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Use of a hydrodynamic model to forecast floods of Kalu River in Sri Lanka
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Abstract: Kalu Ganga, third longest river in Sri Lanka, discharges the largest amount of water to the ocean while causing floods along its route from the most upstream major town, Ratnapura to the most downstream major town, Kalutara. Very often several times in a year these floods occur and cause great inconvenience to the people who are dwelling along it. It has become necessary to either totally control these floods or enlighten the people to adjust their activities to the rhythm of the river and make them prepared to live with floods with minimum damages. In general, the methods available to reduce negative impacts due to floods are twofold: structural measures and non-structural measures. The structural measures, such as reservoirs, detention basins, levees, bunds etc., are effective, but are not always possible to have and also could be very expensive. Use of non-structural measures, such as flood warning systems, insurance schemes, etc., can be very much useful in mitigating negative impacts due to floods. This paper presents details about a model developed to determine flood water levels along the Kalu Ganga from Ratnapura to Kalutara over a length of about 79 km. The model, which uses the HEC-RAS hydrodynamic model, requires the plan, cross sections, upstream and downstream boundary conditions and hydraulic properties of the river to model it. The model was calibrated and verified for both steady and unsteady flow conditions. It provides water levels and inundation areas along the river for different flood discharges in the river. A set of tables, which could be used by people with less technical knowledge, were prepared to predict flood water levels at downstream locations based on observed water levels at upstream locations.
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1. INTRODUCTION
Since the dawn of civilization, destructive floods have threatened settlements located in river valleys and plains. Despite developments in technology and extensive investments in flood control works, flood occurrences and accompanying hardship and material damages are not decreasing. In fact, it is the opposite. The global flood loses have grown worldwide to the level of billions of US dollars per year. The situation is not different in Sri Lanka.

Floods are natural events and will continue to occur in the future – one can never achieve complete safety. Yet the flood risk can be seriously restricted, if an appropriate preparedness system is built. Strategies for reducing flood losses by flood protection and management include (a) modifying susceptibility to flood damage (actions taken before flood), (b) modifying flood waters, and (c) modifying impact of flooding (during and after flood).

It is common to assume that flood protection measures can be structural (hard) or non structural (soft). Structural defenses have a very old tradition, as dams and dikes have been built since at least four thousand years. Constructing reservoirs where the excess water can be stored allows regulated temporal distribution of streamflow and helps alleviate the flood problem by flattening destructive flood peaks. Flood forecasting and warning is a very important non-structural flood protection measure. Forecasting based on mathematical modeling allows experts to convert information on the past-to-present rainfall into a river flow forecast (discharge, stage, and inundated area for a future time horizon). It reduces flood damage by permitting public to act before the stage increases to a critical level.

A flood forecasting system consists of the subsystems, forecasting system, warning system and response system (Plate, 2005; Sniedovich and Davis, 1977). Forecasting system consists of a hydrologic system and flood forecasting. The hydrologic system process collects field data and transforms those into hydrologic data, which receives as an input to the forecast model. The forecasting model converts the data into a forecast. In the warning system, the forecasts issued by the forecast model are used to prepare and release warning, which are disseminated by radio stations, emergency services, local response organizations (Municipalities, Police etc.,), Internet/World wide web, and Telephone. Depending on the warning released by the warning system, the response system decides the protective actions and responses that are to be taken to reduce the flood damage.
Idea of flood warning firstly came to Sri Lanka in 1926 (Dharmasena, 2001) to prevent extensive damage to goods in the goods yard at Gampola railway station due to rapid rise of the Mahaweli River. Rainfall records of the catchments above Gampola were used to convey railway authority a timely warning. Nilwala River Flood Warning System was the first and only fully equipped flood warning system established in Sri Lanka for real time flood monitoring and warning purposes (Wijayaweera, 2003).
Kalu River, originating in the central hills of Sri Lanka, flows through several major cities such as Ratnapura, Horana and empties into the Indian Ocean at Kalutara, with a total length of about 100 km and catchment area of about 2,719 km2. The Kalu River is the third longest river in the country; however, it discharges the largest volume of water to the sea. Magnitude of the annual flow volume is approximately 4,032×106 m3. The river basin lies entirely within the wet zone of the country and average annual rainfall in the basin is about 4000 mm, ranging from 6000 mm in mountainous areas and 2000 mm in the low plain areas. Between the source of the river and Ratnapura town, a narrow bed and high banks on both sides characterize the river stretch. The river drops from 2,250 to 14 masl within its first 36 km before it reaches Ratnapura town. It joins Wey River at Ratnapura and then travels 76.5 km to meet the sea at Kalutara. The Kalu River basin is shown in Figure 1.
There is no significant development of water resources in the Kalu River basin apart from drinking water supply and minor irrigation schemes. The only notable development is across Kukule River, which is a tributary, where a 80 MW hydropower scheme is functioning. 

