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ABSTRACT

A new dealiasing scheme uses the full four-dimensionality available in an operational Doppler radar data
stream. It examines one tilt angle at a time, beginning at the highest elevation where clutter is minimal and
gate-to-gate shear is typically low compared to the Nyquist velocity. It then dealiases each tilt in descending
order until the entire radial velocity volume is corrected.

In each tilt, the algorithm performs six simple steps. In the first two steps, a reflectivity threshold and filter
are applied to theradial velocity field to remove unwanted noise. Thethird step initializes dealiasing by attempting
to adjust the value of each gate by Nyquist intervals such that it agrees with both the nearest gate in the next
higher tilt and the nearest gate in the previous volume. The gates that pass the third step at a high confidence
level become the initial values for step four, which consist of correcting the neighboring gates within the scan,
while preserving environmental shear as much as possible. In step five, remaining gates are compared to an
average of neighboring corrected gates, and anomal ous gates are deleted. As a last resort, step six uses a velocity
azimuth display (VAD) analysis of the wind field to interpret and correct any remaining isolated echoes.

This scheme uses all available data dimensions to interpret and dealias each tilt and is efficient enough to
operate on a continuous data stream. It performs reliably even in difficult dealiasing situations and at low Nyquist
velocity. During two complex events observed by low-Nyquist Doppler radar in the European Alps, 93% of
4300 tilts were dealiased without error. When errors did occur, they were usually confined to small regions and
most frequently resulted from the occurrence of gate-to-gate shear that was impossible to resolve by the Nyquist
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velocity.

1. Introduction

During the 1999 Mesoscale Alpine Programme
(MAP; Binder et al. 1995; available online at
www.map.ethz.ch; Bougeault et al. 2001), a ground-
based Doppler radar array was configured to deduce
the microphysical structure and three-dimensional
wind field of precipitating systems over the southern
slopes of the European Alps. According to Georgis
et al. (2000), it was the third meteorological experi-
ment ever conducted in complex terrain that provided
multiple-Doppler observations, and only the second
to focus on the evolution of the three-dimensional
wind field over topography. More importantly, it was
the first project of this type to produce three-dimen-
sional Doppler radar syntheses of the mesoscal e wind
in real time (Chong et al. 2000; syntheses available
online at www.joss.ucar.edu/map/catalog/). These
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syntheses could not have been achieved without first
removing aliasing error from the radial velocity fields
by efficient, automatic dealiasing algorithms.

Aliasing occurs when the radar’s pulse repetition fre-
guency (PRF) istoo low to resolve the phase shift A¢
that occurs between successive pul ses reflected by mov-
ing precipitation particles. This phase shift may be ex-
pressed as

47V,
Ag = APRF’ @)

in which A is the radar wavelength and V, is the radial
component of the target’'s velocity [see Houze (1993)
for further discussion]. The discrete sampling of the
phase of reflected waves at a fixed time interval (or
PRF) means that the true phase shift A¢ can never be
known with certainty. The apparent phase shift detected
by the radar may differ from the true A¢ by plus or
minus some integer multiple of 2. This circumstance
is called aliasing. The maximum target velocity that will
produce no aliasing is called the Nyquist velocity and
is given by

APRF
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The apparent radial velocity V, (assuming no aliasing)
depends on V, and V, as

V, =V, + 2nv,, (3)

where n is an unknown integer (positive or negative).

Dealiasing (often called unfolding) is the process of
determining n at each radar gate such that the true radial
velocity field (V,) is retrieved from the apparent radial
velocity field (V,). In operational meteorology and in
field research, dealiasing must be achieved automati-
cally because of the vast quantity of radar data received
in a given time interval. Dealiasing algorithms devel-
oped prior to this study have used either one-dimen-
sional (radial) or two-dimensional (radial and azimuth-
al) continuity constraints to remove folds. Provided that
an initial value of V, is obtained at one of the gatesin
each contiguous data region, these schemes adjust V, at
the remaining gates by multiples of 2V, to minimize
gate-to-gate shear and retrieve V,. Thus, dedliasing is
similar to solving an initial value problem, where first-
order derivatives are integrated over some interval and
added to a specified initial value.

The efficacy of a dealiasing algorithm depends on
radar characteristics and environmental conditions. In
high wind events, and at low V,, multiple folds lead to
poor performance of the algorithm. When the gate-to-
gate shear is poorly resolved by V,, it is difficult and
sometimes impossible to retrieve V,. Stratiform precip-
itation echoes are more continuous and therefore easier
to dealias than are convective echoes.

In orographic precipitation, dealiasing is particularly
difficult. Convective initiation is common over orog-
raphy (Banta 1990). The influence of mountains on the
atmosphere results in a myriad of complex flow phe-
nomena such as flow blocking, barrier jets, downslope
flow, vorticity generation, and local wind systems
(Smith 1979; Durran 1986; Schar and Durran 1997;
Whiteman 1990). These effects produce horizontal and
vertical shears that complicate dealiasing. When radar
beams encounter mountains, low-valued velocities re-
sult, which, if not removed, can be misinterpreted by
dealiasing algorithms during strong wind events. Beam
blockage also splits single precipitation systems into
multiple radar echoes, further complicating the dealias-
ing problem.

