pushed onto the server, the custom-configured internet mapping sites of the St. Johns and the Susquehanna River pilot projects stopped working.  Vital links to the database were broken and as a result different base layers failed to load into the IMS. The frame remained visible but none of the maps displayed correctly. Error messages such as "*Autodesk MapGuide Server error: 524-18.  Unable to retrieve data for layer "states". A connection to data source "mg6_shp_westbranch_base" could not be established. "Failed to get the Shape Spatial Index Manager.*" would pop-up. The configurations were checked, the help manual consulted, the Mapguide-user server list contacted and the Internet was searched regarding the Shape Spatial Index Manager but no answer could be found.  Several attempts to contact the vendor about information on the error messages received when loading images remained unanswered. Additionally the host server was an old and outdated machine and the help desk administrators were eager to take the server off the network altogether. As a result of the above mentioned difficulties and especially since the pilot project had been running for several years it was decided to take the applications off the internet and retire the server machine.

6.4. Susquehanna River

The Susquehanna River project intended to develop and implement a system for producing inundation mapping for various forecast locations within the Susquehanna River basin and to provide a method to generate information from a hydraulic routing model (i.e. NWSRFS FLDWAV producing water surface profiles) for use in a GIS (in this case ArcView on an AWIPS HP-UX workstation). This application produced water coverage map layers that could be provided to other GIS users that could produce static images or feed web-based map services.

6.4.1. Lessons Learned

There is keen interest in this type of hydraulic information.  The interest extends beyond the areas around the NWS forecast points to all local scales where flood threats exist.  

Emergency managers are savvy with GIS packages (typically ESRI products) and desire easy access (such as a web map data server) to the inundation layers in an ESRI-compatible form for ingest into their own systems.  

Historical analyses, which were performed for the Susquehanna, are desirable as they provide perspective for potential flooding compared to major historical events.  High water marks from those analyses prove beneficial for model validation.

Partnered projects to meet the local needs are necessary.  The needs of the Emergency Managers (EM) community should dictate the information provided to the public.  The NWS should be in the business of providing the water surface layer and the EM community should determine critical damage potential locations and control the amount of information provided to the public.

Middle Atlantic River Forecast Center (MARFC) mapping results comparing water surfaces generated with differing degrees of horizontal resolution were instrumental in persuading the Pennsylvania GIS agency to survey the state using LIDAR as a first step in implementing inundation mapping in a widespread fashion.  This prototype showed the critical need for high horizontal resolution for DEM data.

7. Real-Time Inundation Mapping Products

The following sections provide an overview of existing products created from the NWS pilot projects. Following this is a discussion of product generation frequency. 

7.1. Current NWS Mapping Products

Of the four NWS pilot projects, the Susquehanna was the only one that produced both probabilistic and deterministic flood forecast maps on a regular basis. Mapping products from this project were displayed on an IMS site (Figure 6). On the IMS site, under the probabilistic forecast tab, the 2%, 10%, 50%, 75% or 90% probability layers could be selected and illustrated for the Lewistown, PA location. These probabilities were computed based on 50 short-term (peak in a 7-day period) probabilistic Ensemble Streamflow Prediction (ESP) traces to simulate the current conditions. The flows for each probability were then fed into a FLDWAV model and the water surface level was computed.  As a final step FLDVIEW generated 14 layers based on FLDWAV’s computed water surface levels. The process ran once a day, was fully automated, and took about 10 minutes for each layer to complete. Once complete, the shapefiles were sent to the IMS for Display.
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Figure 6 - Susquehanna – Lewistown, PA (FLDIMS)

Base layers the user could turn on included rivers, streams, roads, railways and aerial photos for better orientation. The deterministic forecast depicted the 5 day forecast peak water surface elevation. Additional historical peaks from 1972, 1984, 1996 and 1999 floods were available for comparison to the current situation. The minimum scale is two times the mapped area (default for Lewistown is 1:36256), whereas the maximum scale is close to 1:1.

