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Abstract: Velocity aliasing is unavoidable for millimeter-wave cloud radar (MMCR) due to its short
wavelength. In the vertically pointing MMCR, a special aliasing state called half-folding will cause
the traditional postprocessing dealiasing methods used for weather radar, including the dual-PRF
method, to fail. In this paper, we propose a method that applies the dual-PRF technique to spectral
dealiasing. By utilizing the property that the true velocity difference between peaks should be the
same in both PRFs, our method is able to solve a special case of half-folding caused by multiple
peaks, which is ignored by other spectral dealiasing methods. The special case, which we call implicit
half-folding, occurs in the presence of multiple peaks in a Doppler power spectrum, where none
of the peaks are folded, and they appear to be in the same Nyquist interval, whereas the peaks are
actually not in the same Nyquist interval. Observations from a 94 GHz vertically pointing MMCR
called TJ-II were used to demonstrate various aliasing cases, including the implicit half-folding case.
As a result, our method successfully solved all aliasing cases while the other method failed when the
implicit half-folding case occurred.
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1. Introduction

Clouds cover approximately two-thirds of the Earth’s surface and play a significant
role in both the global hydrological cycle and the climate through Earth’s radiated energy
budget [1,2]. Clouds constitute the largest single source of uncertainty in climate predic-
tion [3]. Therefore, the study of clouds is integral to meteorological and climate research.
Cloud research encompasses a vast and intricate domain, spanning from macroscopic, such
as cloud amount, cloud shape, cloud height, and cloud velocity detection, to microscopic
cloud particle physics, chemistry, optics, radiation characteristics, etc. Cloud sensing is the
foundation of cloud research, and remote sensing emerges as the primary methodology for
cloud observation due to the difficulty of physically reaching the clouds.

Among the instruments of remote sensing, the millimeter-wave cloud radar (MMCR)
is a unique tool for investigating cloud systems. MMCRs offer a higher sensitivity than
lower-frequency radars and a better cloud penetration than Lidar [4]. MMCRs primarily
operate within the Ka-band (35 GHz, with a wavelength of 8 mm) and W-band (94 GHz,
with a wavelength of 3 mm), and their excellent performance in cloud detection has been
demonstrated by many studies [5-9]. The superior performance of MMCRs can be largely
attributed to their shorter wavelength. Cloud particle sizes are typically small, and Rayleigh
scattering is valid, that is, the amount of scattering is inversely proportional to the fourth
power of the wavelength. Therefore, the 94 GHz MMCR has a higher sensitivity than the
35 GHz one.
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A vertically pointing radar is the base form of MMCR because of the simple mechanical
setup. This radar is suitable for long-term monitoring of clouds. The Doppler velocity
observed by vertically pointing radars includes great information on the terminal fall
velocity of the cloud particles [10]. In terms of velocity detection, however, the shorter
wavelength of the MMCR becomes a limitation where the max unambiguous velocity (also
called the Nyquist velocity) of the Doppler radar follows Equation (1).

A - PRF

. M

Vinax =

The Nyquist velocity is determined by the wavelength A and the pulse repetition
frequency (PRF). For a specific MMCR, the wavelength is fixed, and the PRF becomes
the sole adjustable parameter. However, the PRF is also associated with the detection
range. In the trade-off between range and velocity (Ryax Vinax = cA/8), most tend to favor
range, as range aliasing is more challenging to mitigate with a body target like a cloud.
Given this consideration, the PRF cannot exceed 10 kHz, corresponding to a PRT (pulse
repetition time) of no less than 100 s, for a vertically pointing MMCR with a conventional
detection range of 15 km. The corresponding Nyquist velocity for a 94 GHz MMCR is about
8 m- s~ 1. Even though the vertical velocity of the cloud is much smaller than its horizontal
velocity, 8 m- s~ is not enough to cover all the scenarios, such as a strong convection and
turbulence, and then velocity aliasing occurs.

Velocity aliasing, also known as velocity folding, is a fundamental sampling issue
arising when the Nyquist velocity sampling interval (£V};,y) is less than the full range of
naturally occurring velocities, causing the erroneous appearance of higher velocities within
the sampling interval. Any true velocity, V;, appears within the interval from —Vj;4x to
+ Vinax, with the value V;, which is related to the true velocity by Equation (2), where 7 is an
integer. Therefore, a given measured velocity v; may be caused by many values of the true
velocity V;. The process of finding the correct n is called velocity dealiasing.

Vi = Vi £ 2nViyax ()

Velocity dealiasing has historically been the focus of numerous postprocessing algo-
rithms [11-17]. These algorithms work on the principle of maintaining the continuity of
cloud velocity between neighboring range gates or time bins. The differences between
these postprocessing methods mainly lie in the choice of thresholds, neighboring bins,
and reference velocities.