An algorithm’s performance also strongly depends on
its design and the characteristics of the radar to which
it is applied. Two important features that differentiate
the existing dealiasing algorithms are the method used
to produce initial valuesin each contiguous data region
and the algorithm’s ability to remove aliasing within
that region in spite of strong shear, noise, and clutter.
In preparing for MAPR, we found that the existing de-
aliasing schemes did not work well for the Swiss Me-
teorological Agency’s Monte Lema radar (Joss et al.
1998). This radar operates with a particularly small Ny-
quist velocity of 8.27 m s in the lowest tilts over the
mountainous terrain. The resulting severe aliasing prob-
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lems led usto develop a more comprehensive dealiasing
scheme, which uses the full four-dimensionality of an
operational Doppler-radar data stream to remove aias-
ing error. The purpose of this paper is to describe this
powerful new dealiasing method and present the four-
dimensional dealiasing algorithm.

2. Previous dealiasing algorithms

The first dealiasing a gorithms were one-dimensional
schemes using only radial information to diagnose and
remove folds. Ray and Ziegler (1977) required that the
gates in all or part of a radial be normally distributed
about their mean. They adjusted outlying gates by mul-
tiples of n. This technique can be effective only when
the data are well approximated by a Gaussian distri-
bution and only minor aliasing occurs.

Bargen and Brown’s (1980) one-dimensional scheme
used spatial continuity along each radial to removelocal
folds. They assumed that the first gate in each radial
was free of error. They compare successive gates in the
radial with averages of previously dealiased gatesin the
radial to evaluate the number of folds at each gate. How-
ever, strong wind events tend to violate the first-gate
assumption. Their scheme therefore permits user inter-
vention such as specifying an initial velocity, the num-
ber of preceding gatesto include in the running average,
or the dedliasing direction (i.e., radially away from or
toward the radar and azimuthally clockwise or coun-
terclockwise). The user is also permitted to edit the data.
Nevertheless, user intervention is not feasible for real-
time applications or very large datasets. In addition,
Eilts and Smith (1990) suggest that one-dimensional
continuity schemes cannot unambiguously dealias shear
zones without incorporating other data dimensions.

Hennington's (1981) algorithm incorporated avertical
wind profile from a nearby sounding to calculate the
radial component of the environmental wind field V,,,
In this approach, n is determined using the expression

n = ni nt(vie"v - Va), 4)

in which nint is a function that returns the nearest in-
teger. However, this equation assumes that V, fallswith-
in the range =2V,,, which is unreasonable for radars
with low V,, or during high wind events. Hennington’s
use of an environmental sounding neglects horizontal
shear and requires the availability of a nearby sounding
or wind profile. In addition, it fails to incorporate data
continuity between adjacent radar gates to diagnose and
remove aliasing.

Most dealiasing algorithms developed since the early
1980s have implemented spatial continuity constraints
as well as some general information about the wind
field. Thus they have combined the approaches of Bar-
gen and Brown (1980), Hennington (1981), and others.
The operational Weather Surveillance Radar-1988
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Doppler (WSR-88D) algorithm (Eilts and Smith 1990)
uses a vertical wind profile from an environmental
sounding to produce initial values for each elevation
scan and for isolated echoes. Otherwise, the scheme
applies radial continuity constraints to remove local al-
iasing error and azimuthal continuity checksto mitigate
error. The scheme also incorporates radial averages to
determine n when continuity thresholds are not met.
Thus, the scheme incorporates both supplemental wind
information and two-dimensional continuity. It is effi-
cient and has proven highly effective over the Great
Plains for V,, values between 20 and 35 m s,

Merritt (1984) developed a wind-field model tech-
nique that uses the radial velocity field around an azi-
muth circle to determine the wind direction. The wind
model, which is alowed to vary with height while ne-
glecting horizontal shear, helped to interpret isolated
echoes. Bergen and Albers (1988) expanded Merritt’'s
scheme using WSR-88D velocity azimuth display
(VAD) wind profiles (Browning and Wexler 1968) to
include the magnitude of the wind as well as the direc-
tion. They found that VADs were adequate to resolve
isolated data; however, their algorithm tests were per-
formed for weak horizontal shear and with Nyquist ve-
locities greater than or equal to 17 m s—*. Bergen and
Albers also experimented with a three-dimensional de-
aliasing approach. They tested several volume scans us-
ing vertical continuity from tilt to tilt to provide addi-
tional information to dealias isolated areas. They found
that the three-dimensional technique performed just as
well as the two-dimensional technique, and it reduced
the need for auxiliary wind information from a VAD.

Jing and Wiener (1993) developed a sophisticated
two-dimensional algorithm that solved a linear system
that minimized gate-to-gate shear in each isolated echo.
This technique assumes a smooth environmental wind
field with weak shear and compares each locally deali-
ased echo to an environmental wind field estimate or
VAD wind profile. The calculated average is then min-
imized by incrementing n equally over the entire echo.
Jing and Wiener also assume that the average local wind
observed by radar is less than V,,.

