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1. INTRODUCTION∗ 
 It has been increasingly well recognized in recent 
years that radar data quality control is critical for radar 
data assimilation. To support the operational radar data 
assimilation at the National Centers of Environmental 
Prediction (NCEP), continued efforts have been made 
in developing efficient quality control techniques for 
Doppler radial-velocity observations from operational 
WSR-88D radars (Gong et al. 2003; Liu et al. 2005; 
Zhang et al. 2005; Xu et al. 2009a,c). The earlier 
developed techniques were combined into an 
automated quality control package for pre-operational 
tests with real-time KTLX radar observations at NSSL 
(Liu et al. 2003; Xu et al. 2005) and then operational 
tests at NCEP (Liu et al. 2009). During the tests, some 
particularly difficult cases were encountered in which 
the three-step dealiasing method (Gong et al. 2003) 
failed to detect or correct severely aliased radial-
velocities. Having diagnosed each failure in details, 
the following two reasons have been identified. (i) The 
modified velocity azimuth display (VAD) technique 
(Tabary et al. 2001) adopted in the first step is not 
sufficiently robust to deal with severely aliased radial 
velocities, so the refined reference radial velocities 
produced by the traditional VAD method in the second 
step cannot always ensure the seed data qualified at 
the end of the second step to be absolutely free of alias 
errors, and the errors can propagate via the point-to-
point continuity check in the third step. (ii) The point-
to-point continuity check in the third step relies on 
qualified seed data, and it cannot pass a non-qualified 
date area (including data holes) that has 5 or more 
gates (2.5 km) along the previous and current beams 
from the flagged data point that is being checked. 
Besides, the point-to-point continuity check may also 
occasionally produce false dealiasing and propagate 
the error into neighborhood areas. 
 To eliminate the above sources of dealiasing 
failure, an alias-robust VAD algorithm was developed 
(Xu et al. 2009b) and is used to replace the modified 
VAD method for the preliminary reference check in 
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the first step. After this, the traditional VAD analysis 
and refined reference check in the second step 
becomes unnecessary and thus can be bypassed. In 
addition, a block-to-point continuity check is designed 
to replace the point-to-point continuity check in the 
third step of the three-step dealiasing method (Gong et 
al., 2003). With these major upgrades, the 
performance and robustness of the method are greatly 
improved. The new method is described in the next 
section.  
 
2. DESCRIPTION OF THE METHOD 

2.1. First Step – Reference Check  
 In the first step, the alias-robust VAD algorithm 
(described in section 4.3 of Xu et al., 2009b) is used to 
estimate the vertical profile of the horizontal vector 
wind, denoted by (u0, v0), averaged over the horizontal 
area covered by the radar radial-velocity observations. 
The VAD wind direction is derived from the two zero 
points of vr(φ) searched and estimated on each 
qualified vertical level, where vr(φ) denotes the true 
radial velocity as a function of the azimuthal angle 
φ (clockwise with respect to the y-coordinate pointing 
to the north). In the presence of aliasing, the observed 
radial velocities can become nearly zero over a small 
azimuthal range which often contains an aliased zero 
point. The absolute value of the azimuthal derivative 
estimated at such an aliased zero point should be 
smaller than that estimated at the true zero point 
(where the azimuthal derivative has the same sign as 
that at the aliased zero point), and this criterion can be 
used to distinguish the two true zero points from 
aliased zero points (see section 2.4 of Xu et al., 
2009b). Occasionally, however, observed radial 
velocities can be contaminated to become falsely near 
zero over an azimuthally extended sector and therefore 
interfere the searching for the true zero points. Thus, 
before the first step starts, the data need to be 
preprocessed to remove isolated data points (as in 
Gong et al., 2003) and flag near-zero radial-velocity 
sectors. The detailed sub-steps are reported in Xu et al. 
(2009a).  
 The parameters estimated by the alias-robust 
VAD algorithm from a selected range circle include 
not only the averaged horizontal vector wind (u0, v0) 
but also a0 = (w - wT)0sinθ + rcos2θ(∂u/∂x + ∂v/∂y)0/2 
[see Eq. (1) below], where θ is the elevation angle, r is 



