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1 Introduction

In this project we study radar’s beam propagation and blockages in mountainous terrain using Digital Elevation Models (DEM) and beam propagation models supported by Geographic Information Systems (GIS) software.  We also used one year of Level II reflectivity data to compute maps of Probability of Detection (POD) for comparison with the DEM based analysis.  The scope of the project is to assess the severity of the beam blockage as it propagates in mountainous terrain with implications for scanning strategy determination and interpretation of the uncertainty of precipitation estimates.  By combing the results of the calculation of the power loss, the use of DEMs and the POD maps, the scanning policy of the specific NEXRAD site could be assessed and may be modified to provide higher quality precipitation estimates.

2 Resources

We investigated two WSR-88D sites in this study: Charleston, West Virginia (KRLX) and Tucson, Arizona (KEXM).  For both of those radars we obtained radar reflectivity data (Level II) for the full year of 2001.  The data were then converted to the efficient RLE format described in Kruger and Krajewski (1997).  The conversion process includes some basic quality control steps and eliminates questionable scans.  We also obtained DEM data for both sites and ingested them into geographic information (GIS) system software (ArcGIS ESRI).  The USGS has published a DEM manual (USGS 2000) that gives detailed description of the different model resolutions, DEM data collection methods, data characteristics for various regions around the world, format of the data records, and the accuracy of the DEM data.  The data we used for the purposes of this project have horizontal resolution of 100 m for both sites.  Higher resolution (30 m) would yield better results but at the expense of an order of magnitude higher effort.  We consider the resolution we used to be adequate for this illustration of methodology project.

3 Methodology

We have developed a radar beam propagation model that incorporates DEM data and calculates the power loss of the radar beam, as this is propagates over and interacts with the terrain.  To examine the beam blockage as a function of azimuth and range from the radar, we resampled the DEM data into 0.1°  azimuth × 0.1 km range bins.  The bins extended to a maximum range of 150 km from the center of the radar.  In other words, for every 0.1° in azimuth, there were 1500 range bins for a total of 5.4×106 resampled DEM data bins over the 360° azimuth angles.  For every 0.1° in azimuth, the relative power (in dB) remaining in the beam was calculated.  The algorithm is then applied to all the azimuth angles to obtain two dimensional power loss map and total power loss estimate as function of azimuth angle from the radar.  An extended description of the methodology can be found in Kucera et al. (2003).

We also calculated the POD maps of reflectivity above a certain threshold.  We used the threshold of 10 dBZ, since it represents the nominal reflectivity that would be considered detectable surface rainfall (~0.1 mm h-1).  We calculated the POD maps for different antenna elevation angles, based on a pixel-by-pixel approach for all the azimuth angles, and in fixed polar coordinates (we projected the original pixel azimuths on a fixed grid.).  The POD values were calculated as a ratio of the number of all pixels exceeding certain threshold of reflectivity to the total number of scans.  We set the maximum range of each POD map to 200 km.  For the full year of 2001 there were more than 26,000 scans for KRLX and more than 30,000 scans for KEMX, in each elevation in which the algorithm was applied to obtain the two-dimensional POD maps.  The spatial distribution of the POD values should correspond to the terrain features.  They may also be affected by the atmospheric conditions influencing the beam propagation paths.  

We used the GIS software for visual interpretation and presentation of the DEM data, the beam blockage and the POD maps.  Using GIS makes overlaying of the POD and beam blockage maps easy, and direct comparison with the DEM data feasible.  Both the POD maps and the power loss maps are well explained by the terrain features.  While the power loss patterns were calculated directly from the terrain data, the overall good correspondence of the three elements testifies to the feasibility of the GIS-based approach to determining the scanning strategy for the WSR-88D network.  We examine this correspondence in more detail below.

4 Results

The two NEXRAD sites involved in this study are the ones located in Charleston, West Virginia and in Tucson, Arizona (Figure 1).  Some basic characteristics of those sites are summarized in Table 1
.  