An alternative to the postprocessing is to extend the Nyquist velocity. According to
Equation (1), the Nyquist velocity is determined by the wavelength and PRF, where the
wavelength is fixed for a specific radar, while the PRF is also limited by the detection range.
To overcome the limitation of the PRE, multiple PRFs, usually two PRFs, are used, which is a
common method in military radar [18]. There are two common methods, the staggered-PRF
(PRT) method [19,20] and the dual-PRF method [21]. The staggered-PRF method changes
the PRF between pulses to create a nonuniform time series, while the dual-PRF method
collects two uniform time series sequentially at different PRFs. The dual-PRF method
needs an inherent requirement of spatial continuity over the combined interval so that the
continuity deteriorates in high-shear regions of scanning radar. Therefore, the staggered-
PRF method is more suitable for scanning radars while the dual-PRF method is suitable for
vertically pointing radars. Compared to conventional postprocessing methods, dual-PRF
or staggered-PRF methods are more reliable because they do not rely on the continuity
of cloud velocities; instead, they place demands on the radar’s operational or hardware
aspects. Most of these velocity dealiasing methods mentioned above, including the dual-
PRF method, were primarily developed for conventional weather radars. These methods
rely on the measured Doppler mean velocity V; and the basic principle given by Equation (2).
However, when dealing with a vertically pointing MMCR, a major issue arises where the
measured Doppler mean velocity V; may break the basic principle. There is a substantial
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difference between the velocities observed by a weather radar and a vertically pointing
MMCR. Velocity in a weather radar is caused by the ambient wind field, mainly horizontal
winds. The velocity of the particle swarm can be regarded as a target object, while the
velocity in a vertically pointing MMCR is caused by the falling of different particles and
updraft (or downdraft). The Doppler velocity’s spectral width in a vertically pointing
MMCR is wider and cannot be considered a target object, leading to a phenomenon called
half-folding in specific cases.

Half-folding occurs when the full range of true velocity lies in both adjacent Nyquist
intervals. Half-folding will result in an incorrect V;, breaking Equation (2). Consequently,
any velocity dealiasing methods based on the erroneous V; will surely lead to inaccurate
results. To obtain the correct dealiased velocity, half-folding must be addressed at the
Doppler power spectrum stage before calculating V;.

Several spectral dealiasing methods have been proposed to deal with half-folding [22-24].
The one closer to the reference velocity of the previous range gate was selected as the dealiased
velocity. Maahn [22] performed a periodic expansion of the original Doppler spectrum (— V,y,
Vinax) to the new one (—3Vyax, 3Vinax). As a result, the new spectrum could contain up to three
peaks with different Doppler velocities. To find the correct peak, the initial reference velocity
was derived by an empirical formula between Z, (calculated by the original spectrum) and V;.
The peak closest to the reference velocity was considered the most likely one. Then, Maahn
chose some of the most likely peaks with the smallest differences as the trusted peaks. Then,
the iteration started by using the trusted peaks at the new reference of their neighboring range
gates. Both these methods, similar to postprocessing techniques used in weather radar, are
based on the cloud velocity continuity between neighboring range gates. Therefore, they have
the same drawbacks as those techniques, particularly in strong convective conditions where
the true velocity of neighboring range gates may exceed the continuity threshold, leading
to a misjudgment of the Nyquist interval (related to the value 7). Additionally, an outlier
result of a bin can affect all the following bins due to the gate-by-gate iterative algorithm.
For the dual-PRF technique, there are limited studies on the use of the dual-PRF technique in
spectral dealiasing.

In this paper, we propose a highly reliable velocity dealiasing method using the
dual-PRF technique. The method involves two stages: the preprocessing stage, which is
spectral dealiasing using the Doppler power spectrum data, and the postprocessing stage,
which employs dual-PRF processing with base data (time-height data). The properties
brought by the dual PRFs are applied to both stages. In the preprocessing stage, spectral
dealiasing addresses the half-holding and fixes the V; calculated by the Doppler spectral
moment to meet the basic principle in Equation (2). In the postprocessing stage, the dual-
PRF processing, similar to that used in weather radar, is meant to derive the final true
velocity. Therefore, in this paper, the spectral dealiasing that introduced the property of
consistency of the velocity difference between PRFs, brought by the dual PRFs, is detailed.
The dual-PRF technique is briefly described in Section 2. The half-folding is described in
Section 3. Our method is detailed in Section 4. Several half-folding cases observed by the
TJ-1I cloud radar [25] are used to demonstrate the adaptability of our dealiasing method in
Section 5. In Section 6, we compare our method with others in terms of overall results and
statistical data.

2. Dual PRF

In this section, the concept of dual-PRF processing is briefly described. V., and V.
are the Nyquist velocities associated with the high and low PRFs, respectively. The same
true velocity V; will appear as different velocities V" and V! when folded back to the
high and low Nyquist velocity intervals, respectively. By combining the two velocity
measurements, the equivalent Nyquist velocity interval can be extended. The new extended
Nyquist velocity V;,,, can be represented by [26]

v Vi
4 _ max " max
Vinax = Vh V! 3)

max — Vmax
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For convenience, the ratio of the two PRFs is chosen as a function of an integer factor

N in the form
PRF, VI, N+1

= = 4
PRF, V% N @)

Then, the extended Nyquist velocity can be represented by
Viax = NVn};ux =(N+ 1)V1£mx ©)

The velocity estimate V follows the principle of Equation (2) and can be simply

derived from the two measured velocities V' and V' of the high and low PRFs, respectively,
which can be expressed by [27]

Vi=(N+1)V - NV ®)

It is hard to apply the dual-PRF processing directly into the Doppler power spectrum
as spectral dealiasing. This is because, in the base data, the velocities have already been in-
tegrated into a single value (Doppler mean velocity), and only one-to-one correspondences
need to be handled. However, in the Doppler power spectrum, there are multiple velocity
spectral line values, where the many-to-many correspondences are hard to handle.

