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Abstract

The East Coast of Peninsular Malaysia is affected by severe rainfall and flooding brought on by moonsoon winds. The government allocation for structural flood control works escalated to RM 3.834 billion between 2005 and 2010.
A project was commissioned by the Malaysian Government through the Division of Irrigation and Drainage (DID) in 2009 to investigate the validity of using radar rainfall data records to estimate rainfall rates. The processed radar rainfall data will be used as input into the flood-forecasting model for enhanced estimation of rainfall. The aim is to process radar rainfall data into a suitable format for input into hydrological models. A tool given the name Rainfall Analyzer and Integrator for Malaysia (RAIM) was developed to achieve this.
The study required extensive comparisons that were carried out between the radar Quantitative Precipitation Estimates (QPE) and the ground based rain gauges. Seasonal specific empirical Z-R relationships were derived for four radar sites: Kluang, Kota Bharu, Kuantan and Subang radar. A two stage statistical approach was used to obtain the most appropriate Z-R relationship for each of the radar sites.
Spatial rainfall estimates were then used as input into HEC-HMS models for three river basins in Johor, Pahang and Kelantan. The response of models to rain-gauge and spatial rainfall was compared. The comparisons concluded that the use of spatial rainfall, as compared to point rain-gauge data produced a better response when compared to recorded river levels.
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1 INTRODUCTION

The East Coast of Peninsular Malaysia is affected by severe rainfall and flooding brought on by moonsoon winds. The government allocation for structural flood control works escalated to RM 3.834 billion 
between 2005 and 2010. The cost of a comprehensive structural mitigation to reduce the risk of flooding would be unaffordable. Consequently, non-structural measures such as integrated flood forecasting, warning and responses, and flood hazard-risk-vulnerability maps are now being considered.

A project was commissioned by the Malaysian Government Division of Irrigation and Drainage (DID) in 2009 to investigate the validity of using radar rainfall records to estimate rainfall. The processed radar rainfall data will be used as input into the flood-forecasting model for enhanced estimation of rainfall. The overall aim is to processes radar rainfall data into a suitable format for input into hydrological models. A tool given the name Rainfall Analyzer and Integrator for Malaysia (RAIM) was developed to produce gridded areal rainfall distributions.
2 Radars and River Basins
2.1 Radar Sites
The Malaysian Meteorological Department (MMD) operates two Integrated Radar Network in Peninsular Malaysia and Sabah/Sarawak. The Peninsular Malaysia network consists of six (6) S-band weather radars located in Butterworth, Subang, Kuantan, Kluang, Alor Setar and Kota Bharu. All the radars are linked to the Data Collection Centre (DCC) Workstation located at Malaysian Meteorological Department Headquarters.
The four radar sites at Subang, Kluang, Kuantan and Kota Bharu were the focus of this project. All four radar sites utilise S-band wavelengths with frequencies between 2.7-2.9 GHz. The radars were constructed by Enterprise Electronic Corporation (EEC) of the USA. The historical data acquisition system is 3-D-Rapic from the Australian Bureau of Meteorology (BOM). Figure 1 highlights the location of the four radar sites in Peninsular Malaysia. The figure also highlights the three river catchment boundaries. Table 1 summarises the main characteristics of the four radar sites. The locations of the radar sites are provided in both Lat/Long and Rectified Skewed Orthographic (RSO) coordinates (B&V, 2010).

The data acquisition system stored the radar signals into a coded data format. The system produces two outputs: Composite Plan Position Indicator (Composite PPI) Scans and Volumetric Scans. Composite PPI Scans consist of two to four individual PPI scans at different elevation angles for different ranges. These provided a base scan which can be used for QPE. Each of these scans has a time resolution of 10 minutes. 

The Composite PPI Scans record data at azimuth angle intervals of 1 degree and range bins of 2 kilometres. There are no readings for the first 4 kilometres for most radar sites. The recorded data is separated into sixteen individual radar reflectivity classes defined by ranges of levels (i.e. dBz levels) (DID 2007b).

The time-stamp on each snapshot is set to Coordinated Universal Time (UTC). 

The Kluang radar site will provide QPE for the Johor River basin. The radar site is situated towards the centre of the state and covers the Johor river basin with a maximum radius of 110 kilometres. The Kuantan radar site will provide QPE for the Pahang River basin. The radar site is situated on the eastern coast of the state. To cover the entire river basing will require a scan radius of about 200 kilometres. It is expected that there will be potentially be problems with the QPE of radar rainfall at large distances. This provided the motivation to investigate the use of the combining the data from the Subang and Kuantan radar site. The Subang radar was selected to provide coverage for areas which are shielded by the mountain range.
The Kota Bharu radar site will provide QPE for the Kelantan River basin. The radar site is situated on the north coast of the state. To cover the entire river basin will require a scan radius of about 175 kilometres.
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Figure 1 – Location of radar sites, river basins and rain-gauges.

