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Abstract. In this study, a wind profiler with a radio acoustic
sounding system (RASS) and operational radiosonde mea-
surements were used to investigate the technical practica-
bility and reliability of using parametric speakers to mea-
sure the vertical profile of virtual temperature. Characteris-
tics of parametric speakers include high directivity and very
low side lobes, which are preferable for RASS, especially
those operating in urban areas. The experiments were con-
ducted on fine days with light winds to mitigate the effects
of the horizontal and vertical components of wind on acous-
tic waves used for RASS. The results of this study indicated
that, although parametric speaker RASS is susceptible to hor-
izontal winds due to the narrower acoustic beam, bias and
standard deviation of parametric speaker RASS versus ra-
diosonde virtual temperature difference (0.1 ◦C, 0.4 ◦C) were
close to those from acoustic speakers (0.0 ◦C, 0.4 ◦C). In
addition, when compared with acoustic speaker RASS, the
values for the parametric speaker RASS were even smaller
(0.1 ◦C, 0.2 ◦C). Based on these results, it is concluded that
the parametric speaker RASS has accuracy and precision
comparable with acoustic speaker RASS despite its high di-
rectivity of sound.

1 Introduction

Accurate measurements of temperature are essential in
weather forecasting and studies of atmospheric dynamics at
all scales. The radio acoustic sounding system (RASS) is a
ground-based remote sensing technique that provides verti-

cal profiles of virtual temperature from a few hundred meters
above the surface up to several kilometers in elevation (Mar-
shall et al., 1972; Peters et al., 1985). The RASS technique
has been applied to wind profilers, whereby vertical profiles
of virtual temperature can be measured with the same tem-
poral and spatial resolution that the profiler uses to measure
winds (e.g., Adachi et al., 2005) with a relatively high de-
gree of reliability (Matuura et al., 1986; Moran et al., 1991;
Angevine and Ecklund, 1994).

When using RASS techniques, one or more acoustic
sources are co-located with an antenna, and the profiler pro-
vides the vertical profile of the speed at which the acous-
tic disturbance propagates vertically (Angevine et al., 1994).
RASS temperature measurements can be obtained on the ba-
sis of the relationship between the virtual temperature Tv
(◦C), the local speed of sound Ca (m s−1), and the measured
radial wind speed w (m s−1), and a good approximation can
be obtained by

Tv =

(
Ca−w

20.047

)2

− 273.15. (1)

Thus, a vertical profile of the speed of sound can be converted
to a profile of virtual temperature. The radial wind speed is
considered in Eq. (1) because the neglect of the wind velocity
along the beam may be the largest source of error in RASS
measurements (e.g., May et al., 1989; Angevine et al., 1994).
However, we could not consider the radial wind speed in our
experiments because strong clutter sometimes contaminated
the Doppler spectrum and masked the atmospheric echo in
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the vertical beam observation. This issue is addressed in later
sections.

The systematic error or bias of the virtual temperature
measurements from RASS observations has been shown to
be less than 1 ◦C, while the standard deviation or precision
has also been reported around 1 ◦C. May et al. (1989) com-
pared virtual temperatures obtained from 915 and 50 MHz
RASS with those obtained from radiosonde measurements.
The RASS data were averaged over approximately 6 min,
and about 50 soundings covering both the summer and win-
ter seasons were examined. Both the bias and the standard
deviation were about 1 ◦C, even without the application of
the vertical velocity correction. On the other hand, Martner et
al. (1993) assessed the performance of 915, 404, and 50 MHz
wind profilers with RASS by comparing with about 150 ra-
diosonde measurements. They found that the bias (standard
deviation) was less than 0.3 ◦C (about 1 ◦C) for most sys-
tems, even though they did not make the correction for verti-
cal air motions, as the comparison was made under low ver-
tical wind conditions. Moran and Strauch (1994) compared
temperature profiles obtained using a very high-frequency
(VHF) wind profiler with RASS with those obtained from
radiosondes during a 5-week period. They reported that the
accuracy (standard deviation) was 0.9 ◦C (less than 1 ◦C), af-
ter the application of the vertical velocity correction. More-
over, Angevine et al. (1998) compared the virtual tempera-
ture measured by a 915 MHz wind profiler with RASS with
in situ observations at 396 m above ground level (a.g.l.) on a
tower. They found that the precision of the RASS measure-
ments was less than 0.9 K after the application of the vertical
velocity correction and corrections for thermodynamic con-
stants. In addition, Görsdorf and Lehmann (2000) reported
that the bias (standard deviation) of the RASS measurements
with a 1.3 GHz wind profiler is 0.1 K (0.7 K) from the data
observed for a year compared with radiosondes if accurate
corrections for vertical velocity, range, and thermodynamic
constants were applied. On the other hand, the height cover-
age of RASS depends on the radio wave frequency deployed
(May et al., 1988; Martner et al., 1993) but is also limited
by both the advection of the sound wave with the horizontal
wind and the atmospheric attenuation of the acoustic signal
in addition to the effects of turbulence and vertical tempera-
ture gradients (Lataitis, 1992).

A wind profiler with RASS has been frequently used to
study the dynamics of the atmosphere, especially in the
boundary layer (e.g., Neiman et al., 1992; Peters and Kirtzel,
1994; May, 1999; Bianco and Wilczak, 2002; White et al.,
2003; Adachi et al., 2004; Hashiguchi et al., 2004; Chan-
drasekhar Sarma et al., 2008). Among the limitations of this
method, an important one is the emission of strong sound
waves, whose frequency cannot be arbitrarily selected but de-
termined by the wavelength of the radio wave used by the
profiler to match the Bragg condition (the acoustic wave-
length λa is equal to half the electromagnetic wavelength
λe). Although the acoustic speakers used for RASS measure-

ments are usually co-located with the antenna and directed
vertically so that the generated sound wave propagates along
the radio wave, a large portion of the sound wave leaks hor-
izontally because of the side lobes of the speakers, which
prevents the temporal and/or continuous operation of RASS
in urban environments (Wulfmeyer et al., 2015). Thus, a new
type of speaker that has extremely low side lobes would be
ideal for RASS measurements.

A theoretical study of parametric speakers (or parametric
acoustic array, PAA) was established by Westervelt (1963).
That study revealed that the nonlinear interaction between
two collimated high-frequency sound beams in an ideal fluid
medium produces two new waves with a sum and difference
frequencies, and the latter may be used to produce narrow
beams of sound at relatively low frequencies in the audible
range. Berktay and Leahy (1974) presented a theoretical de-
scription that can be used to compute the far-field response
of a parametric array for multiple sets of parameters. There-
after, the use of parametric arrays underwater has been the
subject of a number of theoretical and experimental stud-
ies. On the other hand, an experimental investigation of the
parametric array in air was first demonstrated by Bennett and
Blackstock (1975), and recently the parametric loud speaker
has become available for audio and speech applications (Gan
et al., 2012). The properties of parametric speakers include
high directivity and very low side lobes, which are preferable
for RASS measurements. However, to the best of our knowl-
edge, there are few, if any, studies on RASS techniques using
this type of speaker.

