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An online tool for real-time analysis and management of flood risks of diked areas
J. Maccabiani1 and J.G. Knoeff2

1. Deltares, Delft, The Netherlands
Abstract: DAM is a real-time decision support system for dike strength. For any water level and for any meteorological conditions, the risk of dike failure is analyzed and communicated to the user via an overview map of the area. At this level, a simple mechanism with three ‘traffic light’ colors is used to indicate flood risk. A green color indicates “OK”, orange is for “Warning” and red is for “Critical, action required”. The system’s underlying reasoning is available to the user by clicking on the specific structure on the map. Depending on the determined risk of flooding, the system recommends an inspection frequency or the type of emergency measures. The topographic map also shows an overview of available soil investigations, historical observations and research reports on the flood defense system. This paper discusses the first functional proof of concept for DAM.
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1. Introduction
The Netherlands are protected against flooding by over 3.200 kilometers of river and sea dikes and over 14.000 km of smaller inland and canal dikes. When the risk of flooding increases due to meteorological conditions, an interdisciplinary disaster management organization is installed based on detailed protocols. Presently, these protocols are water level driven. This means if a certain water level is reached or predicted, pre-determined actions will be taken. However, the probability of flooding in the Netherlands is not only based on sea and river water levels but more generally determined by the probability of failure of the dikes, for which the water levels are a local boundary condition.

At critical water levels, the organizational unit responsible for assessing the status of the flood defense systems plays a very important supporting role in the disaster management organization. Based on their knowledge of the flood defense system and the observed behavior of the dikes by inspection teams, they advise decision makers about appropriate actions. Their advice needs to be based on a large amount of data, ranging from geotechnical data, predictions of water levels, historical events, personal experiences, periodical reports about the state of the flood defense system, etc. 
To base decisions on such a large amount of information (while having little time) and to communicate the resulting decisions is currently near impossible. Therefore a software application called Dike Analysis Module (DAM) is being developed. DAM aims to support the decision making process by making the different sources of information on dike strength accessible through a single web-based system. DAM also consolidates this information to give immediate insight into the current risks for a flood defense system, mainly for estimating the likelihood of a breach and for suggesting potential options for preventing this failure. This paper presents the background information about DAM and discusses the first functional proof of concept. 

2. Participatory development cycle
DAM is developed by geotechnical engineers and software engineers, but always in close cooperation with future end-users in a Rapid Application Development design philosophy (Martin, 1991). The version in this paper is a functional proof-of-concept and the result of the fifth iteration. The first version was a presentation of the prototype based on interviews with engineers and dike managers of four water boards. The next four versions of DAM were sequentially developed and tested for four distinct diked areas. The areas represent different flooding regimes in the Netherlands: areas susceptible to coastal storms, high river water levels, a combination of high river levels and storm surges, and small dikes around regional water systems. 
The end-user feedback in one version was used to improve the next version. The overall goal of these first four iterations was, to arrive at a proof of concept with which the participating dike management authorities could evaluate the usefulness of a full version of DAM for their disaster management organizations.
3. A philosophy for operational dike management
DAM is based on a philosophy of a cyclic decision making process for real-time dike safety management, as depicted in figure 1.
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Figure 1: Cyclic process for operational dike management (adapted from Thijs, 2008)

What DAM aims to improve is the decision making process and the selection of appropriate actions at times of high water levels and/or extreme precipitation events. To do this, we must investigate the information requirements to achieve this. From these information requirements the necessary steps can be determined in terms of forecasting, diagnosing and monitoring to optimize operational dike management.
3.1 Decision Support

The role of the dike managers during disaster management is to provide the general disaster management authorities with information on the safety of the dikes. Furthermore, wherever possible and needed, measures are taken to improve the safety of weak dike sections, e.g. by raising the dike crest using sandbags or haystacks. The purpose of DAM is to make technical disaster management strategies quickly available and to advise dike managers about them based on safety forecasts.
3.2 Diagnosing

Diagnosis gives meaning to the forecasting results. With proper diagnosis, alarm levels can be determined both for technical and organizational measures. For example, noting some water seepage through a dike combined with knowledge about the composition of the dike and the forecast for future river water levels might or might not lead to the diagnosis of increased risk of dike failure.