Yamada and Chong (1999) produced an algorithm
that first locates the azimuth circle in each tilt that con-
tains the largest number of valid velocity gates. Azi-
muthal continuity-based dealiasing is then applied, and
the VAD from the single azimuth circle is fitted to a
second-order Fourier series. The zero-order Fourier co-
efficient is incremented by Nyquist intervals (i.e., mul-
tiples of 2V,) to retrieve V, over the entire azimuth
circle, which can subsequently be used to correct ad-
jacent gates in the tilt. Unfortunately, this approach is
only satisfactory when the available data coverage is
high, the noise level islow, nonlinear wind components
are negligible, and the Nyquist velocity is high.

Although dealiasing schemes have progressed sig-
nificantly, none prior to the present study utilizes the
full four-dimensionality now available in most opera-
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tional Doppler data streams. Instead, they rely heavily
on auxiliary wind information such as soundings, wind
models, or VADSs. In various degrees, the schemesthere-
forefail to capture the full complexity of the wind field.
They neglect horizontal wind shear, which is an im-
portant consideration during severe events and in com-
plex terrain. Furthermore, few of these algorithms have
been tested at low V,, (i.e., less than 15 m s~*) where
the dealiasing problem is particularly challenging, or
over complex orography.

3. Description of four-dimensional dealiasing
(4DD)

a. General philosophy and approach

Bergen and Albers (1988) suggested that adding the
vertical dimension to a two-dimensional dealiasing
scheme more accurately interprets the environmental
wind field and diminishes an algorithm’s requirements
for auxiliary wind information. This reasoning can be
extended to include the fourth dimension: time. We have
devel oped four-dimensional dealiasing (4DD); ascheme
that utilizes the four-dimensionality currently available
with most operational Doppler data streams. 4DD was
developed for and successfully used in real-time oper-
ation during MAPR It performed well in ahighly sheared
orographic regime at low V..

4DD dso requires auxiliary wind information, but its
dependence on thisinformation is greatly reduced using
the time dimension. In a series of radar volumes, the
best approximation to the radial velocity field in agiven
volume is probably the velocity field of the previous
radar volume as long as that field has been properly
dealiased. Using the vertical dimension can also greatly
improve dealiasing algorithm performance. Since op-
erational radars usualy employ higher PRFs at higher
tilt angles, dealiasing is less difficult in the higher tilts.
Noise, clutter, and wind shear also typically diminish
with height, and higher tilts are therefore a valuable
resource for dealiasing adjoining lower tilts. In addition
to vertical and temporal continuity, 4DD usesboth radial
and azimuthal dimensionsto interpret shear zones. Con-
tinuity constraints are also applied between gates that
share the same corner, that is, that are diagonally ad-
jacent, thus further removing ambiguities caused by en-
vironmental shear.

Although 4DD uses all available datadimensions plus
auxiliary wind information, the algorithm’s construction
issimple and straightforward (Fig. 1). Processing begins
by reading into memory both the current radial velocity
volume (CVR) and, if available, the previously deali-
ased radial velocity volume (PDVR). Other algorithm
inputs include the reflectivity field (DZ) and an envi-
ronmental wind profile from a VAD analysis or sound-
ing. The environmental wind data are loaded one height
level at a time, beginning at low levels where VAD
winds are typically more reliable. Then, as each level
is loaded in succession, a vertical shear check is per-
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FiG. 1. Flowchart depicting the processing chain performed on
each radar volume by 4DD.

formed between the previous level and the current level.
The current wind vector is deleted if the magnitude of
the shear exceeds a user-specified threshold (default >
0.05 s71). The removal of strong vertical shear removes
potentially erroneous winds and strong small-scale var-
iability in the environmental wind profile. Once all lev-
els are loaded that fall within the required shear thresh-
old, the wind is linearly interpolated and the radial ve-
locity field is estimated for each radar gate assuming
standard atmospheric refraction (e.g., Doviak and Zrni¢
1993) and negligible horizontal shear. The result is a
smoothed, synthetic radial velocity field (hereafter
EWVR).

After loading PDVR, EWVR, and CVR into memory,
the algorithm examines CVR tilt by tilt, starting at the
highest elevation where clutter is minimal and gate-to-
gate differences in radial velocity are typicaly small
compared to the Nyquist velocity. It then dealiases the
lower tilts in descending order until the entire radial
velocity volume is corrected. The algorithm performs
six basic stepsin each tilt: thresholding, filtering, initial
dealiasing, spatial dealiasing, window dealiasing, and
auxiliary dealiasing. A description of these six steps
follows.

