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ABSTRACT

At the end of 2005 the MCD (Meteorology and Climatology Directorate) of the Basque Country installed a C-band Dual Doppler weather Radar, Meteor 1500C, from Selex Geamatronik. It is located on the top of a mountain 1000 meters height a.s.l., named Kapildui, in an inland region in the south of the Basque Country. The Basque Country has a complex topography and basins with hydrological characteristics of high flood risk. Sites with these characteristics have a high impact on ground clutter. The impact is higher at lower elevation’s angles and it decreases with elevation, but data from those elevations are required to obtain estimations of precipitation close to the ground.

The aim of this work is to achieve a better exploitation in the radar operation. For this purpose, system monitoring tools based on the analysis of raw data have been developed and a clutter map has been implemented.

In order to develop these tools, information from an historical data base of volumetric raw data (Z, ZDR, V, W) has been analyzed. The results of the analysis show information related with the identification of non meteorological signals and with the stability in the system operation. Our tools are essential in the implementation of the map, but not the only ones. Also GIS (Geographic Information System) and radar tools have been required. This clutter map minimizes the effect of ground clutter without removing hydro-meteorological information from data. 

This map, which attempts not to leave interesting hydro-meteorological data needed to make an accurate estimate of precipitation, and the statistics and visualization tools, which are a direct profit incorporated to the system management, make possible to optimize radar operation.

1. Introduction and objectives

The purpose of Kapildui’s radar is to complement the hydrometeorological observations, the dense network of automatic weather stations (AWS) distributed  along the Basque Country [1] and other meteorological information available in Internet (satellite images), and make up for the hydrometeorological demand of the Basque Meteorology Agency.

The surface observing system enables precipitation observation close to the ground. The radar coverage is restricted at low levels, which limits the usefulness of the radar data, especially for quantitative precipitation estimation (QPE). Although derivation of QPE from radar observations is challenging process, the use of dual-polarization radar variables has physical advantages.
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Figure1. Instrumental observations of the Basque Met Service.

One of the aims of the Met Service is to improve data quality, accuracy and availability, therefore, a better exploitation in the radar operation. To this end, this work is focused on the development of system monitoring tools based on the analysis of raw data. From a specific application of them and other exhaustive studies, a conservative clutter map is designed. It could be included in the operation of the radar

Designed tools are low cost and able to integrate in the operational radar management easily. They are designed with the special attributes to be simple and to emphasize features hidden in raw data. The results of the analysis with them provide the identification of non meteorological signals and standards associated to this identification. Both results make possible the system monitoring and the stability in the system operation. That is a direct profit incorporated to the system management.

The clutter map tries to reduce the bins associated with ground clutter. It attempts to identify reflectivity data which, being induced by the topography, are not filtered by the Doppler filter that is available on the radar and which appear with very high probability.  

From this work come up secondary objectives as the study of the feasibility of carrying out scans at elevations below 0º since these elevations there is always impact with the ground (optimization of the geometry of high resolution volumetric scan) and whether the use of  these scans with low elevations could be useful for system monitoring tasks.

2. Features of raw data

For these purpose, we have explored information from an historical database of volumetric raw data within a dimension of one year and a half, over a period of time between June 2006 and March 2008.
The raw data have been obtained from the Meteorology and Climatology Department of the Basque Government under the ETORTEK 2007-2009 project. This historical database consists of raw data from the operation of Kapildui’s radar [2], registered by four scans every ten minutes. This means that 6 cycles per hour are done, in other words, 144 per day, except in certain cases of malfunction or breakdown. Two are volumetric scans (Doppler mode and long pulse-300 km, short pulse-100 km), and two elevation scans (one at 339.0 º and the other at 241.0 º). Data of each scan is divided in 4 variables: Z, V, W and ZDR. Except for 300 km scan, where are only data of Z and ZDR. Z is horizontal reflectivity from the target. V is radial velocity (it is the velocity of target parallel to radar beam). W is spectral width. ZDR is differential reflectivity. 