Sometimes no forecasting is required for diagnosis. Visual monitoring of the levees for signs of weakening is an example of monitoring leading directly to diagnosis. In fact, the Dike Patrollers are trained to self-diagnose anomalies while in the field (Harteveld, 2008).

3.3 Forecasting

The heart of decision support is in the forecasting. Taking appropriate actions to prevent either flooding or reducing loss of lives and property damage takes time. By maximizing the time available, more options remain available to decision makers. The input required for dike strength forecasting are the forecasts for water levels or meteorological conditions. These forecasts are increasingly available in real-time. The goal of DAM is to quickly translate both the (current) strength of dikes and these weather and water forecasts into risk of flooding and the most probable breach locations. With this information, the time available for effective decisions and actions can be maximized. 
3.4 Monitoring

In the Netherlands, water boards are obliged to check the height and strength of their primary defense structures every 5 years. The safety of primary defense structures is reviewed regarding all probable failure mechanisms. During high-risk events such as high river discharges or high levels of precipitation, the monitoring of levees is done strictly visually. So called “Levee Patrollers” go onto the dikes or levees by foot or car and inspect them for anomalies such as water seepage, cracking, piping and wave overtopping. Any anomalies are then reported to a back-office.
Currently, several research projects in the Netherlands are investigating the use of sensors for continuous monitoring of critical parameters such as pore water pressures in the dikes. Also remote sensing technologies for dike strength determination are being investigated. How this new data will be used for forecasting or direct diagnosis has yet to be determined.
The forecasts for water levels, discharges, storm surges, wave heights and/or precipitation intensities can in fact be regarded as monitoring input in the dike safety forecasting systems.
4. An explanation of functionality
This section will go into both the technical aspects of the new system and the functionality that is available to the end-user.
4.1 IT Architecture
DAM was built in a modular fashion. Currently the modules are interconnected as webservices. The design is depicted in figure 2. In the current proof-of-concept version, the user has to input the boundary conditions for water levels and weather manually into the system. In future versions, a direct link to operational forecasting services is envisioned. The risk forecasting section of DAM is already functional. The database of possible technical actions will in the future be linked with organizational management systems such as Fliwas (see section 6).
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Figure 2: Schematic design of DAM. The dashed elements are to be implemented in future versions.

4.2 Functionality of DAM
The functionality of DAM can best be explained via its user interface. Four of its screens will be discussed: the boundary conditions screen, the analysis and decision support screen, the details screen and the settings screen.
4.2.1 Boundary conditions

At the present stage of the project, the boundary conditions such as the (expected) peak river discharge, storm surge level and/or precipitation levels have to be entered manually via a web form, simulating the Dedicated Forecasting Services in figure 2. From simple inputs such as a river discharge at a well monitored section of a river the River Forecast Module can deduce water levels along river dikes. The Weather forecast module works in a similar manner. Many water management authorities already have river discharge forecasting and/or weather forecasting services in place. In the future, DAM will accept their output as its own input for scenario analyses, so that both hydraulics and geotechnics can be considered integrally. The user interface for this functionality will then disappear and is therefore not included in this paper.
4.2.2 Analysis and decision support
For each set of boundary conditions, DAM carries out an analysis of the risk for this scenario. For this, it looks up the risk in the risk database, which is either filled in advance, using enough scenarios to reliably interpolate for the current boundary conditions, or with data that is calculated in real time by one of several reduced forecasting models. The actual safety analysis is a highly automated process, which allows the risk database to be filled with many scenarios even for large areas with several hundred kilometers of dikes and levees. The automation process is explained in detail in Knoeff (2008).
The user interface for interacting with the results of the analysis is pictured in figure 3. In one screen, the user can see the full area, the high-risk dike sections, the availability of background information and advice on inspection frequencies and technical measures.
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Figure 3: DAM analysis interface, showing: (1) Navigation through the program, (2) Legend showing dike strength in terms of factor of safety. Larger safety factors indicate lower risks. (3) Legend showing suggested frequency of visual inspections, (4) Legend for other sources of information, (5) Controls to display the safety at present, at the design water levels or at the expected peak water levels, (6) The inner circle shows the current safety of the dike, the outer circle the safety at expected peak water levels, (7) Hovering the mouse over the triangle reveals the possible actions to take to improve the safety for that location.
4.2.3 Details

