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Abstract: Bangladesh is highly vulnerable to the flood disasters. The world’s highest mountain, the Himalayan, in the north and the Bay of Bengal in the south make unique geographical setting for the country. Bangladesh is a low-lying country in the Meghna delta located at the confluence of three major rivers; the Ganges, the Brahmaputra and the Meghna. During recent years several large floods have caused disasters in Southeast Asia. The inundation and flooding in Bangladesh is a serious setback as flood occurs almost every year with varying intensity and magnitude. Recent floods of 2007 caused significant damage to the country’s economy. Implementation of the structural measures for flood management started in late 60s. Application of non-structural measures followed. With the modern technological advancement flood forecasting and warning acquired a very high priority in minimizing flood damages. In a deltaic region like Bangladesh, flood forecasting is very complicated and requires computer support, sophisticated models, and a large amount of data. The main barrier for improvement of the flood forecasting and warning system in Bangladesh is the absence of hydrological information from the cross-boundary Ganges-Brahmaputra basins. With the presence of improved data exchange programs, access to the result of numerical meteorological models and satellite measured rainfall data are all viable options for the country to significantly increase forecasting lead times and improve forecast accuracy. This paper aims to discuss the current flood forecasting modeling activities as well as techniques for the improvement of forecast accuracy. 
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1. INTRODUCTION
1.1 General
Bangladesh lies approximately between 20º30’ and 26º40’ north latitude and 88 º 03’ and 92º40’ east longitude. It is a low-lying, riverine country (land of about 1,44,000 km2) situated in the southern part of Asia. Bangladesh is formed by a deltaic plain at the confluence of the Ganges, the Brahmaputra and the Meghna river and their tributaries. Its alluvial soil is highly fertile, but vulnerable to flood. Most of the areas are plain land except Chittagong Hill Tracs and a part of Sylhet division. It enjoys sub-tropical monsoon climate and experiences annual average precipitation of more than 2100mm, varying from west to east with higher magnitude. India borders the country in north, east and west. The southern part of the country lies on coastal belt of the Bay of Bengal while Myanmar borders part of the southeastern area. It has 230 rivers including 57 international rivers. Among them 54 rivers originated from India including three major rivers such as the Ganges, the Brahmaputra and the Meghna. Three minor rivers originated from Myanmar. The rivers both big and small gradually became incapable of draining the huge quantity of silt-laden run-off through them during the monsoon period and cause floods.
Bangladesh Water Development Board (BWDB) has calculated the flooded area of Bangladesh every year from 1954 and until 2005. For an area to be included in the flooded area it needs only to be flooded at one incidence during the considered monsoon season. The flooded area calculated is mostly related to some kind of damage, which may be damage to crops, houses, escape of fish stocks etc. However, the informed flood area by BWDB is not a very precise number due to insufficient field observation. 
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                   Figure 1: Inundation bar chart                                      Figure 2:  Major river systems                  
In a normal year, 20% of the country is inundated. Approximately 37% of the country is inundated by floods of 10 years return period. Devastating floods of 1988 and 1998 inundated more than 60% of the country (Figure 1). Recent floods of 2007 also caused lots of damage to the country economy.
1.2 Major River System
The river system of Bangladesh is one of the most complex in the world. Moreover, the Ganges and the Brahmaputra are amongst the largest rivers on earth in terms of catchment size, river length and discharge (Figure 2). The Brahmaputra above Bahadurabad has a catchment area about 583,000 km2. The length of the Jamuna-Brahmaputra system is around 300 kilometers. About 92% of the catchment area of these rivers is located outside the country (Jakobsen et al, 2005).  The Padma-Ganges system also runs more then 300 kilometers before it discharges to Meghna River. The Ganges drains water from a catchment area of approximately 907,000 km2. The Ganges ranks thirteenth with regard to mean annual discharge (Mirza, 1997) and the ratio of monsoon flow to dry season flow of the Ganges River at Hardinge Bridge in Bangladesh is 6:1 (Mirza and Dixit, 1997). The Meghna is formed inside Bangladesh by joining of different rivers originating from the hilly regions of eastern India. The river ultimately flows into the Bay of Bengal with 12 kilometers of width.
