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ABSTRACT

A high-frequency Doppler sodar for precipitation measurements has been developed. Such a Doppler
sodar (6-20 kHz) can almost always measure precipitation and turbulence spectra simultaneously. There-
fore, the mean vertical wind and spectral broadening effects can be directly removed. As the acoustic
refractive indices for ice and liquid water are almost the same, the acoustic retrieval of precipitation can also
be applied to rain with small hail (e.g., diameter D < 10 mm) or large hail, but for the latter, neglecting the
effects of different orientations and shapes of hailstones.

The authors’ single-board minisodar is based on the digital signal processing (DSP) technique. The first
prototype has been continuously operated at a coastal weather station since 25 October 2002. For stratiform
rain events, the minisodar showed good agreement with a Joss—Waldvogel disdrometer and an optical rain
gauge. However, for convective heavy showers, the minisodar always observed higher rain rates.

The continuous, nonattended automatic operation of the minisodar has shown its capability for all kinds
of precipitation measurements. The retrieval of precipitation rates for snow and graupel will be provided in

a subsequent paper.

1. Introduction

Following the pioneering work of Little (1972),
Weill et al. (1986) were the first to use a 6-kHz mini-
sodar for rain-rate measurements. Following this,
Coulter et al. (1989) systematically investigated the use
of a high-frequency minisodar (4.5-7.5 kHz) as a rain-
fall sensor. A few studies of sodar application for pre-
cipitation measurements have been reported, for ex-
ample, by Pang and Grassl (1994, 1995), Bradley
(1996a,b, 1997), Grassl et al. (2000, 2002), and Pang et
al. (2000, 2002). However, to the best of our knowledge,
there is still no unattended automatic sodar for long-
term routine measurement of precipitation. In particu-
lar, we know of no publication using a sodar for snow,
graupel, hail, and mixed-phase precipitation measure-
ments.

We have developed a single-board high-frequency
Doppler monostatic vertically pointing minisodar for
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routine precipitation measurements. It is part of the
project More Accurate Areal Precipitation Measure-
ments Over Land and Sea (APOLAS) within the Ger-
man Climate Research Programme (DEKLIM).

Since 25 October 2002, a minisodar prototype has
been in continuous operation to measure precipitation
at the Westermarkelsdorf Weather Station of the Ger-
man Weather Service (DWD) on the island Fehmarn in
the Baltic Sea.

At the same time, a Joss—Waldvogel (JW) dis-
drometer from the German Weather Service and an
optical (OP) rain gauge developed by Kiel University
have been deployed in this test field. The former is
located about 24 m from the minisodar and the lat-
ter only about 15 m. The distance between the JW
disdrometer and OP rain gauge is 12 m. The results of
a comparison of three sensors will be given in two pa-
pers.

This paper, Part I, will describe the single-board so-
dar construction, the application for rainfall and hail
measurements, and a part of the first long-term on-site
operation. Part II will investigate the sodar potential to
identify and to measure snow, graupel, hail, and mixed-
phase precipitation.
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a. Using high-frequency sodars to simultaneously
measure precipitation and turbulence Doppler
spectra

Microwave remote sensing techniques for rainfall
measurements suffer from effects by the unknown
mean vertical wind velocity (w) and spectral broaden-
ing (Atlas et al. 1973; Lee 1988; Gossard et al. 1990;
Wakasugi et al. 1986, 1987; Ulbrich 1992; Pang and
Grassl 1994, 1995). To correct such effects, the Doppler
spectra of precipitation and turbulence need to be mea-
sured simultaneously.

This is unfortunately not possible for small high-
frequency microwave Doppler radars for rain measure-
ments near the ground (e.g., monostatic and bistatic
10-GHz radar of Sheppard 1990a; 24- or 35-GHz radar
of Duvernoy and Gaumet 1996) that have enough sen-
sitivity to detect the Rayleigh scattering by raindrops
but cannot detect Bragg scattering by turbulence. Lee
(1988) concluded that for radar precipitation measure-
ments the potentially high accuracy is often not reached
because of the bias caused by the unknown mean ver-
tical wind, leading to errors of up to a factor of 2 for
rain rates. In contrast to the microwave refractive index
of air, the acoustic index is about 1000 times stronger.
Therefore, a high-frequency sodar can simultaneously
measure not only the precipitation but also the turbu-
lence spectrum (Little 1972; Coulter et al. 1989; Pang
and Grassl 1994, 1995; Bradley 1996a,b). Mean vertical
wind and spectrum broadening by turbulence can thus
be directly observed and removed.