	NEXRAD station name
	International

Call Sign
	Latitude
	Longitude
	Elevation (amsl)
	Antenna Height

	Charleston
	KRLX
	38°18'40" N
	081°43'23" W
	329.3 m
	30 m (98')

	Tucson
	KEMX
	31°53'37" N
	110°37'49 "W
	1586.0 m
	30 m (98')


Table 1: Characteristics of the NEXRAD sites involved in the study.

4.1 Charleston, West Virginia (KRLX)

In Figure 2 we show the local topography using the USGS DEM data.  The KRLX site is characterized by elevation levels that vary significantly.  There is a mountainous region (Appalachian) that cuts through the radar umbrella from the Southwest to the Northeast with elevations that range from 600 m and can sometimes reach 1800 m.  This mountainous region extends from a distance of almost 40 km to almost 200 km from the radar.  The rest of the area is in general rather flat with elevations that in most of the cases do not exceed 600 m amsl. 
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Figure 1: Locations of the two NEXRAD sites involved in the study

  We calculate the power loss of the radar beam due to partial or complete beam blocking at the end of the 150 km range and present it for all 360 azimuths in Figure 3.  Note though that this graph does not provide any information about the exact distance away from the radar where the beam blockage occurs.  It is just a quantitative illustration that provides quick information about the azimuths that experience the major beam blockages and is a helpful tool for the determination of the regions that are problematic from the point of view of precipitation estimation.  The full two-dimensional beam blockage map (Figure 4) shows the distance where the blockage occurs.  A visual comparison of the blockage map with the topography map provides a check of the calculations.  The POD map of Figure 5 for the same region is based on long-term observations, and works as an additional verification tool.
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Figure 2:  Regional topography around the KRLX WSR-88D site
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Figure 3: Estimated power loss of the base scan for the KRLX radar at a distance of 150 km

Inspection of Figure 3 reveals a problematic region that lies between the 110th and 190th azimuth.  The blockage for these azimuths is of the order of -1 to -4.19 dB with the maximum value of –4.19 dB at the 137.2( azimuth. Small values of power loss (between 0 and -1 dB) are observed for the sectors 20( - 100( and 190( - 275(, while the regions 0( - 20( and 275( - 360( do not suffer from any loss of power.  The beam blockage map presented in Figure 4 below, can provide with a more detailed description of the results obtained by the application of this method.

As it can be seen in Figure 4, the beam blockage of the problematic region starts very close to the radar, at a distance of about 10 km.  This is when the beam is still very close to the ground and because in this direction, the terrain is slightly higher that the radar elevation.  The result is a minor beam blockage that is created at that point and, of course, its consequences extend to the distance of 150 km.  The magnitudes of the power loss values though for the region under discussion, do not suggest the creation of a significant error in rainfall estimation for the area.

In Figure 5 we show the POD map for the base scan of KRLX.  This map was produced from the application of the POD algorithm to more than 26,000 scans (Level II reflectivity data) for the year of 2001.  The POD values are for most of the radar umbrella between 4 and 10%.  Some high values that in some cases exceed 30% are observed close to the center of the radar and are due to ground clutter.  We also observe that there is a small decreasing tendency of the POD values, as the range from the radar increases.  This is mainly due to the increasing height of the radar beam with increasing range that in some cases overshoots the clouds with a result of underestimating the probability of detection of significant signal. 
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Figure 4: Beam blockage nap for KRLX (base scan)

It is a rather homogenous POD map with the POD values to be close to 7 – 10 %, except from the sector from 140( - 160( where the values significantly decreased.  In the sector that the anomaly is observed, the POD values are between 0 – 3 % for all the part of the radar umbrella.  A smaller anomaly in the variation of the POD values is also observed for azimuth regions of 95( - 140( and 235( - 270( starting at various distances depending on the azimuth.  Finally, the part of the POD map between 0( - 95(  and 270( - 360(, seems to be homogenous without any profound disturbances.

