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[bookmark: _GoBack]PREAMBLE  
This report contains sample measurements of a storm with the Ten Panel Demonstrator (TPD) radar. It is a Phased Array Radar (PAR) with dual polarization capability. Its main purpose is to inform the developers, in this case the MIT Lincoln Laboratory (the designer) and the National Severe Storms Laboratory (the developer of weather applications and user) about critical issues and challenges the phased array technology brings. During the testing and development of the TPD few engineering and environmental issues were identified and subsequently addressed in the design and building of the Advanced Technology Demonstrator. This report does not touch on these issues. Rather, it presents radar variables obtained from a nearby storm and compares these to those measured with the KOUN (a research version of the WSR-88D). The sponsor of the work is NOAA’s National Severe Storms Laboratory, and Lesya Borowska of the Advanced Radar Research Center made the study. Lesya illustrates some challenges and demonstrates the more robust variables, which the TPD can produce. 
											Dusan Zrnic      






1. Introduction 
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The MIT Lincoln Laboratory designed and built the TPD (Fig. 1, based on specification by NSSL. It is a phased-array radar with dual polarization capability. The radar consists of ten











[bookmark: BMfig_OWL_top_building]Fig. 1. The Ten Panel Demonstrator Radar: (a) view from the front and (b) view from the back.
panels each with 64 radiating elements.  The element are grouped in 8 overlapping subarrays.

Table 1: List of TPD characteristics
	Parameter 
	Frequency
	Peak Transmitted Power
	Beamwidths (3dB)  
	Beamforming 

	
	2.87 GHz
	3 kW
	Az =6.3o ;  El = 2.5o  
	       Digital 


[bookmark: BMsec_Data]
Because the peak-transmitted power is weak, the radar’s detectability is low; a 20 dBZ reflectivity produces an SNR of 0 dB at 25 km. Therefore, in scan strategies, we used pulse compression. The waveform we chose is linear Frequency Modulation (FM) with the frequency deviation Δf = 0.33 MHz. This produces the same range resolution (300 m, Fig. 2) as the scan without pulse compression and pulse length τ = 2 μs. Beam steering in azimuth and elevation is by phase shifting.  
[image: ] [image: ]
                                            (a)                                                                                (b)  
Fig. 2 (a) Range weighting function, power vs range, with Hamming window and pulse compression. The frequency band, Δf, is 0.33 MHz.( b). Same as in Fig. 2a, but in logarithmic units and normalized to the peak power.

In this report, we made comparisons of radar variables obtained with the TPD to those collected with the KOUN radar, which is the research version of the Weather Surveillance Radar 1988 Doppler (WSR-88D).  We deployed the TPD 100 m from the KOUN.

2.  Weather Observations
On 15th of May 2018, we collected several data sets with the TPD and the KOUN radars. The data have been recorded almost simultaneously (within 59 s) by both radars. Table 2 presents the scanning radar parameters of both instruments. 
Table 2: Scanning radar parameters: TPD vs KOUN.
	
