
APRIL 2003 443H O L L E M A N A N D B E E K H U I S

q 2003 American Meteorological Society

Analysis and Correction of Dual PRF Velocity Data

IWAN HOLLEMAN AND HANS BEEKHUIS

Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands

(Manuscript received 23 January 2002, in final form 12 September 2002)

ABSTRACT

The dual pulse repetition frequency (dual PRF) technique for extension of the unambiguous velocity interval
is available on many operational Doppler weather radars. Radial velocity data obtained from a C-band Doppler
radar running in dual PRF mode have been analyzed quantitatively. The standard deviation of the velocity
estimates and the fraction of dealiasing errors are extracted and related using a simple model. A postprocessing
algorithm for dual PRF velocity data, which removes noise and corrects dealiasing errors, has been developed
and tested. It is concluded that the algorithm is very efficient and produces high quality velocity data.

1. Introduction

Doppler weather radars are capable of providing high
quality wind data at a high spatial and temporal reso-
lution. This kind of data is of great value for operational
weather forecasting and numerical weather prediction
(NWP) models. Doppler velocity information can be
used for removal of ground clutter, extraction of wind
profiles, detection of shear zones, and construction of
dual Doppler wind fields (Meischner et al. 1997; Serafin
and Wilson 2000; Chong et al. 2000). In addition, the
radial velocity data and wind profiles can be assimilated
into NWP models (Collins 2001; Lindskog et al. 2000).
Operational application of Doppler velocity data from
weather radars is hampered, however, by the infamous
limitation of the range–velocity ambiguity. This is par-
ticularly true for a C-band weather radar, since its am-
biguity limitation is a factor of 2 more stringent than
that of an S-band radar. Aliased velocity data from S-
band radars can be unfolded using local continuity in
one or more dimensions and environmental constraints
(Hennington 1981; Merritt 1984; Desrochers 1989; Ber-
gen and Albers 1988; Eilts and Smith 1990). Eilts and
Smith (1990) have found that velocity data of acceptable
quality are obtained for these radars provided that the
wind shear is not extreme. Due to the smaller unam-
biguous velocity interval, this kind of approach is not
feasible for C-band radars without relying heavily on
external wind profiles (Hondl and Eilts 1993). To this
day, Doppler velocity data from the operational C-band
weather radars in Europe are mainly used for removal
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of ground clutter and extraction of wind profiles (Meis-
chner et al. 1997).

Doviak and Sirmans (1973) have proposed to extend
the unambiguous velocity by transmission of orthogo-
nally polarized waves in pairs of pulses. This pulse di-
versity technique has successfully been employed by a
mobile W-band radar for velocity measurements in tor-
nadoes (Bluestein and Pazmany 2000). The use of two
interlaced sampling rates for the extension of the un-
ambiguous velocity of single polarization radars has
been introduced by Sirmans et al. (1976). The appli-
cation of this staggered pulse repetition time (PRT) tech-
nique is hampered thus far by the inability of most op-
erational weather radars to run in staggered PRT mode
and associated problems with filtering of ground clutter.
To tackle the latter problem, Sachidananda and Zrnić
(2000) have presented a new processing algorithm based
on Fourier transform and magnitude deconvolution. Da-
zhang et al. (1984) have put forward a method wherein
velocity estimates are made using two alternating pulse
repetition frequencies (PRFs), that is, employing M1

pulses at one PRF followed by M2 pulses at the other
PRF. This dual PRF technique allows for straightfor-
ward filtering of ground clutter and an extension of the
unambiguous velocity interval. The dual PRF technique
is available on a large part of the operational C-band
Doppler weather radars, but it is not used widely as of
yet.

Recently, the interest in the dual PRF technique for
extending the unambiguous velocity interval of C-band
and X-band radars has increased. Hildebrand et al.
(1996) have developed the electra Doppler radar (EL-
DORA), which is an airborne X-band radar with dual
PRF capability. Detailed cross sections through severe
thunderstorms and tornadoes have been recorded with
this radar and unfolded velocities of more than 80 m
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s21 have been observed. Jorgensen et al. (2000) present
examples of raw dual PRF velocity data from another
X-band airborne Doppler radar and discuss the cause of
the dealiasing errors. The effect of azimuthal shear of
the radial wind on the quality of dual PRF data has been
investigated by May (2001) using a mesocyclone model.
May and Joe (2001) have presented an algorithm for
correcting dealiasing errors in dual PRF velocity data.