The comparison of the two maps (Figures 4 and 5) suggests a strong agreement between the long-term observation POD map and the beam propagation model that incorporates the DEM data.  The regions that experience some beam blockage are evident in both cases and can be clearly identified for further study.  The spatial patterns of the two maps are very alike for all the azimuth regions that we discussed above.  The only region for which the agreement is not strong is the 0( - 90( region where the beam blockage algorithm detected some losses but those are not profound in the POD map. This is most likely due to the very small values that dominate this region of the beam blockage map (0 to –1 dB).
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Figure 5: Probability of detection map for KRLX (base scan)

4.2 Tucson, Arizona (KEXM)

Following the paradigm of the previous site, we present in Figure 6 the DEM data for the Tucson Arizona NEXRAD site.  The differences in the topology with the previous site are quite obvious.  The region is dominated by high mountains (Rocky Mountains) and sudden changes of the elevation for most of the area covered by the radar.  In many cases, many mountain peaks are higher than 2400 m amsl and sometimes the elevation gets as high as 3200 m.  The radar itself is located at elevation of almost 1600 m but very close to it there are mountain peaks or areas that significantly exceed this elevation.  This is in fact for most of the directions around the radar except from the Northwest part of the area covered.  Analyzing further the topography of the region, we note that a well-studied experimental watershed is located under the radar coverage.  The Agricultural Research Service Walnut Gulch watershed (Osborn et al.1968, Eagleson et al. 1987, Morin et al. 2003, Goodrich et al. 1997, Reanrd et al. 1993) is located at latitude of 31.74 N and longitude of 109.85 W.  The elevation range of the watershed is between 1190 m and 2150 m and the area that the watershed covers is 150 km2.  Walnut Gulch is in the same sector with a mountain peak very close to the radar in the South East direction.  This can create biases (underestimation) in the radar precipitation estimates for this region (Morin et al. 2003).  We will elaborate on the issue in the following analysis.  
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Figure 6: Regional topography around the KEMX WSR-88D site

Figure 7 represents the power loss for the base scan of KEMX at a distance of 150 km.  As we can see, the area under the radar umbrella suffers from severe blockage for the 1st elevation.  Many sectors have values of power loss close to or even bigger than 10 dB.  Several sectors are totally blocked, e.g. 21.2(-24.3(, 102.6(-104.5(, 111.5(-114.5(, 125.8(-126.1(, 220.5(-220.9(, 222.0(-248.2( and 270.5(-270.8(. 

[image: image7.jpg]Total Power Loss (db)

— 0.5deg
T

L L L
50 100 150 200
Azimuth (deg)

|
250

T
300 350




Figure 7: Estimated power loss of the base scan for the KEMX radar at a distance of 150 km
The beam blockage map we present in Figure 8 reveals the source of the problem. As we would suspect inspecting the topography of the region, the reason of the severe beam blockage are the obstacles located close to the radar.  The beam radar, although rising with distance, is still too low to overcome the height of the mountain peaks around the radar site.  The result is a large power loss that starts in some cases (e.g. see 205(-250() very close to the radar.  The beam once blocked remains blocked for the entire range with severe implication for rainfall estimation.  In the case of the azimuth sectors mentioned before, any attempt to estimate rainfall from the radar data would be a complete failure. Unfortunately, this also applies for the Walnut Gulch watershed.  As we can see in Figure 6, the beam is either partially or totally blocked, above the area that the watershed covers.  Therefore, the base scan cannot be used for estimating precipitation for the Walnut Gulch area.