In this study, a detailed evaluation of the parametric
speaker for RASS measurements was conducted by com-
paring temperature data derived from this type of speaker
and those from both radiosonde and acoustic speaker RASS
at the Meteorological Research Institute (MRI) field site
in Tsukuba, Japan. Instrumentation and data analysis tech-
niques are presented in Sect. 2. Results are presented in
Sect. 3 and discussed in Sect. 4. Finally, a summary of our
conclusions is presented in Sect. 5.

2 Instrumentation and data analysis techniques

The MRI wind profiler, a four-panel LAP-3000 with RASS
(Fig. 1a), is the type originally developed at the National
Oceanic and Atmospheric Administration (NOAA) Aeron-
omy Laboratory (Carter et al., 1995; Ecklund et al., 1988).
The profiler used in this study operated at 1357.5 MHz with
100 m pulse lengths and a minimum (maximum) gate of
200 m (1300 m) from the antenna in RASS mode. The ver-
tical resolution was set to 100 m based on the requirements
for the Global Climate Observing System (GCOS) Refer-
ence Upper-Air Network (GRUAN) by the WMO (2007).
The effect of the vertical air motion was not considered for
RASS measurements in the experiments because strong clut-
ter caused by automobiles on a nearby highway sometimes
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Figure 1. Pictures of (a) LAP-3000 with acoustic speakers and a
parametric speaker for RASS, (b) overview on a support frame, (c)
partial expanded view of the parametric speaker, and (d) rotary
warning lights on the shed wall. The parametric speaker mounted
on top of the shed with a sliding roof is covered with rainproof film
in the field, as shown in (a).

contaminated the Doppler spectrum and masked the atmo-
spheric echo (Adachi et al., 2004).

The configuration and operating parameters of the wind
profiler with RASS are summarized in Table 1. The antenna
of the profiler was co-located with four acoustic speakers in
cylindrical enclosures and a parametric speaker, which was
mounted on top of a shed (Fig. 1a). For the experiment, the
RASS measurements were carried out continuously for about
an hour without wind observations. Since the wind profiler
operated at 1.3 GHz, the frequency of the acoustic source
for the RASS measurement was set at about 3 kHz to match
the Bragg condition. Prior to every experiment, an acoustic
wave with a wide frequency range (2715 to 3265 Hz corre-
sponding to about ±50 ◦C) was generated to detect center
Doppler frequency of the RASS echo. Then, during each ex-
periment, the emitted acoustic frequency range was automat-
ically narrowed down to a shorter frequency span (130 Hz,
corresponding to about ±12 ◦C) around the detected cen-
ter frequency to increase signal-to-noise ratio (SNR) and
height coverage. The frequency sweeps were randomly shuf-
fled within each frequency range to make the acoustic spec-
trum almost uniform (Angevine et al., 1994).

The MRI parametric speaker, 100FM-001, consists of an
array of more than 10 000 piezoelectric ceramic transducers
configured on a semicircular board with a diameter of 1.8 m
(Fig. 1b). The transducers were divided into 278 segments,
with each one mounted on the hexagonal board (Fig. 1c).
The field programmable gate array (FPGA) modules in the
speaker system were used to control the phase of the signals
fed into the segments to generate the acoustic beam with a
particular preferred width and direction like other PAAs (e.g.,

Table 1. Parameters of the wind profiler with RASS.

Frequency 1357.5 MHz
Peak power 500 W
Beam width < 7◦

Beam elevation 90◦

Pulse width 665 ns
First range gate 200 m
Last range gate 1300 m
Gate spacing 100 m
Interpulse period 12163 ns
Coherent integration 3
Spectra averaged 191
Number of fast Fourier 8192
transform (FFT) points
Acoustic source Pseudo-random frequencies

(random hop)
Location 36◦03′19′′ N, 140◦07′28′′ E
Manufacture Scintec
Model LAP-3000

Table 2. Characteristics of the MRI parametric speaker.

Center frequency 40.0± 1.0 kHz
Band width (−6 dB) < 2.0 kHz
Sound pressure level > 200 dB (at 0.3 m, 40 kHz,

theoretical value)
Number of transducers 10 008
Number of channels 278
Beam width 5–17◦ (1◦ step)
Beam elevation 60–90◦ (1◦ step)
Beam azimuth 0–359◦ (1◦ step)
Input audio signal freq. 2.8–3.3 kHz
Speaker diameter 1.8 m
Speaker system size 2.1× 2.1× 1.8 m
Manufacture Starlite Co., Ltd.
Model 100FM-001

Wu et al., 2012). The configuration and operating parameters
of the speaker are summarized in Table 2.

One of the desirable features of the PAA for RASS mea-
surements is high directivity of the sound beam. Prior to
the designing of the MRI PAA, we performed a preliminary
field sensitivity test for RASS using a prototype PAA with a
beam width smaller than 2◦ and relatively small power, but
no RASS echo was observed. We modified the prototype to
broaden the beam width to about 6◦ or more, and the RASS
echo was observed up to a few range gates. We concluded
that too narrow of a beam is not good for the RASS obser-
vation, and the PAA beam width should match that of the
profiler radio wave. Because the beam width of the MRI pro-
filer is less than 7◦ (Table 1), the default sound beam width
of the speaker was designed to be 5◦ (Table 2). Although the
latter width is somewhat smaller than that of the former, the
RASS focal spot determined by the sound beam width may
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Figure 2. Audible sound pressure level (SPL) pattern for an acous-
tic speaker (red), the parametric speaker with the measured beam
width of 5◦ (blue) and 12◦ (black) at a frequency of 3 kHz. The
error bars represent 2σ . The SPL pattern for the acoustic speaker
in the negative zenith angle region is a mirror image of the pattern
measured at the positive zenith angle for ease of viewing. The back-
ground noise level was about 50 dB. The SPL was measured with a
sound level meter (Rion NL-42).

be broadened by turbulence (Lataitis, 1992) and match the
radio beam width, which is preferable for RASS measure-
ments.