The Susquehanna pilot project was also hosted on an ArcIMS site that used a shaded relief image for the map background. The following layers were available for information on this site: Fire stations, streams, railway, roads, hospitals, schools property, State owned property, flood plain, water bodies, river, land use, air photo mosaic and DEM (2 ft – 10 m resolution). Only the 5 day deterministic maximum water level forecast was shown and updated once a day. This site offered some basic querying capabilities, e.g. the inundated areas were intersected with the schools property layer and the list of affected schools would be displayed (Figure 7). For all Susquehanna locations, shapefiles, images (jpg/tif), and water levels were produced; however none of them were routinely issued for external access. Both projects used ESRI’s ArcView 3.2 as their GIS software. Only limited verification against real observations took place by comparison of high water marks at specific point locations.
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Figure 7 - Susquehanna – Harrisburg, PA (ArcIMS)

The Red River flood mapping project is a non automated flood only based system. When a location is forecasted to reach or exceed flood stage, a morning forecast is made and is updated again in the afternoon if necessary. Two layers are generated, taking about 30 minutes each, showing the deterministic seven day forecast peak water surface elevation and the arrival time of the peak flood.  A text file of water surface elevations from FLDWAV is used by an ESRI ArcGIS 9.1 application to produce the shapefiles that are provided to local interest groups for display on a MapServer IMS site. The IMS site features zoom capabilities spanning the entire mapping area down to the street level detail in which the house number and streets can be queried.  Additional layers that can be viewed include political boundaries, parcels, major and secondary roads, water bodies and various supporting imagery (Figure 8). Verification using observations was done for the 1997 and 2001 floods.

The Tar River pilot project serves up 12 layers during flood conditions (Figure 9). The forecast period spans 72 hours and includes the peak water surface elevation and additional forecasts at 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, and 72 hours. The processing takes 15-20 minutes from start to end and is done once a day with a GUI that guides the user through the map generation process. There are no zoom-in or query capabilities presently available, however there are 2 different pre-defined scales at 1 inch = 28738 ft and 1 inch = 5847 ft. Shapefiles generated with ArcGIS 9.x, images and water levels are prepared but only the map images (.jpg) are loaded onto the internet server.  

[image: image9]
Figure 8 - Red River Basin, ND (UMN Map Server).

[image: image10]
Figure 9 - Tar River, NC (Internet Server).
Some verification of the computed flood extent was performed by comparing FLDWAV results with results from the hydrologic model. 

The map layer for the St. Johns real-time inundation mapping project was updated daily. It demonstrated the deterministic maximum water level during a 3 day period (Figure 10). The time to generate is 5-10 minutes from beginning to end. The internet mapping frame had basic zoom-in and panning capabilities but no detailed queries could be performed. The only product produced was a shapefile (using ESRI’s ArcView 3.3), which was then converted to a .jpg and sent via file transfer protocol (ftp) to the IMS.  Most of the process was automated, however it took manual input to execute the .bat files to launch and send data.
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Figure 10 -St. Johns River, FL (FLDIMS).
7.2. Frequency of Product Generation
Experience based on the pilot projects indicates that it is possible to generate map layers for each forecast time interval and/or the maximum water level for the forecast period. The main limitations are the availability of time during operational forecasting which includes file-transfer time to the server and personnel to perform quality control of the results.  The frequency of the updates might have a high dependency on the type of products issued.  For example, generation of the maximum water level in a forecast period consumes significantly fewer resources than the production of a layer for each forecast time interval during the same forecast period. Therefore, the generation of real-time maps needs to be synchronized with the forecast or forecast cycles.  The forecast output is based on synoptic times, but the creation cycles vary across the nation.  Currently there are no regional or national policies that address the updating of RFC forecasts, so the frequency of the production would still be a decision made at the RFC level.

There are also situations (common in large river basins) in which multiple RFCs are involved in the production of water-level forecast and inundation mapping for a given river.  In this case, there should be additional requirements for coordination and quality control of the output. This factor might affect the frequency of products.
8. Evaluation of Request for Information (RFI) Responses                              
A total of 22 responses were received as a result of the RFI posting on the Federal Business Opportunities website (http://www.fedbizopps.gov/). The replies ranged from a one or two page submission to detailed reports. In an attempt to organize and quantify the received feedback an Excel spreadsheet was put together. The descriptive analysis that follows in this chapter is based on this matrix. Complete and detailed RFI responses as well as the compiled matrix can be found in Appendix H. 
8.1. Expressed Business Interest

All of the RFI respondents (100%) expressed an overall business interest in creating, storing and/or distributing flood forecast shapefiles/images and/or in using flood forecast shapefiles/images.  Only one company (4.55%) expressed specific interest in all four sub-tasks of creating, storing, distributing and using flood forecast shapefiles. The vast majority, 21 (95.45%), were concerned about either one or several of the sub-tasks. There were 21 (95.46%) respondents interested in distributing, 12 (54.55%) in creating, 11 (50%) in storing and 2 (9.09%) in using shapefiles or images.