b. Thresholding

When the signal-to-noise ratio (SNR) is low, radar
measurements are more affected by clutter, second-trip
echoes, and other errors. Bergen and Albers (1988) note
that low SNR gates should be removed prior to dealias-
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ing to improve an algorithm'’s efficiency and to remove
artificial gradients that can be misinterpreted asaliasing
error. Bargen and Brown (1980) suggest thresholding
as one possible way to remove noise. Prior to dealiasing,
4DD deletes all radial velocity gates in which the re-
flectivity falls outside of a user-specified valid range
(default 0-80 dBZ). Another input parameter allowsthe
user to delete a radial velocity gate when the corre-
sponding reflectivity value is missing. As aresult of the
dBZ thresholding, many of the low SNR returns are
removed. A more robust approach would beto threshold
on raw power, spectral width, and/or normalized co-
herent power measurements; however, these fields are
often not available in real-time operational data streams.

c. Filtering

Following data thresholding, a simple and compu-
tationally efficient Bergen and Albers (1988) filter is
applied to remove isolated gates. Depending on the de-
aliasing algorithm, Bergen and Albers claim that the 3
X 3 filter can improve algorithm efficiency by a factor
of 5 or more. Each gate within the radar tilt that contains
avalid radial velocity value is considered. If more than
three of its eight neighboring gates are missing, it is
assigned a missing value flag and eventually deleted. A
second pass through the tilt then deletes any remaining
gates in which all of the neighboring gates have been
removed. Thistechnique removesisolated pointsaswell
as guestionable velocities in ** speckled” regions (usu-
ally between 2% and 4% of the velocity gates are de-
leted). In good data regions, the filter effectively pre-
serves echo boundaries and shapes, although a few of
the gates that form sharp echo boundaries are removed
[see Bergen and Albers (1988) for more details].

d. Initial dealiasing

Following thresholding and filtering, initial dealiasing
is performed. Initial dealiasing is performed in each tilt
using temporal and vertical continuity and is based on
a simple scaling argument. For typical mesoscale flow
resolved by Doppler radar, the local time rate of change
of wind velocity dV/dt scales as

Uz (10ms?)?

= 1
3 0°m 0.0l ms (5)
Since |V,| = |V],
AV,
A_tr ~0.01ms?t orless, (6)

where At isthe time interval between consecutive radar
volumes. Therefore, neglecting measurement error and
noise, the change in the true radial velocity between
successive volumes AV, is on the order of 3 m s~* or
less for a 5-min volume scan.

PDVR is therefore a good estimate of CVR, as long
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as 'V, islarger than AV,, and it is generally possible to
dealias CVR against the PDVR. Unfortunately, such a
simple time continuity constraint, when used aone, al-
lows errors in the previous volume to pass into the cur-
rent volume and propagate indefinitely through the data
stream. In addition, measurement error, noise, strong
wind shear, and strong accelerations can produce large
AV, valuesthat are not well resolved by V, and generate
new errors.

To mitigate the devel opment and propagation of error,
4DD uses the vertical dimension along with the time
dimension to constrain initial dealiasing. Only those
gates in CVR that can be dealiased to within 0.25V,, of
the same gate in PDVR and 0.25V,, of the nearest gate
in the previous tilt above are considered correctly de-
aliased. These gates are saved and assigned a ‘‘good”’
flag; all others are left unaltered. This routine produces
a number of gates scattered throughout the tilt that are
dealiased to a high degree of confidence and that serve
as initial-value gates for spatial dealiasing.

If PDVR is unavailable (i.e., dealiasing is being ini-
tialized on the first of a series of volumes), EWVR is
used initsplace. Since EWVR isgenerated usingaVAD
or sounding (neglecting horizontal shear), dealiasing is
typically more problematic in the first few volumes in
a sequence. Ordinarily it should not be necessary to
reinitialize dealiasing as long as the data flow is unin-
terrupted by radar outages or communication problems.

e. Spatial dealiasing

In spatial dealiasing, good initial-val ue gates are used
to dealias adjacent gates spatially within the tilt. Each
gate that borders a good gate is adjusted by an integer
n such that it agrees with all of its neighboring good
gates (maximum eight) within a gate-to-gate shear
threshold* of 0.4V,. If this procedure is successful, the
value of the current gate in question is saved, flagged
as good, and used to deadlias other gates. Otherwise, it
is assumed that noise or shear has been encountered and
the algorithm saves the gate for future passes, thus al-
lowing the algorithm to postpone problem gates until
more good gates are available to interpret them. Post-
poning these difficult gates makes dealiasing more ro-
bust in high-shear regions. In addition, errors that more
commonly originate in high-shear regions are confined
to smaller areas since the surrounding gates are deali-
ased first.