In this article we present an extended analysis of dual
PRF velocity data and a three-step postprocessing al-
gorithm for correction of the data. First, a short intro-
duction to the dual PRF technique and a description of
the available radar data are given. Then, qualitative and
quantitative characteristics of dual PRF data are eluci-
dated via different analyzes of measured velocity fields.
These analyzes confirm that the velocity outliers, which
are characteristic for dual PRF data, are in fact isolated
dealiasing errors. Finally, a three-step algorithm for the
correction of dual PRF velocity data is described in
detail. The processing algorithm is intended for oper-
ational use, and preliminary results indicate that the
quality of the velocity fields is enhanced significantly
and that further use of the data has become feasible.

2. Dual PRF technique

The operational application of Doppler weather radar,
especially C band or shorter wavelengths, has been ham-
pered by the small unambiguous velocity interval of the
instrument. The unambiguous or Nyquist velocity of a
Doppler radar using uniformly spaced pulses is given
by (Doviak and Zrnić 1993)

lPRFiuV 5 , (1)i 4

where l is the wavelength used by the radar, and PRF i

is the pulse repetition frequency. The PRF also deter-
mines the unambiguous range of the radar. The unam-
biguous velocity and range of a Doppler radar are cou-
pled, and a trade-off has to be made. The product of
the unambiguous velocity and range is given by (Doviak
and Zrnić 1993)

cl
u uV R 5 , (2)i i 8

where c is the speed of light. For a typical C-band (l
5 5.3 cm) radar, this product is roughly equal to 2000
km m s21. At a moderate range of 200 km, the un-
ambiguous velocity is only 10 m s21. Velocities higher
than the unambiguous one will be folded into the un-
ambiguous interval.

Dazhang et al. (1984) have proposed to extend the
maximum unambiguous Doppler velocity by use of two
alternating pulse repetition frequencies. From Eq. (1),
it is clear that the use of different PRFs results in dif-
ferent unambiguous velocities. The folding of a mea-
sured velocity will, therefore, be different for the two

pulse repetition frequencies. By combining the velocity
measurements at the two different PRFs, the unambig-
uous velocity interval can be extended. Using a high
and a low PRF with unambiguous velocities of anduV h

, respectively, the extended unambiguous velocity be-uV l

comes (Dazhang et al. 1984)
u uV Vh luV 5 . (3)lh u uV 2 Vh l

It is evident from this equation that the unambiguous
velocity interval is extended significantly when the high
and low unambiguous velocities are close. It is common
practice to choose the high and low PRFs such that the
two unambiguous velocities are related in the following
way:

uV PRF N 1 1h h5 5 , (4)
uV PRF Nl l

where the integer N is the dual PRF unfolding factor.
By insertion of Eq. (4) into Eq. (3), it can be verified
that N is indeed the factor by which the unambiguous
velocity is extended with respect to . With typicaluV h

applications of the dual PRF technique, an unfolding
factor N of 2, 3, or 4 is used. It will be detailed below
that for higher unfolding factors the quality of the mea-
sured velocities will be too poor.

A Doppler radar generally determines the radial ve-
locity of the scatterers by autocorrelation of the received
signal for subsequent transmitted pulses. During pulse-
pair processing, the velocity is effectively deduced from
the phase jump of the received signal between two sub-
sequent pulses. The difference between the phase jump
observed using the low PRF and that observed using
the high PRF is employed by the dual PRF technique
to deduce the radial velocity. Because the velocity is
directly related to the observed phase difference or
jump, the primary dual-PRF velocity estimate can be
expressed in terms of the original velocities only:

˜ ˜ ˜V 5 (N 1 1)V 2 NV ,lh l h (5)

where Ṽh and Ṽl are the observed velocities using the
high and low PRF, respectively. When a velocity esti-
mate falls outside of its unambiguous velocity interval,
as given by Eq. (3), it should be folded back into the
fundamental interval by addition or subtraction of
2 .uV lh

The primary dual PRF velocity estimate is obtained
by the differencing of two phase measurements, and
therefore, its standard deviation will be amplified. Using
Eq. (5) and assuming that the errors in the high and low
PRF velocities are uncorrelated, the standard deviation
of the primary dual PRF velocity estimate becomes

2 2 2 2s 5 Ï(N 1 1) s 1 N s (6)lh l h

2 2. s Ï(N 1 1) 1 N , (7)

where sh and sl are the standard deviations of the high
and low PRF velocities, respectively. For large signal-
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TABLE 1. Amplification of the std dev of the primary dual PRF
velocity estimate with respect to that of the original–dealiased ve-
locity as a function of the unfolding factor N.

N 2 3 4 5

slh /s̄ 3.6 5.0 6.4 7.8

to-noise ratios and narrow spectrum widths, the velocity
standard deviation depends only on the wavelength,
spectral width, and acquisition time, that is, the product
of the number of transmitted pulses and their time spac-
ing (Doviak and Zrnić 1993). The standard deviations
of the high and low PRF velocities can be replaced by
a single standard deviation when the acquisition timess
are equal. In Table 1, the calculated amplification of the
standard deviation of the dual PRF velocity with respect
to is given for relevant unfolding factors. It is evidents
that the standard deviation of the dual PRF velocity
estimate increases rapidly with increasing unfolding fac-
tor.

