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Abstract. One of the essential assumptions made in estimating the terminal velocity and
the drop-size distribution of hydrometeor from the precipitation Doppler spectrum
observed by VHF/UHF radar (or wind profiler) is that all of the precipitation particles are
moving together at the same velocity as the ambient wind. However, this may not be the
case. In this paper, taking advantage of the capability of simultaneously measuring the
motions of precipitation particles and the clear-air turbulence with a VHF radar, we
develop a method to examine the wind-driven effect on the drift of precipitation particles
using the Chung-Li VHF radar. By appropriately setting the radar parameters and
steering the radar beams, experimental results show that the drift velocity of the
precipitation particles in response to the drag force exerted by the background
atmosphere is not the same as the ambient wind velocity, approximately 83% of the latter
in this case. This feature indicates that the precipitation particles are not moving with the
background wind, causing inaccurate estimations of the terminal velocity and the drop-size

distribution of hydrometeor if this effect is not taken into account.

1. Introduction

It is well recognized that a radar operating at VHF
band not only can detect the echoes from atmo-
spheric refractivity fluctuations, but also can be
used for the observation of precipitation. Because
of this merit, several important precipitation-re-
lated parameters and features which cannot be
provided directly by conventional microwave mete-
orological radar, such as the true terminal velocity
of hydrometeor, size distributions of liquid and
solid precipitation particles, vertical air motion
associated with intense precipitation, interaction
between hydrometeor and the ambient atmosphere,
and so on, can be observed using VHF radar if the
experiment is set up appropriately [Wakasugi et al.,
1986; Rajopadhyaya et al., 1993; Chu et al., 1991;
Chu and Lin, 1994].

Because most of the desired information is imbed-
ded in it, the Doppler spectrum of VHF radar returns
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is usually calculated to estimate the precipitation-
related parameters. In light of the fact that the falling
of the precipitation particles in the cloud will be
affected inevitably by the motion of the background
atmosphere, the Doppler spectrum from precipita-
tion will include the contributions of ambient wind
and turbulence. Under this consideration, the contri-
bution of the background atmosphere to the observed
Doppler spectrum of precipitation should be removed
in deriving the drop-size distribution from the precip-
itation Doppler spectral width. In general, the math-
ematical relation of the Doppler spectra between
precipitation particles and refractivity fluctuations for
a vertically pointed radar beam can be formulated as
[Wakasugi et al., 1986]

SHw) = Si(w) B S, (0w — w,) (1)

where S,(w) is the observed precipitation Doppler
spectrum, S,(w) represents the Doppler spectrum of
refractivity fluctuations, and S,(w — w,) is the size
distribution of precipitation particles in the Doppler
spectral domain centered at Doppler frequency w,,
and @ represents the convolution operator. Note that
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the shape of S, (w) is usually assumed to be Gaussian
because of the beam broadening and turbulent broad-
ening effects [Woodman and Chu, 1989]. Superficially,
the shape of S,(w — ®,) is not Gaussian due to the
exponential form or Gamma pattern of the drop-size
distribution [Marshall and Palmer, 1948; Ulbrich,
1983]. However, because the radar echo power from
precipitation is proportional to the 6th power of the
diameter of the precipitation particle, the pattern of
Sp(w — w,) will be quasi-Gaussian in the Doppler
spectral domain [Atlas et al., 1973]. Consequently, for
the sake of mathematical simplicity, the shape of
Sy(0 — w,) can be treated with Gaussian form,
causing the reasonable approximation of Gaussian
pattern to S,(w). In this case, the information of
precipitation particles can be separated from §,(w),
which is contaminated by S,(w), through the follow-
ing relation:

0'; = 0',2 - o} 2)
where o2, o2, and o} are the variances of S (w),
Sy(0 — 0,), and §,(w), respectively. Once 0-3 is
estimated, in association with the observed radar
reflectivity and the terminal velocity of hydrometeor,
the parameters related to the shape of the drop-size
distribution can thus be obtained, provided the spe-
cific relation between drop size and fall speed and the
shape of the size spectrum of hydrometeor are as-
sumed [Atlas et al., 1973]. Recently, several tech-
niques were employed to retrieve the drop-size dis-
tribution from observed precipitation Doppler
spectra. Wakasugi et al. [1986] fitted a spectrum based
on the Marshall-Palmer distribution to the observed
spectra by a least squares method. Currier et al. [1992]
fitted a theoretical Doppler spectrum based on a
Gamma function form of drop-size distribution to the
observed spectra by using a nonlinear least squares
routine. Rajopadhyaya et al. [1993] employed the
methods of deconvolution without assuming a specific
shape of drop-size distribution to estimate the drop-
size distribution from the Doppler spectra measured
by wind profiler radars. However, no matter what
technique is employed in the estimation of the drop-
size distribution, the mathematical expression con-
necting the motions of the background atmosphere
and the hydrometeor is based on (1).

It is worth pointing out that in applying (1) to
deduce the size distribution of precipitation particles,
several important assumptions are made implicitly:
(1) The Gaussian Doppler spectral shape of S;(w) is
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not distorted by the vertical air motion which always
exists in the cloud with precipitation; (2) the shape of
precipitation particles is spherical, i.e., the spectral
shape of S,(w) is not influenced by the spectral
narrowing effect of the aspect sensitivity, which orig-
inated from the anisotropic characteristics of the
radar target; (3) the spatial distribution of the precip-
itation particles is uniform in the scattering volume;
(4) the ambient wind velocity and the hydrometeor
size distribution, which play crucial roles in determin-
ing the radar reflectivity, mean Doppler shift, and the
spectral width of the precipitation Doppler spectrum,
are both constant during the period of radar signal
processing, namely, the time interval for coherent and
incoherent integrations; and (5) the precipitation
particles are assumed to move with the ambient wind
at the same velocity so that the effects of the beam
broadening and the turbulent broadening on S,(w)
can be thought to be identical to those on S, (w). This
frozen-in assumption is the most important one in
removing the contribution of the background atmo-
sphere from the precipitation Doppler spectrum us-
ing the techniques mentioned in the previous para-
graph. Assumption 1 is usually true because the
atmospheric vertical velocity is seldom greater than
the horizontal velocity, except for cases of intense
updraft and downdraft in an extremely active convec-
tive cloud. However, if the vertical velocity is consid-
erably greater than the horizontal wind speed, it can
be shown that the shape of S,(w) obtained by a
vertically pointed radar beam will be approximate to
the exponential form rather than the Gaussian form.
The discussion on the distortion effect of vertical air
motion on the Doppler spectral shape will be pre-
sented in a future paper. Assumption 2 is basically
true for liquid hydrometeor if the drop size is not
sufficiently large [Battan, 1973]. However, observation
shows that the VHF echo power from solid hydrom-
eteor, that is, the snowflake, ice sheet, etc., is highly
aspect sensitive, implying that the narrowing effect of
the aspect sensitivity on the precipitation Doppler
spectral shape should be taken into account in esti-
mating the ice size distribution using a VHF radar
[Woodman and Chu, 1989; Chu et al., 1991]. Assump-
tions 3 and 4 generally hold for the precipitating
environment with stable wind and persistent precipi-
tation in the widespread stratiform cloud. They are
questionable, however, for a localized and short-lived
convective cloud with variable wind and intermittent
precipitation. Moreover, recent observational results
obtained using the Chung-Li VHF radar show that
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even for the widespread frontal precipitation, the
hydrometeors may distribute inhomogeneously in the
scatter volume with horizontal scale of about 500 m
[Sue, 1996]. Therefore great caution should be taken
in the use of (1) to deduce the size distribution of the
precipitation particle, especially for the precipitation
in an active convective cloud. Assumption 5 plays a
vital role in utilizing VHF/UHF radar to measure the
precipitation-related parameters and phenomena. If
this assumption is not valid, the results of estimating
a precipitation particle size distribution made by
VHF/UHF radar with the existing techniques as
mentioned above will be doubtful. This is because in
this case the clear-air component in the observed
precipitation Doppler spectrum, which is related to
the motions of background atmosphere through the
beam broadening and turbulent broadening effects,
will be not identical to the observed Doppler spec-
trum generated directly by the refractivity fluctua-
tions, causing the problem of removing the influence
of background atmosphere from the precipitation
Doppler spectrum. Moreover, this assumption is also
an essential one for a conventional microwave mete-
orological radar employed to estimate the ambient
wind velocity from the precipitation echoes using the
velocity-azimuth display (VAD) technique [Battan,
1973]. Because of its importance, it is worth examin-
ing the frozen-in assumption of hydrometeor so that
the accuracy of the measurements of the wind and
precipitation using a VHF/UHF and/or microwave
meteorological radar can be improved.