	TPD
	KOUN

	
	Pulse compression
	Supper resolution

	Pulse length, τ 
	20 μs
	1.57 μs

	Compression ratio
	10
	N/A

	Compressed pulse
	2 μs
	N/A

	Linear FM Δf 
	330 kHz
	N/A

	Weighting
	Uniform
	N/A

	PRT
	1 ms
	1 ms

	Number of pulses 
	128
	64

	Center azimuth angle
	236°
	N/A

	Az. sector
	80°
	172°

	Az. Step
	2°
	0.5°

	El.
	1°, 2°
	0.9°, 1.4°, 1.8°, 2.2°, 2.7°

	Range Step
	48 m
	250 m



TPD records time series (I, Q) data from 8 subarrays. Therefore, at horizontal polarization there are 8 channels of (I, Q) time series data and 8 channels at vertical polarization. The distributed oscillators in the TPD were not sufficiently stable; therefore, we compensated the time series data for the instabilities as follows. At the end of a dwell we injected the local oscillator’s signal into the receiver and recorded the phases of the (I,Q) signals which were than taken out of the weather signals. Thereafter, we processed the data and calculated the spectral moments (reflectivity, Doppler velocity, and spectrum width) and the polarimetric variables (differential reflectivity, correlation coefficient, and differential phase) according to the formulas in Doviak and Zrnic (2006).  The data from the KOUN are level II (spectral moments and polarimetric variables).  An SNR coherency threshold (Ivić et al., 2009), ground clutter filter, interference and point clutter filters have been applied on the data prior to recording the variables. 
The recorded TPD’s azimuth and range locations have high relative precision but unknown absolute reference. To establish the absolute pointing direction and range locations, we compared the fields of differential phases from the KOUN and TPD. The offset in the azimuth was +9.5° while the offset in the range was -3 km. The range and azimuth steps as well as the beam widths are different for these radars (see Tables 1 and 2). Therefore, on KOUN data we applied an 11-point mean filter (5.5°) in the azimuth direction and plotted data at 2° increments.  We used 42-range-point median filter (2015 meters) for each TPD’s radial of data. We compared TPD data from different elevation angles with similar data from the KOUN to establish the correct pairs of elevation angles for data comparison. 
From Google Earth images, we established that trees and houses blocked the TPD’s view up to 1o elevation.  This produces an equivalent elevation pattern that has an offset beam center from the commanded one (Borowska 2019). Thus, the 1° elevation of the TPD radar corresponds to the 1.8° elevation of the KOUN radar. The 2° elevation of the TPD radar corresponds to the 2.7° elevation of the KOUN radar.  These matchings we deduced from the fields of Doppler velocities.  

2.1 Reflectivity
To compute the TPD reflectivity we identified area where the TPD and KOUN beams overlapped and obtained the radar constant. It turns out that the constants C at 1o and 2o scans are 22.6 and 18.6 dB.  The reflectivity is then ZH =PH + 20 log(r) – C -10 log[cos(Azb – Az)], were the PH is the recorded power, r is range (km), Azb is the azimuth at broadside, and Az is the current azimuth. The cosine dependence accounts for the beamwidth and gain change off broadside in azimuth. However, we did not include the gain change due to the element pattern, which in our case is insignificant because that gain is almost constant over ±25o (Mirkovic and Zrnic 2019). We ignore the similar dependence in elevation because at 2o it is less than 0.003 dB.  
Figs. 3a and 3b depict the fields of ZH measured by the TPD (Fig. 3a) and KOUN (Fig. 3b) radars from conical PPI scans at 1° elevation (for the TPD radar) and 1.8° elevation (for the KOUN radar) at 1759 UTC on 15 May 2018. The precipitation band is characterized by high ZH (exceeding 55 dBZ) and ZDR over 3–4 dB. Comparing Figs. 3a and 3b between 2 blue solid lines, we notice similar shape of the area with the high values of ZH. The TPD’s reflectivity factor ZH is about 2 dB lower and overwhelmed by noise for ZH lower than 35 dBZ at the distance from the radar larger than 10 km compared to the KOUN’s reflectivity factor. This is explained by the large beamwidth (incomplete beam filling results in lower Z values) and low TPD sensitivity.
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Fig. 3. (a) Reflectivity field over a sector scanned with the TPD at elevation equal 1°. (b) Same as (a), but with the KOUN at elevation equal 1.8°. Scans made at 1759 UTC, on 15 May 2018.

	(a)
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Fig. 4. (a) Same as Fig. 3a, but with the TPD at the elevation of 2°. (b) Same as (a) but scanned with the KOUN at the elevation of 2.7°.