Expert users might want to check the reasoning of DAM. By clicking one of the circles in the ‘Analysis’ screen, the user sees detailed information such as the numerical analysis which underlies the safety assessment for the different failure mechanisms of the dike. See figure 4 for an example of the details regarding a slope stability analysis for a certain dike section. This serves two purposes. First, the transparency of the reasoning in DAM gives confidence to the user about the program. Second, if the expert has additional information or knowledge, he can download a file and improve the numerical analysis. In future versions, experts will be able to upload their improvements to the system.
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Figure 4: Details for the safety analysis. (1) the location and the factor of safety for this scenario, (2) a graphical result of the safety analysis, (3) a link for experts to download the file for adjusting the safety analysis.

4.2.4 Settings

The dike analysis shows safety as one of three options: green for “OK”, orange for “Warning” and red for “Critical”. Where these thresholds lie is not universally constant. Different areas require different approaches. For example, in an area where dikes have been carefully dimensioned to a 1 in 10.000 year event based on a large amount of information, the risk profile will be different than in an area with sparse information where dikes have been dimensioned to the previously highest flood. The type of countermeasures and the lead-time required will be different, and so the thresholds will need to be different. In DAM, the thresholds can be changed easily through a web interface.
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Figure 5: Settings screen for DAM. (1) the thresholds for diagnosing situations as “OK”, “Warning”  and “Critical” can be adjusted to adapt DAM to different situations.
5. conclusions and further work
5.1 Overall conclusions

With this proof of concept it is shown that dike strength evaluation can be automated and incorporated in real-time forecasting systems. These forecasts can be used to support decision by showing the current and future dike safety as well as the relevant measures that can be taken to improve dike safety.

The functional proof of concept shown in this paper was presented to about 30 dike managers at four Dutch water boards. The response on the functionality demonstrated in this proof of concept is unanimously enthusiastic – with a real-time decision support system for dike strength it will become easier for dike managers to function effectively during crisis management. Dike managers also see good possibilities to use the system in their daily dike management, e.g. for evaluating requests for building permits. Thus, it is expected that a fully functional prototype will be developed.
5.2 Future work

To arrive at a fully functional and robust system, further work is required. Also a full scale test implementation needs to be done to evaluate the scalability of the software. This is expected to be done in the remainder of 2008 and the first half of 2009.
5.2.1 Development of robust IT architecture

The current implementation is made for the purpose of evaluating the required functionality for a DAM. Now that the core functionality has been developed, the existing software modules need to be incorporated in a more robust IT architecture, with scalability, fallback scenario’s, backup and version control, etc.
5.2.2 Interface with existing forecasting services

Currently the user had to manually input the hydraulic and meteorological boundary conditions. Since most flood management organizations already have access to systems for operational flood or storm forecasting, it is obvious that DAM should be able to import the forecasts directly, most notably from the open source package Delft FEWS. 
5.2.3 Scaleable and more flexible user interface.
The current user interface is tailor-made to each diked area. A more generic user interface will be developed, in which higher volumes of background data, forecasting data and monitoring data can be viewed and managed. This includes dynamic maps, (aerial) photographs, remote sensing data and data on special structures.
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