8.2. Technical Information

The majority of the respondents, 21 (95.46%), provided (technical) information and sources (either fully or in part) regarding creation, storage and/or distribution of flood forecast shapefiles/images and/or on potential uses of flood forecast shapefiles/images. Additionally, 4 (18.18%), of the submissions furnished information about all the sub-task sources, creation, storage and distribution of flood forecast shapefiles/images and on potential uses, one (4.55%) did not address the topic at all.  Most respondents, 17 (77.27%), added technical information to either one or several of the sub-tasks. Another 21 (95.45%) respondents provided technical information about distribution, 17 (77.27%) about potential uses, 15 (68.18%) about storage, 15 (68.18%) about creation, 4 (18.18%) about sources of shapefiles or images. 
Some of the potential uses (and users) of flood forecast shapefiles were identified as emergencies and emergency workers, federal, state and local emergency planning organizations, emergency management operations, safety and security protection of the general public, first responders, public safety agencies, as inputs to evacuation/transportation models and damage assessment models, FEMA, NOAA user base, general public, news outlets and TV networks to increase public awareness of current weather situations, web-mapping service for use by private individuals to increase their situation awareness, all citizens for their safety, insurance companies, re-insurers, NWS, US COE, NWS, local and state governments to develop flood warning and flood alert networks for areas with particular risk from flooding, GIS users, geospatial and IT professionals, Google Earth KML, public safety officials, real estate authorities, transportation officials, commercial and residential property owners, residents and business owners, planning activities.

8.3. Information about Nature of Shapefiles/Images

Diverse information was given about the nature of the shapefiles/images delivered by the Government.  Some of the responses that follow were combined and taken verbatim from RFI responses. 
Most often it was assumed in some form or another that the NWS creates the shapefiles or images and that the data will be in multiple shapefiles covering the US and its Territories. Another suggested approach was “to create tiled images programmatically following a shapefile update. These images would be read by an Image Viewer and displayed on a webpage.”

Multiple times a pre-generated indexed approach similar to the current static mapping efforts of the NWS was suggested in conjunction with a geodatabase because “this would allow the greatest flexibility in distribution and storage of the data.” “Considerable time and resources are spent developing and maintaining data. Because of these investments, it is likely that an organization such as the NWS would want to take advantage of cutting edge tools that can maintain the reliability of the data. Geodatabases offer superb advantages to other legacy GIS data formats such as shapefiles and coverages. Flood extent datasets will be stored in an enterprise SDE database that can be accessed and edited using ArcGIS Server.”

Another respondent suggested approach was “when water surface profiles are predicted to be normal (i.e. below flood stage), use a default vector file (shapefile) to map the river channel and floodplain. When flooding is predicted, generate and store a series of vector data layers (shapefiles) indicating the probability of flooding extent. Three ways of distributing the flood prediction maps are recommended: a) a web-based visualization system, b) export to kml for use with Google Earth, and c) shapefiles and image files for use in an end-user's GIS environment. This also contains a metadata component.”

A couple of replies suggested that the design of database and mapping product should take the FEMA standard map database into account, however, emphasizing the forecasting features.

A few submissions envisioned something along a “web based system that automatically downloads the River Forecast Centers’ warnings and runs the appropriate hydrologic model to generate maps of the areas at risk to the potential flooding. These maps should be provided to the public on a website, and also automatically emailed to interested parties, including local planners, emergency workers, and television networks. It was seen as an ideal solution for both, gathering the NWS peak stage warnings, passing that information to the appropriate hydraulic model, and distributing the final flood maps. Possible output format could be exported shapefiles to be converted to KML files (Google Earth file type).”

One reply anticipated that the “best means of accomplishing NOAA’s goal would require the generation of shapefiles on-the-fly using data generated by the FLDWAV model. This does not rule out the use of pre-generated shapefiles, but if near real-time posting and publishing of data was desired, the automated method would be superior. The particular format for display and publishing is not significant as all are inter-convertible.”