In practice, the primary dual-PRF velocity estimate
is not a suitable velocity estimator because of the large
standard deviation (Sirmans et al. 1976; Dazhang et al.
1984; SIGMET 1998). The primary dual PRF velocity
estimate is merely used to indicate to which Nyquist
interval the original (folded) velocity estimates belong.
In this way, unfolded velocity estimates are obtained
with the standard deviation of the original velocities.
This procedure introduces a type of errors in the velocity
estimates that is distinctive for the dual PRF retrieval
technique. Occasionally, the deviation of the primary
dual PRF velocity estimate will be so large that the
original folded velocity will be assigned to an incorrect
Nyquist interval. This will give rise to clear outliers in
the dual PRF velocity data. In section 4, the origin and
characteristics of these outliers will be discussed in more
detail.

3. Available radar data

The Royal Netherlands Meteorological Institute
(KNMI) operates two identical C-band Doppler weather
radars. In this study only data from the radar in De Bilt
have been used. This radar is located at a latitude of
52.108N and a longitude of 5.178E and mounted at a
height of 44 m above mean sea level. The Gematronik
radar (Meteor AC360) has an antenna with a 4.2-m di-
ameter and a beamwidth of about 18. The transmitted
pulses are generated by a magnetron and thus have ran-
dom phases. The peak power and width of the trans-
mitted pulses are 250 kW and 0.5 ms, respectively.

The returned signal is transferred to an analog re-
ceiver and subsequently digested by a Sigmet radar pro-
cessor (RVP6). The radial velocity and spectral width
are extracted from the received in-phase and quadrature-
phase components using pulse-pair processing. Prior to
the pulse-pair processing, ground clutter has been re-
moved from the signal by an infinite impulse response

filter in the time domain. The data are averaged to 0.5
km and 18 in range and azimuth, respectively. The col-
lection of averaged data points as a function of range
at a certain azimuth is denoted a ‘‘ray.’’ In dual PRF
mode, the primary velocity is obtained by combining
data from the actual ray with that from the previous ray.
Subsequently, the velocity data from the actual ray are
unfolded using the primary velocity estimate. The dual
PRF unfolding is completely handled by the radar pro-
cessor (SIGMET 1998). The data acquisition and gen-
eration of products are performed using the Rainbow
software package of Gematronik. In dual PRF mode,
the radar processor labels each ray with ‘‘high’’ or
‘‘low’’ according to the PRF used during acquisition.
Unfortunately, Rainbow does not transfer these labels
yet, but a workaround will be presented in a later sec-
tion.

The operational scanning scheme of the radar, which
consists of a 4-elevation volume scan every 5 min and
a 14-elevation volume scan every 15 min, still has some
gaps. These gaps have been used to perform a dedicated
Doppler scan, which is repeated every 15 min. This scan
is recorded at an elevation of 0.58 and an azimuthal
speed of 4 rpm. The high PRF of 1000 Hz results in an
unambiguous velocity of 5 13.3 m s21, and the lowuV h

PRF of 750 Hz in 5 10.0 m s21. The extendeduV l

unambiguous velocity interval of the dual PRF data thus
becomes 5 39.9 m s21.uV lh

For both the analysis of dual PRF velocity data and
the testing of the correction algorithm, a set of about
300 different azimuthal Doppler scans is used. The scans
have been recorded between 26 October and 30 No-
vember 2001. Only scans containing more than 10 000
valid data points, that is, about 10% of the total, and
recorded on the hour, have been selected. In this period
about 12 depressions moved from the North Atlantic
into Scandinavia, while the associated frontal systems
crossed the Netherlands. Mostly the frontal rain was
followed by showers in polar or arctic air. In particular,
the cold fronts and the showers produced significant
weather with rain, snow, thunder, hail, and severe wind
gusts. Strong gusts with wind speeds over 25 m s21

have been observed at the surface on 6 days, and the
highest observed wind gust was up to 35 m s21. Wind
speed data at 850 hPa, the altitude of the radar beam at
100-km range, from upper-air soundings at De Bilt have
been analyzed. Between 26 October and 30 November
2001, the average and maximum wind speeds were 12
and 28 m s21, respectively. On 20 days within this pe-
riod the observed wind speed was higher than the un-
ambiguous velocity of the high PRF measurement, uV h

5 13.3 m s21.

