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ABSTRACT 
 

 X-band radar provides a high resolution image at the cost of significant 
attenuation.  This is due to the X- hort wavelength.  In this study, a two-
dimensional video disdrometer (2DVD) was deployed to the center of a triangle formed 
by three CASA dual-polarization X-band radars. The CASA radars provide 
measurements of reflectivity, differential reflectivity, specific differential phase, and co-
polar cross-correlation coefficient of precipitation.  Using drop size distributions obtained 
from the 2DVD, the radar variables are calculated and treated as the ground truth.  The 
radar and disdrometer measurements are compared to reveal discrepancies. Biases and 
errors are calculated, and possible causes are investigated.  These results can be used 
to further minimize the attenuation obstacle in X-band radar.    
 
 

 
 
  

.1. INTRODUCTION  
 
A polarimetric radar transmits and receives 
horizontally and vertically polarized waves, 
allowing the size and shape of raindrops to be 
examined (Doviak and Zrnic, 1993; Bringi and 
Chandrasekar, 2001).  Hence, polarimetric radar 
measurements allow the study of precipitation 
microphysics and improvement of quantitative 
precipitation estimation (Zhang et al. 2001). X-
band radar produces fine resolution images and is 
most effective for low-level weather observations 
and short ranges (McLaughlin et al. 2009). The 
fine resolution measurements by X-band radar are 
achieved at the price of suffering severe 
attenuation.  Hence, the radar measurements 
need to be corrected for this attenuation. It is 
important to have ground measurements made by 
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the disdrometer to verify the radar measurements 
and the retrievals. 
 

 
Figure 1:  An OU disdrometer (2DVD) 

 
Equipped with two high-speed cameras, the two-
dimensional video disdrometer (2DVD) is able to 
measure the shape, size, and velocity of individual 
raindrops (Kruger and Krajewski 2002; 
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Schönhuber et al. 2008), or, drop size distributions 
(DSDs). The measured DSDs can be used to 
calculate polarimetric radar variables that can 
service as ground-truth for verifying radar 
measurements. 
 
From May 7-9, 2007, a series of rain events were 
measured by three CASA polarimetric X-band 
radars and a 2DVD operated by the University of 
Oklahoma. The three CASA radars used in this 
experiment are located southwest of the 
Oklahoma City area (Chickasha, Cyril, and Rush 
Springs, respectively) (Zhang et al. 2008).  The 
disdrometer was deployed roughly near the center 
of the triangle formed by these three radars 
(KSAO, KCYR, and KRSP). From the data 
obtained by the disdrometer, the polarimetric radar 
variables reflectivity (horizontal polarization, ZH), 
differential reflectivity (ZDR), specific differential 
phase (KDP), and co-polar cross correlation 
coeffi HV) were calculated. The calculated 
radar variables are compared with the radar 
measurements.  The error in each of the three 
radars can be evaluated quantitatively and 
qualitatively as related to attenuation.  These 
results are presented in this paper. 
 
 
 
2. METHODOLOGY 
 
The initial step in analyzing the data is to identify 
the times of significant rainfall.  Figure 2 is a plot of 
the rainfall rate (mm/hr) versus time on May 8, 
2007, as determined by the 2DVD.   
 

 
Figure 2:  Rainfall rate versus time as determined 

by 2DVD 

From this figure, the timeframe of precipitation is 
obvious.  This is the timeframe in which the radar 
variables will be analyzed.  The four radar 
variables (reflectivity, differential reflectivity, 
specific differential phase, and co-polar cross 
correlation coefficient) of each radar are averaged 
over 21 range gates and 3 rays above the location 
of the disdrometer to reduce the error.  From the 
drop size distribution acquired from the 2DVD, 
reflectivity and differential reflectivity are 
calculated using the following equations: 
 

    (1)       
 

                              (2) 
 
In these equations, N(D) is the DSD,  is the  
backscattering amplitude,  is the wavelength of 
the signal, and Kw r  r + 2) r is 
the complex dielectric constant of water (Bukovcic 
2009).  
 