Figures 1a—f yield examples measured on 31 January
2004 to show both 1-min mean turbulence spectrum on
the left side and the rain spectrum (averaging over 60
one-second spectra) for light rain (Figs. 1a,b), moderate
rain (Figs. 1c,d), and heavy showers during a hurricane
(Figs. le,f). The heavy rain case occurred during gale
force winds and thus was a very hard test. The Doppler
shift of the turbulence spectrum peak, that is, the first
moment of the turbulence spectrum in Fig. 1, is a mea-
sure of the mean vertical wind velocity. From Fig. 1a, a
mean vertical wind of —0.05 m s~ ! at 6-m height, an
updraft mean wind of —0.38 m s~ ! at 8-m height, and an
updraft wind of —0.35 m s~ ' at 10-m height were re-
trieved, with a corresponding rain rate R of 1 mm h™".
The mean vertical wind velocities retrieved from tur-
bulence spectra in Figs. 1b—f are given in the figures.

b. Using sodar for solid and mixed-phase
precipitation measurements

Hailstones are often a mixture of water and ice (List
1959; Macklin 1961; Bohren and Battan 1982). In this
case, the high potential accuracy for a single conven-
tional microwave radar observation cannot be reached
(Balakrishnan and Zrni¢ 1990) as a result of the refrac-
tive index of ice being only about 20% of that for liquid
water. Wilson (1970) reported that the average rain
rate associated with a given radar echo intensity varies
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by a factor as high as 8 when rain and hailstorms are
combined. Therefore, a high-frequency Doppler radar
can only identify snow and rain with scores of 74%—
95% (Duvernoy and Gaumet 1996) rather than quan-
titatively measure snow or hail, because of their un-
known liquid water content.

However, an acoustic sensor for ice and mixed-phase
precipitation does not have this problem because the
acoustic refractive indices are almost identical for ice
and water.

Another considerable difficulty for high-frequency
microwave radar arises from, first, a significant attenu-
ation by precipitation and, second, the largely different
attenuation of ice and water. In contrast, the acoustic
attenuation in water and ice is small and can be ne-
glected.

On the other hand, major limitations for a sodar are
the significant acoustic attenuation by air, which
strongly limits the sounding range, and sensitivity to
ambient acoustic noise and mechanical vibration.

After a brief description of the rain retrieval prin-
ciple in section 2, the construction principles of the
single-board minisodar are given in section 3. Section 4
gives details about rain measurements during about the
first month of operation from 25 October to 31 Novem-
ber 2002. In section 5, we report on mixed-phase pre-
cipitation measurement including hail.

2. Short description of the rain retrieval principle

The retrieval of raindrop size distribution [N(D)]
from sodar Doppler spectra (Little 1972; Coulter et al.
1989) is similar to that of Doppler radar (Wakasugi et
al. 1986, 1987; Gossard 1988; Rajopadhyaya et al. 1993;
etc.).

Through a fast Fourier transform (FFT), the Doppler
signal time series is transformed into an amplitude
spectrum, from which in turn the power spectrum in
frequency domain f or in velocity domain w can be
calculated by the relation w = ¢,f/(2f,), where ¢, is the
acoustic velocity and f, is the acoustic frequency. Move-
ment toward the sodar (down) is defined as positive. In
the sodar equation, the backscattered power spectrum
P.(w) is a combination spectrum Sy(w — W) consisting
of the spectrum due to backscattering by precipitation
particles S/(w — w) and the spectrum caused by turbu-
lent motion S;(w — W):

— r2a(r)dr
P (w)=PLe f ’ ASHwyr, 1

where S)(w — w) = S/(w — W) + S,(w — w); P, is the
power transmitted into the scattering volume V of
length L; «(r) is the acoustic attenuation coefficient,
which depends strongly on the temperature and humid-
ity; A, is the effective antenna receiving area; and r is
the distance from the transmitter to the center of the
scattering volume.
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Fi1G. 1. Simultaneously measured rainfall and turbulence Doppler power spectra averaged over 1 min
for 31 Jan 2004. (a) At 1331 UTC, rain rate R = 1.03 mm h™'; (b) at 1512 UTC, R = 1.52 mm h™'; (¢)

at 1337 UTC, R = 431 mm h™%; (d) at 1519 UTC, R = 5.34 mm h™

(f) at 1959 UTC, R = 50.14 mm h™ ",

1 (e) at 1537, R = 44.58 mm h ™ '; and
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To reduce the spectral sidelobes, we use a Hamming
window W(w) in data processing. The rain spectrum
S/ (w — W) can then be expressed as the convolution of
the precipitation Doppler spectrum S,(w) with the tur-
bulence spectrum S(w — w) and the window function
Ww):S,(w —w) = S (w) * S(w — W) * W(w). Similarly,
the turbulence spectrum can be expressed as S, (w — W)
= S,(w — w) * W(w). Thus, we get