Visual analysis of the POD map of the base scan verifies and reinforces the results we presented above.  The same regions that were previously shown to have big values of power loss are presented now to have almost zero POD values in Figure 9.
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Figure 8: Beam blockage map for KEMX (base scan)
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Figure 9: Probability of detection map for KEMX (base scan)

We would like to point out for the POD map of Figure 9 the unusually high POD values observed in the Northwest directions.  Those values are close to 40%.  We speculate that these are due to the frequent occurrence of anomalous propagation.  One of the reasons that might explain this phenomenon is the existence of a physical formation such as a river or a creek that disturbs the homogeneity of the air temperature field and creates temperature inversions that make the radar beam hit the ground and produce anomalous echoes.

These observations led us to calculate the power loss for the next elevation angle of 1.49(.  We show the power loss of the 2nd scan at a distance of 150 km in Figure 10. A significant reduction of the power loss is evident for almost all azimuths.  Still though, there are regions where significant power loss is observed, such as 20.7(-25.0(, 100.1(-127.0(, 219.0(-229.4( and 269.0(-272.3(.  There is also one sector that remains totally blocked (229.5(–248.1().  This range of the azimuths that are totally blocked is almost the same of that of the base scan.  Figure 11 is the beam blockage map for the 2nd elevation angle. 
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Figure 10: Estimated power loss of the 2nd elev. angle for the KEMX radar at a distance of 150 km

An additional comment that can be made based on visual inspection of the beam blockage map of Figure 11 is that the regions that no longer suffer from any beam blockage are the ones that were further in distance from the radar site (342(-365( and 147(-157().  Some parts of the Walnut Gulch watershed are still partially blocked.  In Figure 12 we show the POD map calculated for the second elevation.  The results are in very good agreement.  The spatial patterns of the two maps are the same for the radar umbrella, except from the one region of 5(-15( that in the POD map a small disturbance in the POD values still exists, but in Figure 11 no beam blockage is detected for this elevation angle.

[image: image11.png]Power loss [dB]

Il 99.0--28.0
Bl 27.9--26.0
Bl 259--240
Bl 239--220
Bl 21.9--200
B -19.9--18.0
B 17.9--16.0
[ 15.9--14.0
[ 139--120
[ 11.9--100
I 99--80
. 79--60
. 59--40
. 89--20
~ -19-00

80 100
Kilometers





Figure 11: Beam blockage map for KEMX (2nd elevation)

Since the problem was still evident for the Walnut Gulch watershed, we decided to investigate the 3rd elevation angle scans.  As in the previous cases, Figure 13 represents the power loss of the radar beam as a function of the azimuth for a distance of 150 km. Visual inspection of Figure 13 reveals one region of azimuths where the problem insists. This region lies between 223.5( and 249.4(, with only one single azimuth (243.8() to remain totally blocked.  The beam blockage map follows in Figure 14.  As we can see, beam blockage does no longer occur for the azimuth region that the Walnut Gulch watershed lies into.  Despite this, even for this elevation angle, the problem insists for the region mentioned above because of the small distance of the obstacle from the radar’s location. Azimuths 223.5(-249.4( experience severe beam blockage and should be excluded from any attempt to estimate the precipitation with radar data from this site.
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Figure 12: Probability of detection map for KEMX (2nd elevation)
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Figure 13: Estimated power loss of the 3rd elev. angle for the KEMX radar at a distance of 150 km
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Figure 14: Beam Blockage Map for KEMX (3rd elevation)
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Figure 15: Probability of detection map KEMX (3rd elevation)

In Figure 15 we present the POD map for the 3rd elevation.  The map is quite uniform for all the area covered except from the region that the beam blockage map flagged as a blocked region.  In this part of the map the occurrence of radar echo above the threshold of 10 dBZ is almost zero, while for the rest of the map it varies with the distance from almost 4 to 10%.  The lower values of the POD are expected when the elevation angle is increasing due to overshooting of the clouds.  The third elevation angle seems to be the first one that it is “clean” for almost the entire radar umbrella.  