With the capability of simultaneously observing the
characteristics of precipitation and clear air of a
VHF/UHF radar (or wind profiler), a method of
examining the wind-driven property of hydrom-
eteor is proposed in this article. After conducting
an appropriate experiment at the Chung-Li VHF
radar, we will present the observational evidence
showing that the precipitation particles are not
necessarily moving with the background wind at
the same velocity. In section 2, a theoretical con-
sideration of dealing with the examination of the
so-called frozen-in property of the precipitation
particles in the ambient atmosphere will be intro-
duced. An experimental setup at the Chung-Li
VHF radar will be described in detail in section 3.
The observational results and discussion will be
presented in section 4. The conclusion will be given
in section 5.
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2. Theoretical Considerations

When a precipitation particle is falling in the
atmosphere, the motion of the ambient air and the
size of the hydrometeor will determine its falling
velocity. Assume that two radar beams, one pointed
vertically and the other steered obliquely at the zenith
angle of 6, are employed simultaneously to observed
the falling velocity of the precipitation particle. If the
hydrometeor subjected to a drag force exerted by the
ambient air flow is moving with the background wind
at the same velocity, its Doppler frequency shift
observed by an oblique radar beam is related to the
Doppler frequency shifts of ambient wind and the
terminal velocity of precipitation particles as

fo=(ft —fa) Xcos 8—f, 3)

where f, (equal to —2V,/A) is the Doppler fre-
quency shift of the precipitation particle measured by
the oblique radar beam, f, (equal to —2W,/A) is the
vertical Doppler frequency shift of the precipitation
particle at the terminal velocity W,, f, (equal to
—2W,_/A) is the vertical Doppler frequency shift of
the ambient air at the vertical velocity W,, and f,
(equal to —2U sin 6/)) is the oblique Doppler fre-
quency shift corresponding to the horizontal compo-
nent U of the ambient air velocity in the pointing
direction of the oblique beam. The geometry related
to the parameters W,, W, and U for equation (3) are
shown in Figure 1, where the vectors pointing toward
(away from) the radar are responsible for the positive
(negative) Doppler frequency shifts of the radar
echoes. Although the ambient wind exerting a drag
force on the precipitation particle compels it to move
with the background air flow, the drift velocity of the
hydrometeor may not necessarily be equal to that of
the ambient wind. Notice that the drag force exerted
on the precipitation particle by atmospheric flow is
not only affected by the characteristics of the ambient
atmosphere (e.g., temperature and density), but also
by the functions of the shape and diameter of the
hydrometeor. Moreover, the other characteristics of
the hydrometeor itself, namely, the electricity prop-
erty, dynamic behavior (vibration, rotation, and co-
alescence), thermal processes (evaporation and con-
densation of water vapor), and the small-scale
turbulence around the hydrometeor during its falling,
may presumably also influence the drag force on a
precipitation particle exerted by the ambient atmo-
sphere. Under these considerations it appears that
the precipitation particle may not drift with the
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Figure 1. A schematic plot showing the geometrical rela-
tion between terminal velocity W, of precipitation particles,
vertical air velocity W, and the horizontal wind speed U in
the pointing direction of the oblique radar beam.