S,w —w) =§,(w) = S(w —w). )

Through a deconvolution of both observed spectra
S/(w — w) and S;(w — W), the precipitation Doppler
spectrum S,(w) can be derived. For Rayleigh scattering,
S,(w) is related to drop diameter D by

S ) = AN(D 25w5D6dD
r(w) - ( ) 36)\4 dW )

®)

where A is a frequency-dependent calibration factor.
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Through a widely used empirical expression, drop ter-
minal velocity w is related to D: w = 9.65-10.30e 7,
where w is in meters per second and D is in centimeters
(Atlas et al. 1973). Here, N(D) and further integral
rainfall parameters can then be derived from Eq. (3).

The deconvolution can be carried out by either itera-
tive least square fitting (Gossard and Strauch 1990;
Sato et al. 1990) or Fourier transform (Rajopadhyaya et
al. 1993; Pang et al. 2000). The former needs an initial
guess of N(D), while the latter is rather sensitive to
spectral noise. The accuracies of both methods depend
strongly on the spectral fluctuations. A modeling ap-
proach for the Fourier deconvolution method can be
found in Pang et al. (2000). In the Fourier deconvolu-
tion processing, we use a Gaussian fit to the turbulence
spectrum instead of real one in order to avoid large
unacceptable spectral fluctuations in the retrieved rain
spectrum.

a. Calibration of the minisodar by comparison to a
disdrometer and an optical rain gauge

To determine the calibration factor A, we employ an
indirect calibration method. For example, we used a
14-h stratiform rain composed of separate 1-h time pe-
riods with rain, rather than single values measured by
both the JW disdrometer and the optical rain gauge
during a continuous rain event. The selection criterion
for the chosen periods—weak winds in order to avoid
the unknown wind impact on the JW disdrometer and
the optical rain gauge—was applied.

b. Imperfect response function

We should point out here that raindrops falling in the
turbulent atmosphere do not completely follow the mo-
tion of air as a result of their inertia and air viscosity.
The raindrop falling velocity is therefore not exactly
falling speed with respect to air minus mean vertical
wind W (Bohne 1982) but should be smaller. We have
derived an approximate imperfect response function
(Pang and Grassl 1994, 1995). When correcting the in-
fluence of vertical wind on rain retrieval, the algorithm
has to account for the imperfect response function.

c. Acoustic attenuation compensation

Coulter et al. (1989) have pointed out that a 1-dB
error in the attenuation coefficient can result in errors
of the rainfall parameter of 100%. Assuming that tem-
perature and humidity are constant up to about 20 m
above surface, we have measured the surface tempera-
ture and humidity once per minute at one single height,
from which an online calculation of acoustic velocity
and attenuation coefficient in digital signal processing
(DSP) follows. Because of a strong acoustic attenuation
at high sodar frequencies, the attenuation compensa-
tion is carried out not only for each average height but
also inside a range gate (Pang et al. 2002).

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 22

d. System response correction and background
noise subtraction

Before each acoustic burst, the sodar measures the
background noise spectrum twice. In addition, this also
results in a measurement of the whole system frequency
response including acoustic sensors, acoustic filter, elec-
tronics, and also digital filters. After subtracting this
normalized system frequency response spectrum in
decibels from the measured Doppler power spectrum,
the spectral background noise subtraction is executed
according to the generally accepted method put forth
by Hildebrand and Sekhon (1974). Sometimes if the
background noise is very strong and also is not white,
the noise substraction leads to slight (false) rain rates of
up to 0.2 mm h™' for 1-min averages. However, by
means of spectra averaging for a 1-s spectrum retrieval
(see section 3b), the potential maximum false rain rate
of 0.2 mm h™"' is reduced to about 0.06 mm h™".

e. Spectral overlap treatment

In the case of rainfall with abundant smaller droplets,
but also for drizzle and snowfall, the precipitation
Doppler spectrum and the turbulence Doppler spec-
trum merge in the small Doppler velocity range as il-
lustrated in Fig. 1. The combined spectrum in the over-
lap range is primarily the sum of two distributions: one
corresponding to the Rayleigh scattering from small
drops or snowflakes with low falling speed and another
corresponding to the Bragg scattering from turbulence.
Following the technique provided by Ralph et al.
(1996) to distinguish the hydrometeor spectrum from
the combined spectrum, we assume that the turbulence
spectrum is approximately symmetric with respect to its
peak velocity v,,. Subtracting the assumed correspond-
ing part of turbulence spectrum from the measured
overlapping spectrum, we obtain contribution to the
spectrum arising from small drops or from snowflakes.