 

the radial range of the circle, w is the air motion 
vertical velocity, wT is the downward hydrometeors 
terminal fall velocity, ∂u/∂x + ∂v/∂y is the divergence 
of the horizontal wind, and ( )0 denotes the averaged 
value of ( ) over the horizontal area covered by the 
radar radial-velocity observations. As described in 
section 4.3 of Xu et al. (2009b), these parameters are 
estimated at each qualified vertical level by using all 
the observations on the qualified and semi-qualified 
range circles from different tilts.  
 Once the VAD parameters (a0, u0, v0) estimated at 
the qualified vertical levels are interpolated to the 
vertical level of a selected range circle on a given tilt, 
the reference radial velocity is computed at each 
observation point on the selected range circle by the 
following relationship [see (2) of Xu et al., 2009b]: 
 
  vr

ref = a0 + cosθ(u0sinφ + v0cosφ). (1) 
 
The computed vr is used for the preliminary reference 
check. The check goes through each data point along 
each circle, from the smallest circle on each tilt until it 
reaches the largest radial range (corresponding to the 
top vertical level attained by the VAD analysis) or the 
cut-off radial range (r = 30 km if θ ≈ 0.5ø or r = 80 km 
if θ ≥ 1ø) whichever is reached first. The cut-off radial 
ranges (30 km for θ ≈ 0.5ø and 80 km for θ ≥ 1ø) are 
new for the upgraded reference check in the paper, and 
they are imposed to avoid possible false dealiasing 
(caused by the deteriorated validity of the VAD 
uniform-wind assumption at an increasingly far radial 
range in a scenario of strongly non-uniform wind).  
Their values are tuned and selected based on our 
extensive tests of the new method. In addition, the 
alias correction threshold used by the upgraded 
reference check here is more stringent than used by the 
reference check in the three-step method (Gong et al., 
2003). In particular, the Nyquist folding number is 
estimated by  
 
  N = Int[(vr

ref - vr
o)/2vN],  (2) 

 
where Int[( )/2vN] represents the nearest integer of ( 
)/2vN, vr

o is the observed radial velocity, and vN is the 
Nyquist velocity. If N = 0, then the observed radial 
velocity needs no correction, but it can pass the 
reference check only if |vr

ref - vr
o| ≤ 0.5vN, If N ≠ 0, then 

2NvN is added to the observed radial velocity for a 
correction, but the correction is acceptable only if the 
difference between the corrected and reference radial 
velocities is within the threshold of ±max(0.25vN, 6 m 
s-1). This threshold is more stringent than the 
commonly used threshold of ±0.5vN (Hennington, 
1981; James and Houze, 2001; Gong et al., 2003). If 
this threshold is no satisfied, then the date point is 

flagged for the subsequent check in the next step. All 
the observations passed the reference check within the 
cut-off radial ranges (30 km for θ ≈ 0.5ø and 80 km for 
θ ≥ 1ø) will be treated as seed data for the block-to-
point continuity check in the next step. 
 
2.2. Second Step – Block-To-Point Continuity Check 
 In this second step, a block-to-point continuity 
check is used to replace the point-to-point continuity 
check in the third step of the three-step dealiasing 
method. The basic idea is to use the averaged value of 
non-flagged seed data (instead of or in addition to the 
single nearest seed datum in each direction, backward 
along the beam or circle) for the continuity check. The 
check is processed circle-by-circle from the smallest 
circle to the largest circle on each tilt. Each circle is 
checked through four sub-steps. The first three sub-
steps go clockwise along the circle (starting from φ = 
0) and the last sub-step goes counterclockwise along 
the circle (starting from φ = 0). No action is taken at a 
non-flagged data point. The real action of check 
applies only to each and every flagged data point. 
 The first sub-step is designed to search for non-
flagged seed data backward from the current circle 
toward the radar up to 40 gates (10 km, not including 
the gate at the current circle) along each of the 11 
beams in the ±5o vicinity of the identified flagged data 
point. If there are 40 or more seed data, then their 
averaged value can be used for the continuity check. 
To eliminate possible false dealiasing, each dealiased 
datum in the first sub-step is doubly checked with the 
nearest seed datum in each direction in the subsequent 
three sub-steps. These three sub-steps are designed to 
search for the nearest seed data backward (up to 10 
gates) along the current beam, backward (up to 5o) 
along the current circle, and forward (up to 5o) along 
the previous circle, respectively. The detailed aspects 
of these sub-steps are reported in Xu et al. (2009a). 
 After the above last sub-step goes through the 
entire circle, all the de-flagged data point are turned 
into new seed data points on the current circle. The 
process then goes to the next circle (with the radial 
range distance r increased by one radial range space 
∆r) until it goes through the entire tilt, and the entire 
process goes from the highest to the lowest tilt through 
the entire volume. 
 