Reflectivity is the most critical variable in this 
study.  This is simply proportional to the 
backscattering of the radar pulse.  Differential 
reflectivity is the ratio of the horizontal to vertical 
pulse return.  A larger ZDR means the raindrops 
are larger since raindrops become more oblate as 
they grow in size (Cao 2009). Specific differential 
phase is defined as the difference in propagation 
constants of the horizontal and vertical pulses.  
This variable is important in the fact that 
attenuation has no effect on the measurement 
(  and Ryzhkov 1996).  The co-polar cross-
correlation coefficient is a correlation of the 
horizontal and vertical returned signals.  This 
variable is used to distinguish precipitation types 
within a storm, such as rain and hail (Cao 2009).  
Both raw radar data and attenuation corrected 
data were provided by CASA (Brotzge et al. 2006). 
The uncorrected and corrected variables are 
compared quantitatively and qualitatively.  When 
comparing the radar and disdrometer data, low 
signal-to-noise (SNR) points were excluded by 
filtering those when reflectivity is less than 20 dBZ, 
and the rainfall rate is less than 1 mm/hr. Large 
differences between radar and disdrometer are 
investigated by visually inspecting the radar 
images.  Figure 3 is an example of how visual 
inspection explains a large difference of an 
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spiked while the remaining radars and 2DVD did 
not show a corresponding increase in reflectivity.  
The three images are roughly from 1102 UTC on 
May 8th.   
 
(a)   

 
(b) 

 
(c) 

 
Figure 3:  (a) KSAO, (b) KCYR, and (c) KRSP, 

CASA radar reflectivity at 1102 UTC on May 8th. 

3.  RESULTS 
 
Polarimetric radar data sets were collected from 
May 7-9, 2007.  Figure 4 (pg. 4-5) displays the 
plots of the four radar variables over time periods 
of rainfall for the three days.  The plots contain 
data from the three radars as well as the 2DVD.  
Throughout the three days, differential reflectivity 
and co-polar cross-correlation coefficient were 
noisy.   
 
Disdrometer determined reflectivity and differential 
reflectivity were calculated using drop size 
distributions.  Figure 5 (pg. 5-6) displays the DSDs 
(along with radar estimations) from the three days.  
These retrievals include median volume diameter 
of the raindrops as well as the rainfall rate.   
 
Comparing Figs. 4 and 5, the correspondence 
between the DSD retrievals and radar variables is 
clear.  Differential reflectivity correlates with 
median volume diameter while rainfall rate 
correlates more so with reflectivity.  The 
differences between the radar and disdrometer 
datasets were calculated for each variable on 
each day.  They are quantified as mean bias and 
mean absolute difference as follows: 
 
 
 

  
Bias

1
N

Radar(n) 2 DVD(n)
n 1

N
 (3) 

  
Abs _ Diff

1
N n 1

N

Radar(n) 2 DVD(n)  (4) 

 
 
 
In these equations, n is time while Radar(n) and 
2DVD(n) are the corresponding variable values. 
 
Table 1 (pg. 7) displays the differences between 
the 2DVD data and the uncorrected radar 
variables while Table 2 (pg. 7) shows the 
differences between the 2DVD data and the 
corrected radar variables. 
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(a) 

 
(b) 
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(c) 

 
Figure 4:  Plots of ZH, ZDR, KDP HV as determined by radar and 2DVD on (a) May 7th, (b)  May 8th, 

and (c) May 9th  
 

 
(a) 
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(b) 

 
(c) 

Figure 5:  DSDs (median volume diameter and rainfall rate) for (a) May 7th, (b) May 8th, and (c) May 9th  
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Table 1:  Bias and absolute difference between uncorrected radar measurements and calculations from 
disdrometer data.  The largest differences among the radars are highlighted. 

 
Error in Uncorrected Radar Variables  

    Zh (dBZ) Zdr (dB) Kdp (deg/km) 
    KSAO KCYR KRSP KSAO KCYR KRSP KSAO KCYR KRSP 

7-May-07 
Bias -11.124 -11.424 -12.615 -1.407 -1.144 -1.920 -0.342 0.042 -0.014 
Abs. Diff. 11.650 11.502 12.967 1.487 1.244 2.084 1.645 0.904 1.321 

8-May-07 
Bias -7.842 -6.842 -7.960 -0.110 -0.381 -0.561 -0.137 0.246 0.048 

Abs. Diff 7.876 6.940 8.127 0.432 0.445 0.758 0.562 0.387 0.809 

9-May-07 
Bias -12.150 -7.502 -6.419 -1.000 -0.323 -0.249 -0.305 0.100 0.083 

Abs. Diff. 12.150 8.120 6.511 1.196 0.577 0.530 0.880 0.831 0.492 
 
 

Table 2:  Bias and absolute difference between corrected radar measurements and calculations from 
disdrometer data.  The largest differences among the radars are highlighted. 