3. Construction of a new minisodar

The challenges for sodar development are high accu-
racy, reliability, and nonattended performance at low
price.

Conventional sodars contain a rather complicated
analog construction for both transmitter and receiver,
whose relative errors increase as the received signal
level decreases. To improve the measurement accuracy
for sodars, one should take advantage of the rapidly
developing computer technology, including the DSP
technique. The DSP technique has at least partly been
introduced for sodars by Coulter and Martin (1986) and
Mursch-Radlgruber and Wolfe (1993), among others.
Following them, we have developed a minisodar system
based on the DSP technique with much simple sodar
hardware, that is, a sodar on a single-combination DSP
board (Grassl et al. 2000) that can be used as a sodar
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wind profiler, a sodar—disdrometer, and also a sound
spectrum analyzer. The new sodar is composed of only
two parts: first, an antenna including preamplifiers and,
second, a common personal computer (PC) with a plug-
in DSP board as a working station operated by Mi-
crosoft Windows 98 or 2000. It can be operated with a
Doppler velocity resolution as high as 3 cm s depend-
ing on the FFT points selected.

Our first single-board minisodar prototype was ap-
plied for precipitation measurements.

a. A sodar on a single board

The core of the new system is a DSP-integrated plug-
in board. Except for the antenna and the analog ampli-
fier, all other earlier functions of the transmitter and
receiver hardware are now carried out by the software
of a DSP.

On the DSP board, a DSP processor (TMS320C31) is
combined with four A/D input converters, two D/A
output converters with up to 250-kHz sampling fre-
quency, and 128 k-word 0-wait static RAM .

To optimize sodar operation, the DSP program is
written in TMS320C3X Assembly with minimal pro-
gram running time. In the host PC, a Visual Basic pro-
gram cooperates with DSP in the Windows environ-
ment to control the minisodar operation and data on-
line processing.

The acoustic burst signal is generated by a subroutine
of DSP and sent out from a D/A output to a power
amplifier, which drives the acoustic transmitter.

As input, the DSP board needs only an amplified
echo signal received by the acoustic sensors, which also
act as an antialiasing filter. The turbulence and rainfall
Doppler power spectrum are derived in real time, and
they are all transferred to the host PC during the period
without transmission. Furthermore, in the host PC,
raindrop size distribution and rain rate, as well as other
boundary layer parameters, can be retrieved online.

Almost all sodar operating parameters and meta can
be selected from a menu on the PC.

b. Digital heterodyne receiver

We have developed three different digital receivers
for sodar application, which can be found in Grassl et
al. (2000, 2002). In this paper, we only discuss a digital
heterodyne receiver configuration, which is shown in
Fig. 2. The received signal sampled with frequency f; is
multiplied with a reference signal of an intermediate
frequency f; between 0.70 and 0.94 f, depending on
application, then filtered by a digital low-pass (LP) fil-
ter resulting in a Doppler signal (beat signal).

To simplify the program of the digital LP filter, the
time series data sampled by any frequency f; has to be
interpolated to a new dataset equivalent to one
sampled by f,, = 80 kHz for different f,. The data are
further decimated, and the equivalent sampling fre-
quency shrinks to f,. = 0.06 to 0.2 f; (e.g., 1-10 kHz) for
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{to power amplifier for transmitting )

FiG. 2. Block diagram of the new single DSP board minisodar
with a digital heterodyne receiver, where received signal f, = f,, +
Afp, Afp is the Doppler shift, and f; is intermediate frequency.

sampling the Doppler beat signal with maximum fre-
quency of about 0.06 f, for rain and 0.2 f, for hail mea-
surement. Therefore, the FFT points Ngpr can also be
significantly reduced from, for example, 2048 or 4096 to
256 or 512 points, respectively. The frequency resolu-
tion Af or velocity resolution Aw can thus be signifi-
cantly increased:

fse
Af:]\[FFT (4)
_ AfC, fee €,
A= TN 2 ©)

Normally f,. is about 5-18 times smaller than f;, thus the
resolution will increase about 5-18 times. For instance,
if £, = 10 kHz and f,, = 4 kHz, the Aw = 6.6 cm s~ ' for
Nppr = 1024, and AW = 132 cm s~ ! for Ngpp = 512.
Clearly, the heterodyne receiver manifests itself in a
high spectral resolution.

Moreover, an average can be carried out during the
data processing of one acoustic burst in order to sup-
press noise. We divide the Doppler signal data with
sampling frequency of f,, into f, /f,. data series with
sampling frequency of f,.. Then, through FFT, we get
fsolfse spectra that are further averaged to obtain the
final spectrum. Although such f, /f.. data time series
will not be completely independent, the spectral noise
can still be significantly reduced by this averaging.