During the first spatial dealiasing pass, 4DD scans
outward along each radial and progresses radial by ra-
dial in a clockwise direction. During each successive
pass, 4DD alternates between clockwise and counter-
clockwise progression while continuing to scan radially
outward. The purpose for employing alternating direc-

1 The threshold value 0.4 was obtained through preliminary tests
of 4DD. Threshold values greater than 0.4 produced more frequent
errors, while lower values decreased algorithm efficiency.
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Fic. 2. The behavior of the spatial dealiasing routine illustrated
within a hypothetical 9 X 9 azimuth—-range sector. The heavy dashed
lines indicate the boundaries of a shear zone with gate-to-gate shears
greater than 0.4V,,. All initial-value gates (i.e., those dealiased during
initial dealiasing that are available as initial values for spatial de-
aliasing) are labeled ““1.” Gates that are dealiased during the first,
second, and third spatial dealiasing passes are denoted “‘A,” “‘B,”
and *‘C,” respectively. It should be noted that spatial dealiasing scans
radially outward in clockwise (counterclockwise) order during the
first and third passes (second pass), and that the shear threshold is
relaxed from 0.4V, to 1.0V, before the third pass.

tions is to improve algorithm efficiency and to allow
4DD to dealias around shear zones and problem areas
during the first two passes. During the third pass, the
threshold is relaxed to 1.0V, and each gate must now
agree with only a majority of the neighboring good
gates, rather than all of them, for dealiasing to be con-
sidered successful. Thus, spatial dealiasing begins to
interpret the more difficult regions during its third pass
through each tilt and continues until completing a total
of 10 passes or until the number of remaining gateswith
adjacent good gates decreases to zero.

Figure 2 illustrates the behavior of the spatial de-
aliasing routine in a hypothetical range—azimuth sector.
In thisexample, it is assumed that the gate-to-gate shear
is less than 0.4V, over the entire sector except between
the two thick dashed lines. The initial-value gates (i.e.,
those that were dealiased by the initial dealiasing rou-
tine) arelabeled ‘1" inthefigure. During thefirst spatial
dealiasing pass, 4DD scans outward along each radial
in clockwise order (left to right in Fig. 2), incrementing
each available uncorrected gate by Nyquist intervals
until its value falls within 0.4V, of any adjacent initial-



OcTOoBER 2001

-7
-8
L | Initial-value gates
T 4 1 L__I Unedited gates
§n (b)
5]
217 | Initial-value gates
-8 |-14 -18 D First-pass gates
N m Second-pass gates
-12 ‘ /% ’ I:I Third-pass gates

Azimuth —

Fic. 3. Radial velocity values within a hypothetical 3 X 3 radar
echo (@) before and (b) after executing the spatial dealiasing routine.
In (@) initial-value gates are shaded, while uncorrected gates are not.
In (b) initial-value gates are shaded as in (&), while gates corrected
during the first, second, and third spatial dealiasing passes contain
gradually lighter shading to none.

value gate or previously corrected gate. If successful,
the value is saved and used to dealias other gates. If
unsuccessful, the gate isleft unchanged and is examined
during subsequent spatial dealiasing passes. In the sam-
ple range—azimuth sector (Fig. 2), anumber of gatesare
successfully corrected during the first pass (labeled
“A”). However, it is important to note that some gates
within the first four radials remain uncorrected after the
first pass simply because the radials are examined in
clockwise succession. Other gates remain because they
lie within the shear zone (between the dashed lines)
where the gate-to-gate shear exceeds the 0.4V, thresh-
old.

4DD then performs a second spatial dealiasing pass
in amanner identical to the first, except that the radials
are examined in counterclockwise succession. By al-
ternating the order in which the radials are examined,
most of the remaining gates (labeled B’ in Fig. 2) are
successfully dealiased during the second pass. Without
alternating from clockwise to counterclockwise between
successive passes, additional spatial dealiasing passes
would be required to achieve the same result, and the
algorithm’s efficiency would be significantly less.

After the second pass, only those gates located within
the shear zone remain uncorrected (labeled ““ C"’). These
remaining gates are more easily dealiased during the
third and subsequent passes, now that corrected gates
are available on both sides of the shear zone and the
gate-to-gate shear threshold is relaxed to 1.0V,. This
example demonstrates how 4DD is more forgiving of
strong gate-to-gate shear than other algorithms and ap-
proaches problem-dealiasing regionsfrom all sides. This
ability of the algorithm to save the most difficult de-
aliasing until the end reduces the areal extent of errors
when they occur and is analogous to the way a trained
observer would treat a difficult dealiasing problem.
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TABLE 1. 4DD’s test performance (3 and 5 Sep 1998).

Statistic Result
Total volumes dealiased 241
Number of volumes returned with error 134
Average number of tilts per volume with error 1.27
Average number of isolated echoes deleted per volume 0.25
Total number of tilts containing valid data 4300
Number of tilts with aliasing 2414
Number of tilts containing valid data returned without
error 3993
Number of tilts containing valid data returned with error 307

For the most problematic tilt in each volume

Average percentage of tilt area with error 3%
Average percentage of valid data area with error 10%

Figure 3 illustrates 4DD performance in more detail.
Figures 3a and 3b, respectively, depict the radial ve-
locity field within a hypothetical 3 X 3 gate radar echo
before and after spatial dealiasing. In this example, we
assume that the Nyquist velocity is 8 m st and that
only two of the nine gates have passed initial dealiasing
asinitial-value gates (shaded gates, Fig. 3a). During the
first pass of the spatial dealiasing routine, 4DD first
examines the left radial. The second and third gates are
considered good because the gate-to-gate shear between
successive gatesis less than 0.4V, (or 3.2 m s=*). How-
ever, the middleradial isleft uncorrected during thefirst
pass because none of the three gates in the radia can
be adjusted by Nyquist intervals (16 m s—1) such that
their values fall within 3.2 m s~ of their adjacent good
gates. In the third radial, the second gate is corrected
by adjusting its value by —16 m s=* such that it differs
from the adjacent initial-value gate by only 1 m s
Thus three gates are corrected during the first pass (me-
dium shading, Fig. 3b).