ambient wind. If this is the case, by introducing a
fractional coefficient « to represent the imperfect
drive of the background air flow on the drift of
precipitation particles, (3) can thus be rewritten as

fa = (ft — af,) X cos 8 — af, )

where the assumptions that precipitation particles
distribute uniformly in the radar probing region and
that o is a linear and isotropic scalar constant have
been made implicitly in (4). It is easy to realize from
(3) and (4) that « is just the ratio of the hydrometeor
drift velocity in response to the drag force exerted by
the background atmospheric flow to the ambient wind
velocity. Therefore a(W, cos 6 + U sin 6) represents
the effective radial velocity component of the precip-
itation particle driven by the background atmosphere,
which can be obtained from the clear-air Doppler
spectra observed simultaneously by the vertical and
oblique radar beams. From (4) it is apparent that in
the case of @ = 1, the hydrometeor will drift perfectly
with (or be frozen in) the background air flow, while
in the extreme case of @ = 0, the hydrometeor will
make no response to the drag of ambient wind. From
(3) and (4) it is easy to obtain

fo_fa=(1_a)xfar (5)
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where

far = —fa X cos 6 — f, (6)

Notice that f,, (equal to —2V,/A) is the oblique
Doppler frequency shift of the air having the radial
velocity along the pointing direction of the oblique
beam. In the case of Figure 1, because the plus and
minus signs of the Doppler frequency shifts have been
considered in the equations and 0 < « < 1 in
definition, it is obvious that f, — f, (equal to Af,) <
0. Similarly, if the radar beam is steered in the
opposite direction and we assume that the precipita-
tion and the clear-air conditions are the same as those
shown in Figure 1, it is easy to have

fo —fa=0—a)Xfy (7)

where

far=—faXcos 0+ f, (®

In this case, f, — f, (equal to Af,) > 0 and |Af,| >
|Af,|, provided f, X cos 6 < f,. Therefore it is
obvious that the wind-driven characteristics of hy-
drometeors can be examined if the systematic fea-
tures, that is, Af, < 0 and |Af,| > |Af,|, are always
observed by steering radar beams toward different
off-zenith directions. In addition to the discrepancy
between f, and f,, the ratio of f, to f, (defined as
Ry) can also be employed to examine the wind-driven
property of hydrometeor. If R, is equal to unity, it
means the hydrometeors are perfectly drifting with
background air flow and @ = 1. If the value of Ry
deviates from unity, the horizontal velocity of precip-
itation particles pushed by the ambient wind will be
different from that of the ambient atmosphere. The
problem remains of how to calculate the value of a
from the information of the observed Doppler fre-
quency shifts of wind and precipitation. Because the
Doppler frequency shift of the precipitation particles
observed by the vertical radar beam, f, (equal to
—2Wgs/A) can be expressed as

fo=Ffi—afa &)
Substituting (9) into (4), we have
a=(f, X cos 0 = fa)/fu (10)

where f,, can be obtained from the observed values of
f. and f,, in accordance with (5) or (8), depending on
the geometry of the radar beam pointed. Therefore,
according to the simultaneous measurements of the
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Doppler frequency shifts of precipitation particles
and the ambient winds from two radar beams at
different pointing direction, the frozen-in property of
the precipitation particles can be examined.