The question as to whether the nature of the shapefiles/images delivered by the Government should be in interim or final display formats was answered 19 (72.73%) times. Of the respondents, 3 (13.64%) felt that it should be an interim display, 7 (31.82%) a final display and 9 (40.91%) that it should be a combination of both. Out of 20 (90.91%) respondents who answered the question on whether the images should be pre-generated and stored or generated on the fly, one (4.55%) opted for pre-generated images, 8 (36.36%) for on-the-fly generation and 11 (50%) for a combination of both depending on the type of layer.

In response to the question as to whether the Government should provide shapefiles/images to a third party who would then distribute them to the public, 14 (63.64%) of the 22 RFI respondents answered this question in two ways:

a) The government should provide the data, and a third party should then generate and distribute the shapefiles/images to the public via internet.

b) The Government should provide the data and generate the maps that are then distributed to the public via internet by a third party vendor.

One (4.55%) answer was based on the means of publication the agency desired. If the distribution happened through the internet, then NOAA should do the distribution else a third party vendor should be chosen if a hard-copy graphic map output was desired. One (4.55%) respondent felt that it would not be necessary to provide the images/shapefiles to a third party for distribution if their proposed proprietary software would be implemented. The six (27.27%) remaining respondents did not address the topic.

There was a wide range of proposed scale and costs of infrastructure for these services. Fourteen (63.64%) RFI responses addressed this topic; some remained rather vague such as the “costs could range greatly depending on the chosen business model” or “Labor cost is estimated at $605000. Plus necessary costs of software licensing.” Others were more specific: “$250000 for initial setup, $35000/TB of storage, $37500/month data load/hosting/access, $75.73-$96.94/hr for development.” Here is another example: “Initial hardware, labor and telecom startup costs for a medium scale presence would be roughly $200000 - $300000.  Recurring costs would be approximately $50000/month.” Others estimated the costs of a pilot project between $150K and $200K. Some gave numbers for only the prototyping part of the system design: “A workable system could be prototyped within six months. The major issues for formal deployment comprise questions of where the system is to be hosted, security and disclaimer issues, responsibility for service, etc. The system design and prototyping can be accomplished for under $50000.”

8.4. Collaboration Interest with the National Weather Service

An overall collaboration interest with the NWS was expressed by 19 (86.36%) of the submissions, 3 (13.64%) did not answer this question. The type of collaboration suggested was different for each company. Some parties saw their collaboration in developing a specific application or in updating and maintaining the server as part of the overall scheme in providing engineering and GIS services to the NWS, others saw their roles in participating in another pilot project or suggested responsibility for the entire process of flood forecast map generation and delivery from beginning to the end with the Government only providing the forecast.

How the collaboration interest was worded varied from “Interested in collaborating with NWS for publishing of flood forecast shapefiles/images and or to improve the forecast models for other applications” to “Would enjoy any roles associated with the flood forecast publication based on specific needs.” Some expressed an interest in “collaborating with NWS on a pilot project to develop and demonstrate technology alternatives and solutions. Customization of web hosting options, partner with project affiliates, as appropriate, to provide hosting and publication alternatives.”

8.5. RFI Respondent Profile

Thirteen (59.09%) companies that submitted a response to the RFI can be categorized as strictly GIS firms, 6 (27.27%) as IT firms trying to branch out into GIS and 3 (13.64%) as engineering firms with a GIS department. Twelve (54.55%) companies employed less than 50 employees (some of them were one or two man operations), 3 (13.64%) between 51 and 500 employees, 3 (13.64%) over 500 employees and 4 (18.18%) provided no information. 8 (36.36%) companies were minority, disabled veteran, small business or woman owned.

9. Map Servers

Due to the functionality that internet map servers provide, they have become a desirable means of distributing and displaying spatial data such as river flood inundation maps. The following sections discuss NWS experience with IMSs and the possibilities for implementing new technologies to disseminate and display hydrologic information.  