1.3 Flood Hydrology and Key Sources of Flooding 
Bangladesh has a sub-tropical monsoon climate with three prominent seasons, i.e., winter (November–February), summer (March–June) and monsoon (July– October). Rainfall averages 2160 mm per annum, of which 1728-mm fall during the monsoon (BWDB et al., 1989). The distribution of rainfall demonstrates a distinct seasonal regime and gradual increase from West to East. Thus the total annual rainfall at Jessore, a typical station for the less wet Western region of Bangladesh, is only 1400 mm; it increases to about 1700 mm in Dhaka and to over 3000 mm in Sylhet of the wet North-Eastern region (Rafique and Kim, 2003). Temperature regimes throughout the country are similar, with the average highest temperature in the month of April (34ºC) and the lowest in January (12ºC). Bangladesh experiences flash floods, river floods, and tidal floods along with serious river erosion. During draining the runoff generated from the rainfall in major catchments, the international rivers (cross boundary) play a vital role. These rivers along with internal once carry the whole volume of water through the complex river network of the country. Around 92% of the flow drains out through three major rivers – the Brahmaputra, Ganges/Padma and Meghna and its branches spilling over in and around the country – and flows to the Bay of Bengal through Chandpur, the confluence of three major rivers.
Flooding is often defined as the instantaneous peak discharge of a river during a period of observation; commonly the largest flow event in each year. Since 1954, as a regular phenomenon in Bangladesh, floods have annually inundated an area of about 29,000 km2, roughly corresponding to 20 percent of the country's total area. The early onset of flood involves shallow flooding, which usually starts in April and May inundating low lands. Deep flooding during the monsoon occurs in July and August, with prolonged inundation extending up to September and October. All low, lower middle and upper middle lands are submerged during deep floods.  The main sources of floods in Bangladesh are (i) intense rainfall (ii) storm surge (iii) bank spill from the major as well as minor rivers (iv) coastal storm surge (v) poor drainage of river water to the funnel shaped coast line and low topography of the country (vi) silting up of the river bed resulting in reduced conveyance capacity of rivers and (vii) rapid urbanization on the flood peak retention area together with flood plain. The northeast region of the country is dominated by the Meghna depression, an area of low relief drained by the Meghna River. High-water levels in the Meghna River are controlled downstream by the water levels of the Ganges River during the flood season. A significant back up of water through the Brahmaputra River lasts until gradients are established which allow drainage of the basin. Similar problems occur in the northwest region. In the south-west/south-central regions, flooding is more associated with tidal influences, storm surges, and poor drainage.
2. FFWC AND IT’S ACTIVITY
2.1 Background
The Flood Forecasting and Warning Centre (FFWC) of Bangladesh Water Development Board (BWDB) was established in 1972. It operates 7 days a week in the flood season and almost 24 hours a day during catastrophic flooding. The flood and river forecast release is referred to as the Flood Bulletin. Simultaneously, the FFWC prepares and distributes an Annual Flood Report. FFWC operates model for the estimation of water levels at selected stations. The flood forecasting model used at FFWC forms the core component of the forecasting system. The model consists of two separate but closely integrated components: a rainfall-runoff model (MIKE 11 RR) converts observed and forecast rainfall to flows, which then enter the hydraulic model (MIKE 11 HD) to produce water levels. The forecasting system is highly automated and based on the ‘Flood Watch’ which is coupled with ArcView, Geographical Information System (GIS). The system allows for highly visual map based displays of flood status and extent. With time, the forecast model at FFWC has been updated and expanded a number of times. The model was comprehensively updated and further extended in 2002, which included the incorporation of newly surveyed cross sections of most of the major rivers and a complete recalibration of the model has been done at this time, using data ranging from the disastrous 1998 monsoon through to 2002. The new model, Super Model 2003, is being used from 2003 monsoon to this time.

2.2 Model and Boundary Data

One of the main issues in providing accurate flood forecast is the development of the necessary boundary data for the forecasting period. In this context boundary data refer to forecasted rainfall for the rainfall-runoff models, and forecasted water-levels and/or flows for the hydraulic model. A study by Jacobsen et al. (2005) shows that rainfall within the modeled catchment is of importance mainly in the north east part, with a diminishing effect elsewhere. The study also shows that the flow of the two main rivers, the Ganges and the Brahmaputra, dominates flooding in the rest of the country. Therefore, the proper estimation of rainfall in the north east region and flows for the Ganges and the Brahmaputra River are the most important. 