The algorithm then proceeds into the second spatial
dealiasing pass, which examines the right radial first. It
is found that by adjusting the first gate in that radial by
one Nyquist interval, its value becomes —15ms—* (pin-
stripe, Fig. 3b), which falls within 0.4V, of the adjacent
gate that was corrected during the previous pass (—18
m s~1). The algorithm then scans the middle radial, but
leavesall three gatesin theradial uncorrected sincenone
of them can be adjusted to agree with all their adjacent
good gates within 0.4V,. Only during the third pass is
the middle radial dealiased, because now the threshold
isrelaxed to 1.0V, (8 m s~1), and each gate is required
to agree with only a majority of its adjacent gates. In
Fig. 3b, it appearsthat dealiasing was properly achieved,
yet ambiguities result when the magnitude of the gate-
to-gate shear exceeds the Nyquist velocity, such as be-
tween the left and middle radials. In some high-shear
cases, the true radial velocity field becomes impossible
to retrieve, despite the fact that 4DD’s use of multiple
data dimensions is forgiving of strong shear.

f. Window dealiasing

Following spatial dealiasing, many gates may remain
uncorrected because they are not directly adjacent to
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groups of corrected gates. Prior to incorporating aux-
iliary wind information from a VAD or sounding, a
windowing step is performed because a local average
of good velocity gates is likely to be a better estimate
of thewind at a given gate than EWVR. During window
dealiasing, 4DD scansthrough the gatesthat still remain
to be corrected. Each gate is compared to the average
value of al good gates within a centered azimuth—range
window? of dimensions 11 X 11. If the population of
good gates within the window equals or exceeds 5, then
their collective mean and standard deviation are com-
puted; otherwise, the window is expanded to 21 X 21.
If the population of the enlarged window is still too
small, the central gate is saved for the auxiliary dealias-
ing routine. Otherwise, the central gate is adjusted by
increments of 2V, until its value falls within £V, of the
population mean. If the standard deviation is less than
a specified threshold and the gate in question can be
adjusted to within 0.7V, of the mean, then the value is
returned; otherwise, it is deleted because of the data
scatter in the vicinity of the gate. Gates with low scatter
and in close agreement (within 0.4V,) with the popu-
lation mean are flagged as good and used to dealias
other gates. 4DD tests indicate that a standard deviation
threshold of approximately 0.8V, generally works well.

0. Auxiliary dealiasing

After windowing, isolated echoes within the tilt may
remain uncorrected. If new echoes have developed or
moved within the range of the radar, initial dealiasing
fails to interpret them using temporal and vertical con-
tinuity. In regions where valid data are unavailable in
the adjoining tilt above, initial dealiasing also fails.
Some echoes may fail the initial dealiasing step simply
because the radial velocity values deviate from corre-
sponding gates in the previous volume and the adjacent
tilt. As a last resort, these echoes must therefore be
initialized using auxiliary wind information.

If auxiliary wind information (EWVR) isunavailable,
auxiliary deliasing obviously cannot be performed. If
PDVR is unavailable, EWVR is used as a substitute for
PDVR during initial dealiasing, and it is therefore not
necessary to use EWVR again during auxiliary dealias-
ing. Therefore, the auxiliary dealiasing routine is per-
formed only if both PDVR and EWVR are available.
During auxiliary dealiasing, an attempt is made to ini-
tialize each gate within the remaining uncorrected ech-
oes by comparing it with the corresponding gate in
EWVR. If its value can be adjusted by Nyquist intervals
such that it agrees to within 0.5V, of EWVR, the ve-
locity gate is saved, and a good flag is assigned. After
the isolated echoes are initialized using EWVR, spatial
dealiasing ensues within each echo.

2 |n order to maintain algorithm simplicity and efficiency, window
dealiasing considers azimuth-range windows rather than geographic
areas.
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TABLE 2. Leading causes of error by volume (3 and 5 Sep 1998).

Leading cause of improper Percent of total

dealiasing No. of volumes (134)
Unresolved shear: 73 54%
Horizontal shear 40 30%
Strong turbulence 25 19%
Vertical shear 8 6%
Echoes incorrectly interpreted
(using EWVR) 48 36%
Noise 8 6%
Unknown 5 4%

Following a maximum of 10 alternating clockwise
and counterclockwise passes through thetilt, those gates
that cannot be dealiased are deleted and dealiasing is
then complete for that tilt. Occasionally, isolated echoes
are encountered in which none of the gates can be de-
aliased to within 0.5V, of the auxiliary wind informa-
tion. 4DD makes no attempt to interpret these echoes
further, and they are del eted to prevent error propagation
into later volumes.