4. Analysis of dual PRF data

To elucidate the error characteristics of dual PRF ve-
locity data, an analysis of measured velocity data has
been performed. Figure 1 shows a typical example of
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FIG. 1. B-scope display of raw dual PRF velocity data from 1454 UTC 6 Nov 2001. The azimuthal scan was recorded at
an elevation of 0.58 using PRFs of 750 and 1000 Hz. Areas A and B of the main figure have been enlarged in the two frames
on the right. Several sources of contamination have been marked in the figure. White indicates areas with ‘‘missing data.’’

raw dual PRF velocity data. This azimuthal scan has
been recorded while a cold front was moving from west
to east across the Netherlands. The cold front produced
rainfall totals around 10 mm and maximum wind gusts
of 21 m s21. The velocity data are presented in a so-
called B-scope display or range–azimuth indicator, and
two regions of interest have been enlarged in the right
frames. From a close examination of Fig. 1 and other
data, it appears that dual PRF velocity data are typically
contaminated by clutter, noise, and outliers. These
sources of contamination have been indicated in the side
frames of Fig. 1. There is some sidelobe clutter present
at ranges shorter than 10 km in Fig. 1, but the most
distinct clutter is caused by specular reflection of the
radar beam from a building located at 2468 azimuth (see
upper-right frame of Fig. 1). Noise from incidental scat-
terers is predominantly visible at short range (,35 km)
because the echoes from nearby targets are very strong.
The presence of velocity outliers in large areas of high
quality data is characteristic for data obtained using the

dual PRF technique. These dual PRF velocity outliers
have been predicted and observed by others (Sirmans
et al. 1976; Dazhang et al. 1984; Jorgensen et al. 2000;
May and Joe 2001). Large areas with falsely dealiased
velocities, which are characteristic for single PRF data,
are not present in dual PRF data provided that the max-
imum velocity is below the dual PRF unambiguous ve-
locity.

A quantitative analysis has been performed to obtain
detailed information on the quality and outliers of dual
PRF velocity data. For this, each velocity data point in
an azimuthal scan is compared with the local median
velocity. The local median velocity is calculated from
the data point itself and the surrounding data points. An
area measuring five range times three azimuth points is
taken, and it is required that at least 9 out of the 15 data
points contain valid data. The deviation of the data
points from the local median values has been analyzed.
In Fig. 2, histograms of the velocity deviations observed
in the azimuthal scan of Fig. 1 are shown. For a reason
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FIG. 2. Histogram of the deviations of each dealiased velocity from
the local median velocity. This histogram has been compiled using
the data of the azimuthal scan of Fig. 1. Separate histograms are
shown for even and odd azimuths. The central peaks go up to a
number of about 12 500 (off scale).

FIG. 3. (top) The std dev of the dealiased velocities is shown as a
function of the spectral width; (bottom) the number of data points
per spectral width bin (.0.1 m s21) is shown. This figure has been
put together using the velocity data from Fig. 1 and the corresponding
spectral width data.

that will become clear, velocity data from even and odd
azimuths have been collected into different histograms.
The histograms have been constructed using a velocity
bin size of 0.3 m s21 matching that of the dual PRF
velocity data.

The central peaks of Fig. 2, containing the points with
hardly any deviation from the local median velocity, go
up to a number of about 12 500. The vast majority of
the analyzed points obeys local continuity. The width
of the central peaks is determined by the variance of
the velocity data. A standard deviation of 0.50 and 0.49
m s21 is obtained for the even and odd azimuths, re-
spectively. Equality of these standard deviations is ex-
pected, because the acquisition times for the high and
low PRF measurements are equal [see Eq. (7)]. Apart
from the central peak, two distinct sideband peaks are
evident in both histograms of Fig. 2. The sideband peaks
correspond to the velocity outliers, which are charac-
teristic for the dual PRF technique. The number of
points within the sidebands can be used to calculate the
fraction of velocity outliers. The fraction of outliers is
9.1 3 1023 and 7.3 3 1023 for the even and odd azi-
muths, respectively. It is evident from Fig. 2 that the
sidebands for even and odd azimuths are centered at
different velocity deviations. The median deviation of
the even azimuth sidebands is 20.9 m s21 and that of
the odd azimuth sidebands is 24.6 m s21. These velocity
deviations roughly match the unambiguous intervals of
the low PRF (20.0 m s21) and high PRF (26.6 m s21)
measurements. It is, therefore, concluded in accordance
with others (Dazhang et al. 1984; Jorgensen et al. 2000;
May and Joe 2001) that the velocity outliers in dual
PRF data are caused by dealiasing errors. In addition,
the observed sideband positions of the even and odd
azimuths can be used to assign the proper PRF (high
or low) to each ray.