3. Half-Folding

Different from the point target radar, the subject of cloud radar, the cloud, is a body
target composed of multiple particles. The motion of these particles within the cloud is
nonuniform, particularly in a vertically pointing cloud radar. The velocity of the cloud
in a vertically pointing cloud radar consists of the falling velocity of different particles
and the updraft (or downdraft), leading to a broadening in the velocity spectral width.
When part of the cloud velocity goes beyond the Nyquist interval, half-folding occurs.
The higher-velocity part goes beyond the current Nyquist interval and then is folded back
into the negative interval, while the lower part remains in the positive interval, as shown
in Figure 1c. The red dashed lines indicate the Nyquist interval. With a further increase in
velocity (equivalent to a decrease in Vj,,x), it goes to a full folding, as shown in Figure 1d.

When half-folding occurs, the Doppler mean velocity V; calculated by the Doppler
spectral first moment is biased and breaks Equation (2). For example, if the true Doppler
mean velocity is precisely equal to the Nyquist velocity V;,ax and the spectrum is equally
divided between the left and right sides, as shown in Figure 1c, the directly calculated
Doppler mean velocity is zero and there is no integer n that satisfies Equation (2). For full-
folding cases, the directly calculated Doppler mean velocity satisfies Equation (2) and can
be used to derive the true velocity by postprocessing. Therefore, spectral dealiasing is
mainly used to solve the half-folding case in our method.

In fact, there are significantly more half-folding cases than full-folding cases in the
94 GHz vertically pointing MMCR observations. Therefore, for high-velocity scenes, such as
those with precipitation or strong convection, the presence or absence of spectral dealiasing
has a significant impact on the data quality of MMCR. Several spectral dealiasing methods
have been proposed [22-24]. As noted in Section 1, both Zheng and Maahn’s iterative
methods have the drawback of error conduction. Additionally, they only consider cases
with a single peak, which is not always the case in real observations. It is not rare to
have two peaks in a single Doppler power spectrum [28-31]. These methods may fail in
such cases. For example, depending on the different Nyquist velocities and the velocity
difference between the peaks, the Doppler power spectrum may exhibit one of three cases.
One is that both peaks are in the same Nyquist interval and neither is folded, two is that
one of the peaks is folded, and three is that the two peaks are in different Nyquist intervals
and neither is folded. We call case two explicit half-folding and case three implicit folding.
Case three looks the same as case one, which will be ignored by Zheng’s method. Therefore,
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distinguishing between case three and case one is critical for spectral dealiasing in cases
with two peaks.

(a)

max max

-V 0 v
max max

Figure 1. Example of folding cases with a single peak with different V};;5x’s. (a) Original Doppler
spectrum. (b) Nonfolding case, (c) half-folding case, and (d) full-folding case.

4. Methodology

The proposed method consists of two stages. In the spectral dealiasing stage, we
use the physical property that comes with the dual PRFs to solve the half-folding. Our
spectral dealiasing method can detect and resolve all types of half-folding cases, including
the implicit half-folding. In the postprocessing stage, we use the conventional dual-PRF
processing method.

4.1. Spectral Dealiasing

Unlike other spectral dealiasing methods under a single PRF, which restores the final
mean velocity V; directly, our spectral dealiasing process aims to eliminate the effect of the
half-folding and restore a Doppler mean velocity V; that meets the principle of Equation (2).
Therefore, the key to our spectral dealiasing lies in the detection of the half-folding and
its dealiasing. First, we need to determine the number of separated peaks in the Doppler
power spectrum. The schematic diagram is shown in Figure 2.
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Check if the Doppler mean velocity is in the primary Nyquist interval. If not, fold back to the primary Nyquist interval

Figure 2. Schematic diagram of spectral dealiasing.

When dealing with single-peak cases, the process is relatively straightforward. Only
one type of half-folding occurs, wherein the cloud signal crosses the Nyquist interval.
The property of the dual PRFs is not used. The process is similar to Zheng’s [23] one.
Half-folding is detected when the right endpoint of the cloud signal reaches + V4, and the
left endpoint reaches —Vj;4x. For convenience, we move the left part to the right side of
the right part. Then, we calculate the dealiased Doppler mean velocity according to the
dealiased spectrum. If the dealiased Doppler mean velocity is over the positive Nyquist
velocity Vi, we fold it back to the primary Nyquist interval by subtracting 2V,,,,x. Again,
this is for the convenience of dual-PRF processing at the base data stage.

For cases with multiple peaks, which are almost always two peaks, the process is
more complicated. There are multiple half-folding cases. Figure 3 shows an example of the
same original velocity that produces different half-folding cases depending on the different
Nyquist velocities.
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Figure 3. Example of half-folding cases with two separated peaks. (a) Original Doppler spectrum.
(b—d) folding cases with different Vy,y.