Comparison of histograms (Fig. 5) reveals general agreement and some significant differences.  The lack of TPD data below 40 dBZ is a consequence of low detectability (sensitivity). We have no definite explanation of the bimodal nature of the ZH histogram from TPD or the suspicious dip in values between 42 and 45 dBZ. Nonetheless, because the TPD beam is very wide the contribution by ground clutter is significant and might have caused the second peak.
[image: ]






Fig. 5. Histograms of the reflectivity at horizontal precipitation. The data are from within the angular sectors in Fig. 3 and from 24 km to the end. 




2.2 Differential reflectivity
We computed the ZDR field from the TPD in three ways: without subtracting the noise from the returned powers, after subtracting the noise, and from the ratio of the autocorrelations at lag one of the voltages corresponding to the horizontally and vertically polarized fields. The equation for the last estimator is  
,						(1)
where Ts is a pulse repetition time and the autocorrelation functions are Rh(Ts) at lag one [image: ][image: ]
Fig. 6 (left) Differential reflectivity field computed from eq. 1.  The sector scanned with the TPD is at elevation 1°. (right) Same as (left), but the field is from KOUN sector at elevation 1.8o. 
(H-polarization) and Rv(Ts) (V-polarization).  In this estimator, the ZDR is not biased by noise.
	In Fig. 6 we present ZDR fields obtained by the two radars. The two distinct ridges along the blues lines in the field from TPD (obtained using eq. 1) are obviously an artifact.  Ivić and Schvartzman (2019) suggest that this may be due to the active components of TPD.  The TPD’s values are about 1 dB lower. One of the reason may be in the broader beamwidth of the TPD radar antenna. The ZDR patterns from the TPD and KOUN radars have almost no resemblance.   
[image: ]	Next, we examine the azimuthal profiles of ZDR from 35 to 45 km range (Fig. 7). 
 It is evident that a significant bias exists at the azimuth 213o and 233o. These azimuths are symmetric with respect to the broadside (at about 233o). We do not have an explanation of this bias but suspect that system instability may have caused it. 

Fig. 7. Differential reflectivity as function of azimuth from 35 to 45 range (black graphs); data are taken from Fig. 4a. The red colored graph is the average of the data.


In Fig. 8 we present measurements by Ivic in overhead scans to contrast these with our measurements.  The transmitted mode was simultaneous horizontal and vertical polarization (SHV).  In one scan the lag 1 estimator (1) computes ZDR and in the subsequent scan phase   
 [image: ] [image: ]
(a)                                                                            (b)  
Fig. 8. (a) Average ZDR from the overhead scan. The plane of the scan is perpendicular to the longer axis of the array plane. The average is of data between 2.2 and 2.4 km and the number of range locations is 8 spaced 24 m apart. (b) Same as in (a) except from a scan 1 hour 20 min later. 

coding is applied to reduce the effects of cross-polar coupling (Zrnic et al. 2014).
The ZDR plot also shows two peaks albeit further apart (Fig. 7a). The peaks are at about ±45o. This separation is more than twice the ones from the weather measurement at the low conical scan (Fig. 7).  The ZDR peaks disappear in the scan 1 hour 20 min later (Fig. 7b) and the graph is convex. Whatever the causes are, they manifest in the strongly biased values, appearance of ridges, and unstable dependence on scanning angle. 
The ZDR excursion in the Advanced Technology Demonstrator is a tad over 3 dB and occurs at ±45o (Ivić and Schvartzman 2019). Contrast this to the swing of about 2 dB measured in the conical scan (red curve) in Fig. 7 and estimated in the overhead scan (Fig. 7a).  Moreover, these variations reverse sign in the data from the other overhead scan (Fig. 7b). Clearly, the TPD has instabilities that prevent quantitative measurements of differential reflectivity. Comparison of histograms (Fig. 9) reveals general agreement and some significant differences. At the high ZDRs, the ones from the TPD are about 1 dB lower than the ones from KOUN. The KOUN’s ZDR distribution is closer to the normal distribution, while the TPD’s ZDR distribution has slight binominal shape.    
[image: ] 






Fig. 9. Histograms of the differential reflectivity at horizontal precipitation. The data are from within the angular sectors in Fig. 6 and from 24 km to the end. 