In order to measure the audible sound pressure level (SPL)
pattern, we installed the PAA on a standing frame (Fig. 1b)
for temporal use to radiate sound horizontally. The measure-
ments were made on fine (no rain) days under calm wind
(< 2 m s−1) with a sound level meter set at a distance of
25 m because a range of 10 m would be necessary to com-
pletely produce audible sound from ultrasound with a PAA of
this size (Tomoo Kamakura, personal communication, 2018).
Safety was also considered for the level-meter operators in
determining the distance, as is discussed later. The PAA was
installed on top of a shed after the measurements (Fig. 1a).
The audible sound pressure level (SPL) pattern (Fig. 2) mea-
sured in the field indicated that the PAA exhibited high direc-
tivity and low side lobes, as expected; the SPL was less than
55 dB (dBA) at a zenith angle of 40◦, which was close to the
value of the background noise level of 50 dB despite the fact
that the peak power (100 dB) was close to that of an acoustic
speaker (105 dB). By contrast, for the acoustic speaker, the
SPL was as high as 70 dB even at a zenith (elevation) angle
of 85◦ (5◦) and is therefore significantly more annoying to
the ear than a PAA.

To evaluate the parametric speaker for RASS measure-
ments, temperature data derived from the PAA–RASS were
compared with values derived both from radiosonde and
from the acoustic speaker RASS. The dwell time for each
RASS measurement was set at about 57 s followed by an

intermediate cessation operation time of 3 s, in which the
two speaker systems were alternately switched every minute
for comparison. Each RASS data set obtained with the two
speaker systems was independently processed with quality
control to confirm the consistency in the height and time field
values.

The profiles of virtual temperature derived from opera-
tional radiosonde measurements were used as the standard
reference data for comparison. The radiosondes (the Meisei
RS-11G used until September 2017, followed by the Meisei
iMS-100; Kizu et al., 2018) were launched from the Aero-
logical Observatory, which is located about 400 m northeast
of the profiler (for the layout of the relative locations, see
Adachi et al., 2004). The time resolution of the radiosonde
data used for the comparison was 1 s, which corresponded
to the height resolution of about 6 m. The radiosondes were
launched operationally at 08:30 JST (Japan standard time:
JST=UTC+9 h), and most of the RASS experiments in-
cluded the launch time (Table 3). The RASS data were taken
during morning hours, on fine (no rain) days, with light winds
(< 3 m s−1 at 20 m a.g.l.), mostly in autumn, when the region
was under the influence of a high-pressure system. In the
radiosonde comparison, the RASS data were averaged over
about an hour for each experiment to mitigate both the effects
of vertical velocity (Angevine and Ecklund, 1994; Görsdorf
and Lehmann, 2000) and the spatial difference between the
radiosonde and the profiler with RASS. Contrastingly, the
1 min raw RASS data were used to compare the two speaker
systems.

3 Results of comparison

3.1 Applicability of parametric speaker to RASS

As there are few, if any, studies on RASS using paramet-
ric speakers, preliminary experiments were first conducted
to confirm whether the secondary audible waves produced
by this type of speaker can propagate long distances along
the radio wave while satisfying the Bragg condition before
evaluating it for RASS application. The MRI PAA radiates
bifrequency primary waves that are around 37 and 40 kHz
from all the transducers simultaneously to generate the para-
metric sound of the secondary difference frequency, which
was around 3 kHz for RASS. Since sound absorption gen-
erally increases with frequency, the ultrasound may be sub-
stantially dissipated as altitude increases, although the peak
SPL of the ultrasonic sound close to the PAA (Table 2) was
about 100 dB larger than that of audible sound generated by
the acoustic speaker (Fig. 2). The atmospheric absorption
is a function of the sound frequency, temperature, humid-
ity, and pressure of the air (ISO, 1993). Example profiles
of the sound attenuation coefficient and attenuation at 3 and
40 kHz derived from radiosonde measurements are shown in
Fig. 3. In the derivation, only the effect of atmospheric ab-
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Table 3. List of the comparison experiments, including date, period, sea level pressure, surface temperature, surface wind speed, and mean
wind speed aloft (20–1200 m a.g.l.) with standard deviation. Means and standard deviations are not vector but scalar statistics.

Date Time (JST) Psea (hPa) T (◦C) U (m s−1) Ualoft (m s−1)

14 Oct 2016 08:03–09:00 1023.0 15.0 2.0 5.8± 2.8
15 Oct 2016 08:01–09:00 1025.5 15.8 1.4 2.1± 0.5
19 Oct 2016 08:01–09:00 1015.6 20.2 3.1 5.4± 1.7
21 Oct 2016 08:01–09:00 1016.5 15.7 2.1 3.1± 0.7
24 Oct 2016 08:19–09:00 1014.9 13.1 2.0 3.2± 1.5
27 Oct 2016 08:37–09:32 1016.1 18.8 0.8 1.6± 0.6
28 Oct 2016 08:03–09:00 1018.4 12.5 1.2 7.6± 3.3
31 Oct 2016 08:09–09:00 1024.3 12.7 1.7 5.4± 2.6
2 Nov 2016 08:25–09:02 1023.2 9.8 1.6 5.0± 2.3
8 Nov 2016 08:03–09:02 1017.0 7.4 2.2 5.4± 3.4
12 Nov 2016 08:09–09:06 1019.8 11.8 0.4 3.7± 1.3
30 Nov 2016 09:11–09:32 1030.4 5.7 1.8 2.9± 1.4
29 Mar 2017 08:43–09:00 1020.0 8.4 2.4 4.9± 1.3
9 Aug 2017 08:45–09:00 991.3 30.5 1.2 4.5± 2.5
7 Sep 2017 08:01–09:00 1003.2 22.3 1.8 2.3± 0.5
9 Apr 2018 08:25–09:02 1013.6 10.2 1.6 6.9± 5.1

sorption related to viscosity and thermal conductivity of the
air, molecular relaxation of rotation, and vibration of O2 and
N2 was considered (see Appendix), and other physical ef-
fects (e.g., reflection from the surface; ISO, 1996) were dis-
regarded. Figure 3a shows that the attenuation for the au-
dible wave of 3 kHz propagating from the surface to an al-
titude of 1 km a.g.l. was 14.7 dB, which indicated that the
sound wave at this frequency with an SPL of 105 dB on the
ground decreased to 90.3 dB at this altitude. By contrast, this
figure also suggests that the sound wave at 40 kHz with an
SPL of 200 dB generated on the ground was reduced to less
than 0 dB at 160 m a.g.l. Thus, the primary wave of the PAA
was not expected to reach beyond this altitude. However, the
difference-frequency component could propagate to a higher
altitude because it was audible sound.

Figure 4 shows a set of spectra obtained with the acoustic
speakers and the PAA at the time when the radiosonde mea-
surement in Fig. 3 was made. The plots were obtained by the
LAP-XM, which is a software program developed on the ba-
sis of the Profiler On-line Program (POP; Carter et al., 1995).
The RASS echoes associated with the acoustic speakers were
obtained from altitudes as high as 1.3 km a.g.l. On the other
hand, those associated with the PAA were obtained from an
altitude of 1.1 km a.g.l. Although the PAA–RASS height cov-
erage was somewhat lower than that associated with acous-
tic speakers, this was much higher than the altitude where
the primary ultrasound waves were expected to dissipate.
This result suggests that the secondary difference-frequency
component may reach the altitude comparable with the au-
dible wave generated by acoustic speakers while satisfying
the Bragg condition and propagating along the radio wave
as an audible wave. The height coverage of the two speaker
systems is discussed later.