4. Algorithm performance

4DD operated in real time on C-band Doppler ve-
locity measurements from the Swiss Monte Lema radar
throughout the entire 2-month duration of MAP. The
time required to process the 20-tilt volumes on a Sun
Ultra10 workstation (300 MHz UltraSPARC-11i, 4.3 GB
HDD, 128 MB DRAM) ranged from approximately 5
to 20 s, depending on the quantity of valid gates con-
tained in the volume. This efficiency could have been
greatly improved by reading/writing a more compact
radar format than Universal Format (Barnes 1980).

The Monte Lema radar islocated at 1.6 km mean sea
level elevation on the southern side of the European
Alpswhere the flow and climatological precipitationare
strongly influenced by orography. Monte Lema veloc-
ities pose a challenge to any dealiasing algorithm be-
cause the lowest tilts are largely attenuated by terrain
clutter and fragmented by shadowing. Furthermore, with
awavelength A of 5.515 cm and a pulse repetition fre-
quency f of 600 s, V, equals just 8.27 m s~* in the
four lowest tilts [see Joss et al. (1998) for more details].

4DD nevertheless produced consistent and reliable
results during both convective and stratiform precipi-
tation events. This success could be attributed, in part,
to the availability of wind profile estimates from an
operational VAD algorithm (Germann 1999). Because
the VAD algorithm is capable of producing VADs from
an uncorrected radial velocity field, the wind profiles
were available for nearly every volume and provided
an excellent source for auxiliary wind information.
However, as stated before, the VAD winds were used
only when initializing the dealiasing chain and during
auxiliary dealiasing. Figure 4 shows a sample 0.5° tilt
dealiased by 4DD on 20 September 1999. On that day,
wind speeds exceeded 30 m s—* with considerable em-
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Fic. 4. A 0.5° radial velocity tilt acquired during MAP at 0202 UTC 20 Sep 1999 (a) before
and (b) after automatic real-time dealiasing via 4DD. The range-ring spacing is 20 km.

bedded convection and turbulence apparent in theradar 4DD correctly dealiased the noisy, doubly folded radial
fields. Even to the trained observer, manual dealiasing velocity field.

of this radial velocity tilt appears nearly impossible Prior to MAR 4DD was rigorously tested on 241 vol-
without some knowledge of the velocity field (see Fig. umes obtained during two complex events observed by
43). However, as exhibited in Fig. 4b, it appears that the Monte Lemaradar. Thefirst case (3 September 1998)
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exhibited embedded convection and considerable data
scatter near the Alpine crest that appeared to be asso-
ciated with strong turbulence. In the second case (5
September 1998), strong horizontal and vertical shear
was observed in conjunction with a squall line similar
to the one documented by James et al. (2000). By lo-
cating discontinuities in the radial velocity field, errors
were identified and the source of error in each volume
was investigated. The areal extent of the error in each
tilt was also estimated and documented. Table 1 sum-
marizes the test performance of 4DD during the two
events, with a total of 241 volumes examined. Results
indicate that over half (134) of the volumes contained
at least one erroneous gate. On the other hand, an im-
pressive 3993 or 93% of the 4300 tilts containing valid
data were correctly interpreted by 4DD. The average
number of tilts per volume containing errors was there-
fore 1.27 (usually in one of the lowest four sweeps
where V,, was lowest). To illustrate the areal extent of
these errors, the erroneous gates in the most problematic
tilt in each volume covered an average of just 3% of
the geographical area covered by thetilt. These statistics
indicate that though the errors produced by 4DD were
frequent, they were typically very localized. It should
also be kept in mind that these were highly turbulent,
sheared events at very low V, and that these statistics
are a pessimistic representation of the algorithm’s over-
all performance.

Table 1 also indicates that a number of isolated radar
echoes were deleted during auxiliary dealiasing (an av-
erage of one echo in every four volumes). As stated
earlier, the auxiliary dealiasing routine is designed to
delete echoes if none of the gates can be dealiased to
within 0.5V, of the corresponding gates in EWVR. The
fact that so many echoes were deleted by auxiliary de-
aliasing is an indication that the velocity field during
these high-shear events was not well approximated by
a one-dimensional environmental wind profile. These
results justify the need for four-dimensional dealiasing
algorithms that minimize the use of auxiliary wind in-
formation.

Table 2 tallies the leading source of dealiasing error
within all of the problematic radar volumes during both
events (134 volumes total). The errors originated from
a number of causes, the most common (54%) being
strong gate-to-gate shear that was poorly resolved by
V,. In some cases, the gate-to-gate shear approached
magnitudes of 2V, or more, making proper dealiasing
impossible by almost any means. The other major source
of error (36%) was the occurrence of isolated echoes
that were incorrectly interpreted by EWVR during aux-
iliary dealiasing. One surprising result implied from the
resultsin Table 2 is that error propagation between suc-
cessive volumes was not a significant source of error.
Once sources of error disappeared from the radial ve-
locity field (e.g., strong shear subsided or isolated ech-
oes became connected with other echoes), the errors
went away. Thus, the use of both vertical and temporal
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continuity constraints during initial dealiasing effec-
tively mitigated error propagation.