The MIKE11 RR model requires estimated rainfall (presently 72 hours) within a catchment to generate contributing flow as an input to the MIKE11 HD model. The major problem in flood forecasting is the uncertainty of Quantitative Precipitation Forecasting (QPF) based on which rainfall runoff is simulated. At present QPF is prepared subjectively by forecasters on the basis of experience and knowledge of the area. A digital form NOAA 12/ NOAA 14 satellite images, synoptic charts, and observed rainfall data of the current morning are the sources of information available to the forecasters. Despite various attempts, it is very difficult to understand the movements, magnitude, and occurrence of clouds with these facilities. Therefore the quality of the estimated rainfall is mainly based on judgment and experience of the forecaster as well as available satellite and radar imagery, qualitative forecast etc.
Discharge or water level estimates are required at the boundary locations by the hydrodynamic model. As the southern part of Bangladesh is influenced by tide, the tide table (generated from the historical data) is used to predict future water level/stage. Prediction of the upstream water level is the most complicated task since the model requires 17 inflow values at boundaries, including the Ganges (at Pankha) and the Brahmaputra (at Noonkhawa) which have significant effect on the flooding condition of Bangladesh (Figure 3a). The remaining data on 15 minor boundary flows are produced mainly by experience, available Indian data and an assessment of the forecast rainfall. These rivers may have impact on local flooding but not significantly for the whole country. The FFWC Super model simulation is carried out immediately after data preparation and subsequently same simulation is carried out again in “update mode”. This unique feature of the Flood Watch helps to minimize forecasting deviation by updating its calibration parameters based on recent observations (Figure 4). 
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Figure 3: Maps: (a) discharge boundary and forecast stations; (b) inundation; (c) Thana status
2.3 Dissemination of Flood Warning

Real time flood forecasting plays a key role in the management and reduction of flood risk. The FFWC disseminates flood information to the public through the media and other means, like their own web page. After the completion of model simulation a post processing work is carried out, including generation of flood bulletins, flood maps (Figure 3b), Thana status map (Figure 3c) etc.
Flood bulletin is mainly produced for the dissemination as a hardcopy, fax and posting on the web. The forecasted inundation maps for the whole country as well as local regions (for the grater Dhaka for example) are also generated based on the existing Digital Elevation Model (DEM) and computed water level by MIKE11 model. In addition the Thana status map (Figure 3c) is also produced for the decision makers as well as local administrators. This map is produced using the flood inundation map and color coding for the expected area inundation in percent. These maps are updated and uploaded on the FFWC webpage on daily basis for the government and public use.
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Figure 4: Improvement of the forecasting performance by auto-updating scheme
2.4 Problems
Along with flood warning dissemination, the forecasting aims to provide flood warning in sufficient time ahead for all those affected to take mitigating actions to reduce flood risk and impact. Presently, the FFWC is disseminating 3 day forecast for the whole country in spite of significant problems. Until now it is not possible to extend the model beyond the geographical border of Bangladesh due to the lack of hydro-meteorological information from the neighboring country. Some hydrometric data are sent by the neighboring country to FFWC when the water levels of upstream rivers exceed the danger level. However, this information is not sufficient for extending a highly data dependent operational forecasting model. In addition to this problem, the present data collection (3 hour for non tidal river and an hour for tidal river) system is not automated, which itself fails to produce required data at high frequency and carries a considerable human error. For the reduction of vulnerability to climate hazards in agriculture and water resources, and mitigation of the disastrous effects of floods, 3 day forecasting lead time is not sufficient.  Advancement in satellite technology, as well as numerical weather prediction, can improve the situation.

3. Improvement in Flood Forecasting and its Future Application/Operation
Deficiencies remain in the forecasting operation. These can be traced to a common source and mainly relate to constraints in the ability of the Centre to provide longer term forecasts and to accurately forecast flash floods in the north east region and other areas of the country. Both these activities are hampered by the lack of a reliable source of both measured and forecast rainfall in the Indian parts of main river catchments. The evolutionary improvement in the field of data mining/data driven modeling techniques,  the latest satellite technology and the recent advancement in numerical weather prediction all together have the potential of allowing delivery of flood warning, which is well beyond the conventional/present lead times of operational flood warning at the river basin scale.