Figure 3. Profiles of atmospheric-attenuation coefficient α and
atmospheric attenuation for sound at frequencies of (a) 3
and (b) 40 kHz derived from the radiosonde measurements at
08:30 JST on 19 October 2016, at the MRI site.

Another conformity of the secondary audible wave formed
by the PAA to the sound wave by the acoustic speaker for the
RASS measurement can be seen in the vertical profiles of the
received echo power. Samples of the RASS echo power pro-
files are shown in Fig. 5, along with profiles of radiosonde
wind speed and horizontal displacement of the sound beam
center for RASS from that of the radio wave. The samples
were selected from the days (Table 3) when surface winds
were light (< 2 m s−1) except on 19 October (Fig. 5a). The
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Figure 4. Doppler spectra from RASS observations measured with (a) acoustic speakers from 08:30 JST for 1 min and (b) the parametric
speaker from 08:31 JST for 1 min on 19 October 2016. At each height, the first moment of the spectrum, indicated by the vertical bar, gives
the vertical sound velocity, and the second moment, indicated by the horizontal bar, gives the spectral width.

displacement of the sound wave with horizontal wind was
estimated by acoustic ray tracing based on radiosonde mea-
surements. In this estimation, the sound speed was estimated
using Eq. (1), assuming a stationary atmosphere, in which the
virtual temperature was obtained from the radiosonde data,
and the initial displacement of the PAA from the profiler an-
tenna on the ground was set at 4 m (Fig. 1a). The RASS echo
power shown here is a relative value, not absolute, because
the profiler is not calibrated for received power.

The RASS echo power of both speaker systems decreased
with altitude except for the first range gate. The reason for the
decrease may include atmospheric attenuation of the acoustic
signal and displacement of the acoustic wave from the radar
antenna by the wind (Lataitis, 1992), as shown by the dis-
placement profiles (Fig. 5). The echo power with the acous-
tic speakers was almost always larger than that of the PAA
(Fig. 5a–d). This could be explained by the acoustic speaker’s
larger peak power than that of the PAA (Fig. 2), and the
integrated peak power of the acoustic system, which com-
prises four speaker units (Fig. 1), could be much larger. The
echo power with the PAA was slightly larger than that of the
acoustic speakers at the first gate in Fig. 5a. This could be
because the sound from the PAA was advected above the an-

tenna as shown by no displacement at that height in the fig-
ure, suggesting that acoustic ray tracing was reliable. The es-
timation of RASS echo power (e.g., Adachi et al., 1993) was
beyond the scope of this study. However, the echo power with
both speaker systems in light-wind conditions (Fig. 5b–d) de-
creased almost linearly (in decibel space) with altitude above
the first gate, and the difference in the gradient between the
two systems was relatively small (less than 15 % on average),
although this small difference may also be attributable to the
wind. From the facts mentioned above, we concluded that
the secondary audible waves formed by the PAA can prop-
agate over a long distance along the radio wave while sat-
isfying the Bragg condition and are applicable to the RASS
measurements as the sound wave generated by the acoustic
speaker.

Since the PAA was shown to be applicable to the RASS
measurements, we next explored the reliability of the PAA–
RASS measurements by comparing with radiosonde obser-
vations. It is noteworthy, however, that in Fig. 5a, the echo
power with the PAA decreased with altitude more sharply
than that associated with the acoustic speaker at altitudes be-
tween 300 and 700 m a.g.l., where relatively high winds were
observed, despite the fact that the PAA–RASS echo reached
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Figure 5. Profiles of received mean RASS echo power, horizontal displacement of the parametric speaker sound from radio wave, and wind
speed on (a) 19 October 2016, (b) 27 October 2016, (c) 9 August 2017, and (d) 7 September 2017, derived with the acoustic speakers (red),
the parametric speaker (blue), and radiosonde (green). The error bars represent 2σ . The black lines indicate linear regressions for the received
power data (except for the first range) as shown in the upper-right legend with correlation coefficients.

the highest range gate (1300 m a.g.l.) similar to the acoustic
speaker RASS. This suggests that the PAA has enough peak
power to reach the highest range gate but is more susceptible
to high winds than the acoustic speakers. Thus, the effect of
wind on the PAA–RASS measurements is discussed later in
this paper.

3.2 Comparisons with radiosonde

Profiles of virtual temperature (Tv) derived from radiosonde,
the PAA–RASS, and the acoustic speaker RASS observa-
tions are shown in Fig. 6 along with the corresponding statis-
tics for the data and the received power for both the PAA and
acoustic speakers. The RASS data were averaged over ap-
proximately an hour. The radiosonde data were smoothed by
100 m running mean to match the RASS observations. The
running mean may also play a role in mitigating the effect

of the temperature fluctuation due to turbulence on the ra-
diosonde measurements. The Tv derived from the radioson-
des was in good agreement with the RASS measurements
derived from both speaker systems, lying within the error bar
of most of the range gates. In addition, Tv values derived with
both speaker systems were close to each other. However, bias
and standard deviation tended to be large at inversion lay-
ers and at the first gate (e.g., Fig. 6a, b, and c), the latter
of which may correspond to the smaller received power at
that gate. This could be attributable to the fact that the first
gate is too close to the antenna. In fact, Lataiti (1992) sug-
gested that factors including the recovery of the receiver and
incomplete overlapping of the electromagnetic and acoustic
beams due to the special separation between the antenna and
speaker systems can lead to a significant gradient in the re-
ceiving power at this gate. In addition, a range error (e.g.,
Angevine and Ecklund, 1994; Görsdorf and Lehmann, 2000;
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Johnston et al., 2002) caused by the height variation in the
backscatter intensity may also contribute to the smaller re-
ceived power. It is also noteworthy that most of the highest
range gates correspond to a received RASS echo power of
about−10 dB for both speaker systems in Figs. 5 and 6, sug-
gesting that the received power is one of the factors deter-
mining the height coverage, although factors that determine
the received power including the sound attenuation may be
different for each system.

Scatter diagrams comparing radiosonde virtual tempera-
ture with that from RASS for all experiments are shown in
Fig. 7 along with statistics. The first range gate data of the
RASS measurements were not considered because they are
less reliable. This figure shows that both the PAA and acous-
tic speaker RASS measurements of virtual temperature were
generally in good agreement with those derived from ra-
diosonde measurements, as expected. The linear regressions
for both speaker systems were close to the 1-to-1 relation,
and correlation coefficients were close to unity. In addition,
the systematic error was less than 0.1 ◦C and the standard
deviation was 0.4 ◦C for both systems, suggesting that both
systems are reliable for RASS measurements.

