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Abstract

We have developed an atmospheric radar (wind profiler) for lower tropospheric observations (Lower
Troposphere Radar: LTR), based on the 1357.5-MHz boundary layer radar (BLR), which we previously
developed mainly for observations of the atmospheric boundary layer. System gain of this radar is
improved due to newly developed large-sized active phased-array antenna, active transmitting modules
with higher output power, and pulse compression technique. It has the following functions: an antenna
gain of 33 dBi is obtained with a 4 m x 4 m active phased array antenna which has 96 antenna sub-
elements, a peak output power of 2 kW is obtained by 24 active transmitting modules, and maximum
S/N is improved 8 times by using a pulse compression technique which uses 8-bit optimized coding de-
veloped by Spano and Ghebrebrhan (1996¢). The LTR is the first active phased-array 1.3 GHz-band wind
profiler radar. It is possible to vary the beam direction by electronically steering the zenith angle within
45°, Atmospheric winds in the lower troposphere, including the atmospheric boundary layer, are ob-
tained with high time and height resolutions in real time. Observations of atmospheric temperature are
also possible using the radio acoustic sounding system (RASS) technique with speaker horns. We have
confirmed LTR’s potential as a reliable tool for atmospheric observations, using simultaneous observa-
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tion results with the MU (Middle and Upper atmosphere) radar, a Doppler sodar, and a radiosonde.

1. Introduction

Observations of wind velocity profiles are
very important for studying meteorological
phenomena, weather forecasting etc. An atmo-
spheric radar (wind profiler) is one of the most
suitable remote sensing instruments for ob-
serving height profiles of three components
of wind velocity vector, including the vertical
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velocity, with high time and height resolu-
tions without influence of weather conditions.
A small-sized 915-MHz boundary layer radar
(BLR), using microstrip antenna technology to
observe the wind velocities in the atmospheric
boundary layer (ABL), was first developed by
Ecklund et al. (1988, 1990) at Aeronomy Labo-
ratory of NOAA (National Oceanic and Atmo-
spheric Administration) in the United States.
The 915-MHz BLRs, which have been dealt in
by a commercial vendor in the United States,
have become very popular in recent years and
have been found to be very effective for studies
of the first few kilometers of the atmosphere.
Carter et al. (1995) provides a good review of
915-MHz BLRs.
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RASC (Radio Science Center for Space and
Atmosphere of Kyoto University) group inde-
pendently developed a 1357.5-MHz BLR in
1992 (hereafter referred to as 1.3-GHz BLR,
or simply BLR) (Hashiguchi et al. 1995a). It
has three parabolic antennas with a diameter
of 2m and a peak output power of 1 kW.
Atmospheric observations have been continu-
ously conducted since 1992 at Serpong (6.4°S,
106.7°E), situated in the southwest suburbs
of Jakarta in Indonesia. It has been providing
valuable information on active convection and
unstable structures of the moist atmosphere in
the equatorial region (Hashiguchi et al. 1995b,
¢, 1996, 1997; Tsuda et al. 1995; Widiyatmi et
al. 1999, 2001; Hadi et al. 2000). CRL (Com-
munication Research Laboratory) group inde-
pendently developed a 1357.5-MHz BLR sys-
tem, which is used in continuous observations
in Japan and India (Ohno 1995; Reddy et al.
2000).

Although an atmospheric radar to easily ob-
serve the whole important region in the lower
troposphere has become necessary in recent
years, ordinary BLRs for observing the ABL
are insufficient for this purpose. Commercially,
a 400-MHz wind profiler to observe the whole
lower troposphere can be purchased from a
vendor in the United States. One, for example,
is installed at the Meteorological Research In-
stitute at Tsukuba in Japan. It has, however,
a relatively large antenna and lacks trans-
portability. We have developed a 1357.5-MHz
Lower Troposphere Radar (hereafter referred
to as 1.3-GHz LTR, or simply LTR) for enabling
observations of height profiles of wind velocity
in the whole lower troposphere. It combines the
advantage of the transportability of the 1.3-
GHz BLR with enlarged observable height
range. The radar has a peak output power of
2 kW with a 4 m x 4 m active phased array
antenna which can be divided into the quad-
risection for comparatively easy transporta-
bility. This is the first active phased-array 1.3-
GHz band wind profiler radar. It also enables
observations of atmospheric temperature us-
ing the radio acoustic sounding system (RASS)
technique with speaker horns (e.g., Adachi et
al. 1993; May et al. 1996). The same radar
system is adopted in the wind profiler net-
work, the Wind Profiler Data Acquisition Sys-
tem (WINDAS), of the Japan Meteorological
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Agency (JMA) (Ishihara and Goda 2000; Kato
et al. 2004).