The standard deviation of a Doppler velocity mea-
surement depends on the actual meteorological circum-
stances. By combining the dual PRF velocity estimates
with the spectral width data, this dependence can be
demonstrated. For this, each velocity data point is again

compared with the local median velocity. The standard
deviation as a function of the spectral width is calculated
by squaring the observed velocity deviations and sum-
ming them in different bins depending on the corre-
sponding spectral width. The bin size is determined by
the resolution of the available spectral width data and
is equal to 0.1 m s21. By allowing a maximum velocity
deviation of 11.6 m s21, equal to the average unambig-
uous velocity, possible outliers have been rejected. The
upper frame of Fig. 3 shows the standard deviation as
a function of spectral width as obtained from the azi-
muthal scan shown in Fig. 1 and the corresponding spec-
tral width data. The number of data points per spectral
width bin is shown in the lower frame of the figure. It
is evident from Fig. 3 that the standard deviation de-
pends strongly on the spectral width which is, among
other things, affected by wind shear and turbulence
(Doviak and Zrnić 1993). The flattening of the curve
for larger spectral widths (.3 m s21) is an artifact
caused by a decreasing number of data points and lim-
itations of the method for calculation of the standard
deviation. The excessive number of data points having
a spectral width of 0.2 m s21 seems unrealistic, and is
probably caused by a shortcoming in the radar processor
or Rainbow software. Although the overall trend of the
standard deviation in Fig. 3 compares favorably to cal-
culations by Doviak and Zrnić (1993), a quantitative
comparison is hampered by lack of information on, for
instance, the signal-to-noise ratio.

Because the dual PRF dealiasing is completely han-
dled by the radar processor, the primary dual PRF ve-
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FIG. 4. Std dev of the primary dual PRF velocity estimates as a
function of the std dev of the original–dealiased velocities for the set
of 300 azimuthal scans (see section 3). The solid line with an intercept
and slope of 0.1 6 0.1 m s21 and 5.3 6 0.2, respectively, is determined
using linear regression.

FIG. 5. Scheme illustrating the origin of the dealiasing errors in
velocity data obtained using the dual PRF technique. The distribution
of deviations of the primary velocity estimates is depicted. The pa-
rameters influencing this distribution, that is, std dev and bias, are
indicated. The unambiguous velocity interval of the low PRF mea-
surement for N 5 3 unfolding has been indicated in the figure as
well. The fraction of incorrectly dealiased data points is marked by
the shaded area.

locity estimates are not available for further analysis.
The primary dual PRF velocity estimates can, however,
be reconstructed to a large extent from the dealiased
data. For this, it is crucial that for each ray, it is known
whether high or low PRF has been used during acqui-
sition. When this information is not available, as in our
case, it has to be deduced from the outlier analysis as
presented in Fig. 2. The first step in the reconstruction
is to fold the dealiased velocities back to their original
fundamental Nyquist interval by adding or subtracting
a multiple of 2 or 2 for high or low PRF, respec-u uV Vh l

tively. Subsequently, the primary dual PRF velocity es-
timate can be calculated for each valid data point using
Eq. (5) when valid data are present in the same range
bin of the previous ray as well. Using the method de-
scribed previously, the standard deviation of the recon-
structed, primary dual PRF velocity estimates can be
calculated.

In Fig. 4, the standard deviation of the primary dual
PRF velocities is plotted as a function of the standard
deviation of the corresponding dealiased velocities us-
ing the set of 300 azimuthal scans (see section 3). A
high correlation between the standard deviation of the
primary dual PRF velocities and that of the dealiased
velocities is evident from Fig. 4. The line determined
using linear regression is shown in the figure as well.
The resulting intercept and slope are 0.1 6 0.1 m s21

and 5.3 6 0.2, respectively. Thus, the standard deviation
is about 5 times as large as that of the dealiased/original
velocities, which is in almost perfect agreement with
the theoretical ratio for N 5 3 unfolding [see Eq. (7)
and Table 1].

The large standard deviation of the primary velocity
estimate is, together with possible azimuthal shear of

the radial wind, the main cause of dealiasing errors (out-
liers) in dual PRF velocity data (Dazhang et al. 1984;
May 2001). The origin of the dealiasing errors has been
depicted schematically in Fig. 5. On the horizontal axis,
the deviation of the primary velocity estimate relative
to its unambiguous value is given. The Gaussian curve
represents the distribution of possible deviations of the
primary velocities, as implied by its standard deviation
(slh). The dual PRF technique employing data of the
current and previous ray neglects azimuthal shear of the
radial wind, that is, differences of true radial velocities
in both rays. By insertion of a velocity difference in Eq.
(5), the bias of the primary velocity estimate due to
wind shear is obtained:

2NDS when PRF is low˜DV (DS) 5 (8)lh 5(N 1 1)DS when PRF is high,

where DS is the azimuthal shear of the radial wind com-
ponent. The bias, which has been indicated in Fig. 5,
gets more pronounced for higher unfolding factors. The
unambiguous velocity interval of the low PRF mea-
surement for N 5 3 unfolding has been indicated in the
figure as well. When the primary dual PRF velocity
estimate is deviating more than the unambiguous ve-
locity, the original velocity is assigned to an incorrect
Nyquist interval. The fraction of incorrectly dealiased
data points h, which is marked by the shaded area in
Fig. 5, can be calculated using

u u˜ ˜1 V 2 DV V 1 DVi lh i lhh 5 erfc 1 erfc (9)i 1 2 1 2[ ]2 Ï2s Ï2slh lh

1
h 5 [h 1 h ], (10)l h2

where erfc(x) is the complementary error function (Press
et al. 1992). This equation describes the effect of both



APRIL 2003 449H O L L E M A N A N D B E E K H U I S

FIG. 6. Fraction of dealiasing errors as a function of the std dev
of the original–dealiased velocities. About 300 different azimuthal
scans (see section 3) have been used to compile this figure. In ad-
dition, three theoretical curves for azimuthal wind shears of 0, 1, and
2 m s21 are shown.

standard deviation and wind shear on the fraction of
dealiasing errors in dual PRF velocity data.

The fraction of velocity outliers and the standard de-
viation of the dealiased velocities can be determined
from a dual PRF Doppler azimuthal scan using the meth-
od described previously (see Fig. 2). In Fig. 6, the frac-
tion of outliers is plotted as a function of the standard
deviation of the dealiased velocities for the set of 300
azimuthal scans (see section 3). In addition, the theo-
retical dependence as implied by Eq. (10) is plotted for
three different azimuthal shears of the radial wind. The
standard deviation of the original/dealiased velocities
has been converted to that of the primary dual PRF
velocity estimates using the multiplication factor given
by Table 1. The solid curve representing the theoretical
fraction of outliers without any wind shear neatly sets
the lower boundary for the experimental data. The ma-
jority of the experimental data points in Fig. 6 are
grouped around the theoretical curve for an azimuthal
shear of 1 m s21. For a typical standard deviation of
0.5 m s21, the fraction of dealiasing errors is on the
order of 0.01. For higher unfolding factors, the number
of dealiasing errors will increase dramatically due to the
increase of the standard deviation of the primary ve-
locity estimate. Equation (10) can also be utilized to
quantitatively investigate the effect of changing the un-
folding factor from N 5 3 to, for instance, N 5 4. For
a typical standard deviation of 5 0.5 m s21 and as
wind shear of DS 5 1.5 m s21, the fraction of outliers
increases from 0.008 to 0.05 upon this slight increase
of the unfolding factor. It will be detailed below that a
certain amount of dealiasing errors can be corrected in
a reliable way.

5. Correction of dual PRF data
From the preceding it is evident that radial velocity

data obtained using the dual PRF technique cannot be

fed as such to feature detection algorithms or a dual
Doppler wind field analysis. In this section a three-step
postprocessing algorithm is proposed that enhances the
quality of the dual PRF velocity data significantly. This
algorithm is intended for real-time operational use and
will be implemented at KNMI in the near future. It will
be shown that the quality of the dual PRF velocity data
thus becomes high enough to enable all kinds of further
use. The postprocessing algorithm essentially consists
of the following steps.

1) Group-size filtering. The dual PRF velocity data are
filtered based on the size and the clutter fraction of
groups of connected data points.

2) Global dealiasing. Dealiasing of radial velocities
that fall outside of the extended unambiguous ve-
locity interval is primarily performed to ensure ro-
bustness of the algorithm, because the extended un-
ambiguous velocity interval is usually large enough.

3) Local dealiasing. Using the known error character-
istics of the dual PRF data, velocity outliers are cor-
rected in an efficient way.

It should be noted that these steps have to be per-
formed on the data in the listed order. All steps of the
algorithm will be described in more detail below.

During the first step, clutter and noise are removed
from the dual PRF data by filtering on group size. As
a start, the rays that are blocked by nearby buildings
are removed entirely from the azimuthal scan. Subse-
quently, a filter based on the size and clutter fraction of
groups of connected data points is applied. For this,
groups of connected and valid data points are labeled
using an efficient algorithm described by Gonzalez and
Woods (1992) and a ready algorithm for sorting labels
into equivalent classes (Press et al. 1992). The labeling
algorithm only looks for connections via the four closest
neighbors of each data point. The periodic boundary of
the polar radar data in azimuthal direction is treated
properly. Then, the number of data points and ‘‘zero
velocity’’ points (V , 1.5 m s21) per group of connected
data points are counted. Groups consisting of less than
a certain minimum number of data points are removed
entirely from the azimuthal scan. In Fig. 7, the minimum
number of data points per group is plotted as a function
of the maximum range of the group. The minimum
group size is 25 at zero range, and it gradually decreases
to 10 at maximum range. The rationale behind this range
dependence is the decrease of the volume represented
by each data point for a shortening range. Up to a range
of about 25 km, groups containing more zero velocity
points than other points are removed entirely from the
azimuthal scan as well. Via this group size filtering,
noise from incidental scatterers at short ranges and per-
sistent clutter due to sidelobes are removed effectively
without affecting the signal at long ranges. After filter-
ing of a scan, the minimum size of groups of connected
data points is known, and this will be of advantage
during the third step of the algorithm. In the remaining,
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FIG. 7. Minimum required number of data points per group as a
function of the maximum range of the group. This parabolic curve
is characterized by the minimum group size at zero range (25) and
that at maximum range (10), where the parabola has its minimum.