3. Experiment Setup and Data Analysis

3.1. Chung-Li VHF Radar

The Chung-Li VHF radar consists of three inde-
pendent and identical modules, and each of the
modules contains its own transmitter, receiver, an-
tenna array, signal preprocessor, and other essential
system units. This radar is located on the campus of
National Central University in Taiwan. The opera-
tional frequency of the Chung-Li VHF radar is 52
MHz (corresponding to 5.77-m wavelength), and the
peak transmitted power is 180 kW (3 X 60). The
maximum duty cycle is 2%, and the pulse width can be
set arbitrarily from 1 us to 999 us. However, only five
receiver bandwidths can be chosen on the Chung-Li
VHF radar, namely, 1, 0.5, 0.25, and 0.125 MHz and
62.5 KHz. Two phase-coding schemes are imple-
mented on the Chung-Li VHF radar for different
purposes of the experiment. One is the complemen-
tary code, with adjustable code lengths of 2, 4, 8, and
16 elements. The other one is the Barker code, with
adjustable code lengths of 7, 9, and 13 elements. The
antenna array of the Chung-Li VHF radar used for
mesosphere-stratosphere-troposphere (MST) experi-
ments consists of three square antenna modules with
64 Yagi antenna elements (8 X 8) each. The whole
antenna array is arranged as a triangle with side
lengths of 45, 45, and 40 m. Except for the vertical
direction, the boresight of the antenna beam for each
module can also be pointed obliquely toward north,
west, south, and east with a fixed 17° zenith angle.
Note that the azimuthal direction that the antenna
beam is steered in is not due geographical north, west,
south, and east, but has a counterclockwise 22.3°
azimuthal angular difference from the respective due
geographical direction. The total physical antenna
area is 4800 m? (3 X 40 X 40). The main antenna
beam for each module has a half-power beam width
of 7.4°. For more information on the characteristics of
the Chung-Li VHF radar, see Rottger et al. [1990].

3.2. Experiment Setup

As described in the previous section, at least two
radar beams, one at vertical incidence and the other
pointed obliquely, are required to operate simulta-
neously so that the experiment of examining the
wind-driven property of precipitation particles can be
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carried out. Alternatively, if the temporal variations
in ambient wind and precipitation can be ignored
during a short period, it is not necessary to operate
the vertical and oblique beams simultaneously in the
examination of the frozen-in characteristics of the
precipitation particles. In this case, the experimental
scheme that one of the two radar beams be steered
toward vertical (or oblique) direction subsequent to
the other beam being steered obliquely (or vertically)
is permissible, as long as the total observation period
of these two radar beams is short enough. However,
how short is short enough for the observation period
in which the wind and precipitation can be treated to
be constant in examining the frozen-in behavior of
precipitation particles is still not well-documented.
Under this consideration, in order to avoid the pos-
sible bias due to the temporal variations in wind and
precipitation, the vertical and oblique radar beams
are operated simultaneously in the experiment of
examining the frozen-in characteristics of hydro-
meteor conducted at the Chung-Li VHF radar.

The precipitation data employed for this experi-
ment were taken on April 13, 1996, 0437-0540 LT by
the Chung-Li VHF radar. During this period a cold
front was passing through Taiwan island from south-
west toward northeast. An examination of the rainfall
record measured by the meteorological station lo-
cated on the campus of the National Central Univer-
sity shows that the total amount of rainfall corre-
sponding to this cold front from 0800 to 2000 LT is
about 58 mm. Three radar beams were operated
simultaneously. Two of them were always pointed
vertically during the period of the experiment, and
the other one was steered obliquely toward north,
east, south, and west in sequence. The observational
duration for each direction is 34.56 s. The main radar
parameters were set as follows: pulse length of 2 us,
interpulse period of 300 us, and coherent integration
time of 0.09 s; 40 range gates were recorded.

3.3. Data Analysis

When the complex raw radar echoes were recorded
in the data storage unit, the Doppler spectra are
calculated by using a 64-point fast Fourier transform
(FFT) algorithm on the radar returns. Six raw spectra
are averaged incoherently to produce an average
spectrum for further analysis. In view of the complex-
ity of the pbserved Doppler spectrum, the identifica-
tion of the spectral components for precipitation and
refractivity can only be done manually. Once they are
separated, the echo power, mean Doppler frequency
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shift, and spectral width for these two spectral com-
ponents are estimated with the least squares method,
in which the Gaussian curve is employed to best fit the
corresponding Doppler spectral component.