¢. An acoustic filter for ambient noise reduction

A major challenge for measuring of rain parameters
by sodars is the reduction of the impact by ambient
noise effect that may even cause the saturation of the
preamplifier, resulting in the loss of all rain informa-
tion.

It follows from a principle of acoustics (Kinsler and
Frey 1962) that a standing wave will be formed inside a
tube when acoustic waves are propagating through a
short open pipe whose diameter is much smaller than
the wavelength. At the resonant frequency f, of such a
pipe, the input impedance vanishes. In reality, at this
frequency, the input impedance reaches a minimum,
and the power emitted at the open end of the tube
reaches a maximum for the acoustic pressure ampli-
tude. Therefore, such a short tube acts like an acoustic
bandpass (BP) filter.
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For instance, a BP filter with central frequency f, =
10 kHz, a bandwidth of about Af = 1 kHz, and a quality
factor Q ~ 10 is sketched in Fig. 3. The bandwidth Af
~0.1 f; is suitable for rain measurements because the
maximum Doppler shift of the return during rainfall
corresponds to about 0.05 f,,.

If each receiving sensor is combined with a small-
tube BP filter, the total background noise level received
directly by the acoustic sensors is reduced up to about
a half. Therefore, the measurable minimum and maxi-
mum rain rates will also increase significantly.

d. The antenna

We designed two kinds of a 0.4 m X 0.4 m antenna
plate: 1) a piezo antenna with thirty-seven 50-mm piezo
tweeters as transmitter and receiver and 2) a micro-
phone antenna with 20 or 24 microphones as receiver
and a dynamic speaker as transmitter. An 0.8-m-high
15° horn shield is used for reducing the disturbance by
ambient noise and increasing the receiving effective
area. The horizontal acoustic burst is vertically trans-
mitted into the atmosphere by a 45° reflector. The
backscattering signal from turbulence and raindrops is
received by the same antenna. Furthermore, the ampli-
fied signal is applied to the A/D converter on the DSP
board for online processing.

The main problem of a piezo antenna is the reso-
nance of the piezo element. After each transmission, a
resonance with a frequency of about 4.5 kHz always
occurs lasting more than 50 ms. Owing to this so-called
ringing time, the minimum measuring height is limited
to about 15-20 m, which is too large for a high acoustic
frequency above 10 kHz because of the strong acoustic
attenuation in air. Therefore, we prefer microphones to
piezo elements, which also allows for an acoustic BP
filter to be constructed easily on the antenna plate.

4. Rain measurements

To avoid disturbance to the neighborhood, we use a
low transmitting power of only 3-5 W. Thus the sound-

Fi1G. 3. Sketch of an acoustic BP filter with central frequency f;
= 10 kHz. An acoustic sensor is mounted inside a small hole on
the antenna plate.
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ing height was limited to 6-15 m for an acoustic fre-
quency of 10.3-10.8 kHz.

Normally, each second, our minisodar transmits an
acoustic burst of 50-ms length, and after about 10 ms,
the sodar begins to receive the echo in the form of
Doppler spectra. Averaging over sixty 1-s spectra gives
a 1-min spectrum, which is then transferred to the host
PC for further processing. Note that frequency, time
period, and number for averaging and height can be
selected by a mouse click.

a. Comparison of rain-rate measurements

Because the timer of the PC suffered from quite a
large temperature dependence (e.g., in winter it was
running faster by about 25-45 s week ', while in sum-
mer it shrunk to about 10-20 s week 1) , it is difficult to
compare the 1-min rain rates with other rain gauges.
Therefore, we compare 1-h average rain rates mea-
sured by our minisodar, a Joss—Waldvogel disdrometer
of the German Meteorological Service, and an optical
rain gauge developed by Kiel University.

Figure 4 displays such a comparison for 53 h of
mostly stratiform rainfall, including only 4 h with heavy
showers (points 1-4) for the period from 25 October to
30 November 2002. For 49 h with stratiform rain, the
correlation coefficient of the minisodar measurements
with the optical rain gauge measurements reaches
0.929, whereas it is lowered to 0.822 when comparing
with the JW disdrometer measurements. Including the
heavy showers (points 1-4 in Fig. 4), the correlation
coefficients fall to 0.844 for the optical rain gauge and
only 0.801 for the JW disdrometer.