2.3 Correlation coefficient
The correlation coefficient ρhv from the TPD data is computed as 
                             ,						(2)
where Rhv is the cross correlation function of the received H and V signals. The fields are in Fig. 8.  
[image: ][image: ]
                                      (a)                                                                (b)
Fig. 10. (a) Correlation coefficient field with noise subtraction as in eq. 2 over a sector scanned with the TPD at elevation 1°. (b) Same as (a), but with the KOUN radar at the elevation of 1.8°.

The TPD’s correlation coefficients are on average 0.18 lower than the KOUN’s one. There are some similar patterns like dropping of ρhv values near 232° azimuth and 30– 40 km in range as well as increase of ρhv values between azimuths 224° and 234°.  The differences are quantified in the histograms (Fig. 11).
[image: ]
Fig. 11. Histograms of the correlation coefficient. The data are from within the angular sectors in Fig. 10 and from 24 km to the end.
The patterns are not similar for the following reasons. The SNR of the TPD signals is relatively low and this biases high the ρhv (white color in the field, Fig. 8a), the cross section of the TPD beam is more than 12 times larger than the beam cross section of the KOUN, and the blockage of the TPD beam is larger. This and instabilities of the TPD have degraded the correlation coefficient. Similar to the differential reflectivity the correlation coefficient is not suitable for interpretation of weather returns.  

2.4 Differential phase  
The fields of differential phase from the TPD are in Fig. 12a, and from the KOUN they are in Fig. 12b. The fields are very similar in patterns and values.  
[image: ][image: ]
                      (a)                                                                  (b)
Fig. 12. (a) Differential phase field over a sector scanned with the TPD radar at elevation 1°. (b) Same as (a), but over a sector scanned with the KOUN radar at elevation 1.8°. 

The ΦDP pattern from TDP is broader likely because its beam cross section is much larger (about 12 time the one of KOUN).  Therefore, it samples precipitation from wider span of altitudes than the KOUN.  Depending on vertical profile of reflectivity, the beam-weighted values can be larger or smaller.  What matters are the ΦDP radial gradients. These are comparable.  As example, we plot the radial profiles at 216.5o in azimuth (Fig. 13). 
[image: ]
Fig. 13. Radial profiles of the differential phase: from the TPD’s data at elevation 1°, azimuth 216.5° (pink graph) and from the KOUN’s data at elevation 1.8°, azimuth 216.8° (blue graph).

At range beyond about 37 km the ΦDP of TPD exhibits non monotonic increase likely due to nonuniform beam filling and possibly backscatter differential phase from regions illuminated by the wide TPD beam but not by the much narrower KOUN beam.  The good agreement from about 25 to 37 km confirms the robustness of phase measurement. Therefore, along this range of good agreement, rainfall can be measured via the R(KDP) relations or from specific attenuation (Ryzhkov and Zrnic 2019). In addition, compensation of reflectivities for attenuation is feasible. We expect that these good attributes will apply to the full scale PAR. 
 
2.5 Doppler velocities
In Figures, 14a and 14b are the Doppler velocity fields measured with TPD and KOUN.  The fields are very similar in patterns and values at area where the SNR on the TPD is significant.  
[image: ][image: ]
                                     (a)                                                                 (b)
Fig. 14. (a) Velocity field over a sector scanned with the TPD radar at elevation 1°. (b) Same as (a), but over a sector scanned with the KOUN radar at elevation 1.8°. The black areas in the TPD field are below the SNR threshold.

Evidently, the TPD estimates fairly well the mean Doppler velocities.  This is rooted in the robustness of the phase measurement. Some differences we attribute to the tremendous difference in beam cross sections. Although we have averaged data in azimuth the effective beam shape of the TPD (including blockages) is significantly different. Moreover in elevation, there is no easy way to match the beams because the scans are offset in time.  
The histograms (Fig. 15) point out differences, which are not evident in the fields (Fig. 14).  Note the bimodal shape in the histogram of velocities from the TPD. A hint of similar feature is present in the histogram of reflectivity Z (Fig. 5). 
[image: ]
Fig. 15. Histograms of the Doppler velocities. The data are from within the angular sectors in Fig.14 and from 24 km to the end.