5. Conclusions

A review of existing radial velocity dealiasing al-
gorithms indicates that each neglects environmental
wind shear in one way or another. Early dealiasing al-
gorithms made simple assumptions about the character
of the wind field (e.g., Bargen and Brown 1980). More
recent schemes have relied on auxiliary information
from a nearby sounding (e.g., Eilts and Smith 1990), a
VAD wind profile (e.g., Bergen and Albers 1988), or a
radar-generated wind model (e.g., Yamada and Chong
1999). These approaches are too simplified to operate
in high-shear orographic regimes and/or at low Nyquist
velocity. The extensive use of auxiliary wind infor-
mation arises from the fact that these algorithms fail to
incorporate the full four-dimensionality available in
modern operational radar data streams.

Scaling arguments indicate that for typical mesoscale
flow resolved by operational Doppler radars, the pre-
vious radar volume adequately approximates the current
radial velocity field, if it is properly dealiased. Bergen
and Albers (1988) produced promising test results in-
dicating that the addition of the vertical dimension re-
duced the need for auxiliary wind information. Our
study shows that incorporating the vertical dimension
together with the time dimension helps mitigate the
propagation of errors between successive volumes and
effectively initializes dealiasing while minimizing the
need for other wind information.

Following initial dealiasing, based on time continuity,
4DD applies azimuthal, radial, and diagonal continuity
to remove local folds. The use of multiple dimensions
during spatial dealiasing makes 4DD less susceptible to
errors caused by strong shear and noise. The spatial
dealiasing scheme in the algorithm is designed to post-
pone dealiasing difficult regions until thefirst two passes
are complete. These passes are performed in alternating
directions, improving the algorithm’s efficiency and al-
lowing shear zones to be approached from less complex
regions on all sides. These steps make 4DD forgiving
of strong shear, although excessive gate-to-gate shear
approaching magnitudes of 2V, may be impossible to
dealias properly. Following spatial dealiasing, the al-
gorithm then applies area averaging to evaluate re-
maining disconnected gates and problem areas. Because
auxiliary wind information from a sounding or VAD
neglects horizontal shear, it is incorporated in the final
dedliasing step as a last resort when isolated echoes
cannot be interpreted otherwise.

Like all dedliasing algorithms, 4DD has limitations.
As anew algorithm, the sensitivities of its shear param-
eters are not well understood. Its performance could be
improved by further testing these sensitivities and fine-
tuning the parameters for a given Nyquist velocity and/
or climatic regime. Another limitation is the interpre-
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tation of distant isolated cellsthat develop or movewith-
in range of the radar, or when fast-moving highly
sheared features are observed. Though vertical and tem-
poral continuity constraints are used to mitigate errors
during initial dedliasing, these scenarios sometimes
prove problematic for 4DD. Further testing of 4DD’s
performance, especially in comparison to other dealias-
ing algorithms at various Nyquist velocities, istherefore
warranted.

There are also a few logistical limitations associated
with 4DD. The algorithm uses four-dimensional infor-
mation to dealias each sweep, and therefore should op-
erate on a continuous full-volume data stream. When-
ever there are breaks in the data transmission, it relies
heavily on auxiliary wind information, thus increasing
the likelihood of errors in the first volume or volumes
thereafter. In addition, 4DD must operate on a regular
tilt sequence, beginning with the highest tilt and pro-
ceeding on down to the lowest. Otherwise, it must wait
until the volume scan is complete before beginning the
dealiasing sequence, resulting in a time lag that could
be unfavorable for some real-time applications. 4DD
also requires more memory than most algorithms be-
causeit refersto the previousradar volume and previous
tilt, though this latter limitation could be remedied
somewhat by storing only a fraction of the good radar
gates from the previous volume and tilt in memory.

Nevertheless, 4DD performed efficiently and consis-
tently in real time during MAR Typical clock times on
a Sun Ultral0 workstation ranged from 5-20 s, de-
pending on the number of valid gates contained in the
volume, the number of tilts, and the radar gate geometry.
4DD bench tests using WSR-88D volumes are lesstime
efficient because the azimuth angles of WSR-88D ra-
dials vary between successive volumes and adjacent
tilts, and a significant amount of processing timeis spent
locating the correct radial. In addition, WSR-88D radial
velocity gate spacing is 0.25 km, which givesfour times
the resolution available in Monte Lema data.

4DD was further tested during two precipitation
events over complex terrain observed by the SwissMon-
te Lema radar at Nyquist velocities as low as 8.27 m
s~1. A total of 93% of the 4300 tilts containing valid
data sustained no error. When errors occurred, they were
usually very localized, resulting mainly from excessive
shear and incorrect VAD-based echo interpretation. Al-
though further research is needed to assess 4DD'’s ef-
fectiveness in other climatic regimes, the scheme pro-
duced promising results in a variety of meteorological
conditions during MAP.
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