From the theoretical equations presented in the
previous section, the falling velocities of precipitation
particles observed by vertical and oblique radar
beams will play a crucial role in examining the
frozen-in characteristics of the hydrometeors in the
ambient air flow. In order to estimate the diameter of
the hydrometeor from its fall speed, the following
expression is employed extensively [Atlas et al., 1973]:

(11)

where v; (in units of meters per second) is the fall
speed of hydrometeor with the diameter D (in units of
centimeters) with respect to the still air. However, when
precipitation particles are falling in the atmosphere,
their fall speed will be affected by the background air
density through the viscous drag exerted by the air.
Because (11) is applicable only near the Earth’s surface,
a necessary correction factor should be given on the
right side of the equation if this equation is applied to
other altitudes for the estimation of the fall speed of
hydrometeor. Although a number of different correc-
tion factors have been introduced by many investigators
[Lin et al., 1983; Beard and Heymsfield, 1988; Zmic et al.,
1993], the correction factor employed in this study will
be (po/p)** [Foote and du Toit, 1969; Atlas et al., 1973],
where pg and p are the air density at the ground and the
level of observation, respectively.

vg = 9.65 — 10.3 exp (—6D)

4. Observations and Discussion

As mentioned earlier, the vertical and oblique
antenna beams are operated simultaneously in this
experiment. Figure 2 presents an example of the
Doppler spectra observed by vertical (upper panels)
and northward (lower panels) beams at heights from
2.4 to 3.3 km. It is obvious from Figure 2 that the
refractivity fluctuation echoes and the precipitation
echoes occurring simultaneously in the vertical and
oblique radar beams can be discerned unambiguously
in each panel, where the broad spectral peaks located
in the spectral domain with larger positive frequency
shifts are the precipitation echoes, while the other
spectral peaks with stronger echo intensities and
narrow widths correspond to the radar returns of refrac-
tivity fluctuations. It is noteworthy that although the
vertical and oblique beams are operated simultaneously
to observe precipitation in this experiment, in numerous
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Figure 2. Vertical (upper panels) and northward (lower
panels) Doppler spectra observed simultaneously on April
13, 1996, at around 1638 LT with the incoherent integration
time of 34.56 s.

cases, only one radar beam, either vertical or oblique,
can detect the precipitation echoes, no matter what
altitude at which the scattering volume is situated.
Because the zenith angle of the oblique beam is 17° and
because most precipitation occurs below the height of 4
km (as shown later), the horizontal separation of the
boresight between vertical and oblique beams at 4 km is
about 1.2 km. Because the antenna beam width of the
Chung-Li radar is 7.4° it is easy to calculate that the
horizontal distance between the vertical and oblique
beams at a height of 4 km without overlapping is about
700 m and is about 500 m at the height of 3 km.
Therefore the feature of the precipitation echoes that
can only be detected by one of two simultaneous radar
beams at different pointing directions strongly implies
that the precipitation particles distribute inhomoge-
neously in the region with a horizontal dimension of
around 500-700 m, causing difficulty in examining the
wind-driven effect on the hydrometeors.

Figure 3 is the height-time distribution of the
horizontal wind velocity deduced from the clear-air
Doppler spectra. As indicated, the northwest wind
dominates the bulk motion of the ambient atmo-
sphere during the period of experiment. Because the
sign and the magnitude of f, (or f,) are largely
determined by the direction of radial velocities of
background wind, it can be expected that f, — f,(=
Af’) obtained by the eastward beam and the south-
ward beam will be in opposition to those observed by
the northward and westward beams, provided o # 1.
These observational results will be presented later.

