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1. Introduction

Beam blockage caused by terrain and other obstacles such as buildings and trees limits radar coverage and introduces bias in measurements. For the national network of S-band operational WSR-88D (Weather Surveillance Radar-1988 Doppler) radars, especially in the mountainous western United States the beam blockage severely affects the accuracy of the weather radar products such as quantitative precipitation estimates (QPE) (Westrick et al. 1999, Young et al. 1999, Pellarin et al. 2002) and vertically integrated liquid (VIL) estimates. 
Starting late this year (2010) the upgrade of WSR-88D network to dual-polarization functionality will begin. This capability provides a way to mitigate the partial beam blockage. Because differential phase, DP, is immune to beam blockage, one can capitalize on specific differential phase KDP derived from DP to estimate rainfall, liquid water content (LWC), and VIL instead of, or in addition to using reflectivity factor Z that can be severely contaminated by beam blockage (Doviak and Zrnic 2006, Bringi and Chandrasekar 2001).

In this report, we propose a new method that uses the constraint on specific attenuation imposed by total DP to estimate beam blockage percentage (BBP thereafter) dynamically for each radar beam and then to correct measured reflectivity factor in the blocked area to estimate VIL. The methodology is described in section 2. In section 3, the new method is applied to radar observations in a mountainous area and the results are evaluated.  The method and results are discussed and summarized in section 4. Future work is discussed in the last section.  
2. Methodology

Vertically integrated liquid (VIL) is defined as the integral of liquid water content (LWC) over vertical extension of the cloud:
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where Hb and Ht represent the heights of cloud bottom and top respectively. M is LWC in g m-3. VIL is usually measured in kg m-2. Operationally, LWC can be retrieved from radar reflectivity factor Zh measured at horizontal polarization:
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where Z is in mm6m-3. Eq. (2) is derived in Rayleigh approximation for pure rain having exponential raindrop size distribution with fixed intercept N0=8000 m-3mm-1. The relation (2) is affected by raindrop size distribution variability and is not valid for frozen or mixed-phase cloud particles.  Nonetheless it is part of an algorithm on the WSR-88D and is widely used and accepted by forecasters. 
Introduction of dual-polorimatric radar measurements motivates exploring alternative ways to estimate LWC. Instead of reflectivity factor Z, LWC can be retrieved from KDP using the equation (Doviak and Zrnic 2006),
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where  is radar wavelength in cm and KDP is in deg/km. 

[image: image4]
Fig. 1. Vertical cross-section of LWC estimated using (a) reflectivity Zh and (b) specific differential phase KDP measured by the NCAR SPOL radar in Taiwan at 13:23 UTC on June 14, 2008; azimuth = 125o.  The white dash line at about 31 km indicates the onset of beam blockage for the lowest two elevation angles. 
Because KDP is immune to partial beam blockage, the advantage of (3) instead of (2) is obvious for radar observations in mountainous area. Fig.1 shows the vertical cross-section of LWC estimated using Eq. (1) and Eq. (2) in which Zh and KDP were measured by the NCAR SPOL radar in Taiwan. The mountain ridge is marked by vertical white dash line at the distance of about 31 km from the radar. It can be clearly seen that radar beam is totally blocked at the lowest elevation angle (0.5o) and partially blocked at the second (1.1o) and third (1.8o) elevations (Fig.1a). The LWC derived from measured reflectivity factor Z is apparently underestimated at the lowest 3 elevation angle. Fig.1b displays LWC derived from KDP indicating this storm cell extends at least to the second lowest elevation angle where LWC derived from Z almost vanishes.  