Area along the Kalu River experiences floods very often. The main cause of flooding of Ratnapura town is the very high annual rainfall falling in the catchment of 604 km2 above Ratnapura. The riverbed elevation at Ratnapura is only 11.7 masl and the length of the river course from Ratnapura to Kalutara is 76.5 km. Thus, the gradient of the riverbed is only 0.15 m per km (1/6,700) which explains its inadequacy to create higher velocities to discharge floods. In addition, there is a bottleneck at Ellagawa, which is about 30 km downstream of the Ratnapura town and 47 km upstream from the Kalutara town. This narrow gap retains water for several days in the Ratnapura District before it releases water to Kalutara District.
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Figure 1:  Kalu River Basin

Annual flood damages in Ratnapura and Kalutara districts are shown in Table 1. The flooding experienced in May 2003 was the most significant in terms of total flood damages, which is estimated at approximately Rs. 73 million rupees.
Table 1:  Annual Flood Damages in Kalu River Basin in million Sri Lankan Rupees

	Year
	Annual Flood Damages
	
	Year
	Annual Flood Damages

	
	Ratnapura
	Kalutara
	
	
	Ratnapura
	Kalutara

	1984
	
0.37
	
0.27
	
	1994
	
3.01
	
2.19

	1985
	
0.22
	
0.16
	
	1995
	
5.64
	
1.31

	1986
	
1.10
	
0.80
	
	1996
	
N.A.
	
0.55

	1987
	
0.05
	
0.03
	
	1997
	
2.18
	
0.42

	1988
	
0.23
	
0.17
	
	1998
	
0.46
	
3.34

	1989
	
3.94
	
2.88
	
	1999
	
7.69
	
8.70

	1990
	
3.11
	
2.27
	
	2000
	
2.72
	
1.17

	1991
	
6.34
	
4.62
	
	2001
	
0.08
	
0.74

	1992
	
12.42
	
9.06
	
	2002
	
0.25
	
1.63

	1993
	
2.41
	
1.76
	
	2003
	
50.6
	
21.76


Source: " Pre Feasibility Study Assessment of Kalu Ganga Flood Protection with Special Reference to Ratnapura”

This paper presents a model developed for the Kalu River from Ratnapura to Kalutara using a public domain software to predict flood levels along the river.

2. DEVELOPMENT OF THE MODEL
The Kalu River reach from Ratnapura to Kalutara was modeled using HEC-RAS (version 3.1.3) flood simulation package (U.S. Corps of Engineers, 2002). The model requires the plan and cross sections of the river, upstream and downstream boundary conditions, details of in-line structures along the river, hydraulic properties of the river and discharge scenarios.

2.1 Model Description
The HEC-RAS model solves the Saint Venant Equation formulated for natural channels.
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Where, A = cross-sectional area perpendicular to the flow; Q = discharge; ql = lateral inflow due to tributary; g = acceleration due to gravity; H = elevation of the water surface above a specified datum, also called stage; Sf = longitudinal boundary friction slope; t = temporal coordinate; and x = longitudinal coordinate.

The equations are solved using the four-point implicit box finite difference scheme.

2.2 Kalu River Study Reach and Geometric Database
Study reach extends from Ratnapura to Kalutara, a distance of 79 km when measured along channel centreline as shown in Figure 2. Within this reach the model uses the channel geometry (cross section elevations) obtained by field surveys. For the model totally 86 surveyed cross section details were available. The flood plain elevations at these river cross sections were read from 1:10,000 topo-sheets of the Department of Survey, Sri Lanka.
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Figure 2:  Kalu River from Ratnapura to Kalutara

Six major tributaries join the Kalu River between Ratnapura and Kalutara. They are NiriElla River, Kuru River, Galatara Oya, Yatipawa Ela, Morawak Oya and Kuda River. Based on these confluences the Kalu River is divided into 7 reaches in the model. Figure 3 illustrates the bed profile, with the distance being measured along the channel centerline from Kalutara towards Ratnapura. The seven reaches of the Kalu River are indicated in the figure.
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Figure 3:  Kalu river bed profile from Ratnapura to Kalutara

Cross-section geometry was input into HEC-RAS in the conventional manner. It includes both field-surveyed elevations and elevations obtained from the 1:10,000 topo-sheets. Sometimes it was necessary to supplement surveyed cross section data by interpolating cross sections in between two surveyed sections. Interpolated cross sections are often required when the change in velocity head is too large to determine the energy gradient accurately. The automatic interpolation method available in the HEC-RAS was used to provide additional interpolated cross sections to the river stretch. The maximum allowable distance between cross sections was limited to 100 m.

2.3 Channel Resistance

The only calibration parameter required by the hydraulic model is channel resistance, specifically, Manning’s n. By trial and error, the most suitable values for the Manning’s n were found for the different sections of the river at the calibration stage.