4 Discussions

As reported above, we found many instances in which the
PAA speaker system exhibited comparable performance with
the acoustic speakers with respect to the RASS measure-
ments in observing profiles of the Doppler spectrum and
the virtual temperature, as shown in the statistics for the
comparisons both with radiosonde and with the acoustic
speaker RASS. Indeed, the bias and standard deviation for
each speaker system RASS with respect to radiosonde are
in good agreement with results reported in previous studies
(e.g., Görsdorf and Lehmann, 2000), despite no correction
for vertical velocity being performed. This could be partly
because the experiments were conducted on fine days with
light wind and because of the application of a relatively long
averaging time. In addition, removing the first gate data from
the statistics may also have contributed to the good results.

Although applying a long averaging time could mitigate
the effect of vertical airflow on bias (e.g., Moran and Strauch,
1994), it may degrade the statistics when the virtual temper-
ature profile evolves within the duration of the RASS mea-
surement. On the other hand, the statistics also indicated that
the data number associated with the PAA was smaller than
that of the acoustic speakers (e.g., Fig. 6), implying that the
mean height coverage with the former was lower than that of
the latter presumably because of wind in addition to the low
peak power mentioned previously (Fig. 2). Thus, we inde-
pendently focus our attention on both the effects of the time
evolution of the temperature profile on the statistics and of
wind on the height coverage of the RASS measurement in
the following sections.

4.1 Effect of rapid time evolution of temperature
profile

In the comparisons, the RASS data were averaged for a rel-
atively long time to minimize the effects of both vertical ve-
locity and the spatial difference between the radiosonde and
the profiler with RASS. However, the temperature profiles
derived from radiosonde observations may not be well suited
for use as standard reference data if the temperature profile
evolved rapidly within the hour-long RASS observation du-
ration. In the experiments, since the operational radioson-
des were launched in the morning on fine days with light
winds, an inversion layer was frequently observed (Fig. 6). In
fact, 12 inversions including multiple inversion layers (e.g.,
Fig. 6b) were observed in 8 of the 16 experiments. Inversion
layers can evolve in a relatively short time due to surface
heating and cooling and/or the development of the boundary
layer in the morning. Indeed, the surface virtual temperature
increased by 2.3 ◦C on average with a standard deviation of
1.0 ◦C within an hour for the experiments shown in Fig. 6.
Thus, the temperature profile measured with the radiosonde
can differ from the mean temperature profile obtained from
RASS even though both measurements represented an actual
profile, which may result in degrading the statistics for the
RASS evaluation.

A sample of the temperature profile observing an inversion
layer is shown in Fig. 8. This observation was made more
than 3 h after sunrise (05:15 JST) on that day. The Tv profiles
with error bars were the mean RASS measurements aver-
aged over an hour from acoustic (red) and PAA (blue) speak-
ers. Both RASS profiles represented the radiosonde profile
to some extent but did not follow the profile well, especially
around the inversion layer. The large standard deviations in-
dicated by long error bars may reflect the time evolution
of the temperature profile in addition to the measurement
precision of RASS. By contrast, the 1 min raw RASS data
recorded around the radiosonde launch time represented the
inversion layer better than the mean RASS measurements at
some points, although there were still some discrepancies,
which may have been due to the locality of the inversion
layer, the effects of vertical air motion or turbulence, or the
time difference between RASS and radiosonde in addition to
the accuracy and precision of the RASS measurements. The
discrepancy above the inversion layer may be caused by the
locality of the temperature because the MRI observation field
covered by vegetation (Adachi et al., 2005) ends about 500 m
from the profiler, which corresponds to the horizontal dis-
placement at that height. On the other hand, the discrepancies
in and below the inversion could be mitigated by considering
the effect of the vertical airflow and/or applying a range cor-
rection. In terms of the time difference, it is noteworthy that
the radiosonde measurement is not a snapshot but sequen-
tial; it took more than 2 min for the radiosonde to ascend to
an altitude of 800 m a.g.l., and the temperature profile may
evolve even during this time. Thus, a comparison with mea-
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Figure 6. Profiles of virtual temperature (Tv) and received power (Pr) from 08:30 JST on (a) 15 October, (b) 21 October, (c) 8 November, and
(d) 30 November 2016 derived from a radiosonde (black), RASS with acoustic speakers (red and orange), and the parametric speaker (blue).
The radiosonde data were smoothed by 100 m running means to match with the vertical resolution of the RASS. The error bars represent 2σ
in the RASS hourly observations. The mean, standard deviation, and number of samples of temperature difference are summarized in a table
in each panel.

surements that have both small spatial difference and high
time resolution is needed to evaluate the PAA–RASS mea-
surement.

4.2 Comparison with acoustic speaker RASS

To suppress the effects of the spatial and time difference be-
tween the two platforms on the evaluation, we next com-
pared the temperatures derived from the PAA–RASS with
those from the acoustic speaker RASS. Of course, this com-
parison does not provide an absolute but relative evaluation
of the PAA–RASS measurement. This issue should be kept
in mind in examining the intercomparisons presented in this
section. In the intercomparison, the requirements for high-
quality upper-air reference data (bias ≤ 0.1, σ ≤ 0.2 K) pro-
posed by WMO (2007) for the GRUAN were used as criteria

for the evaluation, although they are not for virtual tempera-
ture but for real temperature.

A normalized frequency diagram and scatterplot of virtual
temperature obtained by the acoustic speaker RASS versus
the PAA–RASS are shown in Fig. 9. The 1 min raw data
obtained alternately are presented in Fig. 9a, whereas the
data averaged for about an hour are plotted in Fig. 9b. Fig-
ure 9a shows that the PAA–RASS measurements of virtual
temperature were generally in good agreement with those of
the acoustic speaker RASS despite disregarding the time dif-
ference in the two systems. The linear regression line was
close to the 1-to-1 relation, and the correlation coefficient
was close to unity. Moreover, the mean bias and standard de-
viation of the difference between the two speaker systems
were less than 0.1 ◦C and close to 0.4 ◦C, respectively, which
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Figure 7. Scatterplots of virtual temperature of the RASS vs. the ra-
diosonde measurements at all heights except for the first range. The
data derived from the RASS with the acoustic speakers (the para-
metric speaker) are plotted as open (closed) circles. The radiosonde
data were smoothed by 100 m running means to match with the ver-
tical resolution of RASS. The lines represent linear regressions for
each data set as shown in an upper legend along with the correlation
coefficients. The mean, standard deviation, and number of samples
of temperature difference are summarized in the bottom table.

are comparable with those obtained by the comparison with
radiosonde measurements (Fig. 7) despite the higher time
resolution. Since the spatial difference was negligible and
the time difference was quite small, the reason for this dis-
crepancy could include temperature fluctuation due to turbu-
lence. Indeed, the mean (max and min) increase in the vir-
tual temperature at the surface for all the experiments was
0.2±0.5 ◦C (1.4 ◦C,−1.3 ◦C) in 10 min, which suggests that
temperature fluctuation aloft was occurring.