This paper presents a system design includ-
ing RASS and initial observational results of
the LTR. In Section 2, we describe a system
design of the LTR. In Sections 3 and 4, we de-
scribe details of the hardware and software
subsystems, respectively. In Section 5, we de-
scribe initial observational results of the LTR,
including the comparison with the wind veloc-
ities simultaneously observed by the MU radar
and a Doppler sodar. In Section 6, we describe
the development of LTR/RASS, and the com-
parison of a temperature profile with radio-
sonde sounding. Finally, we present our con-
clusions in Section 7.

2. System design

We have developed the LTR to observe the
whole lower troposphere by enlarging the 1.3-
GHz BLR, but preserving its transportability.
The LTR has been designed to meet the follow-
ing requirements:

1. The system should be transportable and rel-
atively inexpensive for widespread utiliza-
tion.

2. The system should have a range resolution
of 100 m or better, and a time resolution of
1 min or better.

3. System recovery should be fast enough to
obtain useful data at height as low as 200 m.

4. The LTR should be sensitive enough to ob-
serve height profiles of three components of
wind velocity vector up to the height of at
least 5—6 km to cover the whole lower tropo-
sphere under typical atmospheric conditions.

5. The LTR should be able to measure height
profiles of temperature by RASS observa-
tions in the ABL.

6. The LTR should be able to change beam ze-
nith angles for RASS observations.

In order to reduce system recovery time
(i.e., to make the minimum observable height
lower), the operational frequency of the LTR
must be higher than that of VHF atmospheric
radars. Since 1357.5 MHz is allocated for this
type of radars by the Japanese government, we
decided to use the same frequency as the 1.3-
GHz BLR.

We decided to use an active phased array
antenna for the LTR for the following reasons:
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1. It can perform fast beam steering to chase
RASS acoustic wave.

2. It can obtain a high duty ratio by dividing
transmitters to obtain high average output
power.

3. It is relatively light in weight for ease of
transportability.

We decided to use a 4 m x 4 m phased array
antenna, which is relatively large to be able to
observe the whole lower troposphere. We made
the antenna dividable into quadrisection for
ease of transportability. Although we adopted
the active phased array antenna, of which the
antenna aperture was five times as large as the
1.3-GHz BLR using three parabolic antennas,
the necessary space for the installation hardly
changes. It is known from experience that the
ground clutter echoes can be suppressed when
the radiation point is below approximately one
radar wavelength A (22 cm for the LTR) from
the ground. We therefore made the antenna
plane lower than 20 cm. The far field of the
LTR, which is given by D?// (where D is the di-
ameter of the antenna), is about 70 m, that is
enough to obtain data from the 200 m range.
The antenna beam can be electronically steered
vertically and in four oblique directions (usu-
ally along north, south, east, and west while
depending on antenna arrangement) within
any zenith angle of 45° (Adachi and Kobayashi
2001).

In order to observe the whole lower tropo-
sphere, we decided 2 kW for a peak output
power, which is twice as large as the 1.3-GHz
BLR, and to use pulse compression techniques
by which signal-to-noise ratio (S/N) can be im-
proved without deteriorating the range reso-
lution. S/N becomes N times as strong as
that of a single pulse transmission with N bit
pulse compression. There are several methods
for pulse compression, but binary phase-coded
pulse compression is most practical. In this
method, a transmitted pulse is equally divided
into N parts, and each part is modulated to
have a phase of 0° or 180°. The received sig-
nal is demodulated by calculating a correlation
with the transmitted pulse sequence. As the
code for the binary phase-coded pulse com-
pression, Barker and complementary codes are
well-known (e.g., Schmidt et al. 1979; Wood-
man 1980). Best complementary code for de-
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Table 1. Specifications of the LTR sys-

tem.