2.6 Doppler spectrum widths
Figure 16 exhibits the Doppler spectrum width fields from the TPD’s (Fig. 16a) and KOUN’s (Fig. 16b) measurements. The fields differ in values and the ones from the TPD are larger. One of the reason could be the broader beamwidth of the TPD radar. Therefore, the TPD catches more variations of the wind caused by shear and turbulence.  To demonstrate the similarity in patterns we have reduced the spectrum widths in Fig. 16a by multiplying them with 0.55 (Fig. 16c).  Clearly, the pattern of the reduced spectrum widths is similar to the pattern from the KOUN observation. 
To explain, we present in Fig. 16d the difference field of Doppler velocities measured with the KOUN radar. The difference is defined as v(0.9o)-v(1.8o) and it is proportional to the vertical shear of the Doppler wind. This shear has contributed to the spectrum widths measured by both radars. For assessment of the effect on the TPD measurement, we consider the difference per degree in elevation. The contribution to the TPD is larger because its antenna samples a larger span of the Doppler change in elevation. Assuming a Gaussian antenna pattern and a linear shear of S (m s-1 deg-1) it turns out that the spectrum broadening is (see Doviak and Zrnic 2006)  


,  		
     
where θ1 is the 3 dB width of the antenna pattern, in this case in elevation. The KOUN’s pattern has θ1=0.95o and the TPD has θ1=2.5o. However, the effective pattern of the TPD is smaller because the bottom part of the beam is blocked.  Without blockages the ratios of the two spectrum width estimates would be 0.95/2.5 = 0.38.  With the blockage, the effective TPD antenna pattern width is smaller possibly,
between 1.5o and 2o and this increases the ratio to between 0.63 and 0.47.  The 0.55 correction multiplier 
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                                  (a)                                                                    (b)
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 			(c)							(d)
Fig 16. (a) Doppler spectrum width field scanned with the TPD radar at elevation 1°. (b) Same as (a), but scanned with the KOUN radar at elevation 1.8°. c) Same as in (a) but the spectrum widths are multiplied by 0.55. d)Velocity difference field.  It is the difference of the velocities at 0.9o and 1.8o, both measured with the KOUN radar.  The difference is proportional to the vertical shear of the Doppler winds.

fits well this range.  Our crude explanation ignores the other contributors to the spectrum width such as turbulence and the azimuthal shear of the Doppler velocities.  The latter has a similar effect as the shear in elevation.
The histograms (Fig. 17) point out some similarities: both have seminormal distributions with light skewdness to the right; the majority of the values are about 2.1 m s-1. The TPD’s histogram is narrower than the KOUN’s one. This is artificially iontroduced because all the TPD’s spectrum widths are reduced by the  multipicative factor 0.55. 
[image: ]

Fig. 17. Histograms of the Doppler spectrum widths. The data are from within the angular sectors in Fig.16 and from 24 km to the end.

3. Doppler Spectra and Receiver Stability
	First, we show few examples of Doppler spectra and then we plot receiver noise as function of azimuth. 

3.1 Doppler Spectra
The power spectra from the TPD’s data include clutter (Figs. 18a and b), weather contaminated by clutter (Fig. 18c), and weather (Fig. 18d) have the usual shapes. Hundred twenty-eight samples weighted with the Hamming window are used to compute the spectra. 
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                            (a)                                                                      (b)
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                                      (c)                                                                               (d)
Fig. 18. (a) The TPD’s power spectra of signals at elevation 1° from: (a) clutter (az=258°, range = 7.02 km, H polarization), (b) clutter (az=258°, range = 7.02 km, V polarization), (c) weather contaminated by clutter (az=240o, range=25.95 km , H polarization), and (d) weather (az=234o, range=38.32 km, H polarization).