9.1. Serving Maps to the Public

Different internet mapping server types were used in each of the four pilot projects. The Red River project is being served to the public by the University of Minnesota MapServer. The Susquehanna River initiative used two different servers. Autodesk’s MapGuide server displayed deterministic forecast information for Lewistown, PA, the Lower West Branch with 7 different locations, and Harrisburg, PA.   Probabilistic forecasts for Lewistown, PA also were displayed via MapGuide. This server requires the user to download and install a plug-in in order to visualize the maps. Another version of the Harrisburg, PA deterministic forecast was displayed on ESRI’s ArcIMS server using a feature service with Java. For the Tar project the inundation maps are displayed as images in JPEG data format on a regular internet server. Similar to the Susquehanna River project the St. Johns project was based on Autodesk’s MapGuide server. Further information on the three different internet mapping servers can be found in the comparison table in the Appendix I.

9.2. Opportunities Presented by Emerging IMS Technologies

To date the NWS has used four different means of serving data to the public in its pilot projects:

1) Standard web pages serving map images

2) Autodesk’s MapGuide

3)  ESRI’s ArcIMS

4)  University of Minnesota (UMN) MapServer

Standard web pages have the advantage of being easy to set up and maintain, and they are accessible to almost all users. The disadvantage of this type of dissemination is that they lack much of the functionality such as zooming in, panning and map query tools that are useful in the display of spatial datasets such as inundation maps. MapGuide, ArcIMS and UMN MapServer are map servers that offer these types of functionality that are desirable in the display of inundation maps. The disadvantage is that they require much more technical expertise to set up and maintain.  Another potential limitation of these more advanced IMSs is that they require a much higher server capacity. At this time the NWS is limited in this capacity to serving maps off these types of servers to a limited user group such as emergency managers and not the general public.

ArcIMS and ArcServer are proprietary software developed through ESRI and are widely used with extensive variety of developed applications, have a well-established developer and software support system in place and have a wide range of functionalities. UMN MapServer is open source software with similar functional capabilities as ArcIMS. Autodesk MapGuide as it had been used in the NWS pilot project was proprietary software, however in the meantime it had been converted to open source and made available to the public free of charge. A wide range of applications developed with all of these servers exists, although the support system in place varies considerably for each server type; some of them are limited to public user groups and forums. Although ArcIMS, ArcServer, MapGuide and UMN MapServer are potential IMS solutions to dissemination of inundation maps, each requires significant resources to develop and maintain.

Each IMS offers different features and capabilities to the extent that it makes it almost impossible to compare one server type against the other in a few paragraphs. Therefore the OHD has put together a comparison of four Internet Mapping Servers (IMS) in an Excel spreadsheet: MapGuide, ArcIMS, UMN MapServer and ArcServer. Even though not used in any of the pilot studies ArcServer was added to the comparison because it is the follow up software aimed to replace ArcIMS eventually. To get a detailed overview of the different server technologies please refer to Appendix I.

10. Impact on River Forecast Center Activities

The analysis for generation of real-time inundation mapping should be scrutinized from the perspective of NWS RFC operations. The following section attempts to present the impact of such activities under current operational staffing at the RFCs.


10.1 Operations and Model Maintenance

The main role of the RFCs is to provide water-level forecasts to be disseminated to the public. Such task requires the development and maintenance of hydrologic and hydraulic models.  By considering production of real-time inundation maps as part of the RFC operations, the hydrologists will need to have adequate training in the procedures, knowledge of GIS software, and data to generate these maps.

There are two types of impacts on operations, the initial one resides in addressing the dynamics of the river reach through the hydraulic model development and operational implementation; the second impact is due to the development of procedures and maintenance of model software used to generate the maps. 

Based on the experience and the lessons learned from the four pilot projects the NWS may not have enough resources to produce real-time inundation maps without the assistance of other agencies. Collaboration is needed to acquire geometric data for hydraulic model and inundation map development as well as verification.  In addition to human resource issues there are concerns of time required to properly perform the mapping tasks. This could affect the RFC’s ability to perform the quality assurance of forecast output.

The RFC’s ability to generate real-time inundation maps with current manpower resources is challenged.  Minimally, the RFCs in their current state can transfer data to other agencies or outside resources to produce real-time inundation maps.  If this were the case, by using a third party to produce the maps, the use of resources would be optimized assuring the production of accurate maps in a timely fashion.  However, because the RFCs are involved in the operations of the hydraulic model to produce real-time inundation maps, the hydrologists at the RFCs will need to conduct spatial checks of the output and determine if an inundation forecast is a reasonable estimation.  To ensure an effective model, model maintenance must take place daily.  An activity for real-time inundation forecasting includes assurance that the hydraulic model continues to produce reasonable results and provide proper dissemination of this information. By following this procedure, hydrologists would transfer good quality water-level forecasts that should translate into more accurate depiction of inundated areas.