Table I – Details of Radar Sites
	Station No.
	Station

Name
	Latitude
	Longitude


	Xrso (km)
	Yrso (km)
	Altitude

(meter)
	Radar Type

	257 

(01)
	Subang
	3.120
	101.550
	394.86
	345.38
	32
	EEC

WSR81S

	259

(03)
	Kluang
	2.020
	103.320
	591.5
	224.33
	113
	Vitro-MR781S (1981 to 2003)

EEC-WSR8500S (from 2004)

	260

(04)
	Kuantan
	3.780
	103.220
	580.54
	418.04
	32
	EEC

WSR74S-14

	261

(05)
	Kota Bharu
	6.170
	102.280
	476.6
	682.46
	13
	EEC

WSR74S-14


2.2 River Basins

The three river basins were modeled using the HEC-HMS modeling package. The package enabled the generation of flow in the river network in both lumped and distributed fashion. This allowed for the full potential of radar rainfall data to be assessed and compared to point rain-gauge data. The models were then calibrated using river water level records at multiple sites in the river network. Sufficient data were available to perform a historical verification of flooding events. Rainfall intensity information from multiple rain-gauges were reviewed and used as the main source of point rainfall data (DNASB, 2010). 
Spatial rainfall estimates from rain-gauges and radar data was then used as input into HEC-HMS models for three catchments in Johor, Pahang and Kelantan. This allowed for a direct comparison between point rain-gauges and radar data.
3 calibration
3.1 Radar QPE Calibration
The reflectivity readings from the radar measurements could be used directly to generate rainfall rates. The reflectivity information needed to be calibrated to generate site specific rainfall intensity. In 1948 to solve this problem, Marshall and Palmer first gave the empirical power law Z-R relationship. It well known that this equation is not a general equation for all radar sites due to variations local climate and radar hardware. 
An approach had to be adopted which allowed the assessment of numerous radar QPE grid cells and rain gauges simultaneously. Early testing revealed that the best way forward was to use the mean gauge recorded rainfall and the mean radar rainfall data.The Root Mean Square Error (RMSE) is used to compare the radar to the rain gauge: Radar rainfall estimation bias can be calculated by comparing the accumulation of mean radar rainfall to the accumulation to mean gauge recorded rainfall (Harrison, et al. 2008). 
Table 2 – Derived Z-R relationships
	Radar Site
	Season
	a
	b

	Kluang
	Monsoon - North East
	75.78
	1.4

	Kluang
	Monsoon - South West
	93.91
	1.45

	Kluang
	Inter monsoon
	80.95
	1.55


The ratio method was used to measure the ratio of the rainfall for the recorded data from radar and rain gauge stations. Accordingly, a two phase methodology has been adopted for the calibration of the radar and rain gauge rainfall accumulations. This combined approach brings together the benefit of both statistical methodologies to derive the best radar and rain gauge match. The approach is similar to one adopted by Seed et al (2002).
Table 2 summarises the results of the QPE calibration for the Kluang radar site (B&V, 2010). The table provides the ‘a’ and ‘b’ values. Different Z-R relationships have been identified for the different seasons. For the Kluang radar site, there are three main seasons: the north east monsoon, south west monsoon and the inter monsoon season.. The storms during the monsoon periods are predominantly frontal based events. The inter monsoon periods storm events are characterised as short but extreme thunder storms. 

3.2 Hydrological test with HEC-HMS

Point rainfall data and radar rainfall data collected for the three study catchments were processed to ensure that all the inputs to the model are of consistent quality. For both the point rain gauge data and radar rainfall data, the mean areal rainfall and spatial rainfall for the catchments was calculated using Thiessen polygons.

For the hydrological model setup, both the lumped model approach and the distributed model approach were tested. Mean areal rainfall derived from both point rainfall and radar rainfall were input into the lumped model to simulate the discharge hydrographs at the study catchment outlets. The distributed model was used to take in gridded rainfall derived from both point rain gauges as well as radar rainfall data. Using this approach, four different hydrological simulation results can be obtained for a single storm event and meaningful comparison can be made between the simulated catchment runoffs using the same model but utilizing different rainfall inputs, as well as between the simulated runoff of a lumped model and that of a distributed model, both based on the same rainfall source.
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Figure 2 – Comparison of point and radar grid/spatial rainfall fields for a single snapshot in time (DNASB, 2011)
Figure 2 above illustrates two different spatial rainfall fields – one produced using rain-gauges and the second from radar data. This is for a single snapshot in time.The figures clearly illustrate the difference between both the spatial and volumetric estimation of rainfall using the different data types. In the figure above, it illustrates the potential of undersestimation of rainfall rates due to the limited availability of rain-gauges in the upper reaches of the river basin.

Figure 3 provides a comparison of predicted and recorded depths. Figure 3a provides a comparison between the predicted and recorded depths when rain-gauges were used to represent rainfall. Figure 3b illustrates the comparison when radar rainfall data are used. The figures clearly demonstrate that the use of the radar data produces a better match between the recorded and predicted data. The use of the radar data is better in predicting successive and multiple events which would have been missed with the use of rain-gauge data. The radar data are also better at representing the peak water level when compared to the use of rain-gauge data.
It became apparent that the upper and western reaches of the Pahang river basin would not be covered by the optimum scanning range (i.e. 150km radius) of the Kuantan radar site. The radar sites record reflectivity up to a maximum radius of 512km. However, it was not recommended to extend the processing radius of the RAIM system for Kuantan as it is known that the use of radar reflectivity at large distances can lead to unreliable QPE estimation. It is known that radar QPE from two or more radar sites, over the same area, do not naturally equate to similar rain rates due to the complexity of rainfall patterns, beam height readings and beam blockages. Initial investigations were carried to combine the response from two radar sites and will be reported in a separate publication.
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Figure 3a and 3b – Comparison of simulated water level (red line) vs recorded (blue line). Figure 3a refers to water levels generated uing point rainfall and Figure 3b refers to water levels using radar/spatial rainfall (DNASB, 2011)
4 Conclusions

Extensive comparisons have been carried out between the radar Quantitative Precipitation Estimates (QPE) and the ground based rain gauges. A two stage statistical approach was used to obtain the most appropriate Z-R relationship for each of the radar sites. This has been successfully carried out and site specific seasonal Z-R relationships have been identified for each radar site. The resultant QPE compares well with ground based rain gauges. Further comparisons between point and spatial rainfall data as input for hydrological modelling revealed that spatial/radar rainfall data has the potential to produce a better results.
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�May be a rough equivalent in US dollars or euros would be good
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