Figure 4 is the height-time variation of the hydro-
meteor falling velocity deduced from the precipita-
tion Doppler spectra observed by the vertical beam. It
is clear from Figure 4 that the falling velocities of the
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Figure 3. Height-time distribution of the horizontal wind velocity deduced from the mean Doppler shifts
of northward and eastward radar spectra, where the contribution of vertical wind has been removed.

precipitation particles range from about 2 m/s at 4.2
km to about 6 m/s at 2.4 km. An abrupt change in
falling velocity is seen in the height range from 3.6 to
4.2 km. Examining the temperature profile observed
at Pan-Chiao rawinsonde station, about 25 km north-
east of the Chung-Li radar station, demonstrates that
the altitude of 0°C isothermal is 3.85 km. Therefore
the sudden increase in the falling speed of hydro-

meteors shown in Figure 4, which is formed owing to
the coalescence of the melting precipitation particles
in the melting layer [Rogers, 1976; Chu et al., 1991], is
consistent with the temperature profile observed by
the rawinsonde. Note also that the precipitation
occurring mainly in the height range from 2 to 4.5 km
distributes unevenly with height and time. As men-
tioned before, this feature implies that the spatial
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observed by the vertical radar beam.
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Figure 5. Height distribution of « values calculated from
equation (10).

distribution of precipitation may be inhomogeneous,
causing the biased estimation of the value of «. This
problem will be discussed in more detail later.

Once the observed Doppler frequency shifts of
precipitation and the refractivity fluctuations mea-
sured with vertical and oblique beams are obtained,
the examination of the wind-driven property of pre-
cipitation particles can be carried out. Figure 5 pre-
sents the height distribution of « values calculated
from (10). According to the definition of a, if the
precipitation particles are frozen in the background
atmosphere, it can be expected that the magnitude of
« will be identical to unity. However, Figure 5 shows
that, in general, the observed « values are located
systematically on the left side of the line correspond-
ing to the value of o = 1. Computation denotes that
the averaged magnitude of « is 0.83, indicating that
the efficiency of the background wind driving the
precipitation particles to move with ambient air is, on
average, 0.83. This observational evidence raises an
important problem regarding the validation of the
existing methods employed to estimate the drop-size
distribution and the terminal velocity of the precipi-
tation particles from Doppler spectra observed by
VHF/UHF radar (or wind profiler). As mentioned in
section 1, one of the basic assumptions made in
applying (1) to deduce the size distribution of precip-
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itation particles is that all of the hydrometeors are
moving perfectly with background wind such that the
beam broadening and turbulent broadening effects
contributed by ambient atmosphere on the observed
Doppler spectral width of precipitation can be re-
moved totally. Similarly, under the same assumption
the exact terminal velocity of precipitation particles
can be obtained by subtracting the contribution of the
vertical wind velocity from the observed precipitation
falling velocity. However, if this crucial assumption is
not valid, the results of applying current methods to
deduce the terminal velocity and the drop-size distri-
bution of precipitation particles from the radar re-
turns of VHF/UHF wind profiler radar will be ques-
tioned. Note that the magnitude of a represents the
response of the drift of the hydrometeor to the drag
of ambient wind. From Figure 5 it is obvious that, on
average, the effective horizontal drift velocity of the
precipitation particles will be 83% of the ambient
wind velocity. In view of the fact that the beam broad-
ening spectral width is proportional to the horizontal
drift velocity of the targets in the radar volume, the
beam broadening spectral width contributing to the
observed Doppler spectral width of precipitation will be
83% smaller than that of the background atmospheric
refractivity fluctuations. Therefore the estimations of
the drop-size distribution and the terminal velocity of
precipitation particles will be inaccurate if the conven-
tional method is employed and the effect of imperfect
drift of precipitation particles with the background wind
is not taken ihto account.

Figure 5 also shows that a number of data points
have values unrealistically greater than 1 or smaller
than 0. Several data points with large scatter result
from the statistical uncertainties associated with the
fluctuations of the radial velocities of the precipita-
tion and clear-air turbulence estimated from the
observed Doppler spectra. Calculation shows that a
10% variation in radial wind speed and Doppler
velocity of precipitation particles deduced from the
observed Doppler spectra will result in a 58.8%
variation in «, provided the averaged magnitudes of
a-related parameters are given as (U) = 10 m/s, (W,)
= 1m/s, (W,) = =7 mfs, (V,) = 3.88 m/s, (V) =
—4.36 m/s, and (W) = —6.3 m/s. However, some
data points in Figure 5 having apparently unrealistic o
values with large signal-to-noise ratios may be attrib-
uted to the spatially distinctive characteristics of the
vertical air motion and precipitation which occur in
the vertical and oblique radar volumes, respectively.
For example, the data point with a value of —2.9
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Figure 6. Scatter diagrams of Af versus oblique radial wind velocities at different incident directions,
where Af is defined as the discrepancy of the oblique Doppler frequency shift of hydrometeor between
observation and theoretical values under the frozen-in assumption. The data points marked with circles
(dots) represent cases in which the horizontal wind direction is in the same direction as (opposite