One practical issue still remains concerning estimation of LWC from M(KDP).  Specific differential phase KDP is often very noisy in relatively light precipitation areas. To avoid the uncertainty of LWC caused by noisy KDP, but still take advantage of the DP immunity to partial beam blockage, we have developed a new method which directly uses measured total DP along each radar beam as a constraint to estimate the fractional beam blockage. Based on it we compensate measured Zh and then calculate LWC using Eq.(2). An added advantage of this method is that it produces the VIL from the integral of (2) and thus conveys information with which the forecasters are very familiar.  
Starting with the assumption of linear relation between specific attenuation Ah in horizontal channel and KDP (Bringi, and Chandrasekar 2001; Testud et al. 2000),
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where  is a constant that can be obtained from the scattering model. The specific attenuation Ah can be related to Zh by an empirical power law (Bringi and Chandrasekar 2001),
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(5)
In the Eqs.(4) and (5), Ah is in dB km-1, KDP  is in deg km-1, and  Zh is the reflectivity factor (not biased by blockage) at horizontal polarization expressed  in mm6 m-3. For a radar with a given wavelength, parameter b is a constant and parameter a is a function of temperature and intercept N of a normalized drop size distribution. By substituting Eq.(5) into Eq.(4) and integrating Eq.(4) from range r0 to rm, we get
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(6)
where DP(ro,rm) is the two-way total DP and equal to DP(rm)-DP(ro). Eq. (6) implies that total measured DP imposes a constraint on the integral of specific attenuation expressed via radar reflectivity corrected for attenuation. This means that the integral of reflectivity can be obtained along a radar beam by using DP which is immune to blockage. Assuming intercept parameter N and temperature within a radar scan are almost constant, the parameter a can be treated as a constant along the radar beam and extracted from the integral, so
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(7)
In blocked area, the measured reflectivity factor ZB becomes smaller. It can be expressed as a reduction of intrinsic Zh (not reduced by blockage) by a factor  related to fractional beam blockage,
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Thus in the blocked area, parameter aB for each blocked radar beam becomes 
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(9)
where r0B represents the starting range of beam blockage. It is evident in (9) that aB is larger than a because DP(ro,rm) is not affected by blockage while the integral in the denominator decreases due to beam blockage.    
Dividing Eq.(7) by Eq.(9), γ can be solved in terms of a and aB,
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Technically, the parameter a can be obtained by taking the median value of a for each radar beam in the area without any blockage. Then using Eq.(10),  can be estimated dynamically for each beam in the blocked area and the measured ZB can be corrected via Eq. (8). The LWC can be correctly estimated using Eq.(2) in the blocked area. Vertical integration of (2) would produce a corrected “classical” VIL.
3. Application
a. Case test

During the SoWMEX/TiMREX (Southwest Monsoon Experiment/Terrian-influenced Monsoon Rainfall Experiment) in June 2008, NCAR SPOL (S-band POLarimetric Doppler radar system) radar made dual-polarimetic measurements of several precipitation events in the western plain and mountainous region of southern Taiwan. SPOL radar was deployed on the west side of the Central Mountain Range. The radial resolution of the data was 150 m and azimuthal resolution was 0.75o (Fig.2). So the east side of radar scans at several lowest elevation angles was partially or totally blocked by the mountains. A digital elevation map (DEM) for SPOL radar in a polar coordinate system has been generated from the GIS (Geographic Information System) with spatial resolution of about 270 m. Then the beam blockage maps for SPOL at this location with elevation and azimuth resolution of 0.1o and range resolution of 1 km were produced.  Fig.3 illustrates the BBP of SPOL radar at the elevation angles of 0.5o and 1.1o.  It is worth mentioning that attenuation caused by rain and gas was insignificant for S-band SPOL radar for the selected cases and was not considered in this study. 

To assess the performance of our new method, a large precipitation area observed by SPOL at 12:00 UTC on June 14, 2008 is selected. It can be seen in Fig.3 that at elevation angle of 0.5o radar beam is partially or totally blocked in about two/thirds of the coverage area. Following the methodology introduced in the previous section, the parameters a and aB were calculated along the radar beams in the non-blocked and partially blocked regions. The estimated parameters a and aB are shown at each azimuth for the entire radar scan at 0.5o in Fig.4a. Note that the DEM data are used here to determine the starting range (roB in Eq. (9)) of blockage for each beam. Comparing the BBP estimated using our method in the partially blocked sector with the estimates from the digital map, it can be seen that the estimated BBPs are just slightly higher within the azimuthal interval between 260o and 330o where the blockage is severe, and the retrieved azimuthal dependence is consistent with the one obtained from DEM.  We submit that the BBPs correction is more accurate because it uses the actual data along the beam whereas DEM data are interpolated and transformed. 

[image: image12]
Fig. 2.   Map of southern Taiwan. The location of SPOL radar is marked by the red dot. Rain gauges within 150 km of the SPOL radar are labeled with white balloons.

[image: image13]
Fig. 3. Beam blockage percentage for SPOL radar at elevation angle of (a) 0.5o and (b) 1.1o.
Note that the estimated BBP in the unblocked sector (red boxes overlapped by light green band in Fig. 4) are non-zero as DEM’s. The fluctuations of BBP imply that 1) there are errors in the radar measurements; and 2) the parameters a and  vary with azimuth. That is the reason why the median value of parameter a is adopted in the Eq. (10) to estimate BBP. The median value of a for this radar scan is 5.98x10-6 which is close to the climatological value of 6.4x10-6 valid for central Oklahoma at S band. The climatological value of a has been obtained via simulations of Ah and Zh for T = 20°C using 25920 drop size distributions measured in central Oklahoma. Also note that the parameter a and BBP in the total blockage sector (purple band in Fig. 4) are calculated in the short range close to the radar (where there is little or no blockage). Hence, the estimated BBPs are zero and less than 1 (or 100%) at some azimuths within this sector. 