If we compare the time series of 1-min mean rain

m *+ J-W Disdrometer
o Optical Rain Gauge

Rain Rate (mm/h) measured by J-W and OP

b
0.0 2.0 4.0 6.0 8.0

F1G. 4. Comparison of rain-rate 1-h mean measured by the mini-
sodar, JW disdrometer, and optical rain gauge from 25 Oct to 31
Nov 2002.
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rates around 13 h on 27 October 2002 during a thun-
derstorm with heavy precipitation, lasting from 1315 to
1318 UTC as shown in Fig. 5, the maximum rain rate
measured by the minisodar reached 111 mm h™*, while
the JW disdrometer gave only 79 mm h™! and the op-
tical rain gauge gave even less (43 mm h™'). Again, the
JW disdrometer and, even more so, the optical rain
gauge underestimate rain rates under strong wind con-
ditions. The heavy shower that lasted only a few min-
utes also included some hail or graupel, whose mea-
surement we will discuss in more detail in section 5.

It is obvious that good agreement of measured rain
rates among three sensors can only be found for strati-
form rain events; however, for heavy showers, the rain
rates measured by the minisodar are remarkably
higher. For the optical rain gauge, it could be that drops
in the shadow of large drops are not detected or that
some water drops might stick on the lens surface. The
reason for the underestimation by the JW disdrometer
will be discussed in the following section.

On average, the rain rates measured by the optical
rain gauge were lower than for the JW disdrometer
during heavy showers with strong winds, though the
minisodar measurements show a higher correlation
with the optical rain gauge than with the JW disdrom-
eter.

b. Comparison of measured drop size distributions

During a heavy shower of only 4-min duration on 25
October 2002, the rain rate measured by the minisodar
at 2308 UTC reached 13.7 mm h~', while it is only
measured to be 10.3 mm h™' by the JW disdrometer.
The corresponding size distributions N(D) are shown in
Fig. 6a. Two minutes later, as shown in curve A of Fig.

120.0 —
100.0 —

80.0 — +++++ Minisodar
esoes J-W Disdrometer

— meseOptical Rain Gauge
60.0 —

Rain Rate (mm/h)

40.0 —

20.0 —

0.0 ‘ o

0 10

F1G. 5. Comparison of 1-min average rain-rate time series for
1 h from 1300 to 1359 UTC on 27 Oct 2002 measured by the
minisodar, JW disdrometer, and optical rain gauge.
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FIG. 6. (a) Comparison of 1-min mean N(D) measured by the
minisodar and JW disdrometer during a heavy shower at 2308
UTC on 25 Oct 2002. (b) Same as in (a), but at 2310 UTC for
curve A and 2311 UTC for curve B.

6b, the N(D) corresponds to a rain rate of 24.6 mm h™!
for the minisodar and 17.3 mm h ™' for the JW disdrom-
eter; curve B at 2311 UTC led to 17.1 mm h™ ' for the
minisodar and only 9 mm h™' for the JW disdrometer.
The measured size distribution N(D) in Fig. 6 corre-
sponds to the heavy shower in point 2 of Fig. 4.

In Fig. 7a, size distribution N(D) measured at 1316
UTC on 27 December 2002 during a heavy thunder-
storm leads to a rain rate of R = 111 mm h~' for the
minisodar, while only 69.8 mm h™ ' is given by the JW
disdrometer. At 1315 UTC R = 39.1 mm h~' for the
minisodar, and R = 23.5 mm h ™! for the JW disdrom-
eter, which follow from curve A in Fig. 7b. Curve B in
Fig. 7b corresponds to R = 110 mm h™! for the mini-
sodar at 1317 UTC and only 79.4 mm h™! for the JW
disdrometer. In Fig. 7, N(D) corresponds to the heavy
thunderstorm in point 1 of Fig. 4.

To discover the reason why the rain rates measured
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F1G. 7. (a) Same as in Fig. 6a, but during a heavy thunderstorm
at 1316 UTC on 27 Oct 2002. (b) Same as in (a), but at 1315 UTC
for curve A and 1317 UTC for curve B.

by the minisodar during heavy showers are always
higher than those from the JW disdrometer, we com-
pared the measured drop size distributions N(D). For
the drop diameter D interval from about 1.5-4.5 mm,
both size distributions N(D) agree well, except for
some clear modes sometimes appearing in the miniso-
dar N(D). However, no agreement exists for small
drops (D < 1 mm) and very large ones (D > 5.25 mm),
where the sodar gives much higher values. In view of
the working principle of the JW disdrometer, ambient
noise greatly disturbs the measurements. During heavy
rain, the threshold for drop detection increases as the
background noise becomes higher. This leads to the
neglecting of drops in the smallest-size channels of the
JW disdrometer. For instance, on the 25 October 2002,
for the heavy shower shown in Figs. 6a and 6b with R >
15 mm h™ ', the smallest 4-5 bins report no drops, that
is, D < 0.65 mm is suppressed. More seriously, on 27
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October 2002, during a heavy thunderstorm (R > 100
mm h ') with gale force winds, all seven of the smallest
bins report no drops, that is, the N(D) for D < 1.1 mm
is lost, as indicated in Figs. 7a and 7b.