Figure 3a denotes an original Doppler power spectrum. Figure 3b—d show various
half-folding cases with different Nyquist velocities where the red dashed line indicates the
Nyquist interval. When half-folding occurs, should we move the left part of the folded
peak to the right of the right part or vice versa? That is to say, how do we determine the
positional relationship between the two peaks after dealiasing? In the case of Figure 3b,
it is natural to assume that the unfolded peak should lie to the left of the folded peak
after dealiasing because it is closer to the right part of the folded peak. When it comes to
Figure 3¢, the unfolded peak is equidistant from both sides, making it difficult to determine
whether the unfolded peak should be to the left or right of the folded peak after dealiasing.
As the Nyquist velocity decreases further, the unfolded peak will be closer to the left side,
leading to a misjudgment. What is more, when the Nyquist velocity decreases to the point
where the case in Figure 3d occurs, it seems that no half-folding occurs. This is the most
misleading case of implicit half-folding we mentioned above.

Therefore, the presence of a visible folded peak is no longer the most important.
The key lies in the positional relationship between the two peaks, that is, whether the two
peaks are in the same Nyquist interval, which is difficult to determine from a single-PRF
result, especially for the case in Figure 3d. In Lin’s method [25], the idea is to compare the
distance (velocity difference) between the two peaks and identify the smaller distance as
the correct one, while the larger distance is a result of Nyquist folding. It is usually effective
in most cases but fails in the rare case where the true distance is equal to or greater than
the folding distance, as seen in Figure 3c,d. It is not a reliable method. The probability
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of failure increases with a lower PRF because the folding distance Vjy is related to the
Nyquist velocity. This method limits the PRF choice to some extent.

Our improved method still solves the aliasing problem by finding out the true dis-
tance. The improvement is that instead of relying on empirical relationships, we rely on
the physical property of dual PRFs, i.e., the true distances remain consistent, while the
folding distances vary under different PRFs due to Nyquist folding. The following are the
specific steps.

The first is to resolve the explicit half-folding when there is a folded peak, the same
as what is done in the single-peak case. Then, we find the major (or strongest) peak as
the reference. We calculate the distance (velocity difference) from the subpeak (second
strongest) to the left and right of the major peak, V; and Vj,, respectively. One should
be the true distance V;; and the other is the folding distance V;y caused by the Nyquist
folding, which varies with the Nyquist velocity (PRF). It can be expressed by Equation (7) or
Equation (8). V,, and V; denote the Doppler mean velocity of the major peak and subpeak,
respectively.

le = Vm - Vs
— @)
Vdr =Vs =V +2Viax
Va = Vm - Vs + 2Vinax
®)

Vi = Ve — Vi

Equation (7) is used for V,,, > V while Equation (8) is used for V,, < V. This is to
make both distances positive, and it also brings in the property that Vy; + Vj, = 2Vjux.

By comparing the consistency of distances under the two PRFs, V;’r - ler and Vc];l - Vél,
we can determine whether the subpeak should be placed to the left or right side of the major
peak. The superscripts 1 and I denote the results for high and low PRFs, respectively. One
difference should be close to 0 and be determined as the true distance. The other should
be 2(V},. — V}.) and be determined as the folding distance. Then, the split point can be
any point in the interval associated with the folding distance. Here, we use the median.
The interval for the left distance is (Viy, Vi) if Vi > Vi, or (Vir, Vipax) and [— Viax, Vi) if
Vi < Ver. The interval for the right distance is (Viur, Vy) if Vinr < Vg, of (Vinr, Vinax) and
[—Vinax, Vep) if Vipr < V. Vi and Vi, are the left and right endpoints of the major peak,
respectively. Vy; and V, are the same for the subpeak. Then, we divide the original Doppler
power spectrum into two segments by split point and shift the left segment to the right of
(Vinax)- Finally, we calculate the final dealiased Doppler mean velocity. Alternatively, we
can shift the right segment to the left of —V};;4y. The difference between the Doppler mean
values calculated by these two shifting methods is 2V};;,x and therefore will not affect the
final value which is in the primary Nyquist interval (—Vjuax, Vinax]. For convenience, we
shift the left segment.

Our spectral dealiasing fixes the failure of the basic dealiasing principle of Equation (2)

due to the half-folding and obtains the V" and V' that meet the Equation (2). However,
these results do not represent the final output because the spectral dealiasing process does
not identify the correct Nyquist interval (the value of 1) where the true velocity is located.
It is the work of the conventional dual-PRF processing at the base data stage.

4.2. Postprocessing

The dual-PRF processing at the base data stage would be no different from the ones in
weather radar. Here is a brief description. First, based on the spectral dealiased Doppler

mean velocity, V" and Vl, Equation (4) is used to calculate the primary velocity estimate.
If a velocity estimate falls outside of the new equivalent Nyquist interval +V};,, ., it should
be folded back into the primary Nyquist interval by addition or subtraction of 2V ..
However, the primary velocity estimate is obtained by the differencing of two Doppler
mean velocities and its standard deviation will be amplified [27]. Thus, it is not a suitable
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velocity estimator [26]. The primary velocity estimate is merely used to indicate the Nyquist
interval (n) that the original Doppler mean velocity belongs to. The dealiased velocity
is then obtained with the standard deviation of the original Doppler mean velocity by
Equation (2).