The work is carried out for the second scan because it is a higher resolution scan, focused on the Basque orography, and highlights the characteristics of the region. Besides, it has an azimuthal angular resolution of 1º, allowing us to work in a simple way with the tools. This scan has a range of 100 km, with a resolution in distance of 0.25 km. The number of samples taken in range, for each azimuth is 400, corresponding to one sample in each 0.25 km. Furthermore, this volumetric scan has 14 elevation angles: -1º, -0.5º, 0.5º, 1.5º, 2.7º, 4.1º, 5.8º, 7.8º, 10.1º, 12.9º, 16.2º, 20º, 24.6º y 35º. 
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The database consists of data registered by 4 scans every ten minutes: Two volumetric scans (short 5
pulse-100 km, Doppler mode and long pulse-300 km) and two elevation scans (one pointing to NW
(339.0 °) and another pointing to SW (241.0°)). All of them operate in polarization mode.
Data from each scan and variable are stored in a separate file. The variables are Z, V, W and ZDR. Z
is horizontal reflectivity from the target. V is radial velocity (it is the velocity of target parallel to radar
beam). W is spectral width. ZDR is differential reflectivity.
For 100 km volumetric scan there are Z, V, W and ZDR data. This scan has fourteen
elevation angles: -1, -0.5°, 0.5°, 1.5°, 2.7°, 4.1°, 5.8°, 7.8°, 10.1°, 12.9, 16.2°, 20°, 24.6° and 35°.
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Table1. Most relevant second scan characteristics

3. Methodology
For the design of this map, it  is required, first, an exhaustive study of the historical database provided by the Department of Meteorology and Climatology of the Basque Government, and the potentials that the system currently provides.

   This paper uses essentially the variable Z. However, it will be necessary to carry out some views of other variables to obtain the behaviour of the clutter points. 

Steps associated with the methodology are:

3.1 GIS tools (Geographic Information System) → Global Mapper 

In the second place, radio propagation simulations are made with a theoretical model that allows us to know how far and which elevation beam intersects with the terrain. Therefore, the points where there was impact, would be ground clutter. This tool is also used for searching the minimum value from which does not appear any impact with the terrain surface. Global Mapper also is used in different propagation conditions (for diverse values of k, propagation constant)
3.2 Manufacturer tools → Rainbow

Next step will be check, with the tool installed on the radar, if days of impact obtained with GIS have a correlation with the points of reflectivity in clear air days. With Rainbow reflectivity data are analyzed and some will be points of clutter, but not all. The software used in this case is Rainbow, specifically RainDART and 3DRave applications. Rainbow transforms data, from psedo-XML format to ASCII format also. Besides, with 3DRave the clutter map is implemented and with RainDart it is applied on the various cases of study. 
3.3 Raw data acquisition, conversion and reading

The raw data have a pseudo-XML format, divided into a header text in XML format and a series of blocks of binary compressed data. Using the "post processing" of Rainbow, data have been transformed into ASCII format.

All ASCII files follow the same structure: a header and a data block. The data block presents information of each elevation, followed by the corresponding reflectivity data (in dBZ). These are organized according to azimuth angle and distance. We design a tool to extract reflectivity information hosted in ASCII files. This is stored in a matrix of 4 dimensions: 10minutes files (m), elevation angles (14), azimuth angles (360) and distance (400), corresponding to each day. These data are organized bin to bin in Cartesian format. 

The advantage of having the information organized in this way is that we can control the format of the files, learning about the operation of the radar.
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Figure2. Flowchart for the methodology of the designed tools

3.4 Internally developed tools → tools developed with MATLAB

The development environment in which has been carried out the tools is MATLAB (MATrix LABoratory) [9]. It allows, among other things, matrix manipulation, which is well suited to the format of processed data.

These tools have been developed to emphasize and interpret the relevant information from radar data and make decisions. There are two kinds: statistical and visualization tools.

3.4.1. Statistical tools

This software provides many statistical functions, from which we analyze the mean and probability in the design of these tools. There are many other functions that can be added easily. Besides, a set of accumulations in different representations are carried out.