The region that the Walnut Gulch watershed is located suffers from very little or zero beam blockage. Most of the azimuths are blockage free, and azimuth region 110( - 115( has power loss values between –0.1 and –0.2 db.   However, taking rainfall information from the 3rd elevation angle may result in significant errors.  The watershed is located at about 60–70 km range from the radar.  At this point, the radar beam centerline is at 2.7 and 3.2 km from the ground, respectively.  Taking this fact into account it is reasonable to assume that the beam is often overshooting the clouds.  During wintertime, due to lower temperatures, the cloud level is lower to the ground and does not exceed 1.5 km in height.  In convective storms that frequent the region, the vertical profile of reflectivity is more uniform and the third antenna elevation angle allows detecting presence of strong storms (Morin et al. 2003.)  The POD map of Figure 15 is a good tool of assessing the risk of obtaining biased precipitation estimates, since it comes from a long-term observation set.  This map categorizes the Walnut Gulch watershed into the region of a POD that lies between 0.8 and 4.8 %.  This low range of values is another indication that rainfall might be underestimated at this point.
5 Visualization Software

In this report we included two-dimensional maps of beam blockage and probability of detection along with DEM data based topography for two NEXRAD sites. The complexity of the results and the high content of information make it difficult to completely interpret and translate the results by just visually inspecting the figures provided above.  This has led us to the development of a visualization software that would make the above feasible and would provide additional helpful information on the usefulness of technology we have developed.

The software has two parts.  The first part involves the ArcGIS ESRI software and the visualization of the different layers (maps) that can be overlaid and examined one versus the other.  The different POD and beam blockage layers along with the DEM data for both sites, containing a vast amount of information, are all included in the same GIS-Project (under ArcGIS Explorer) and can be activated or deactivated with a simple click.  One can zoom-in and concentrate the interest in a very specific region (e.g. Walnut Gulch experimental watershed) or change the scale to obtain more general information about the radar site.  The second part of the software involves an interactive Excel spreadsheet (with enabled Macros) that provides quick information about the beam propagation through the mountainous terrain and plots the beam blockage and POD values for a specific azimuth.  This software makes the comparison of the beam blockage and POD calculations easier since it is based on an azimuth-by-azimuth analysis.

The requirements for the use of the software are described in detail in the Readme.txt file included.  One should follow the steps described in this file in order to install and operate the software without any problems.

6 Conclusions

In this project we studied the feasibility and accuracy of beam blockage computations based on DEM data with the deployment of the GIS software.  The evaluation framework includes analysis of Level II data used to calculate maps probability of occurrence of radar echo.  The study involved two NEXRAD sites, Charleston, West Virginia and Tucson, Arizona.  The results of this attempt showed a very good agreement between the approaches used, and provided a lot of helpful information about the two studied radar regions.  The combination of those tools is powerful not only because it provides accurate information about the azimuth and the distance where the beam blockage occurs, but also offers physical interpretation of the effects of the beam blockage on rainfall estimation.  

For the specific NEXRAD sites involved in this study, the results are very interesting, especially for the case of Tucson, Arizona.  The Charleston’s site does not suffer from significant beam blockage except from one small region Northeast of the radar.  This region is partially blocked with not too big absolute values of power loss and radar data could be used to provide rough precipitation estimates.  Tucson’s site on the other hand was found to experience severe beam blockage in many azimuths.  The mountainous region that surrounds the radar creates multiple problems in the propagation of the beam and of course this is translated to biased precipitation estimates.  A changing in the scanning policy of the specific radar should go under discussion to improve radar-rainfall estimation for this site.  For the case of the well-known experimental Walnut Gulch watershed, the first elevation that is blockage-free is the 3rd one, but the distance from the radar makes it risky to use this elevation to obtain rainfall information.  Other elevation angles, lower than 2.40( but higher than 1.49(, should be probably adopted in the scanning policy to be able to provide quality precipitation estimates for this area.
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�  Source: NCDC WSR-88D website





PAGE  
17