Because the TPD’s beam is stationary during the dwell time, there is no smearing by the beam hence the clutter spectrum has a very narrow peak at zero velocity.  This is in spite of the fact that we use the Hamming window.  Therefore, and because the spectral dynamic range is 50 dB we conclude that the relative system stability during the dwell time is satisfactory.  
In Figs. 18a and 18b (azimuth angle 258° and distance from the radar 7.02 km), the clutter powers above the noise level are 48.8 dB (H-polarization) and 45.8 dB (V-polarization). The 3 dB difference may be real or due to the radar system (transmitted power, beam shapes and gains, receiver transfer functions). The noise level in the V channel is higher than in the H channel.
 In Fig. 18c the total (integral) weather power is 12.5 dB above the total noise power.  In Figs. 18d the power of weather contaminated by clutter is 7.5 dB larger than noise.  As expected the ground clutter peak is at zero Doppler and the average Doppler of the weather signal is at about 5 m s−1. Thus, most of the clutter power can be easily removed by filtering.
  
3.3 Receiver Stability
To check the stability of the receivers, we plotted average noise powers in the noise sector between 195∘ and 275∘ azimuth (Fig. 19). The variations of the average are over 1 dB in the sectors 235o to 250o for both polarizations; otherwise, they are within a dB.  (The acceptable variation in power estimates from all causes for WSR-88D is 1 dB.) The higher variations between 235∘ and 250∘ are present at both polarizations suggesting that these could be due to some unknown interference. Therefore, we cannot make a confident assessment of the stability.  
[image: ][image: ]
                                           (a)                                                                        (b)
Fig. 19. (a) The TPD’s average noise power vs azimuth at elevation 1°. (a) H-polarization; (b) V-polarization. The data are from azimuth angles between 195o and 275o.