all valid data points will be preserved and only be cor-
rected when needed.

The global dealiasing, which is the second step, usu-
ally has no effect on the data, but is designed to restore
large-scale dealiasing errors. Velocities outside of the
extended unambiguous interval, which is 40 m s21 in
our case, cannot be dealiased correctly by the dual PRF
technique. These dealiasing errors will result, just as for
single PRF velocity data (Doviak and Zrnić 1993; Eilts
and Smith 1990; Jing and Wiener 1993), in long bound-
aries of velocity discontinuities and large areas with
incorrect velocity values. For dual PRF data, however,
large-scale dealiasing errors are less likely to occur be-
cause of the extended unambiguous velocity interval.
Numerous methods for dealiasing of single PRF data
that in principle can also be applied to dual PRF data
have been developed (Ray and Ziegler 1977; Merritt
1984; Desrochers 1989; Eilts and Smith 1990; Jing and
Wiener 1993). Most methods rely heavily on local con-
tinuity of the wind field and use a reference wind profile
(Eilts and Smith 1990) or a wind model (Merritt 1984)
for dealiasing of isolated areas. Taking into account the
large unambiguous interval of the dual PRF data, a rath-
er straightforward method based on a reference wind
profile is adopted. The wind profile is used to determine
the proper Nyquist interval for each data point (Hen-
nington 1981), and the velocities are dealiased by adding
or subtracting 2 (.80 m s21). An upper-air soundinguV lh

or a model profile can be used as the reference profile,
but the use of a radar velocity azimuth display (VAD;
Browning and Wexler 1968) or volume velocity pro-
cessing (VVP; Waldteufel and Corbin 1979) profile is
preferred. These radar wind profiles are based on a linear
wind model and are by definition available at the radar
site. Aliasing errors are generally no problem in these
profiles, because of differences in measurement strategy
and corrections made by the profile algorithms. This
step is implemented as a safety because the third step
cannot handle large-scale dealiasing errors.

During the third and final step, local dealiasing errors
are corrected using the known error characteristics of
dual PRF data. It has been detailed in section 4 that

these outliers can be identified by their deviation from
the local median velocity. The calculation of the local
median velocity is based on at least nine valid data
points. In first instance the nine data points are sought
in the 3 3 3 square centered at the data point. When
not enough valid data points are present in this square,
the square is enlarged step by step until the required
number of points is collected. The ‘‘adaptive’’ local me-
dian velocity can be determined for each data point,
since the minimum number of connected points per
group is known from the group size filtering of the first
step. Data points deviating more than the unambiguous
velocity from the local median velocity are considered
as outliers. For both the detection and correction of the
outliers, it is crucial that the PRF (high or low) and thus
the unambiguous velocity is known for each ray. This
information can be obtained from the histogram analysis
presented in Fig. 2, but it should be extracted from the
radar processor to ensure operational robustness. The
deviation of the outliers from the local median velocity
is minimized by adding or subtracting multiples of twice
the appropriate unambiguous velocity. By correcting the
outliers in this way, the spatial resolution of the velocity
data is retained and no smoothing of any kind is applied.
In addition, this correction method is very efficient be-
cause the local median velocity is determined from nine
valid data points thus allowing up to four nearby out-
liers. Several passes of the local dealiasing algorithm
may be required when the local concentration of outliers
is high, for instance in areas with a high wind shear or
a large spectral width.