2.4 Model Calibration

Figure 4 shows the modeled reach of the Kalu River from Ratnapura to Kalutara overlayed on a 1:50,000 map. Water level and discharge data at three locations, Ratnapura, Ellagawa and Putupaula, within this reach obtained from the Department of Irrigation, Sri Lanka were used to calibrate the model. Upstream boundary condition used in the model is the friction slope at the uppermost river cross section while the downstream boundary condition is the constant sea level at Kalutara.
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Figure 4:  The modeled Kalu River stretch from Ratnapura to Kalutara

The model was calibrated using the five different steady flow conditions (Scenarios) given in Table 2.

Table 2:  Flows upstream of the Kalu River and its six tributaries in m3/s

	
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	Galatara Oya
	  18
	  28
	 44
	 40
	 40

	Kalu River
	100
	158
	249
	400
	550

	Kuda River
	122
	192
	303
	300
	200

	Kuru River
	  54
	  85
	134
	175
	150

	Mawak Oya
	  11
	  17
	  27
	  25
	  25

	NiriElla River
	  69
	109
	170
	250
	350

	Yatipawa Oya
	   4
	   6
	  10
	  10
	  10


By varying the Manning’s n values for different parts of the Kalu River and the six tributaries, the best values for them were obtained. Figure 5 presents the comparison between observed water levels and model computed water levels at Ratnapura, Ellagawa and Putupaula for the five different flow scenarios, respectively.
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The above results show that the Manning’s n values obtained at the calibration level are acceptable.
2.5 Steady flow Model Outputs

Among many different model outputs the rating curve (relationship between river flow and elevation) at any cross section in the river reach it provides, can be very useful. Such rating curves provide the water level for different flows at any location along the river. Water levels for different flows could be also viewed at any section of interest.

Figure 6 shows the water level (river profile) along the river for Scenario 1 given in Table 2. It shows the observed water levels at the three locations, too.
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Figure 6:  Water level along the river

The model results include a three dimensional view of the river. As an example, Figure 7 shows the Kalu River from station 79140 to 77090, a length of about 2 km, for the river flow in Scenario 3. It shows the extent of flooding along the river stretch.
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Figure 7:  A 3-Dimensional view of a river stretch

2.6 Unsteady flow Simulation
When a flood wave moves down a river, the shape/magnitude of the flood wave gets modified. The calibrated HEC-RAS based model for the Kalu River can be used to study the movement of floods along it. Fifty different floods (at the upstream end of the Kalu River and the tributaries) were created and their movement along the river was simulated using the developed model.

Probability of flood water levels that can be expected at Putupaula to rise above several levels corresponding to water levels observed at upstream Ratnapura based on the fifty different floods are summarized in Table 3.

Table 3:  Flood levels at Putupaula for different floods observed at Ratnapura
	Ratnapura water level greater than (masl)
	Putupaula water level greater than (masl)

	
	4.0
	4.5
	5.0
	5.5

	20.5
	100 %
	100 %
	93 %
	50 %

	20.0
	100 %
	92 %
	83 %
	46 %

	19.5
	100 %
	86 %
	76 %
	41 %

	19.0
	100 %
	86 %
	76 %
	41 %


As the table indicates, if the water level at Ratnapura exceeds 20.5 m level, water level at Putupaula gauging station will definitely exceed 4.5 m level.  Likewise, there is a very high chance (of about 93 %) to exceed 5.0 m level. However, there is only 50 % chance for water level at Putupaula to exceed 5.5 m level when water level at Ratnapura exceeds 20.5 m level. Similarly, if the water level at Ratnapura exceeds 19.0 m level, a flood level that is expected at Putupaula will be more than 4.0 m. However, there is only 86 % chance to exceed 4.5 m level. Water level at Putupaula can exceed 5.5 m level, but the chance for that is about 41 % only. In this way, the table can be used to predict flood water levels that can be expected at Putupaula area based on the flood levels observed at Ratnapura.

Similar tables could be developed for any station along the river and such information could be used to warn people of possible floods with the aim of minimizing flood damages. People in the rural areas (less developed) with very low technical knowledge could be able to read and understand such tables. A set of similar tables for a few locations were developed to predict floods levels based on upstream observations and were given to rural communities along the river.
3. CONCLUSIONS

The model developed can be used to predict water level along the river stretch from Ratnapura to Kalutara for different water flows in the river. The flows that are expected at the upstream ends of the Kalu River and its six major tributaries have to be given as input data to the model. The rating curves that can be obtained from the model at any river cross section as one output provide the relationship between the flow and the water level.
The model uses river cross section details at 86 locations along the river obtained from a field survey and the flood plain elevations read from 1:10,000 topo-sheets. The accuracy of the results depends on the accuracies expressed by these data.

The model provides the extent of inundation on both banks along the river. The three dimensional view of inundation area along the river that the model provides is a very useful result. All the results are available both in graphical form and tabular form.

The probability that water level at a downstream location rises above a certain level for different water levels observed at an upstream location can be obtained from the model. This result can be used to warn people in downstream areas by upstream communities based on the floods that they experience. However, the time such a flood will reach can not be exactly predicted due to the very complex rainfall/inflow patterns.
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Figure 5:	Comparison of observed and model computed water levels at Ratnapura, Ellagawa and Putupaula
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