3. ILLUSTRATIVE EXAMPLE  
 For briefness, only one example is given below to 
show the effectiveness of the new method in this 
section. Fig. 1a is the image of raw radial velocities 
scanned at θ = 0.5o by the operational KMHX radar at 
201546 UTC on 18 September 2003 from the 
hurricane Isabel near Drum Inlet, North Carolina. The 
spatial resolutions of the scans were 250 m in the 
radial direction and 1o in the azimuthal direction. At 



 

this time, the hurricane center (marked by the blue 
letter C in Fig. 1a) was about 120 km to the north (in 
the direction of φ ≈ 350o) of the KMHX radar. Even 
though the Nyquist velocity was as large as vN = 23.19 
m s-1, the observed radial velocities were severely 
aliased in the two main areas (marked by the two 
white letters A in Fig. 1a). One is the green area to the 
east of the hurricane center, and the other is the red 
area to the southwest of the hurricane center. In 
addition to the above two main areas, the observed 
radial velocities were also aliased in the three banded 
green areas to the east of the radar within 80 km radial 
range, and in a narrow red area to the west of the radar 
within 90 km radial range. The above aliased 
velocities were caused by the intense rotational winds 
around and outside the hurricane eye.  
 As explained in section 2.1, the reference check 
goes from the smallest radial range up to r = 30 km 
only on the lowest tilt (θ = 0.5ø), and the 30 km range 
circle is shown by the white circle in Fig. 1b. Within 
this 30 km range circle, the aliased radial velocities in 
the red area to the northwest of the radar and in the 
green areas to the northeast and east of the radar in 
Fig. 1a are corrected in Fig. 1b. The corrections are 
made largely by the reference check in the first step, as 
revealed by the partially dealiased image produced at 
the end of the first step (not shown). The dealiased 
image outside the 30 km range circle in Fig. 1b is 
produced solely by the block-to-point continuity check 
in the second step. By comparing Fig. 1b with Fig. 1a, 
it is easy to see that the aliased radial velocities in the 
two main alias areas (marked by the two white letters 
A in Fig. 1a) are all corrected by the block-to-point 
check in the second step. In addition, the aliased radial 
velocities in the banded green areas to the east of the 
radar within 80 km radial range in Fig. 1a are also all 
corrected.  
 By comparing Fig. 1b with Fig. 1a outside the 30 
km range circle, we also see that the block-to-point 
continuity check can go through (or around) most data 
holes. The point-to-point continuity check in the 
previous three-step method (Gong et al. 2003) or in 
the operationally used method (Eilts and Smith, 1990), 
however, fails to pass through some large data holes or 
even occasionally produces false dealiasing (see Figs. 
1c and 1d). In terms of passing through data holes and 
avoiding false dealiasing, the block-to-point continuity 
check performs significantly better and more robust 
than the point-to-point continuity check. The 
improvement attributes to the design of the block-to-
point continuity check (see section 2.2), although the 
design is neither intended nor possible to correct all 
the aliased radial velocities and leave no flagged data 
points. Similar improvements are seen from the 

dealiased images (not shown) on all the remaining tilts 
above θ = 0.5ø.  
 Because the new dealiaing method is developed 
for radar data assimilation applications, avoiding false 
dealiasing is the most important requirement for the 
design of the new dealiasing method. To meet this 
requirement, stringent threshold conditions are used 
for alias corrections in the design of the block-to-point 
continuity check (see section 2.2), so the completeness 
of alias corrections is more or less compromised. In 
particular, the block-to-point continuity check is not 
able to de-flag data points in an isolated data island or 
nearly-isolated data peninsular (stretched toward the 
radar) surrounded by extensive data void areas. 
Because of this, the data points in the spike-shape data 
peninsular from r ≈ 35 to 110 km to the west of the 
radar in Fig. 1a remain to be flagged and thus blacked 
in Fig. 1b. This data peninsular contains both aliased 
radial velocities (in the narrow red area to the west of 
the radar within 90 km radial range in Fig. 1a) and 
non-aliased radial velocities (in the extended green 
area over the radial range from 80 to 110 km to the 
west of the radar in Fig. 1a). Another flagged (and 
thus blacked) data area is the nearly disconnected 
segment of hurricane eyewall image along the 
southern rim of the hurricane eye in Fig. 1a.  
 

 

 



 

 

 
 
Fig. 1. (a) Raw level-II Doppler radial-velocity 
image on 0.5o elevation from KMHX radar at 2015 
UTC 18 Sept. 2003. (b) Dealiased radial-velocity 
image by the new method. (c) Dealiased radial-
velocity image by the three-step method (Gong et al. 
2003). (d) Dealiased radial-velocity image by the 
operational method (Eilts and Smith, 1990). 
 