The improvements provided by the three-step post-
processing algorithm are illustrated by two examples in
Fig. 8. The upper frames of this figure show the raw
and processed velocity data obtained during the passage
of a cold front. This case is also shown in Fig. 1 and
details have been given in section 4. It is evident that
the raw velocity data in Fig. 8a of the figure contain
numerous deliasing errors. The velocity data after the
group size filtering and a single pass of the local de-
liasing algorithm are shown in Fig. 8b. Application of
the global dealiasing step is not needed because the wind
speed is well below the extended unambiguous velocity.
For these long ranges and large groups of connected
data points, the group size filtering has hardly any effect.
The first pass of the local dealiasing algorithm effec-
tively corrects the outliers. Two remaining outliers in
the upper-right corner are corrected after a second pass.
Velocity data obtained from showers in past-frontal cold
air are shown in Figs. 8c,d. Some of these showers
produced hail and/or severe wind gusts up to 28 m s21.
The raw velocity data shown in Fig. 8c are clearly con-
taminated by noise, sidelobe clutter, and outliers. Figure
8d shows the velocity data after group size filtering and
a single pass of the local dealiasing algorithm. At this
short range, the group size filter removes noise and clut-
ter without effecting the main structures. All velocity
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FIG. 8. Two examples of raw and processed dual PRF velocity data. (a), (d) Velocity data from 1454 UTC 6
Nov 2001: (a) also shown in Fig. 1; (b) the processed data. (c), (d) Velocity data from 1054 UTC 22 Nov 2001.
The raw and processed data are shown in (c) and (d), respectively. In both cases, group size filtering and a single
pass of the local dealiasing algorithm have been applied. Two remaining outliers in (b) are marked.

outliers are corrected by a single pass of the local de-
aliasing algorithm.

Preliminary results on the performance of the post-
processing algorithm have been obtained. The algorithm
has been applied to the set of 300 azimuthal scans (see
section 3). During the processing of the scans, the av-
erage fraction of outliers and the percentage of high-
quality scans have been monitored. Azimuthal scans
with a fraction of outliers h smaller than 0.001 are de-
fined to be of ‘‘high quality’’ in this study. The results
for the raw scans, the group size filtered scans, and the
corrected scans after one, two, and three pass(es) of local
dealiasing algorithm are listed in Table 2. The global
dealiasing step has been skipped because the maximum

wind speed in the set of azimuthal scans is considerably
lower than the extended unambiguous velocity. The av-
eraged outlier fraction of the untreated scans is roughly
0.01 and the percentage of high quality scans is only
3.5%. On average, about 7% of the data points are re-
moved by group size filtering of the azimuthal scans.
The first pass of the local dealiasing algorithm decreases
the average fraction of outliers by a factor of 25 and
increases the percentage of high quality scans to roughly
90%. After the second pass, the percentage of high qual-
ity scans is already approaching 100%. So high quality
velocity data are usually obtained by application of the
postprocessing algorithm with only a single pass of the
local dealiasing algorithm.
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TABLE 2. Results of the application of the three-step postprocessing algorithm on the set of 300 azimuthal scans (see section 3). The
average fraction of outliers and the percentage of high quality scans, that is, with a fraction of outliers h , 0.001, are considered. Theh̄
results for the raw scans, the group size filtered scans, and the corrected scans after one, two, and three pass(es) of local dealiasing algorithm
are listed.

Raw Filter First pass Second pass Third pass

h̄
h # 0.001

0.011
3.5%

0.010
4.2%

3.9 3 1024

89.5%
1.1 3 1024

99.3%
6.3 3 1025

99.7%

6. Conclusions

Fields of radial velocity data obtained using the dual
PRF technique have been analyzed quantitatively. The
standard deviation of the velocity estimates and the frac-
tion of dealiasing errors are extracted. In addition, the
positions of the outlier sidebands as observed for rays
with even and odd azimuths can be used to assign the
proper PRF to each ray. It is shown experimentally that
the standard deviation of the velocity estimates depends
on the spectral width and thus on the meteorological
circumstances. A simple model has been employed to
describe the dependence of the fraction of dealiasing
errors on the standard deviation of the velocity estimates
and the azimuthal shear of the radial wind. Quantitative
agreement between the observed and modeled fraction
of dealiasing errors as a function of the standard de-
viation is found.

A three-step postprocessing algorithm for enhancing
the quality, and thus the employability, of dual PRF
velocity data has been developed. The postprocessing
algorithm, which removes noise and corrects dealiasing
errors, is intended for operational use. The spatial res-
olution of the velocity data is retained, however, because
no smoothing is performed. Preliminary results on the
performance of the algorithm have been obtained by the
processing of about 300 azimuthal scans. It is found that
high quality dual PRF velocity data, that is, scans with
a fraction of outliers smaller than 0.001, are produced
routinely using the three-step algorithm. The majority
of the azimuthal scans (90%) are upgraded to high qual-
ity by the group size filtering and a single pass of the
local dealiasing algorithm, while for the remaining ones,
only two or three passes are needed. In conclusion, the
postprocessing algorithm is very efficient and produces
dual PRF velocity data of high quality. Bird migration
and ground clutter may still cause problems in the pro-
cessed dual PRF velocity data, just as they would in
single PRF data. The postprocessing algorithm for dual
PRF data will be implemented at KNMI, and this will
enable further development of Doppler radar applica-
tions, like detection of wind shear, dual Doppler wind
fields, and assimilation into NWP models.
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