[image: image14]
Fig.4 a) Estimated parameter a at each radar beam position; b) Beam blockage percentage at each azimuth. Total blocked sector is indicated by the purple band, and nonblocked sector is marked by the light green band. The highlighted green line in panel (a) represents the median value of parameter a estimated in the nonblocked sector. The green dots and red squares in panel (b) denote the fraction of beam blockage and are estimated from DEM and our method respectively. 
Fig. 5 displays the measured and corrected reflectivity fields at 12:00 UTC from June 14, 2008 at elevation angles of 0.5o and 1.1o. Clearly, the gap caused by severe blockage in the measured reflectivity at elevation angle of 0.5o and around azimuth of 270o is filled by the corrected reflectivity at those beams. The continuity of radar echo patterns is recovered. However the reflectivity along the beam at the azimuth of 274o is not recovered because the measured total DP is too small to satisfy the specified threshold (see the Appendix).  Checking with the DEM information (Fig. 3) indicates that the beam might be totally blocked. Closely comparing the measured and corrected reflectivity fields in the partial blockage area, from the azimuth of 280o to 20o at 0.5o elevation angle and from azimuth of 268o to 280o at 1.1o, indicates that measured reflectivity is enhanced to some degree.  

[image: image15]
Fig. 5. Measured reflectivity fields of SPOL at 12:00 UTC on June 14, 2008 at elevation angle of 0.5o (a) and 1.1o (c), and corrected reflectivity fields at elevation angle of 0.5o (b) and 1.1o (d). The range rings are 50 km apart.
b. Artificial case test

To quantify the performance of our method, an artificial beam blockage test is designed. The received power is artificially reduced by 90% and 99% in the sector from azimuth of 200o to 205o at 1.1o elevation angle staring at 30 km from the radar (Fig. 6). The 90% and 99% reductions in the received power are equivalent to 10 and 20 dB loss in reflectivity factor. These beams are selected in the area with relatively strong radar echoes (~30 dBZ) intentionally. Thus the total DP and integral term of Eq. (7) or (9) are large enough not only to satisfy the thresholds in the algorithm, but also to reduce the errors in the measurements. 

Then our method is applied to the blocked beams; the measured, blocked, and corrected reflectivity profiles along the beam at azimuth of 201.75o are shown in Fig. 7. It is obvious that starting from 30 km the blocked profiles (red lines in Fig.7) drop 10 and 20 dB respectively. Most important is that the corrected reflectivity profiles (blue lines in Fig. 7) almost exactly overlap measured profiles (black lines). It means that our method correctly restores the blocked power.

[image: image16]
Fig. 6. Measured reflectivity (a) and reflectivity with (b) 10 dB and (c) 20 dB reductions in the sector from azimuth of 200o to 205o at 1.1o elevation angle staring at the range of 30 km. The observation time is the same as in Fig. 5. 

[image: image17]
Fig. 7. Reflectivity profiles of measured (black line), blocked (red), and corrected (blue) at azimuth of 201.75o and elevation of 1.1o with (a) 90% and (b) 99% blockage.
In order to examine the stability and accuracy of the correction, the restored reflectivity for each blocked beam is plotted in Fig. 8. It can be seen that the compensations are not exactly 10 or 20 dB, and vary beam by beam within about 1.5 dB as functions of azimuth.   

[image: image18]
Fig. 8. The compensated reflectivity at each beam for 90% blockage (black dot) and 99% blockage (red dot).
c. LWC and VIL 

The goal of this study is to improve the accuracy of radar estimated LWC and VIL in mountainous region where beam blockage is an issue.  To obtain accurate VIL for a radar volume scan in the regions of partial beam blockage, LWC at each tilt must be corrected at each blocked beam. Fig. 9 shows the LWC and VIL without and with beam blockage correction at 12:00 UTC on June 14, 2008. 