5. Materials
5.1. TJ-II Cloud Radar

TJ-1I is a vertically pointing MMCR developed by the Nanjing University of Infor-
mation Science & Technology (NUIST). It is a pulse Doppler radar working at 94 GHz.
TJ-1I features a 6 W solid-state power amplifier (SSPA) and employs a single antenna. This
design enhances its compactness, making it suitable for ground-based observations as well
as mobile applications, such as emergency monitoring of extreme weather events.

In routine observations, TJ-II uses only the single-PRF mode to maximize the integra-
tion time (more accumulation times) to improve the cloud detection sensitivity. For precipi-
tation or some extreme weather, however, the vertical velocity of clouds increases, resulting
in velocity aliasing in observations. To improve the velocity measurement capability, TJ-1I
uses the dual-PRF technique, which has the disadvantage of reducing the detection sensi-
tivity (a reduction in integration time). However, in such scenarios, the cloud echoes are
typically stronger, and the detection sensitivity is not a primary concern. The two PRFs
used in TJ-II are 8.333 kHz and 6.667 kHz, corresponding to PRTs of 120 pus and 150 s,
respectively. The ratio is 5:4. The corresponding Nyquist velocities are approximately
6.65m s~ and 5.32 m s~ ! for V... and V},,,, respectively. The equivalent Nyquist velocity
VE a0y 15 26.60 m s~ 1,

5.2. Analysis of Observation Data

The observations were conducted on 15 July 2023, from 13:00 to 14:00 UTC+8 at
NUIST, Nanjing, China. The weather condition was a short period of precipitation. The un-
processed Doppler mean velocities are shown in Figure 4. There are a large number of
corresponding regions with significant velocity differences (color differences) between
the two PRFs’ results, which indicates the presence of velocity aliasing. There are also
significant half-folding cases and different cases.

ms
“[PRTZ120u8 “[PRT150u8 B
5
E o of
£ 0
Ry
% 6 Bk gk ST R
."L"*!l‘ﬂ"!‘ 5
™ g
3k i T w e
D a8

i 0 i i — i
17:06 17:13 16:39 16:46 16:53 17:00 17:06 17:13
Time (UTC+8)

0 . . K
16:39 16:46 16:53 17:00

Figure 4. The original Doppler mean velocity measurement by TJ-II.

5.3. Case A

For example, a frame of velocity profile around 16:51 is shown in Figure 5a.
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Figure 5. A frame from the TJ-II observation with dual PRFs. (a) Unprocessed Doppler mean velocity
profile. (b) The corresponding Doppler power spectrum of the high PRF and (c) the corresponding
Doppler power spectrum of the low PRE.

The blue line denotes the velocity profile for the high PRF, and the blue dash line
indicates its corresponding Nyquist interval, while the red ones are for the low PRE. It is

evident that the velocity aliasing commenced at about 5.15 km for the low PRE. V' started

to decrease while V" still increased, and the aliasing type was a half-folding type. V’,
which should have transitioned directly from positive to negative, just started to decrease.

Another distinctive feature about the half-folding is that neither V" nor V' reached their
Nyquist velocity V.. and V.., respectively.

Figure 5b,c show the corresponding Doppler power spectrum of the profile for the
high and low PRFs, respectively. The half-folding can be visualized. For the low PRF, the
half-folding started at about 5.15 km and transformed into a nonfolding at about 3 km, then
another half-folding started at 2.6 km and transformed into a full folding at 1.7 km. For the
high PREF, the half-folding started at about 5.05 km and transformed into a nonfolding at
about 3.4 km, then another half-folding started at 2.5 km and transformed into a full folding
at 1.6 km. When both spectrums of high and low PRFs were nonfolding, their profiles
matched well, such as the section above 5.15 km and between 3 km and 2.5 km. In other
cases, they were mismatched. In the segment from 4 km to 3.6 km, the Doppler power
spectrum of the low PRF was half in the positive and half in the negative region, which
is manifested in the velocity profile by its variation around 0 m s~!. The conventional
postprocessing dealiasing method, based on the single PRF, is incapable of detecting
the aliasing because the velocity difference of neighboring range gates is lower than the
threshold to detect an aliasing. A common threshold of the velocity difference used to
detect the aliasing is one times the Nyquist velocity [14], while in this profile, the maximum
velocity difference for the low PRF was only 0.22 of its Nyquist velocity. As mentioned
above, the half-folding broke Equation (2) and the conventional dual-PRF processing based
on it only yielded incorrect results, as shown in Figure 6c¢.
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Figure 6. Comparison between the results of dual-PRF processing with and without half-folding
preprocessing. (a) The Doppler mean velocities with and without half-folding preprocessing for the
low PRF (b), the same as (a) for the high PRF. (c) The final dealiasing results of dual-PRF processing
with and without half-folding preprocessing.