 For the hurricane case exemplified in this section, 
the completeness of alias corrections can be further 
improved by relaxing the cut-off radial range for the 
reference check in the first step. In particular, if the 
cut-off radial range is extended from 30 to 50 km, then 
the flagged data points in the blacked area marked by 
b1 in Fig. 1b can be correctly de-flagged up to r = 50 
km by the reference check in the first step and then to 
the full radial range of the spike-shape data peninsular 
by the block-to-point continuity check in the second 
step without causing any false dealiasing (not shown). 
Although relaxing the cut-off radial range for the 
reference check can further improve the completeness 
of alias corrections in this and many other cases, it can 
also occasionally cause false dealiasing. To avoid false 
dealiasing, it is necessary to impose a short (30 km) 
cut-off radial range on the lowest tilt (θ ≈ 0.5ø) and a 
limited (80 km) cut-off radial range on the remaining 
tilts (θ ≥ 1ø) for the reference check in the first step. 

As explained in section 2.1, the cut-off radial ranges 
used in this paper are tuned and selected based on our 
extensive tests of the new method (as mentioned at the 
beginning of this section).  
 
4. REFINEMENAT FOR VCP31 

 The new method has been tested extensively and 
successfully with real-time radial velocities scanned 
by the KTLX radar under various weather conditions. 
It can use the radial velocities estimated by the alias-
robust VAD analysis for the reference check in most 
cases, except for severe winter storms scanned by 
using the VCP31 mode with the Nyquist velocity 
reduced below 12 m s-1. In the latter case (VCP31), the 
reference radial velocities produced by the alias-robust 
VAD analysis do not have the required horizontal 
variability (relative to the storm wind) to ensure the 
reference check to be absolutely free of false 
dealiasing.  
 

 

 



 

 

 
 
Fig. 2. (a) Raw radial-velocity image scanned by the 
KTLX radar with VCP31 mode and Nyquist velocity 
= 11.51 m s-1 at 0.5o tilt for the Oklahoma ice storm at 
043637 UTC on 27 January 2009. (b) Dealiased 
radial-velocity image by the further upgraded method. 
(c) Dealiased radial-velocity image by the three-step 
method. (d) Dealiased radial-velocity image by the 
operational method. 
 
 To solve the above problem with VCP31, the 
alias-robust variational analysis (Xu et al., 2009c; 
section 3.2) is used in place of the alias-robust VAD 
analysis for the reference check. This further upgrades 
the method and makes it VCP-adaptive and free of 
false dealiasing even for VCP31 with a small Nyquist 
velocity. As shown by the example in Fig. 2, the 
further upgraded method can correct almost all the 
alias errors without any false dealiasing, even though 
the raw radial velocities were severely aliased due to 

the strong wind and small Nyquist velocity. The three-
step method and the operationally used method, 
however, cannot be free of false dealiasing (see Figs. 
2c and 2d). 
 
5. SUMMARY 
 A new dealiasing method is developed for radar 
radial-velocity data quality control. The new method 
not only upgrades but also simplifies the previously 
developed three-step dealiasing method in three major 
aspects. First, an alias-robust VAD algorithm is used 
in place of the modified VAD method for the 
preliminary reference check in the first step. Second, 
the alias-robust VAD analysis makes the traditional 
VAD analysis and refined reference check 
unnecessary, so the original second step is removed. 
Third, a block-to-point continuity check procedure is 
developed to replace the point-to-point continuity 
check in the original third step. The improved 
performance and robustness of the new method are 
exemplified by the result tested with a hurricane case 
in this paper.  
 The new method has been tested extensively and 
successfully with aliased radial-velocity observations 
collected under various weather conditions in the 
central United State by six NOAA/NWS operational 
radars (KINX, KLZK, KSGF, KSRX, KTLX and 
KVNX) during 20-28 May 2005. The method has been 
also successfully tested with severely aliased radial-
velocity data collected under hurricane high-wind 
conditions. These include data collected (i) by KAKQ, 
KMHX and KRAX radars from the long-lived 
hurricane Isabel that made landfall near Drum Inlet, 
North Carolina on 18 September 2003, (ii) by FLIX, 
KMOB and KEVX radars from the hurricane Katrina 
that caused the most devastating disaster in New 
Orleans, Louisiana, on 29 August 2005, and (iii) by 
KHGX radar from the hurricane IKE that passed over 
Houston, Texas, on 13 September 2008. Recently, the 
method is further upgraded (see Fig. 2). This further 
upgraded method is being incorporated (in place the 
previous three-step method) into the automated quality 
control package for operational radar data assimilation 
applications at NCEP. 
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