[image: image19]
Fig. 9.  (a) LWC at elevation angle of 1.1o and (c) VIL estimated using measured reflectivity. (b) LWC at elevation angle of 1.1o and (d) VIL estimated using corrected reflectivity. The observation time is the same as in Fig. 5. The white dot indicates the location of selected gate for quantitative comparison. 
Comparison of the LWCs (Fig.9a and b) in the partially blocked sector (see Fig.2 b) shows that LWC with corrected reflectivity is larger as expected. To make quantitative comparison, a range location labeled with white dot in Fig. 9 is selected. At this location, LWC is 0.81 g m-3 without correction. After blockage correction, it increases 81% to 1.47 g m-3. As expected, VIL with blockage correction (Fig. 9d) shows obvious enhancement comparing with VIL without correction (Fig. 9c). At the same selected gate, VIL changes from 1.40 kg m-2 to 3.35 kg m-2, an increase of about 140%. These preliminary results demonstrate that our method can recover the loss in the radar-estimated VIL in the area affected by partial beam blockage.  
4. Discussion and Summary
a. Correction using KDP directly
At the beginning of the study, knowing that KDP is immune to partial beam blockage, we established a relation between specific differential phase KDP and reflectivity factor Z and then calculated Z from KDP in the area affected by beam blockage. One way to establish this relation is through the estimators of rain rate from Z and KDP. The R(KDP) relation we used for the S-band SPOL radar is

R=44* KDP0.822,





(11)
where KDP is in deg km-1 and R is in mm h-1.

The Z-R relation is the one from the WSR-88D network valid for convective rain


Z=300* R1.4,






(12)

where Z is in mm6 m-3. By combining Eq.(11) and (12) and eliminating rain rate R, the relation between Z and KDP becomes,


Z(dBZ)=47.8+11.5*log10(KDP).




(13)


[image: image20]
Fig. 10. Upper panel is the radial profiles of measured reflectivity factor Z (green line), KDP derived Z (yellow), and Z after beam blockage correction using our method (blue). Lower panel is the radial profiles of measured differential phase DP (blue line) and smoothed DP after removal of initial differential phase (red). The radar beam is at azimuth of 272.25o and elevation of 1.1o from the observation at 12:00 UTC on June 14, 2008.

Fig. 10 shows the radial profiles of measured reflectivity factor Z, Z derived from KDP, and Z after beam blockage correction using our method along a radar beam that is partially blocked at the range of 5.85 km. The profile of KDP derived Z based on Eq. (13) shows the recovery of Z at some ranges, such as the range between 85 km and 100 km, after partial beam blockage occurs. But, due to the large statistical fluctuations in the DP measurements, even after smoothing the measured DP, negative KDPs appear at some ranges. In our algorithm, the Z derived from Eq. (13) is set to zero at ranges where KDP is negative. Therefore the KDP derived Z is set to zero (and not recovered) at some ranges even if the measured Z is not excessively low. For example, the measured Z is about 17 dBZ at the range between 115 and 120 km, but the smoothed DP clearly shows a declined slope that brings about negative KDP and derived Z equal to zero. This happens at all ranges with negative KDP in a radar volume scan and is the reason for some “zero holes” in derived reflectivity field (not shown) if Eq. (13) is applied to beam blockage correction. These could be avoided by accepting the weak Z values and associate bias.  Another disadvantage of using KDP-derived Z is that the Z(KDP) relation is not unique. By using other Z-R or KDP-R relations for different precipitation types, several Z(KDP) relationships can be established. This would add to the uncertainty of the correction.
On the other hand, the parameter a and BBP in our method is estimated dynamically scan by scan. It means that they are less dependent on precipitation type. In other words, the impact of DSD variability is mitigated.  
b. Data quality control  

To assure the stability and accuracy of the results, the quality of raw radar measurements is controlled in the algorithm. First, observed DP is smoothed along the radial and the gaps (in DP) due to weak signal are linearly interpolated. Then only the reflectivity measurements with high cross-correlation coefficient and high signal-to-noise ratio are selected for calculation of the parameter a.  This helps to avoid contamination by non-meteorological scatterers and to reduce the uncertainty of reflectivity measurements in the weak signal regions.
c. Differences in BBPs 
It is noticeable that there are some disagreements on BBPs derived from DEM data and our method in Fig. 4b. We think these differences may be due to the following reasons:

1) The parameter b and  in the Eq. (7) and (9) are not constant and can be affected by variability of  rain drop size distributions;

2) The spatial resolution of  DEM is not high enough to describe the terrain profile of the actual blockage;
3) The BBP in DEM data is calculated from the one-way beam pattern whereby the blocked fraction is normalized by the 3dB beam cross section. The BBP estimated by our method is the actual experimentally determined value;
4) There are errors in the radar measurements, such as radar antenna positioning and there can be contributions from sidelobes;

5) Trees, buildings, and other objects which are not accounted in DEM may cause extra blockage;

6) Multiple blockages along the beam (such as two or more mountain ranges) are not considered;