In Figure 6a,b, we can see the changes in Doppler mean velocity of the high and
low PRFs after our spectral dealiasing, respectively. The dashed lines indicate their cor-
responding Nyquist intervals. The dealiased Doppler mean velocity can now touch the
Nyquist velocity. A comparison of the dual-PRF dealiasing processing with and without
the half-folding dealiasing (spectral dealiasing) is shown in Figure 6¢c. The results of the
dual-PRF processing without spectral dealiasing show significant errors in the segment
where the half-folding occurs. Only the results of three segments, above 5.15 km, from 3 to
2.6 km, and below 1.6 km, are correct. The states of the first two segments in both PRFs are
both nonfolding, while the last one is full folding. Whenever half-folding occurs in any one
of the Doppler power spectrums, the result of the dual-PRF processing produces a large
deviation. The results of the dual-PRF processing with our spectral dealiasing appear more
reasonable and align with human judgment.

5.4. Case B

In case A, we showed the impact of half-folding on the Doppler mean velocity and the
final dealiasing results. Case B shows a case with two peaks in one range gate, as shown in
Figure 7.

There are two parts of cloud signals in this frame. There was no aliasing in the upper
cloud, therefore the unprocessed Doppler mean velocities of high and low PRFs were in
good agreement. The lower layer, on the other hand, extended into the radar’s blind spot,
with the solid red signal at the bottom indicating the presence of precipitation. Naturally,
the velocity aliasing occurred and contained a variety of half-folding cases. The half-folding
started from 3.4 km for the low PRF and 2.9 km for the high PRFE. At first, the half-folding
was a simple single-peak case and as the precipitation signal appeared, it turned into a
two-peak case. As the cloud signal disappeared, the Doppler spectrum suddenly turned
back to a single-peak case without aliasing. With the precipitation velocity increasing,
half-folding with a single-peak case appeared again. Figure 8 shows the spectral dealiasing
results using our method and Zheng’s method. Figure 9 shows the dealiased Doppler power
spectrum using our method and Zheng’s method. To better show the difference between
Zheng’s method and ours, we have not folded back the velocities beyond the primary
Nyquist interval in Figure 8a (the mutation lines would interfere with the observation).
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Figure 7. Another slice from the TJ-II observation with dual PRFs. (a—c) are the same as in Figure 5.

Our method and Zheng’s method performed similarly for the single-peak case. Both
Zheng’s and our method could resolve the two-peak case with one of the peaks crossing
the Nyquist interval. However, when the folded peak turned unfolded with the increase
in velocity, Zheng’s method thought there was no half-folding and directly calculated the
Doppler mean velocity, such as the red rectangle area in Figure 9(a2,b2).
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Figure 8. Comparison between the results of dual-PRF processing by our method and Zheng’s.
(a) Spectral dealiased Doppler mean velocities for the low PRE. (b) Spectral dealiased Doppler mean
velocities for the high PRF. (c) The final dealiasing results of the dual-PRF processing result.



Remote Sens. 2023, 15, 5234

13 of 20

15

12

dBc

I
I
I
I
I
I
I
i
I
I
I
I
I
|
|
|
|
I
|

(at)

30

25

20

-5

0 5
Velocity (ms™1t)

10

10
Velocity (ms™1) Velocity (ms™1) Velocity (ms™1)
Figure 9. Comparison between the dealiased Doppler power spectrum by our method and Zheng's.

(al,a2) are the dealiased Doppler power spectrums for the high PRF by our method and Zheng's,
respectively. (b1,b2) are the same but for the low PRF.

At the neighboring range gates, where the half-folding peak transformed into a full-
folding peak, for convenience, we denote the unfolded peak as peak 1, and the peak that
changes from half-folding to full-folding as peak 2. In the range gate with a half-folding
peak 2, although the majority of peak 2 is in the negative interval, its negative part is folded
back to the positive interval due to the successful determination of the half-folding. In the
range gate with the full-folding peak 2, on the other hand, peak 2 is considered to be in
the same Nyquist interval as peak 1. Assuming that there is almost no change in the shape
and intensity of peak 1 and peak 2 between the two range gates, the calculated Doppler
mean velocity is w1 V1 + wa (V7 + 2Viay) and w1V + wp V; for the half-folding and the
full-folding range gates, respectively. V; and V, are the Doppler mean velocities of peak 1
and peak 2, respectively, in the primary Nyquist interval. w; and w, are the weight factors
of peak 1 and peak 2 based on their total power, respectively. As a result, a sudden change
of about 2V;,5xwy occurred in Zheng’s profile.