10.2. Backup Operations and Map Generation

Hurricane Katrina demonstrated the need for a full suite of RFC product delivery at a time when an RFC must be evacuated and backup operations must be implemented for that affected RFC.  Once a product or service is provided and deemed operational, dependence on it grows as time goes by, and operating in backup mode is not tantamount to operating in degraded mode.  The interest expressed in inundation mapping by the user community demands that inundation mapping be provided whether an RFC is in normal or in backup operations mode.  Ensuring map generation can be continued while in backup mode is imperative regardless of the solution selected for the normal generation process.

This requirement for full operational backup affects RFC backup in different ways depending on the solution for producing inundations map under normal conditions.  The aspects of map generation include:

· The hydraulic model used to produce the water surface profile, 

· The process to project those water elevations into the ground intercepts, including where the process runs,

· The communication mechanism to hand off the mapping information to the services implemented to provide maps and data to the user community.

Most likely the hydraulic modeling will be performed at the RFC, so that capability is required for RFC backup operations.  The mapping process either can be performed at the RFC or at a third-party, with the water profile information provided by the NWS to that third party.  

If performed at the RFC, the mapping capability must be available via the RFC service backup mechanism.  Some of the NWS' prototype inundation efforts utilized non-AWIPS or non-Linux AWIPS software.  Most RFC backup efforts have focused on a single box, single OS (i.e. Linux) approach.  Non-Linux mapping solutions do not fit well with the defacto RFC backup model.

Having a third-party perform the mapping at a non-RFC facility eases certain backup restrictions.  In this scenario, communications to the third party must be available and must be supported while the RFC is in service backup mode.

Wherever the mapping is performed, serving the data and/or images will not take place at the RFC.  Therefore, communications for data transfer from the RFC backup facility to the web server must be provided and operationally supported.

11. Future considerations

The following sections discuss the topics of probabilistic inundation maps, partnerships for inundation map projects and verification. Although there is little information or NWS experience with some of these items, they are important to the future NWS inundation mapping efforts and the following discussion proposes ideas that may be considered. 

11.1. Probabilistic Inundation maps

Most of the pilot projects were established to produce deterministic inundation maps except the Susquehanna River where both deterministic and probabilistic maps were generated. Deterministic maps are the main part of this report since no methodology to produce probabilistic maps has been defined. Figure 11 shows a schematic of the process illustrating the complexities that probabilistic forecasts introduce. They are discussed in the following sections.
In the Susquehanna River pilot project, a probabilistic approach was tested for Lewistown, PA. This approach, described in section 8.1, only addressed the uncertainty associated with the hydrologic forecast used as input in the hydraulic model. In order to produce probabilistic flood inundation maps, it is necessary to assess the whole process and quantify all aspects of the uncertainties (figure 11).  Uncertainties in flood inundation mapping arise from the different components involved including 1) meteorological input; 2) hydrologic modeling; 3) hydraulic modeling; and 4) the terrain description. Probabilistic flood inundation maps convey “true” probabilistic information only if uncertainties in all components are accounted for.  The level of importance of each of them should be assessed. For example, there will be situations where the hydrologic uncertainties will likely be the most significant contributors to the total uncertainty. In other scenarios such as coastal plains, the terrain description may be the largest uncertainty.

The NWS uses an ensemble-based approach (ESP) to make probabilistic streamflow and/or stage forecasts that account for hydrologic and meteorological uncertainties. For those locations where it is necessary to account for hydraulic uncertainty, it would be advisable to remain inside the same framework. This means that it is necessary to assess the practicability of running hydraulic models in an ensemble mode. 