 
Error in Corrected Radar Variables 

  Zh (dBZ) Zdr (dB) Kdp (deg/km) 
  KSAO KCYR KRSP KSAO KCYR KRSP KSAO KCYR KRSP 

7-
May-

07 

Bias -6.0267 -5.7685 -3.4428 -0.1894 0.0680 0.3868 -0.3166 0.0430 -0.1038 

Abs. Diff. 7.7814 6.4426 5.7226 0.8230 0.6082 0.9994 1.6179 0.8631 1.3256 
8-

May-
07 

Bias -4.4025 -3.6081 -2.5098 0.5544 0.3541 0.7559 -0.1279 0.2277 0.0960 

Abs. Diff. 4.7210 4.6475 4.7839 0.6334 0.5734 0.9580 0.5453 0.3885 0.7718 
9-

May-
07 

Bias -5.5989 -3.8667 -3.3699 0.3251 0.3827 0.4077 -0.3142 0.1062 0.0887 

Abs. Diff. 6.0488 5.4332 4.2004 0.6239 0.7227 0.6860 0.8172 0.8135 0.4669 
 
 

Throughout the three days, radar measured 
differential reflectivity was noisy.  Figure 6 shows  
the differential reflectivity radar images from  ~ 
0930 UTC on May 7th.  A noisy image is common 
when dealing with differential reflectivity due to 
ground clutter. 
 
(a) 

 

 
 
 
 
 
(b) 
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(c) 
 

 
Figure 6:  An example of noisy ZDR measurement 

by (a) KSAO, (b) KCYR, and (c) KRSP  
 
This explains why the plots (Figure 3) of ZDR 
appear slightly chaotic.  Although there seems to 
be disorder on the radar images, the error in 
differential reflectivity is not absurd.  The co-polar 
cross-correlation coefficient error is high since this 
variable usually has a range of only 0.1 for all 
types of precipitation.    
 
 
 
3.1. MAY 07, 2007   
 
The radar with the largest error in reflectivity was 
the KSAO radar.  This may be the result of the fact 
that the radar went offline at approximately 1045 
UTC.  Because of this, there are fewer data points.  
Prior to 0930 UTC, heavy precipitation over the 
KSAO radar completely dampened the signal 
before the pulse was able to reach the 2DVD site.  
The line of rain also passed over the KRSP radar, 
weakening the signal.  The reflectivity plot in 
Figure 3 shows a large difference between the 
radar and disdrometer reflectivity before and after 
1000 UTC.  The 2DVD suggests that the 
reflectivity over the site should have been slightly 
less than 50 dBZ.  Figure 7 shows the three radar 
images at approximately 1015 UTC.  
 
 
 
 
 
 
 
 

(a) 
 

 
(b) 
 

 
(c) 
 

 
 

Figure 7:  Reflectivity images measured at 1015 
UTC on May 7, 2007 by (a) KSAO, (b) KCYR, and 

(c) KRSP. 
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Table 3 below displays the bias and absolute 
difference between the radars and 2DVD from 
1000 to 1030 UTC.   
 
Table 3:  Reflectivity error between 1000 and 1030 

UTC on May 7th 
  KSAO KCYR KRSP 
Bias -8.4654 -4.1183 NaN 
Abs. Diff. 8.4654 4.1183 NaN 

 

during this time span had a significant effect on 
fference.  

KRSP reflectivity was undefined during this time 
because all reflectivity readings, if any, were below 
20 dBZ.    
 
 
3.2. MAY 08, 2007 
 
In terms of reflectivity, KSAO differed the most 
from the disdrometer.  Upon examination, the 
largest err  to fall 
between 1230 and 1300 UTC.   Figure 8 shows 
the radar images at approximately 1245 UTC. 
 