4. Conclusion
The weather data collected with the polarimetric TPD radar are the first of its kind because it is the first 10-cm wavelength, phase array radar with dual polarization capability.  Our examination of the fields of reflectivity, differential reflectivity, correlation coefficient, differential phase, Doppler velocity, and spectrum width revealed the issues and virtues of the TPD.  As the TPD serves to prove some concepts and educate the designer and developers of potential problem, we are pleased to state that the TPD functions as a weather observing radar.  Its fields of velocities agree well with the ones from the KOUN.  So do the fields of reflectivity.  The fields of spectrum width have a high bias, but the features (patterns) are preserve suggesting that removing bias may be possible.  We can claim with confidence that the radar has potential for quantitative observation of weather similar to non-polarimetric weather radars.  The radar also can make good measurements of differential phase.  Of all the variables, the Doppler velocity and differential phase are the most robust.  This is somewhat expected as these measurements capitalize on the phases of the weather signals. Noises, nonlinearities and other artifacts affect much less the signal’s phases than the amplitudes. 
The field of differential phase looks reasonable.  Comparison of values with the nearby WSR-88D indicates general agreement. Some difference in span is explained by the effects of beam smoothing inherent to the wider beamwidth of the TPD radar. The TPD’s radial profile of differential phase shift agrees in slope and values with the KOUN’s one. This means that rain measurements based on the differential phase would be good.  Moreover, adequate measurements of rain from estimates of the attenuation is possible as well as correcting attenuated powers.  
 	The SNRs in these data are less than about 15 dB, which is unfavorable to the accuracy of the measurements.  Upon examining azimuthal dependence of receiver noise, we conclude that the short-term stability is adequate (within about a dB).  Nonetheless, over an azimuthal sector of about 20o we noted a noise variation by about 2.5 dB. We suspect that the cause may be an outside interference or increased radiation from objects in that sector. 
The current TPD has instabilities originating possibly in the active components. Hence, we could not reliably estimate the differential reflectivity or correlation coefficient. This by itself is not a deficiency because the TPD’s purpose is neither scientific nor operational application.  It is a platform on which to test multiple facets of weather observation by polarimetric PARs.  The TPD has served well this role and influenced the development of the Advanced Technology Demonstrator. 
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APPENDIX A
On matching the elevations
The photo of the TPD location during the data collection is in Fig. A1. The five spokes emanating from the location are for orientation. Each spoke consist of two rays one on top of the other.  The bottom ray is at the TPDs zero elevation angle and the top one is at 1o.  We have used these spokes to estimate the blockage.  
[image: ]
Fig. A1. Location of the TPD is at the source of the spokes next to the Advanced Technology Demonstrator (inside the blue dome). The center of the beam is at 2 m above ground. The white dome to the right is the radome of the KOUN (WSR-88D) which collected data for comparisons. 
The example in Fig. A2 indicates that the roofs of the buildings are at about 0.5o to 0.6o. Nonetheless, many trees exceed 1o.  Visual inspection of the horizon also indicates a vegetation mass of about equal height and well above the roof.  This mass dominates the horizon and hides the roofs.  Therefore, we assume that the blockage in elevation is 1o.   
[image: ]
Fig. A.2. The top ribbon is at 1o elevation of the TPD and the bottom one is at 0o elevation. The ribbon is the third one starting from the left to right in Fig. A.1. Examination of this and other spokes in the directions of data collection made it possible to estimate the elevation angle of the blockages. 
Next, we report on the blockage of KOUN. Its feed horn is more than 25 m above ground level. Therefore, we expect very little blockage.  As proof we present in Fig. A.3 the survey made from the height of 10 m and the location of the ATD.  The survey was made in the eighties by Jim Moor (an OU student) from the path around the radome of the Norman radar, which was located where the Advanced Technology Demonstrator (ATD) is now.  The path was at about 10 m above ground. 
   [image: ]
Fig. A.3. Survey from the Norman radar. The radar was at the same location as the ATD (under the blue radome in Fig. A.1). The survey was made in the early eighties (Zrnic and Hamidi, 1981).
The survey (Fig. A.3) indicates that the blockage between 200o and 270o azimuth is mostly at 0.1o.  The blockage to the KOUN beam would be at the smaller elevation because the height of the feed is more than 25 m above ground (at least 15 m higher than the survey point from the old Norman radar).  Over the years, trees grew and might have increased the blockage for the old Norman radar, but not by much for the KOUN. Thus, we can estimate the blockage to be at about 0.1o.  
We submit that a fair comparison between the KOUN and TPD should be made at offset elevation angles.  In our case, we had very few choices.  By examining the velocity fields of the two radars (Fig. 8a and b) we established that at EL=1.8o for KOUN and 1o for TPD the fields matched best.  The physical explanation is in Fig. A.4 where the beam cross sections at indicated elevation angles are plotted. The beam shapes are Gaussian with appropriate width determined by the beamwidths (Doviak and Zrnic 2006).  The beam blockage of the TPD antenna extends to 1o. 
[image: ]
Fig. A.4 Two-way power patterns.  The black curve is for TPD elevation angle of 1o.  The horizontal line at 1o indicates the blockage, hence to a good approximation the black graph is the elevation weighting function of the TPD. The color curves are the weighting functions of the KOUN at indicated elevation angles. KOUN’s beam has no blockage because the radar is on a 25 m tower. 
It is clear from Fig. A.4 that only the top half of the KOUN beam at 1o elevation overlaps with the TPD weighting function at its lowest elevation (1o).  The bottom half of KOUN beam samples scatterers to which the TPD is blind.  The KOUN beam at 1.8o elevation almost fully overlaps the TPD beam. We have available a KOUN beam at 1.4o and its velocity fields do not agree with the TPD field as the one from the 1.8o elevation scan. Similar reasoning applies to the match between the 2o elevation of the TPD and the 2.8o elevation of the KOUN scan.
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