A slice at range gate 1.66 km in case B is used to illustrate the implementation of
our spectral dealiasing method. Figure 10 shows the Doppler power spectrums before
and after our spectral dealiasing. Initially, we found the presence of two peaks and there
was no half-folding peak. Then, we determined the major peak and subpeak based on
their power (amplitude). In the high PRF, the Doppler mean velocity of each peak was
3.13 and —5.37 m s~ ! for the major peak and subpeak, respectively. In the low PRF, they
were 3.17 and —2.76 m s~ 1. The left distance from the major peak to the subpeak was
8.5 m s !in the high PREF, while the right distance was 4.79 m s~1, which needed to cross
the Nyquist interval according to V., = 6.65. For the low PREF, the left and right distances
were 5.94 and 4.70 m s~ !, respectively. The difference in the left distance between high and
low PRFs was 2.56 m s !, where 2(V!, . — VI ...) was 2.66 m s~ 1. The difference in the right
distance was 0.09 m s~ 1. It was evident that the right distance was the true distance while
the left distance was caused by Nyquist folding. It means that the subpeak had a higher
velocity than the major peak and was located in a higher Nyquist interval. There was an
implicit half-folding. Then, we selected split points in the interval of both left distances and
moved the left segments to the right of V;;,x. Based on the new spectrum, we calculated the
dealiased Doppler mean velocity. They were 4.08 and 4.53 m s~ ! for high and low PRFs,
respectively. In contrast, the original Doppler mean velocities were 1.44 and 1.46 m s~!
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for high and low PRFs, respectively. The difference between the original Doppler mean
velocities was even smaller than the dealiased one.
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Figure 10. Example of Doppler spectrum before and after our spectral dealiasing processing.
(al,a2) denote the Doppler spectrum of the low PRF before and after dealiasing, respectively, while
(b1,b2) denote the same for the high PRF.

6. Results and Discussion

In this section, some characteristics of half-folding in terms of individual Doppler
mean velocity, Doppler spectral width, and the final velocity after dual-PRF processing are
discussed. To validate our method, we also provide statistics based on the T]-II observation.

Figure 11 shows the Doppler mean velocities for high and low PRFs by Zheng’s spec-
tral dealiasing method and ours. Compared to the unprocessed Doppler mean velocities
shown in Figure 4, a large number of low-velocity results (near 0 m s~ !, in yellow) occurred
in the region below 5 km in Figure 4 caused by half-folding where the positive and negative
parts of the Doppler power spectrum cancel out. They were replaced by high-velocity
results (either a high positive velocity in red or a high negative velocity in green) in our
result, which is the indication of the half-folding being dealiased. Zheng’s results still had
some small regions around the time 17:00 and height of 1 km with bins in yellow, which is
due to the inability to detect implicit half-folding. These regions with implicit half-folding,
which Zheng’s method cannot resolve, are more clearly visible in Figure 11(c1,c2).

Figure 12 shows the Doppler spectral widths for high and low PRFs by three spectral
dealiasing methods. With the presence of half-folding, the Doppler spectral widths without
spectral dealiasing were typically very large, such as the large red and purple regions in
Figure 12a. There were also some small red regions in Figure 12c, indicating the occurrence
of implicit half-folding that Zheng’s method failed to address. Doppler spectral width
maps allow one to intuitively determine where half-folding occurs, but when applied to
algorithms, relying on Doppler spectral widths is not absolutely valid, either in absolute
terms or in terms of the difference. In terms of absolute value, it is difficult to distinguish
high-spectral-width results from half-folding when the true spectral width is also large.
In terms of the difference, the difference of Doppler spectral width between high and low
PRFs before spectral dealiasing is not always larger than the one after spectral dealiasing.
In this TJ-II observation, there were 39946 bins where the Doppler spectral width difference
between high and low PRFs before spectral dealiasing was larger than the difference
after dealiasing, but there were still 1838 bins where it was smaller. In contrast, our
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spectral dealiasing method is based on the physical property associated with dual PRFs,
the consistency of the true velocity difference between peaks, which will not change with
different folding cases, either explicit or implicit half-folding.

Figure 13 shows the final results of dual PRF processing with three different spectral
dealiasing methods. In Figure 13a, there were a large number of color mutations repre-
senting the mutation of the Nyquist interval estimated by the dual PRF processing, such
as the region around the time 16:53 and height of 1.5 km and the region around the time
17:00 and height of 1.5 km. Meanwhile, even in the regions with smooth color transitions
where the estimated Nyquist intervals were correct and consistent, the deviation in the
measured Doppler mean velocities caused by half-folding still led to incorrect results with
large deviations, such as the region around the time 16:53 and height of 4.5 km compared to
the same region in Figure 13b,c. For the results of Zheng’s method as shown in Figure 13c,
most dealiased velocities were the same as that of ours in Figure 13b. There remained small
regions with velocity mutations, such as the region around the time 17:00 and height of
1 km. This was due to the presence of implicit half-folding in these regions, which cannot
be detected and dealiased by Zheng’s method. Since our method considers all cases of
folding and can resolve them, there were no color mutations in our dealiased results in
Figure 13b.

We may be able to summarize some characteristics of the half-folding from compar-
isons of the three results. However, even though we could detect the half-folding through
these characteristics, we cannot fix the folded data. We cannot tell from the folded results
how much the Doppler power spectrum has been folded. Therefore, half-folding must be
detected and solved at the Doppler power spectrum.