Uncertainty assessment can be conducted for any complexity of flood model.  However, approaches to assessing uncertainty should not be more complex than the complexity the flood modeling approach implies.  In other words, it makes no sense to provide detailed probabilistic assessments if the flood modeling approach is highly simplistic and in a case like this, the use of full ESP is not justified.  
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Figure 11. Possible scheme for Probabilistic mapping

The uncertainty analysis is useful because: a) all aspects of flood mapping are uncertain and decisions makers would like to know how much confidence to place in flood 

products; b) diagnosing the most important sources of uncertainty allows targeted improvement of models and monitoring networks. It also poses several scientific and practical challenges, including: a) the need for a computationally intensive numerical approach in flood modeling (i.e. ESP); b) the difficulty in accounting for all important sources of uncertainty; c) the difficulty in providing realistic estimates of uncertainty for the various sources (e.g. a realistic joint probability density function); d) the lack of data with which to test spatial predictions of flooding; and e) the difficulty of communicating uncertainty.

Sources of uncertainty in flood modeling can, as with any other modeling, be separated into: a) inputs (forcing, terrain etc.); b) model (structure, state variables, parameters, and numerical solution); and c) outputs (predictions).  The most important sources of uncertainty are partly conditional on the flood model structure.  For example, the placement and subsequent interpolation of cross-sections is an important source of uncertainty in 1-D models that disappears in 2-D models.  However, there is also some consistency between models.  For example, for almost all models and study sites, the critical sources of uncertainty will be the input forcing at the floodplain boundaries (river, coastline etc.); that is, the meteorological, oceanic and hydrological sources.  In terms of the flood model structure, the sub-model-scale terrain (aka surface friction) will often be important because it is a calibration parameter and calibration data are lacking for flood mapping purposes (such as a radar or aerial photography). The most important issue is to view the generation of probabilistic real-time inundation maps addressing their feasibility in the forecasting (operational) environment. 

11.2. Partnerships for Inundation Map Projects

Inundation mapping is considered to be at the highest of the AHPS levels. It has been envisioned as an activity that should involve partners.  Potential parties external to the NWS ought to be involved; however, it is difficult to define such involvement because each project is unique and different issues will surface that will need to be addressed. Experience with inundation mapping pilot projects at multiple RFCs has identified the following areas in which partnership occurred.  

· Project Requirements

· Areas to be mapped – what watercourse sections will be included in the mapping project.

· Map service content and level of disclosure for differing audiences (e.g. public versus safety sector) – are there security concerns about the highly detailed information needed for emergency management that would limit information exposed to the general public?

· Methods for information delivery/presentation – should information be presented via web mapping services, should data be served by map data servers?

· Hosting of information services – should servers be hosted by the NWS, should partners provide the infrastructure, or should a third-party be involved?

· Data gathering

· Development – ground, structure and cross-section information

· Calibration – historical high-water marks

11.3. Verification  

As of this time, no method has been developed to verify inundation maps. One of the difficulties is that verification should involve the evaluation of different components of the predicted flood event, such as: extent of area inundated, inundation depth and correct depiction of protected areas. The other main difficulty is to collect, during the flood event, the data to be considered as the “truth” and to be used to evaluate the quality of the forecast products. 
One of the methods used for verification of inundation maps is the collection of high-water marks. The extent of the water surface generated by the mapping method - based on the water surface profiles produced by the hydraulic model in recreating historical events - should be compared to observations (high-water marks) taken during the event wherever available. High water marks should be described precisely by their spatial location as well as position relative to the environment (ground, wall, etc.). If available, the timing of the water marks (i.e., when the water reached that point) could also be used to verify the timing information of the forecast products. However high water marks are point data offering a limited description of the flood event impact on an extended area. Other source of verification data should be considered to describe wider areas, such as aerial photography, and satellite imagery using either optical or radar systems, even if cost of this information will have to be considered as well. Also the USGS report published in 2005 gives an example of the use of video, obtained during a fly over of the flood in July 2006, which was used to reconstruct the water edge. Even if such images are taken after the peak conditions, it may be possible to reconstruct the water edge from the debris lines for example. Also some river systems could have floods lasting for more than 1 day; in that case, imagery could be acquired to describe conditions close to the peak ones. The verification data (high water marks and imagery) should also cover the whole river system, including tributaries, in the flooded area, to verify the model output for different river channels and/or different locations along the river. This type of robust verification using different data sources lends credence to the entire mapping process results and provides confidence to those using the maps.  
The collection of verification data for flood events should be considered at the beginning of any mapping project to ensure that the inundation maps to be produced will be evaluated using “truth” data. When a mapping project is undertaken, in order to verify mapping areas, it is helpful to identify partners who can help gather information on water marks and/or surveys and imagery of inundated areas.  Project coordination with the partners beforehand can help to identify sources of high-water marks and imagery for historical flood events, as well as determine if resources would be available to survey any future events.
Other methods for verification are the existence of aerial photos from events and satellite imagery. The cost of the information will have to be considered as well. 