In addition, other bins with D above the thresholds
have also underestimated the rain rate. Curve B in Fig.
6b and curve A in Fig. 7b both show heavy rainfall but
with many small raindrops underestimated by up to
20% by the JW disdrometer. The underestimation of
small drops by the JW disdrometer has already been
reported earlier, for example, in Sheppard and Joe
(1994) and Nystuen et al. (1996).

At the large drop size end, the JW disdrometer has a
single bin from 4.75 to 5.75 mm. Particles with D > 5.75
mm may be lost or included into the largest bin. During
heavy showers, we sometimes found that the largest JW
bin counts more drops than the minisodar registers,
which points to the inclusion into this bin. In addition,
the probability for detection of very large drops is
higher for the minisodar because of its larger sampling
volume.

A further error for the JW disdrometer may also
arise from a nonzero mean vertical wind (Sheppard and
Joe 1994). This is particularly true for convective rain.
Often strong mean vertical wind W occurs in these
showers, with sometimes quite large fluctuations from
minute to minute. For instance, during a strong thun-
derstorm on 27 October 2002 at 1317 UTC, displayed in
curve B of Fig. 7b, the 1-min averages w measured by
the minisodar were 0, +1.15, +1.16, and +1.36 ms™ ' at
heights of 9, 11, 13, and 15 m, respectively. As heavy
showers are quite heterogeneous, even over a distance
of a few meters or seconds, the nonhomogeneity has
certainly caused some scatter for the short-term com-
parison among different sensors.

Please note that the size distribution N(D) in Figs. 6
and 7 contains many very small drops for D < 0.6 mm,
which seem unusual for heavy rain. However, we have
found that small drops with D < 0.6 mm exist both in
light and heavy rain as shown in Fig. 1. Only the case
depicted in Fig. 1c does not show abundant small drops.
The large concentration of small drops might be due to
very strong wind shear during the strong horizontal
wind at the coast of the island Fehmarn in the Baltic
Sea.

On the other side, the drops with D < 0.6 mm con-
tribute only slightly to rain rate in the cases of Figs. 6
and 7. Appling the well-known Marshall-Palmer expo-
nential distribution fitting to the N(D) in Figs. 6 and 7,
however, the interval D < 1 mm contributes less than
3% to total rain rate.

¢. Modes of N(D)

We notice that N(D) modes often appear in Figs. 6
and 7. These modes of N(D) are located at D = 0.5, 0.7,
0.8-0.9, 1.2-1.3, 1.8-2.2, and 2.8-3.2 mm, which is in
broad agreement with other investigations. For in-
stance, Steiner and Waldvogel (1987) found the most
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frequent secondary peaks at D = 0.7, 1.1, 1.9, and 3.2
mm (also see, e.g., List et al. 1987; McFarquhar and List
1993).

However, from Figs. 6 and 7, we can also see that not
all modes mentioned did occur during a single measure-
ment (1-min average). Hence, there is evidence for
modes to be common in N(D), rather than an artifact or
an error of the JW disdrometer, as has been argued by
some, for example, Sheppard (1990b).

Since each 1-s spectrum is obtained from 10 indi-
vidual spectra, the measured 1-min mean size distribu-
tions N(D) result from an average of 600 spectra, which
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gives a high probability that the modes of N(D) are
realistic and not caused by noise.

d. Mean vertical wind velocity

The vertical mean wind velocity w retrieved from the
first moment of the turbulence spectrum, for instance at
a height of 6 m, can be as high as 1 m s~ ! for a 1-min
average. A 4-h time series of w from 0000 to 0359 UTC
on 9 November 2002 is shown in Fig. 8. The wind slowly
became stronger during this period.

Updrafts with 0.2-0.7 m s~! were more often ob-
served than downdrafts, particularly at night, because
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FiG. 8. The 1-min mean vertical wind velocities retrieved from turbulence spectra at 6-m height
measured by the minisodar from 0000 to 0359 UTC on 9 Nov 2002.
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the minisodar is located very close to the coast with
updrafts during the predominantly westerly wind. Such
nonzero mean vertical wind values typically cause
10%-40% errors in rain rates. Without correction, the
rain rate for 53 h of rain would have been 18% too low.