3.1 Doppler Radar
Flash flood forecasting is very data intensive, so it requires access to forecast rainfall data. However flash flood forecasting is not similar to conventional techniques. In most of the cases flash flood occurs due to the convective rainfall downpour over a small area. This sort of rainfall prediction is difficult to make on the basis of the satellite collected information. Most of the time satellites do not acquire such information. On the other hand there is a limitation in producing accurate forecast for a small area using a large scale meteorological model. The spatial and temporal resolution of these events can only be captured by Doppler radar. Fortunately, Bangladesh Government has already taken decision to install Doppler radars at Moulvi Bazar and Rangpur locations. The availability of observed and forecasted rainfall over the flashy catchments will greatly enhance the accuracy and lead time of the existing flash flood forecasting.
3.2 Satellite Based Rainfall and Discharge Estimation
Over the past decade ANN-based flow forecasting models have been widely used because of their good performance in complex and non-linear function approximations. Satellite derived rainfall data of Tropical Rainfall Measurement Mission (TRMM) is providing 3 hour rainfall to be used in ANN-based flow forecasting. The reliability of the remotely sensed data is found to produce an error within acceptable range. However the accuracy of data varies from place to place and it has already been tested over Bangladesh resulting in the correlation coefficient (R^2) greater than 0.60 (Akhtar, 2006). The same study also demonstrates that it is practical to generate boundary discharge (at Pankha) 3 days in advance using ANN technique with one-day-before discharge along with the TRMM rainfall. The application of this technique can resolve the uncertainty in boundary discharge estimation and eventually help to extend the forecasting lead time beyond 3 days. 
3.3 Application of Numerical Weather Prediction Model Result
To mitigate the disastrous effects of floods the US Agency for International Development’s Office of Foreign Assistance (USAID/OFDA) financed a project: Climate Forecast Applications in Bangladesh (CFAB) from 2000. This project is managed by the Program on Atmospheric and Oceanic Sciences (PAOS) at the University of Colorado and the Earth and Atmospheric Sciences of the Georgia Institute of Technology (EAS/GATECH), USA, which engaged in research aimed at increasing the lead-time of flood forecasting in Bangladesh. 
3.3.1 Objectives and Expected Result
The main objective of this project is to develop forecasting schemes for Bangladesh which add more predictive skills to present forecasting (3day lead time). The project also aims to develop resilient schemes to be able to take advantage of improvements in data availability, predictive modeling, data assimilation, etc. It is also expected that BMD and FFWC will be technically and technologically capable to manage climate and flood forecasting on their own in order to take precautionary measures well in advance. The proposed forecasting system is expected to able to predict/generate river discharge upstream of the Ganges and the Brahmaputra as well as regional precipitation, on three individual time horizon (1-10 days, 20-30 days and 1- 6 months). The first one (1-10 days) will be issued daily and provide probability forecasts of rainfall for the entire region and discharge at Hardinge bridge (on Ganges) and Bahadurabad (on Brahmaputra) for 1 to 10 days (Figure 3a).  The second scheme (20-30 days) will provide the same type of data with 5 day interval. This forecast is 5-day average centered at 5, 10, 20, 25 and 30 days. To provide information for strategic planning in agriculture and disaster preparedness a broad brush (1-6 months) forecast will be issued for the period of 6 months at 1 month interval.  The 1-10 day forecast has been already incorporated into the existing FFWC super model on the experimental basis.

3.3.2 Pilot Scale Flood Forecasting
FFWC and Institute of Water Modelling (IWM) have been working on the experimental basis to feed the forecasted data (1-10 days) to the customized FFWC Super model. The original Super model has been customized to accept the supplied data from Georgia Institute of Technology and at the same time reduce human input in the simulation phase. The necessary catchment delineation for rainfall runoff model has been also carried out. The forecasts are mainly based on ECMWF (European Centre for Medium Range Weather Forecasts) rainfall forecasts from a 0.5×0.5 degree grid covering the Indian sub-continent. The pilot project utilizes ECMWF ensemble based probabilistic forecasts for generating Brahmaputra and Ganges discharge.