The NWS also recognizes the need to account for all the uncertainties in the models, and the hydrologic, hydraulic, and spatial data. Verification methods will need to be researched to evaluate the probabilistic forecast output, as well as methods to account for the errors in the ground “truth” data used to verify the forecast products.

12. Recommendations

1. Before spending time and resources to implement a real-time (dynamic) flood mapping project, the need for an unsteady-state hydraulic model for forecasting purposes should be assessed, and if considered necessary, built for the generation of inundation maps. The team recommends applying real-time (dynamic) inundation mapping in areas where static maps do not suffice.

2. The pilot projects were established for testing the NWS generation of inundation mapping in real-time. These projects were established mainly as a “proof-of-concept” and by evaluating them we have learned that there is a need for a “vision” regarding the products generated and the methodology used. The users, products, and partners should be clearly identified and once the parts involved are in agreement to do the project, a plan should be written defining responsibilities.

3. Frequency of inundation mapping will depend on the user’s needs.  Inundation maps can be produced routinely or under flooding conditions only.  It is recommended that the map generation initially follows a flood-only approach. Later, based on feedback received from the users, the need to increase the frequency could be analyzed. Also needed is an assessment of the operational impact based on the time requirements to generate the maps and the benefits to have them available for all flow situations.

4. The NWS should work with local sponsors to enhance the effectiveness of presenting products to the public. Based on the RFI responses, there is a perception that the participants described their involvement in the map production, but the actual generation of maps would be done by the NWS.  The team encourages public/private partnerships in sharing data and supporting the inundation mapping process; however, the forecast and flood extent areas would be produced by the NWS. Considerations regarding backup procedures and verification methodologies can also be done through partnerships, even though the NWS would be responsible for defining such procedures.
5. The team recommends providing hydraulic model training for all forecasters. Results from hydraulic models are one of the main inputs for the generation of the maps.  Therefore, considerable time and effort should be spent to develop these models to reflect the physics of the system. In flat terrain where channels are not well defined, a 1-D model might not be sufficient for inundation mapping.  Thus, the team recommends investigation of 2-D models and their capabilities to satisfy these conditions.
6. A NOAA data resources guide (links to federal, state, local, data clearinghouses) is needed to assist model developers to streamline the data gathering stage for deployment of inundation maps.  This could include locations for inventories of cross-sections, NOS tidal gage database, FEMA Mapping Information Portal, DEM inventories like the USGS seamless system or state or local clearinghouses.  In addition, a data archival system/database should be created to enable NWS to store data collected for modeling and mapping efforts to be used for future maintenance or restudies. 
7. The NWS should define standards for map products, in particular the accuracy and resolution required.

8. The NWS should have a plan to inform and educate the user(s) and to point out the capabilities and limitations of inundation mapping projects.

9. Lessons learned from activities in static mapping will provide useful information to define a real-time mapping strategy. The methodology used to generate static maps should be evaluated and the feedback on current products should be used to help define the requirements for real-time inundation mapping. 
10. FLDVIEW has been the software used by the NWS in most of the pilot projects. Based on findings during the FLDVIEW evaluation, it was recommended that NWS discontinue supporting further development and use of this software in future dynamic mapping activities. Taking into account that the NWS is moving toward including HEC-RAS as one of the hydraulic models used for forecasting, already existing software such as HEC-GeoRAS should be considered.

11. A methodology for probabilistic inundation maps needs to be determined. A plan has to be constructed identifying the range of modeling approaches conducted by the RFCs in order to provide guidance on the best modeling practice given the information available, and the best practice for assessing uncertainty.

12. Once the NWS officially selects the GIS software, decisions about methodology to generate real-time inundation maps can follow and GIS training needs be established.  In addition it might be beneficial for the NWS to consider the transition from desktop GIS to enterprise GIS. For example, Figure 12 depicts how ArcGIS can be used in a centralized server architecture.
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Figure 12. Example of Centralized Server Architecture
If this approach were to be taken for the GIS portion of the mapping projects, additional benefits could be envisioned such as those related to RFC service backup. 
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