5. Sodar measurements of rain/hail mixture and
hail

It is well known that the observation of hail or a mix
of rain and hail by microwave radar is difficult. The
main reason for this is the large difference of the di-
electric constants of ice and water (Bohren and Battan
1980; Chylek et al. 1984; Balakrishnan and Zrni¢ 1990).
Therefore, scattering of electromagnetic waves is sen-
sitive to the mixture compositions (Bohren and Battan
1980, 1982; Aydin et al. 1984, 1990; Battan and Bohren
1986; Longtin et al. 1987) as well as to the water coating
of hailstones (Battan et al. 1970; Aydin et al. 1984). A
discrimination of the mixture for microwave sounding
is thus required, but almost impossible for a single con-
ventional microwave radar. Moreover, an additional
uncertainty arises also from a significantly different
temperature dependence of attenuation for ice and lig-
uid water.

For acoustic sounding, such problems do not exist
because of similar acoustic refractive indices and nearly
neglectable acoustic attenuation for water or ice.

For two strong showers (corresponding to points 1
and 2 in Fig. 4 where 1-h averages are shown), the
minisodar Doppler spectra indicated a mix of rain and
hail. The maximum fall velocity of raindrops is about
9.20 m s~ ! (Gunn and Kinzer 1949; Atlas et al. 1973). A
Doppler velocity spectrum with w > 9.20 m s~ ' thus
should result from hail. In Fig. 9, such a spectrum is
given, clearly indicating rain accompanied by hail.
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F1G. 9. Doppler power spectrum of rainfall with hail measured
by the minisodar during a heavy thunderstorm at 1318 UTC on 27
Oct 2002.
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Assuming spherical hydrometeors with the same size,
the Rayleigh scattering from rain and hail will be al-
most the same owing to similar acoustic refractive in-
dices. An empirical relationship between falling speed
and diameter for hail is w(D) = 4.51D"° (Cheng and
English 1983) or w(D) = 4.41D"> (Ulbrich and Atlas
1982), where w is in meters per second and D is the
equivalent water drop diameter in mm, whereas w(D)
= 449D m s~ ! (Spilhaus 1948; Atlas et al. 1973) is
used for rain. Clearly, these relationships for rainfall
and hailfall are very close to each other. The shape of
the inclusions is a third-order effect (Bohren and Bat-
tan 1982). Obviously, ice, with a density of 0.9 g cm >,
can introduce an uncertainty. If the hail is not domi-
nant, this uncertainty can likely be ignored with only
small risk.

In summary, we can conclude that for rain with hail,
which often occurs in heavy showers, such mixed pre-
cipitation can simply be treated as rainfall by neglecting
the possible effects of different orientations and shapes
of hailstones.

If the precipitation Doppler spectrum peak is above
9.2 m s~ ! falling speed, it indicates dominance of hail.
Then the density of 0.9 g cm ™ should be used for the
retrieval algorithm. In the case of strong hailstorms,
when the precipitation spectrum peak may even lie
above 14 m s~ ! (corresponding to D > 10 mm), for
example, the Rayleigh scattering assumption is no
longer valid, and the Rayleigh—-Gans approximation
(Matrosov 1992) has to be applied.

6. Conclusions

We have developed a high-frequency Doppler mini-
sodar for precipitation parameter measurements. Ex-
cept for antenna and preamplifier, all other functions of
the sodar transmitter and receiver are carried out by
software for a digital signal processing (DSP) board and
a host PC, making the new single-board minisodar
highly reliable, accurate, and flexible at low cost. The
digital heterodyne receiver improves the performance,
particularly, through background noise suppression
during one acoustic burst by spectra averaging.

The long-term operation in a test field has verified
that the high-frequency single-board Doppler miniso-
dar has met the design requirements and is likely to
become a routine nonattended automatic device for the
measurements of drop size distributions and precipita-
tion rates for nearly all kinds of precipitation.

The minisodar observations of rain rates are in good
agreement with a JW disdrometer and an optical rain
gauge during stratiform rain events. However, for
heavy showers, the rain rates measured by the miniso-
dar are always considerably higher than those from the
other two instruments. The comparison of the size dis-
tributions gave support to the validity of the minisodar
measurements.
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The comparison of N(D) also showed that the mini-
sodar agrees well with the JW disdrometer in the di-
ameter range of about 1.5-4.5 mm; however, an under-
estimation of measured number concentrations at both
small and large drop diameters is likely for the JW
disdrometer.

In comparison with high-frequency microwave
Doppler rain radars and other precipitation gauges, a
high-frequency minisodar may be the most promising
instrument to measure precipitation rate and precipita-
tion particle size distributions for a mixture of rain and
hail. However, for larger hailstones the Rayleigh—-Gans
approximation should be introduced into the retrieval
algorithm. The calibration of the minisodar, however,
has to rely on optical rain gauges, Joss—Waldvogel dis-
trometers, or other reliable rain gauges during strati-
form rain under low wind speeds.
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