A scatter diagram comparing the mean acoustic speaker
RASS measurements with those from the parametric speaker
RASS is shown in Fig. 9b. The data were averaged over about
an hour to minimize the effect of temporal fluctuation of tem-
perature and improve the statistics. Indeed, the linear regres-
sion was close to the 1-to-1 relation, and the correlation coef-
ficient was closer to unity. In addition, both the bias (0.06 ◦C)
and standard deviation (0.16 ◦C) improved and satisfied the
WMO requirements.

From the evaluations mentioned above, we conclude that
the accuracy and precision of the parametric speaker RASS
are comparable with those of the acoustic speaker RASS for
measuring the vertical profile of virtual temperature. The re-
liability of the parametric speaker RASS could be improved
by applying the time average over the appropriate period, ad-
vanced quality control, and/or corrections for both range and
vertical airflow as long as the effect of the ground clutter is
negligibly small.

Figure 8. Profiles of the virtual temperature (Tv) from 08:30 JST on
7 September 2017, derived from a radiosonde (black), RASS with
acoustic speakers (red), with the parameter speaker (blue), and hori-
zontal displacement of the radiosonde from the profiler (green). The
radiosonde data were smoothed by 100 m running means to match
with the vertical resolution of RASS. The error bars represent 2σ
in the RASS observations averaged over 60 min, and closed circles
represent 1 min raw data from the time indicated. The mean, stan-
dard deviation, and number of samples of temperature difference of
RASS from radiosondes are summarized in the table.

4.3 Effect of horizontal wind on the height coverage of
the RASS measurement

The reliability of the parametric speaker RASS measurement
was shown to be equivalent to the acoustic speaker RASS.
However, we found many instances in which the former
tended to have less height coverage than the latter (Figs. 4,
5, and 6), which is also reflected by the fewer number of data
in the statistics (Figs. 6, 7, and 8). Although the parametric
speaker system exhibited less peak power than the acoustic
speaker system, the weak power cannot be the only reason
for the lower height coverage because the results show that
the former can observe up to the highest range gate as the lat-
ter as long as the received power is more than about −10 dB
(e.g., Figs. 5a, b, 6a, and 8). On the other hand, the results
also suggest that the reason may include the effect of wind
aloft (e.g., Fig. 5a). Because the acoustic beam generated
by the parametric speaker is narrow, it could be susceptible
to the horizontal airflow, which displaces the acoustic wave
from the radar antenna as shown in Fig. 5. Thus, the effect
of horizontal wind on the height coverage of the parametric
speaker RASS measurement was evaluated by comparing it
with the radiosonde wind data.

A scatter diagram comparing the mean RASS height cov-
erage and horizontal displacement of the center of the sound
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Figure 9. Comparisons of the parametric speaker vs. the acoustic
speakers in measuring virtual temperature at all heights (except for
the first gate) shown by (a) a normalized frequency diagram (color
scale) and (b) a scatterplot. The data obtained from each speaker
system every 1 min alternately were used in (a), whereas the hourly-
mean data were plotted in (b). The mean Tv derived with the acous-
tic speakers is shifted 10 ◦C for ease of viewing in (b). The lines
represent linear regressions for each data set, shown in the upper-
left and lower-right legends along with correlation coefficients, re-
spectively. The mean, standard deviation, and number of samples of
temperature difference are summarized in each table.

for RASS from that of the radio wave at 1200 m a.g.l. is
shown in Fig. 10, as well as the mean wind speed aloft. The
horizontal displacement was estimated by acoustic ray trac-
ing. In the estimation, the initial displacement of the acous-
tic speaker system from the profiler antenna on the ground
was set at 0 m because the antenna is surrounded by the four
acoustic speakers, whereas that of the PAA was set at 4 m
(Fig. 1a). The wind speed aloft is the mean wind from 20
to 1200 m a.g.l. (Table 3), which is the highest mean cover-
age of the parametric speaker RASS measurements in calm
wind conditions (< 2 m s−1) as shown in the figure. The data
measured on 30 November 2016 are not considered in the
analysis because the RASS measurement was made more
than 40 min later than the radiosonde observation (Table 3).
Note that the mean RASS height coverage shown in the fig-
ure is different from the height coverage of the mean virtual
temperature profile in Fig. 6 because the latter reflects the
maximum height coverage within the observed profiles af-
ter quality control in the duration of the RASS measurement.
The long error bars may reflect the large time evolution of
the RASS height coverage, which may also be related to the
evolution of the wind in the duration.

The parametric speaker RASS measurements tended to
reach lower altitude than the acoustic speaker RASS, even
when the horizontal displacement was less than 10 m (cor-
responding to a wind speed of around 4 m s−1). The reason

Figure 10. Scatterplots of mean height coverage of RASS mea-
surement vs. horizontal displacement of the beam center of the
sound for RASS from that of the radio wave at 1200 m a.g.l. de-
rived from radiosonde observations. Closed circles (squares) de-
note the observed mean RASS height coverage by acoustic speak-
ers (parametric speaker) with standard deviations indicated by error
bars. The color scale represents the mean wind speed aloft (20–
1200 m a.g.l.). Thick lines represent linear regressions for each data
set, where the acoustic data are divided by a height threshold of
1100 m a.g.l. The highest range gate sampled for the RASS mea-
surement is 1300 m a.g.l.

for the lower coverage under small displacement (light wind)
conditions may include the parametric speaker’s lower peak
power than that of the acoustic speaker system. The height
coverage decreased with the displacement and/or wind speed
for the parametric speaker RASS, as indicated by the linear
regression analysis. In contrast, when the displacement is less
than 16 m (corresponding to a wind speed of around 6 m s−1),
most of the acoustic speaker RASS measurements achieved a
height coverage of around 1300 m a.g.l., which was the high-
est range gate for the RASS measurement (Table 1). This
suggests that the acoustic speaker RASS keeps on observing
at a high altitude even in relatively high wind conditions, as
also indicated by the short error bars.