The result of the mean operator is the average of each pixel of the radar coverage area. The probability operator is the percentage of time that each pixel exceeds a specific value of reflectivity. With regard to a set of accumulations, using previous results of the statistical operators, these are organized in histograms of three types. They highlight certain features hidden in the data. The first one represents the data over one month, the second allows to follow the evolution of data in one day and the third provides a tool that can be used to track the evolution of the system and monitoring it, by means of each 10minutes analysis, representing the reflectivity between the angle of azimuth.
3.4.2. Visualization tools

We have developed visualization tools to provide a different view of the statistical functions with a better geographic detail. With them, we can identify the points of greatest impact on a cartographic map. For the design of these tools we have chosen the B-Scope and PPI formats, typical representations of weather radars. For its implementation, we make use of own MATLAB functions for image processing.

The B-Scope format shows the input data as a Cartesian diagram, it scale goes from up to down to the azimuth and from left to right for the range. Their input data correspond to probability values.

On the other hand, there are tools that have been carried out on PPI (Plan Position Indicator) representation; in this case, we use as input the probability or the mean. For this, we must do another transformation, since the data are organized by bins in Cartesian format and we need a representation in polar coordinates.

This toolkit will serve as an alternative to Rainbow and also bring an added value to their visualization tools. Apart from displaying the levels of reflectivity, they can be used to represent the statistics values. Consequently, the points with a specific reflectivity or probability value are stored in text files organized in range-azimuth format.

In all cases the results of MATLAB have been compared with the software Rainbow, to verify that the system works properly.

3.5 Implementation of the clutter map

Finally, a conservative static clutter map will be implemented for each elevation (only for the lowest elevations, since the clutter does not affect to elevation angles greater than 1º) from previous results correct interpretation, and an appropriate parameterization of the radar software that allows a more accurate estimation of hydro-meteorological phenomena.

4. Results
The results are going to be presented following the methodology applied. 

4.1 Global Mapper

With this tool different results are got. First, it can be checked that a -1º elevation scan has a high impact with ground surface: 
                            a)
                                              b)
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Figure3. 100 km scan with elevation a) -1º, b) 0º

Another outcome is to get the first elevation that is not affected by clutter. Although the following elevations do not belong to any actual Kapildui radar scan, they are used in this propagation model to obtain, theoretically, the minimum elevation that is not affected by static clutter. 

a)                                                             b)
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Figure4. 100 km scan with elevation a) 0.9º, b) 1º

0.5º is an elevation that is used in the operation of Kapildui and, from this, in different weather conditions, the impact of terrain variation is shown. 

New representations of radio propagation from Kapildui for different values of k are made. It is noticed that under favourable conditions, with k = 5/6, the impact on ground´s surface would be lower while in adverse conditions with k = 1/6, the impact with ground increases. 

To see the variability in factor k, a sequence of representations is attached then (from k = 2/3 to k = 1.6) for the same elevation (0.5º) 

                        a)                                                         b)
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                       c)                                                        d)
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Figure5. a) 100 km scan with 0.5º elevation and k =2/3, b) k = 5/6, c) k =4/3, d) k = 1.6

4.2 Rainbow

Real data from clear air conditions and precipitation days are used in this task. With clear air days data, the outcomes obtained from Global Mapper are verified, while with precipitation days data, blockades are determined.

Example of clear air day:

            a)                                                                     b)
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Figure6. 100 km scan with 0.5º elevation with a) Global Mapper y b) Rainbow

Under precipitation conditions:

                   a)                                                                     b)
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Figure7. 100 km scan with 0.5º elevation  a) PPI, b) rango-azimut

The distances from the field to each of the scans, from which no data is obtained due to a total beam blockage, are summarized in the following table: 
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Ground impact distance (in km) with Global Mapper and Rainbow
Scan Elevation | Minimu | Maximum | Observations
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Volumetric | -1 8.6at 34between | Mostazimuthreach a circumference of about 20
with 100 70° 253°and km of radius
kmrange 255°
-0.5 9.5at 100 between | Many azimuthsreach a circle whose mean radius
70° 333°and wouldbe about 22 km. In the SE and NW
339.5except | directionsthe scope of visionis about 70 km.
t0339°
0.5 19 at 100 Almost azimuths will reach 100 km withoutany
200° impact with ground. However, beam only reaches
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41°,25km at 48°,20 km at 134°and in the sector
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Table 2. Ground impact distance for the second scan
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Table2. Ground impact distance for the second scan 

This software is also used for the implementation of the clutter map.