Ensemble forecasting is based on the recognition that the atmosphere is a chaotic system in which any error in initial condition or model formulation leads to loss of predictability after a finite period of time. One solution to the evolution of weather is called a ‘deterministic forecast’. In ensemble forecasting, the deterministic forecast is run several times with a slightly different starting point. The results show the probability of certain weather events happening. Under ECMWF Ensemble Prediction System (EPS), the ECMWF weather prediction model is run 51 times with slightly different initial conditions. The 51 scenarios are then combined into an average forecast (the ensemble-mean) or into a small number of alternative forecasts (the clusters), or used to compute probabilities of possible future weather events. However due to the lack of resources and computational capability, only 3 sets of data (16% quantile, ensemble mean and 84% quantile) out of 51 are used in real time forecasting and in checking the performance/accuracy of the supplied data set by Georgia Institute of Technology, USA.

3.3.3 Performance Analysis
Continuous forecast tracking/monitoring is important for the dynamic and adaptive forecasting. After the simulation of the customized model, forecasting plot is prepared to check the consistency of the forecast. Comparison plot is also drawn on 2 to 3 days interval to check the performance of the model. In addition 1 to 3 day forecasted result of FFWC forecasting model is also considered while checking the performance. The comparison plot (Figure 5) shows that 3 day forecasting performance is quite acceptable and field observations are more or less within the 68% of the normal distribution of 51 ensemble data sets. The simulation results also reveals that the model performance deteriorates significantly after 5 day forecasting horizon. At a very few stations the correlation coefficient (R^2) of 10 day forecast exceeds 0.75. Trend analysis is also carried out to check the success rate in predicting correct trend (%) which demonstrates that around 58% time it can predict correct trend (Figure 6).
However, in some occasions, discharge forecast both on Brahmaputra and Ganges rivers have shown large variations with measurements characterized by sharp rise or fall. Existing FFWC shows slightly better performance than CFAN for 3 day forecast but application of rainfall forecast in generating boundary discharge in northeast region has improved the 3 day forecast performance. Even though FFWC forecast shows slightly better performance at some locations, it can’t go beyond 3 day forecasting horizon, and shows a very limited improvement over existing boundary estimation system. On the other hand there is a large scope for improvement in the performance of CFAN forecast. A small adjustment based on human judgment can be of significant help. 
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Figure 5: 3 day Forecast Performance at Goalondo (left) and Serajganj (right)
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Figure 6: Model performance at Dhaka
4. CONCLUSIONS and THE way forward
Implementation of sound structural measures for flood damage mitigation takes a long time and requires significant investments. Furthermore, complete flood mitigation with structural measures in Bangladesh is neither possible nor feasible due to the geographic location and hydrometeorologic characteristics of the country. Therefore, nonstructural measures represent a viable mitigation option. Flood forecasting and warning are primary nonstructural measures that offer good results with a high cost effectiveness. BWDB currently has six regional hydrodynamic models as well as a Supermodel for flood forecasting purposes that cover a significant part of Bangladesh. However due to the unavailability of the upstream continuous hydro-meteorological data (outside the Bangladesh territory), it is very difficult to forecast the boundary discharge or water level. With these constrains FFWC is only able to forecast floods 3 days in advance, which is not sufficient to avoid massive property damage and provide for adequate flood preparedness. Therefore, the use of recent techniques (like ANN, satellite analyzed rainfall, weather forecasting model) and equipment (like Doppler radar, automated gauging stations) is being considered. Bangladesh is also acquiring (on the experimental basis) forecasted discharge (1 to 10 days) from the researchers at the Georgia Institute of Technology for the two major rivers, the Ganges and the Brahmaputra. This project also provides catchment averaged rainfall forecast (using 0.5 degree × 0.5 degree grid) for the whole Ganges-Brahmaputra-Meghna basin. After the analyses and preprocessing, the supplied data is used by the customized super model for forecast simulation at 18 important locations within Bangladesh. It has been found that the newly developed technique can provide a flood forecast up to 5 days in advance at considerable skill level.  The extension of forecasting lead time for 2 days with considerable accuracy is very encouraging and will obviously play the role in reducing property damage and improving the flood preparedness. Further extension of the forecasting horizon to 10 days is in progress. 
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