It is noteworthy, however, that the height coverage of
RASS with acoustic speakers drops sharply to 1000 m a.g.l.
at a horizontal displacement of 15–16 m and exhibits a ten-
dency to decrease with the displacement afterward similar to
the parametric speaker RASS. By contrast, the height cov-
erage of the parametric speaker tends to decrease monotoni-
cally with the displacement at almost all ranges. These results
suggest that the parametric speaker RASS is more sensitive
to wind because of the narrow beam, whereas the acoustic
speaker RASS is surprisingly robust. Since the four acous-
tic speakers were not adjusted in phase, this robustness could
be explained by the higher aggregate sound power than that
shown in Fig. 2 and possible location of sound wave above
the antenna in spite of relatively high winds.
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To compensate for the lower wind tolerance, two addi-
tional experiments were performed, in which the acoustic
beam was broadened and steered. The parametric speaker
system employed for the RASS experiments was equipped
with FPGA that controlled the beam pattern of the sound, in-
cluding beam width and direction. We broadened the beam
width from 5 to 12◦ (Fig. 2) when the parametric RASS echo
was observed up to an altitude of 1200 m a.g.l. However, this
experiment resulted in a decrease in the height coverage to
500 m a.g.l. The height coverage decrease could have been
due to the decrease in the peak power associated with beam
broadening. In fact, the measured peak power was decreased
by 15 dB in our system by broadening the beam (Fig. 2).
Therefore, by using this technique, a parametric speaker with
more peak power was needed in our case to acquire equiva-
lent height coverage with the acoustic speaker system, which
may result in increasing both the size and cost of the system.

On the other hand, the peak power does not decrease sig-
nificantly with the zenith angle of the beam as long as the
angle is small. The SPL pattern at multiple zenith angles
measured in the field is shown in Fig. 11. The peak power
was decreased by about 7.5 dB by reducing the power sup-
ply to the PAA amplifier, which decreased not only the au-
dible sound but also the ultrasound levels for practical rea-
sons (noisy) and measurement safety. The results indicated
that the peak power decreased by only 3.8 dB when the beam
was steered to a zenith angle of 10◦, which corresponds to
a horizontal wind speed of 60 m s−1. The sound wave might
be displaced by the horizontal wind but advected to above
the antenna if the wave is generated windward with an ap-
propriate zenith angle. Thus, we conducted another experi-
ment with the acoustic beam zenith angle of 2◦ windward on
a day when a mean wind speed of about 12 m s−1 between
200 and 1200 m a.g.l. was observed with the wind profiler.
Unfortunately, no RASS echo was observed, which may be
partly because the sound wave did not propagate vertically
to the ground, and the advected sound wave front above the
antenna was not normal to the propagation direction of the
radio wave. Additionally, the acoustic wave front may have
been distorted by wind shear. In that case, the radio wave
might have been steered to the direction normal to the sound
wave front by considering the advection and distortion of the
sound wave front from the wind profiler measurements.

4.4 Health effects of ultrasound exposure

Since the ultrasonic SPL generated by the PAA is extremely
high (> 200 dB), the health effects of ultrasound exposure in
the area close to the PAA should be considered. In stud-
ies involving small animals (WHO, 1982), mild biological
changes have been reported during prolonged exposure to
airborne ultrasound with levels in the range of 95–130 dB at
frequencies ranging from 10 to 54 kHz, which become more
severe with increasing SPL. Thus, the PAA should not be
installed on or under the ground level, as it can be easily ac-

Figure 11. Audible sound pressure pattern of the parametric speaker
at a frequency of 3 kHz measured at multiple zenith angles, shown
in the upper legend with the beam width observed. Note that the
peak SPL was decreased by about 7.5 dB for safety. The SPL was
measured with a sound level meter (Rion NL-42).

cessed by animals. Because the PAA for RASS emits sound
vertically, animals aloft, including birds and/or insects, can
be exposed to the sound beam. However, those animals are
capable of avoiding the risk quite easily because they can per-
ceive the audible sound from the PAA, and the beam width is
very narrow. In fact, no animals, including bugs and/or birds,
have died so far on the PAA after more than 100 h of opera-
tion.

On the other hand, no adverse physiological or auditory
effects appear to occur in humans exposed to sound pres-
sure levels up to about 120 dB (WHO, 1982; Health Canada,
1991). At 140 dB, mild heating may be felt in the skin clefts.
With increasing sound pressure levels, the human body be-
comes warmer until death from hyperthermia. This has been
estimated to occur at levels greater than 180 dB. This lethal
threshold value corresponds to a distance of less than 17 m
from the PAA, with an ultrasonic SPL of 200 dB, assum-
ing an atmospheric attenuation of 1.2 dB m−1 (Fig. 3). To
avoid ultrasound exposure, we installed the PAA on top of
a shed with a height of 2 m so that the speaker will not be ac-
cessed by anyone. Moreover, rotational warning lights were
installed on the wall of the shed (Fig. 1d) to alert people to the
emission of ultrasound of more than 50 dB (yellow) and/or
100 dB (red).

5 Conclusions

We investigated the applicability of parametric speakers to
RASS for measuring the vertical profile of virtual tempera-
ture by comparing the data with those obtained from both ra-
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diosonde and the acoustic speaker RASS. In the experiments,
the operations of the two speaker systems were swapped ev-
ery minute alternately for the comparison. A detailed anal-
ysis of the profiles of both the acoustic attenuation and the
Doppler spectrum suggest that although the primary ultra-
sound generated by the parametric speaker may be dissipated
greatly as altitude increases, the secondary audible waves
generated from the bifrequency ultrasound can propagate
long distances while satisfying the Bragg condition.

We have also compared parametric speakers with both
radiosonde and acoustic speakers to estimate the reliabil-
ity of RASS in measuring the virtual temperature (Tv).
The results indicated that Tv measured with parametric
speaker RASS has comparable reliability with the acoustic
speaker RASS measurements; the bias and standard devia-
tion (0.1 ◦C, 0.4 ◦C) for the parametric speaker were close to
those for the acoustic speaker (0.0 ◦C, 0.4 ◦C) with respect
to radiosonde, which was consistent with the results reported
in previous studies, although the conditions in those studies,
including the corrections for the vertical wind and/or range,
were different from ours. We also found that not only the spa-
tial difference between the two platforms but also both the
evolution of the temperature profile during the RASS mea-
surement and temperature fluctuation due to turbulence could
contribute to deterioration of the statistics. To mitigate these
effects, a comparison of virtual temperature obtained from
the two speaker systems was also performed. The results in-
dicated that the bias and standard deviation (0.1 ◦C, 0.2 ◦C)
of the parametric speaker RASS were quite small and sat-
isfied the requirements for high-quality upper-air reference
data proposed by the WMO (2007). Taken together, we con-
clude that parametric speaker RASS has comparable accu-
racy and precision with acoustic speaker RASS with respect
to the measurement of the virtual temperature profile.