(a) 

 
(b) 

 

(c) 

 
Figure 8:  Reflectivity images measured at 1245 

UTC on May 8, 2007 by (a) KSAO, (b) KCYR, and 
(c) KRSP 

 
Table 4: Reflectivity error between 1230 and 1300 

UTC May 8th. 
 KSAO KCYR KRSP 

Bias -5.4673 -2.3705 -0.6723 
Abs. Diff. 5.4673 4.0920 3.7941 

 
From these three radar images, the source of the 
error seems to originate from the rain mass over 
the KSAO radar.  Because this heavy precipitation 
was directly over the radar, the signal attenuated 
very rapidly.  The same problem was present for 
the KCYR radar.  Using the KRSP image, the 
heavy precipitation area is more evident.  The 
precipitation was not directly over KRSP, which 
allowed the radar to obtain a more accurate 
reflectivity reading over the 2DVD site.  The 
differential reflectivity reading was also affected by 
attenuation. KRSP had a significantly large 
difference in differential reflectivity from ~ 1230 to 
1330 UTC.  Table 5 below displays the average 
difference between the 2DVD and the radars 
during this timeframe. 
 
Table 5: Differential reflectivity error between 1230 

and 1330 UTC May 8th 
 KSAO KCYR KRSP 

Bias 0.4529 0.5623 1.0062 
Abs. Diff. 0.5453 0.7219 1.0778 

 
For all three radars, differential reflectivity appears 
to have been overcorrected.  In terms of specific 
differential phase, there is no radar that had a 
significantly greater error than any other.  In 
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regards to this variable, the elevation difference 
(between radar and 2DVD measurements) played 
the most significant role in these variations. 
 
 
3.3. MAY 09, 2007 
 
The largest error in reflectivity was once again in 
the KSAO radar.  Figure 3 shows the KSAO 
reflectivity readings were low relative to the 2DVD 
estimation roughly between 0240 and 0320 UTC.  
The biases and absolute differences during this 
time span are presented in Table 6.   
 
Table 6: Reflectivity error between 0240 and 0320 

UTC, May 9th 
 KSAO KCYR KRSP 
Bias -4.6063 -7.2301 -4.1987 
Abs. Diff. 5.3174 7.2301 4.5757 

 
Inspection of the radar images shows a rain band 
between the 2DVD site and KSAO.  This means 

 weakened by attenuation.  
There was also a mass of heavy precipitation 
between the 2DVD and KCYR radar.  This 
accounts for the large difference during this time 
frame.  The sudden KCYR spike in reflectivity, 
differential reflectivity, and specific differential 
phase slightly after 0324 UTC is due to a 
disagreement in storm position amongst the three 
radars.  KSAO and KRSP show the cell swiping 
the 2DVD site while KCYR shows the cell directly 
over this location.  An example of this problem is 
presented in the methodology section. 
 
 
 
4. CONCLUSIONS 
 
Although an attenuation correction was originally 
applied, the modification did not completely 
eliminate the error in the radar measurements.  In 
some cases, the error was only reduced by fifty 
percent while other variables were overcorrected.  
Some variables had relatively large errors mainly 
due to severe attenuation.  This was induced by 
heavy precipitation directly over the radar site or 
between the 2DVD site and radar.  On all three 
days, KSAO had the greatest error in reflectivity 
among the three radars.  The reason ranges from 
attenuation to loss of power.  The leading cause of 
significant error within a day was a large difference 
in a short time frame.  These time frames were 
analyzed.  Differential may 

originate from model error, miss-calibration, 
differential attenuation effects, and the difference 
in DSD between the elevation at which the radar 
attained measurements and ground level, where 
the 2DVD collected readings.  KRSP was located 
farthest from the 2DVD site which resulted in this 
radar having the largest bias in differential 
reflectivity throughout the three days.  The minor 
discrepancies in specific differential phase 
measurements support the theory that only 
attenuation was the cause of major error in 
reflectivity since KDP is not affected by this 
problem.  As seen in Figure 3, differential 
reflectivity and co-polar cross-correlation 
coefficient were very noisy.  In terms of co-polar 
cross-correlation coefficient, system error is at 
fault rather than a physical problem such as 
attenuation.  The noisiness of differential 
reflectivity was most likely caused by ground 
clutter.  The error in this variable is not significant 
enough to draw conclusions pertaining to 
attenuation.  The results from this study can 
potentially be used for further attenuation 
correction. 
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