direction of) the oblique radar beam.

occurring at the height of 4.2 km is one of the cases.
Moreover, it might be expected that there would be
appreciable changes in vertical and horizontal wind
speeds and precipitation over the period of a few
minutes, especially for the precipitating environment
with intense convective activities. These temporal
variations of wind speed and precipitation would also
lead to the large bias in the estimation of « if the
period of taking and processing radar data is not short
enough. This is the reason why the interval of obser-
vation is less than a minute in this experiment. In view
of the fact that several possible factors will cause
enormously large deviation of the calculated a values
from o = 1, the interpretation of unrealistic « values
must be treated with some caution.

Figure 6 shows the scatter diagram of Af (in units
of hertz) versus radial wind velocity observed by the
oblique radar beams pointed toward four different
directions, where Af is calculated by either (5) or (7),
depending on the relative situation that the horizon-
tal wind directions are parallel (shown by circles) or
opposite (shown by solid dots) to the radar beam
directions. As described in section 2, Af will be
greater or smaller than 0, depending on the directions

and the relative magnitudes of the vertical and oblique
radial velocities. As indicated in Figure 6, the data
points marked with circles deviate from the value of
Af = 0 systematically, showing that & # O or that the
drift velocity of the precipitation particles is not the
same as the background wind. Although the data points
marked with dots distribute randomly around Af = 0, it
does not mean that the corresponding hydrometeors are
moving with the background wind at the same velocity.
This is because the magnitudes of —f, X cos 6 are
comparable to those of f,, such that no systematic
variation of f,, (or Af) with radial velocity is seen. It may
be concluded from the observational results presented
in Figures 5 and 6 that, in general, the precipitation
particles are not frozen in the ambient wind.

5. Concluding Remarks

In this paper, taking advantage of the capability of
simultaneously observing the precipitation particles
and the atmospheric refractivity fluctuations with a
VHF radar, we develop a method of examining the
wind-driven property of hydrometeor using the
Chung-Li VHF radar. In order to comply with the
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requirement made in the proposed method, the ver-
tically and obliquely pointed radar beams are oper-
ated simultaneously. Observational result shows that,
on average, the efficiency of the ambient atmosphere
driving the precipitation particles to drift with the
background wind is about 0.83. This feature implies
that the estimations of drop-size distribution and
terminal velocity of the precipitation particles associ-
ated with strong background wind will be estimated
inaccurately if the conventional methods are em-
ployed and the wind-driven effect on the movement of
hydrometeors is not taken into consideration. In
addition, we also note that the spatial distribution of
precipitation particles aloft may be considerably in-
homogeneous, even in the area with horizontal extent
as small as a few hundred meters. This property will
increase the difficulty of investigating the characteris-
tics of precipitation by using the radar beams with
large tilted angle. Because the frozen-in assumption is
a vital one in applying VHF/UHF radar (or wind
profiler) to observe the characteristics of precipita-
tion aloft, more efforts need to be made to clarify the
wind-driven property of hydrometeor. For example,
what is the difference of the response to the drag
force exerted by the ambient wind between solid and
liquid precipitation particles? Is there any seasonal
variation for the wind-driven characteristics of pre-
cipitation particles? How can one remove the imper-
fect wind-driven effect on the precipitation Doppler
spectrum to obtain a more accurate drop-size distri-
bution of precipitation? We hope that the answers to
these questions can be achieved in the near future.
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