4.3 Tools internally developed with Matlab 

4.3.1 General tools
1) Statistical tools
Following are the results of the analysis of historical database with the designed tools. These results will lead to weather patterns that will be used to identify points of clutter and system monitoring.

For a better understanding of the later results, let's define the concept of ‘significant point’. It is a point, defined by its azimuth, range and elevation, where its reflectivity is above a certain value. To set this level of reflectivity limit, an extensive analysis of data has been done. The limit value is defined by 10 dBZ, since it is the reflectivity limit beyond which Euskalmet considers the existence of precipitation. 
• Volume of significant points for a particular month

The graph represents the number of significant points in January 2007, within the database which we work with. It gives a first idea of weather characteristics. We can say that 8, 22, 24, 25, 30 and 31 are not clear air days. In other cases, a more thorough analysis has to be done.
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Figure8. Monthly volume of significant points.

• Histograms
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Figure9. Time evolution for a mixed day (per 10 minutes).
The previous figure shows a histogram with the time evolution of significant points in all the hours in a day. It is a mixed day, which can’t be noticed in a monthly view like figure 8. This histogram is useful to observe its characteristics. The red line indicates the limit of discrimination of clear air. It is defined based on similar behaviour patterns of days with weather characteristics defined (clear air or precipitation).

On the other hand, this tool is also used to detect irregularities in the radar operation, as shown below. In figure 10, a current day outside the database has been analyzed, in which a radar malfunction is suspected. There are unacceptable variations of significant points in consecutive time moments. This makes no sense from the meteorological viewpoint. It does not match a pattern that would follow a day of clear air. 

a)                                                b)                                             c)
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Figure10 a) Time evolution of 11/03/2010. b) Figure a enlarged, where an irregular behaviour is observed irregular. c) Time evolution pattern for a clear air day.

From the analysis executed during this study, we have developed an application of the histograms that can help to complement storm tracking tools.
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Figure11. a) Evolution of the storm through our tools and comparison with Rainbow. b) Evolution of the storm through the AWS.

In each of the azimuth-histograms for a specific time, shows the presence of the evolution of a storm front. This result is suitable to highlight characteristics of the data that remain hidden from observation with other tools. The passage of the storm front is also checked against information provided by the network of AWS.

2) Visualization tools

• B-Scope

The figure below represents the probability that the value of reflectivity of each point exceeds 10 dBZ. The probabilities are represented by a colour bar from 0 to 100%.



         a)

            b)
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Figure12. B-Scope: a) Clear air day. b) Precipitation day

The figure 12.a fits to the pattern of a clear air day. Red are the most probably points and appear in both figures, they form a pattern of static clutter. These effects are also applicable to the results of probability PPIs, figure 13. Otherwise, the points whose probability value is between 40 and 70% for a day that has a pattern like in figure 13 a, can be associated with dynamic clutter, being generated by: aeroplanes, wind turbines, flocks of birds...

• PPIs

The study of the database using these tools provides a result that gives rise to an idea of the location and level of the most significant points, in a cartographic representation. This provides an observation of a serial of areas with high probability values, 70-100%, and also high mean values, 40-60 dBZ, forming a pattern of static clutter, which is always repeated. This is emphasized with red circles in figure 13, and you can see the pattern that follows the clutter. With this result we can watch areas where you can find ground clutter that can be eliminated with the implementation of the static clutter map.
Figure13. Top left: Mean PPI for a clear air day. Top right: Mean PPI for a day of precipitation. Bottom left: Probability PPI for a clear air day. Bottom right: Probability PPI for a day of precipitation. 

Other finding in this work is the diurnal evolution of clutter, as shown in figure 13 top right. Significant reflectivity values appear in those points where it has been a storm front.

Based on the results of these two types of visualization for both statistics operations, reflectivity points to points of particular probability (not high) can be associated. These have a value of reflectivity between 20-40 dBZ and a probability value between 40-70%. These points are associated with a dynamic variation of the clutter. This effect is emphasized with blue circles in the figure above. This type of clutter is difficult to correct, so will give rise to the development of future tools based on other parameters of the radar scan.