We examined the height coverage of RASS and found that
the parametric speaker deployed in the experiments tended
to have less coverage than the acoustic speakers, which may
be a result of the parametric speaker having high directiv-
ity, and the generated sound was more susceptible to the dis-
placement from the radar antenna by horizontal wind than the
sound wave by the acoustic speakers. Thus, we broadened the
beam width of the parametric speaker, which resulted in de-
grading height coverage because this operation deteriorates
the peak power of the audible sound. The sound wave was
then steered windward with the default beam width (∼ 5◦) so
that the advected sound was located above the antenna. How-
ever, no echo was observed, presumably because the sound
wave front advected to above the antenna was not normal
to the propagation direction of the radio wave in the exper-
iments. In addition, the sound wave front may have been
distorted by wind shear. This issue might be solved by us-
ing wind profilers that are capable of steering the radio wave
(e.g., Adachi and Kobayashi, 2001; Law et al., 2002; Palmer
et al., 2005) to the direction normal to the sound wave front

as Masuda (1988) proved with the middle and upper atmo-
sphere (MU) radar (Fukao et al., 1985).

The results of this study including the statistics do not
necessarily apply to all locations, altitudes, and seasons; in
particular, we note that the comparisons in this case study
were made in the morning on fine days with light wind when
the effects of horizontal and vertical wind would be less ex-
pected. Nevertheless, we confirm that a parametric speaker
is applicable to RASS measurement with a reliability com-
parable with acoustic speakers. Although it is sensitive to
horizontal wind, this type of speaker could be installed to
wind profilers located in urban areas for continuous obser-
vations for operation (e.g., Ishihara et al., 2006) to improve
weather forecast because it has high directivity and no hori-
zontal sound wave leaks to annoy nearby residents.

Data availability. All the observation data used for the present
study are available from the authors upon request.
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Appendix A: Calculation of the atmospheric attenuation

The method of estimating attenuation coefficient for atmo-
spheric absorption from temperature, humidity, and pressure
is summarized here based on ISO 9613-1 (ISO, 1993). The
attenuation coefficient α (dB m−1) is expressed by the sum
of four terms in good approximation as

α = αcl+αrot+αvib,O+αvib,N, (A1)

where αcl represents the classical absorption caused by the
transport processes, αrot is the molecular absorption by ro-
tational relaxation, and αvib,O and αvib,N indicate the molec-
ular absorption caused by vibrational relaxation of oxygen
and nitrogen, respectively. The molecular absorption by other
compositions of the air including carbon dioxide is small and
neglected in the calculation.

The first two terms of Eq. (A1) related to the classical and
rotational absorption are given by their sum, αcr:

αcr = αcl+αrot = 1.60× 10−10
(
T

T0

) 1
2
(
Pa

Pr

)−1

f 2, (A2)

where T (K) is the atmospheric temperature, T0 is the refer-
ence air temperature (293.15 K), Pa (hPa) is the atmospheric
pressure, Pr (hPa) is the reference air pressure (1013.25 hPa),
and f (Hz) is the sound frequency.

The two vibrational relaxation terms in Eq. (A1) are given
respectively by

αvib,O = [(αλ)max,O]×
f
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 (A3)

and

αvib,N = [(αλ)max,N]×
f

cs
×

2
(
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(
f

frN

)2
]−1

 , (A4)

where subscripts O and N represent oxygen and nitrogen, re-
spectively, [(αλ)max] (dB m−1) represents the maximum at-
tenuation by a vibrational relaxation over the distance of a
wavelength, λ (m), cs (m s−1) is the sound speed, and fr (Hz)
is the relaxation frequency.

The maximum attenuation by a vibrational relaxation for
oxygen and nitrogen are given respectively by

[
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]
=
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(A5)

and

[
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=

(
40π
35

)(
log10e

)
XN

(
θN
T

)2
exp

(
−
θN
T

)
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where XO (= 0.209476) and XN (= 0.78084) represent
the standard molar concentrations of dry air, and θO

(= 2239.1 K) and θN (= 3352.0 K) are the characteristic vi-
brational temperature for oxygen and nitrogen, respectively.

The sound speed cs in Eqs. (A3) and (A4) at a molecular
concentration of water vapor of h (%) is given by

cs = ca×

√
1−

h

100

(
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− ε

)

= c0×

√
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×
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100
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)
, (A7)

where Ca is the sound speed for dry air, γw (= 1.33) and γa
(= 1.40) are heat capacity ratio for water vapor and dry air,
respectively, ε (= 0.662) is the ratio of the molecular weight
of water vapor to the molecular weight of air, and C0 is the
sound speed for dry air at the reference air temperature, T0.
The value of h is given from the relative humidity, hr (%) by

h= hr

(
Psat

Pr

)
/

(
Pa

Pr

)
= hr

(
Psat

Pa

)
, (A8)

where Psat (hPa) is the saturation vapor pressure given by

Psat = Pr× 10

(
−6.8346×

(
T01
T

)1.261
+4.6151

)
, (A9)

and T01 (= 273.16 K) is the triple-point isotherm tempera-
ture. The sound speed in dry air Ca is given by

ca =

√
γaR

Md
T , (A10)

where R (= 8.314 J mol−1 K−1) is the universal gas constant,
and Md (= 2.896× 10−2 kg mol−1) is the molecular weight
for dry air. By substituting values of R and Md in Eq. (A10),
we may derive

ca = 20.048
√
T , (A11)

and C0 = 343.25 m s−1 at a temperature of T0. Note that
Eq. (A11) corresponds to Eq. (1) in stationary atmosphere
because air temperature T is equal to virtual temperature Tv
in dry air.

The relaxation frequency for O and N is given by

frO =

(
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respectively.
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By substituting Eqs. (A2)–(A11) in Eq. (A1), we may de-
rive

α ≈ 8.686f 2
[{
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) 1
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where fr0 and frN are given by Eqs. (A12) and (A13), re-
spectively.

The attenuation coefficients at 3 and 40 kHz as a func-
tion of temperature and relative humidity estimated using
Eq. (A14) are shown in Fig. A1. This figure indicates that the
attenuation coefficient for ultrasound at 40 kHz is larger than
that for audible sound at 3 kHz, as expected. In addition, the
attenuation coefficient depends on the temperature and hu-
midity for both frequencies. Note that the attenuation coeffi-
cient for audible sound peaks at lower temperatures (< 10 ◦C)
than that for ultrasound, suggesting that the attenuation co-
efficient could increase with altitude for the former, while
it decreases for the latter (e.g., Fig. 3, > 1 km a.g.l., where
T = 20.2 ◦C and hr = 76 % near the surface). In contrast, the
contribution of air pressure to the attenuation coefficient on
the ground does not differ very much from that at an altitude
of 1100 m a.g.l. (∼ 900 hPa).

Figure A1. Simulated atmospheric-attenuation coefficients for
sound at the frequencies of (a) 3 and (b) 40 kHz as a function of
the atmospheric temperature and the relative humidity at an atmo-
spheric pressure of 1013 hPa. Results for a pressure of 900 hPa are
also plotted for a relative humidity of 20 %.
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