7) Attenuation caused by rain is not accounted for.  
In this study, it has been demonstrated that using the constraint on specific attenuation imposed by total DP to estimate BBP dynamically is feasible for beam blockage correction. It can be used to improve the accuracy of VIL estimation in the mountainous region where radar observation is seriously affected by beam blockage. 
5. Future work

The preliminary results presented in this report have demonstrated successful retrieval of the BBP.  The essence of the method relies on the constraint of specific attenuation imposed by total DP. Although the results are very convincing there are still several issues that should be addressed for radar based VIL estimation in blocked regions. These are listed next.
1) Currently the algorithm is “stand alone” and has been applied to selected individual scans. However, if there are no radials free of partial beam blockage, or if precipitation is not present along the blocked radial the correction can not be made. The algorithm can be extended from the current local status to a connected global approach. For a relatively long-lasting precipitation event over radar, a mean BBP for each azimuth/elevation could be obtained over few sequential radar scans. Then these mean BBPs can be stored in a table of corrections for each beam position in a volume scan. These would provide a reasonable correction along beams with small total DP and/or weak radar echoes. Further, by gathering enough BBP data over a period of time, climatological BBP table can be obtained. 
2) Overestimation of LWC and VIL due to enhancement of reflectivity in the melting layer should be considered. Combining with melting layer detection algorithm, a method needs to be developed to correctly estimate LWC and VIL in the layer.

 3) To estimate LWC in the area where radar beam is totally blocked, VPR (Vertical Profile of Reflectivity) is a viable option. It should be constructed in the region without beam blockage and then used to extrapolate reflectivity down to the lower layer where the beam is totally blocked. 

4) Retrievals using one-dimensional cloud model is another way to estimate the reflectivity in the completely blocked areas.
5) Rain gauge observations in the area affected by beam blockage should be used to verify the corrected reflectivity through QPE. The results can help to improve the performance of beam blockage correction method.
6) The impact of DSD variability and temperature on the performance of the suggested method should be quantified using theoretical simulations and radar measurements for different types of rain.

7) Generalization of the method to the cases with significant attenuation in rain (and /or shorter radar wavelengths) is forthcoming.

Appendix 1: 
Partial Beam Blockage Correction - Functional Description
1. Smooth observed DP radially, then calculate total DP for every radar beam;

2. Select the beams without blockage based on digital elevation map for the radar or knowledge of the non-blocked area;

3. Calculate parameter a at each beam using the following equation 
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where Z is reflectivity in mm6m-3, r in km and  is constant for the radar with certain wavelength;

4. Estimate median value of  parameter a at the nonblocked azimuths;

5. Estimate beam blockage ratio  at each partially blocked beam using 
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, where a1 is estimated at the partially blocked beam, and b is a constant (dependent on the radar wavelength);

6. Correct reflectivity in the partially blocked beam using 
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, where ZB(r) is measured reflectivity in mm6m-3 (along the partially blocked beam), ZC(r) is corrected reflectivity in mm6m-3.

Table 1: The values of parameter a, b, and  for different wavelength radars.

	
	S band
	C band
	X band

	a
	3.4x10-6
	1.4x10-5
	9.75x10-3

	b
	0.72
	0.84
	0.7644

	dB deg-1
	0.015
	0.06
	0.233


Appendix 2: 
Partial Beam Blockage Correction for VIL Code Description
The script “SPOLnc2VIL.ksh” controls the following IDL code to process one volume scan data to estimate its VIL.

In this script, user can specify the directory of 

1) input radar data;

2) beam blockage data;

3) output data.

IDL programs:

1) SPOLnc2VIL.pro: Main program;

2) readSPOLnc.pro: read SPOL data;

3) fdp_prcssSPOL.pro: smooth measured DP and fill the void bin with linear interpolation value;  

4) avr.pro: running mean;

5) fit.pro: compute the slope of linear fit;

6) compute_kdp.pro: calculate KDP using smoothed DP;

7) readCdfBlckg.pro: read beam blockage data;

8) EstParA.pro: estimate median value of parameter a ;  

9) BlckCrct.pro: correct reflectivity based on estimated beam blockage %;

10)  Smooth_a.pro: smooth estimated parameter a ;

11)  MLW.pro: calculate amount of liquid water per unit volume;

After successful execution of the script, three kinds of VIL based on measured Z, KDP, and beam blockage corrected Z will be outputted in netcdf format. 

The equations for liquid water content we use in the code are
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where a=0.34, b=0.702, and  is wavelength of radar in cm.

Note: The parameters af0(a), bf(b), and alf() in the programs EstParA.pro and BlckCrct.pro should be changed to corresponding values list in the Table in function description. The definition of parameters a, b, and  are in section 2 of this report.
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