An application of these visualization tools is to obtain files that store the points corresponding for a particular and pre-selected reflectivity or probability value. They are stored in a range-azimuth format and will be used for more specific studies like cartographic applications or analysis of clutter.

4.3.2 Tools used mainly for the design of the clutter map

To design the static clutter map visualization tools are mainly used (PPIs of means and PPIs of probabilities), and from this, to know with accuracy what are the points that present a high impact of ground clutter. With PPIs of probabilities, the pixels that with a probability of 100% (in white in figure 14 a) are higher than 10 dBZ (value at which it is considered that competes with precipitation) are obtained. In addition, those pixels must match in all analyzed PPIs to be considered static ground clutter. 

Otherwise, the PPIs of means, show the points that have very high average on their reflectivity values (average between 55 and 60 dBZ -> dark magenta).

Most of the points that form the clutter map present high reflectivity values and they are kept static over time. Also, these points should match to the PPIs of means analyzed. 

To obtain a conservative static clutter map that eliminates, exclusively, information that is not due to weather phenomenon but to the mountains or relief areas where the radar beam intercepts, it is required to carefully choose pixels with a high probability of being ground clutter as well as having reflectivity values with very high mean and very low variance.
      Taking the example of the day June 2, 2006, a clear air day:

                           a)                                                    b)

[image: image20.emf]          [image: image21.emf]
Figure 14. PPI 0.5º elevation a) of probabilities, b) of means

4.4 Clutter map

Based on the information provided by the preceding sections and changing the parameters of the software available on the radar, it will be got a clutter map that will remove only the echoes caused by the terrain, keeping the reflectivity due to weather phenomena.

The radar of Kapildui implements a Doppler filter so that the data found in the historical database has already been pre-processed. Then, these data will create a clutter map. To create this file with .cmap extension, it will be necessary to work with clear air day data, in which all reflectivities are due to beam impact with the ground. On the other hand, a new task from 3D clutter map and data processing (.3dcdp) will be created. This pre-processing needs previous clutter map and a terrain file with elevation data. In this case the file will have Kapildui as a centre and 100 km of radius. 

5. Conclusions

It is analyzed one of the errors that causes a high impact in the exploitation of weather radar; the error due to ground clutter. Also, a clutter map and a set of control and analysis tools from Kapildui´s radar have been designed.

The clutter map removes ground clutter like conservative form to not ignore interesting hydro-meteorological data. A radar rainfall retrieval in complex orography should basically try to solve the problem of beam blockage in order to provide a useful hydrometeorological product.
In designing the static clutter map, not all pixels that are seen appear constantly in time but with high variability, and this effect is accentuated because it is applied to previously filtered data. The clutter map must contain only those points that have high probability and mean and low variance. 

This map is useful in the operation of the radar. Clutter maps are made for 100 km range volumetric scan. This was decided because this is a more detailed scan, with an azimuth resolution of 1 º which facilitates programming tasks. However, the outcome achieved with this work may be extended to the 300 km scan and / or other weather radars. 

The designed tools allow us to obtain different results: a pattern of static clutter areas, patterns associated with a similar meteorological behaviour and a monitoring of system performance.

The result of these tools provides patterns with similar meteorological characteristics. According to this, we performed a characterization with the supporting of information provided by other existing sources on the Internet that have been used in this study. Statistical studies serve to highlight irregularities associated with the error detection in the radar operation. These allow continuous monitoring of the system.

In a complex orography, like in the País Vasco, surface rainfall might be even not observed at all for a large portion of the radar volume scan. Indeed the blockage of the radar beam (and the usability to use very low elevation scans except in some parts of the domain) can arise at any radar site, even at low levels, if it is badly chosen.

With such a comprehensive study, the optimization of the operation of the radar has been achieved. It states that the minimum elevation angle for which the beam does not impact with the ground is 1º. Therefore, implemented clutter maps will be in any case for elevation angles below 1 °. 
The geometry of 100 km scan is improved. It is not interesting to have many scans below 0º and, if possible, it is interesting that these elevations coincide with those of the 300 km scan. 
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