Table 1 shows the statistics of aliasing cases in this observation. There were a total
of 75,226 valid data bins from the TJ-II observation used in this section. For the high PRE,
the aliasing occurred in about 35% of bins, 97.8% being half-folding and only 2.2% being
full-folding. For the low PREF, the aliasing occurred in about 54% of bins, with 95.8% being
half-folding and 4.2% being full-folding. Half-folding accounted for the vast majority of the
total aliasing cases at both PRFs, while full-folding accounted for only a small percentage.
This highlights the importance of paying attention to half-folding in vertically pointing
MMCR. In half-folding cases, implicit half-folding had a non-negligible share of about 9%
and 10% for high and low PRFs, respectively. Therefore, it is essential to consider implicit
half-folding in spectral dealiasing.

Table 1. The number of bins with different folding cases for high and low PRFs.

Half-Folding

PRF Nonfolding Full-Folding
Explicit Implicit
26,338
High 48,295 23951 2387 593
40,605
Low 32,857 1764

36,429 4176




Remote Sens. 2023, 15, 5234

16 of 20

Height (km)

Height (km)

Height (km)

15

R — e

0
113 16

39 16146 16:53

17:00

(b1)

(b2)

0 i i
39 16:46 16:53

(c2)

-

0 i
16:39 16:46 16:53

17:00

. 0 l _
17:06 17:13 16:39 16146 16:53
Time (UTC+8)

17:00

17:06 17:13

Figure 11. Doppler mean velocities for high and low PRFs by Zheng’s spectral dealiasing method
and ours. (al,a2) are the results of our method for high and low PRFs, respectively. (b1,b2) are the

results of Zheng’s method. (c1,¢2) are the differences between our method and Zheng’s method for
high and low PRFs, respectively.
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Figure 12. Doppler spectral widths for high and low PRFs by different spectral dealiasing methods.

(al,a2) are results without spectral dealiasing for high and low PRFs, respectively. (b1,b2) are the
results of our method. (c1,c2) are the results of Zheng’s method.
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Figure 13. Dealiased velocity by dual PRFs with three different spectral dealiasing methods: (a) un-
processed, (b) our method (c), Zheng’s method.

Table 2 shows the number of bins with correct velocities obtained by dual-PRF postpro-
cessing after different spectral dealiasing. Dual-PRF processing without spectral deliasing
only solved 33,448 bins, even less than the nonfolding bins in the high PRF. This is because
the results of the dual-PRF processing are jointly determined by both high and low PRFs.
If a half-folding occurs in the Doppler power spectrum of either PRF, the final result of
the dual-PRF processing will be incorrect. For example, it is common for the Doppler
power spectrum of the low PRF to be half-folding when the spectrum of the high PRF is
still nonfolding, causing the measured Doppler mean velocity of the low PRF to deviate
significantly from the true velocity, which in turn incorrectly predicts the Nyquist interval
during dual-PRF processing. The same issue also occurs when the Doppler power spectrum
of the low PRF is already full-folding while the spectrum of the high PRF is still half-folding.
Without spectral dealiasing, dual-PRF processing only works when the Doppler power
spectrums of both high and low PRFs are full-folding compared to the single PRE. However,
full-folding only takes a small amount compared to half-folding according to the statistics.
In other words, applying the dual-PRF processing without spectral dealiasing may instead
cause a decrease in usability.

Table 2. The number of bins with correct dealiased velocities by different spectral dealiasing methods.

Our Method
75,226

Zheng's Method
70,537

Unprocessed

33,448

The usability of the dual-PRF processing in vertically pointing MMCR improved at
once with the presence of spectral dealiasing, as shown in Table 2 with Zheng’s method
and ours. There were still some incorrect results in Zheng’s method. When implicit half-
folding occurred, Zheng’s method did not detect the presence of implicit half-folding,
which in turn led to failure. Our method, on the other hand, effectively detected and
solved the implicit half-folding by introducing the property of the dual PRFs into the
spectral dealiasing. Therefore, we had 4689 more correct bins than Zheng’s method where
the implicit folding occurred in either high or low PRFs. In terms of the 41,778 bins that
needed spectral dealiasing, our method was able to improve the success rate by 11.2% over
Zheng’s method.
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7. Conclusions

Half-folding, a special case of velocity aliasing in vertically pointing MMCR, inval-
idates many conventional postprocessing methods for weather radars by breaking the
principle of dealiasing in Equation (2). Half-folding must be resolved before the Doppler
mean velocity can be calculated. There are several spectral dealiasing methods capable of
resolving the half-folding, but some of them do not fully consider the special cases, i.e., the
implicit half-folding in the case of two peaks. Some of them do consider the two-peak cases,
but they are mostly based on some empirical assumptions that fail under certain conditions
and are therefore not reliable enough. We proposed a reliable velocity dealiasing method
for vertically pointing MMCR based on the dual-PRF technique, and of course, taking into
account half-folding. Our method consisted of two stages. One was the spectral dealiasing
before calculating the Doppler moments, and the other was the conventional dual-PRF
processing after calculating the Doppler moments. Both stages took full advantage of the
dual-PRF technique. In the spectral dealiasing, we used the consistency of the velocity
difference between peaks in different PRFs to resolve the half-folding with two peaks,
including implicit half-folding. After obtaining the proper Doppler mean velocity that
obeyed the dealiasing principle, we performed the regular dual-PRF processing. The high
reliability of our method was demonstrated by TJ-II observations.
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