Radar system:

Operational
frequency:

Antenna:
Aperture:
Beam width:

Beam direction:

Beam angle:
Gain:
Transmitter:

Monostatic pulse Doppler
radar
1357.5 MHz

Phased array antenna

4mx4m

4.0° (half power)

zenith, north, south, east,
and west

variable (0°-45° of zenith)

33 dBi

Peak power: 2 kW
Average power: 428 W (duty ratio 21.4%)
(maximum)

Bandwidth: 10 MHz

Pulselength: 0.67, 1.00, 1.33 us (variable)

IPP: 25, 50, 100 ps (variable)
Receiver:

Form: Double super heterodyne

Output signal: I and Q video

Bandwidth: 1.8, 1.2, 0.9 MHz (variable)
Data acquisition unit:

Interface: 100 BaseT

coding sampling data in the truncated range
was shown by Spano and Ghebrebrhan (19964,
b, ¢). They examined the best complementary
code pair for suppressing sidelobes due to the
imperfection of transmitted pulses and echoes
from undesired directions.

3. System configuration

Table 1 shows the specifications of the LTR
system. To satisfy the requirement for the
range resolution, we enabled a sub-pulse width
of 0.67 ps, corresponding to a range resolution
of 100 m. It is possible to change the zenith
angle of beam direction for the RASS observa-
tions.

The hardware system of the LTR consists of
five parts, which are a phased array antenna,
an active module unit, a transmitter/receiver
unit, a data acquisition unit, and a signal proc-
essing unit. Figure 1 shows the block diagram
of the LTR system. First we describe the sig-
nal flow during an observation. The radio fre-
quency (RF) signal generated in the transmit-
ter unit is phase-shifted and amplified in the
module unit, and radiated from the antenna.
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Fig. 1. Schemaric block diagram of the LTR system. STALO and COHO are the abbreviation of sta-

ble local oscillator and coherent oscillator, respectively.

Then the antenna gathers the signal scattered
by atmospheric turbulence and transfers it to
the module unit. The received signal is ampli-
fied in the module unit and detected in the re-
ceiver unit. Thereafter, the signal is converted
to a digital signal, which is decoded and in-
tegrated in the data acquisition unit. The data
acquisition unit transfers the signal to the sig-
nal processing unit. Finally, some calculations
are performed in the signal processing unit.
The detailed description of each unit will be
presented in the following subsections.

3.1 Active phased array antenna
Figure 2 shows the outlook of the LTR and
its antenna elements. An electromagnetic cou-

pling coaxial dipole (ECCD) antenna, which
was originally developed for using the base
station of the Personal Handy-phone System
(PHS), is used as the antenna element (Miya-
shita et al. 1999). This antenna element is im-
pervious to water. To reduce the ground clutter
echoes, the height of the radiation point is
chosen about 20 cm, while that of the 1.3-GHz
BLR was about 1.5 m. The physical arrange-
ment of the antenna is 24 rows (x direction) and
24 columns (y direction) of elements, each of
which is sub-divided into 2 sub-elements. A to-
tal of 96 sub-elements (that is 24 x 2 (x,y) x 2
distribution) are used. The active module is
connected to four sub-elements through distri-
butors in such a way that a module controls
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Fig. 2. Pictures of (a) the LTR and (b) the
antenna elements.

two sub-elements each for one row and one
column. The antenna can be divided into four
sub-antennas. It is possible to operate the
radar using one sub-antenna (whose size is
2 m x 2 m) for utilization in a relatively small
installation space, although the power-aperture
product becomes 1/8 compared with the orig-
inal configuration. The weight of one sub-
antenna is about 60 kg so that it can be moved
by a few persons. By controlling the phase of
the phase shifter connected for x (y) direction
antenna elements, we can steer the beam in the
x (y) direction. Although it is possible to steer
the beam only along the x and y directions, it is
possible to electronically fast change the zenith
angle within 45° in 0.7° steps. No grating lobe
appears within 15°. The half power beamwidth
and the antenna gain are 4.0° and 33 dBi, re-
spectively. Figure 3 shows the measured an-
tenna pattern.

3.2 Module and transmitter [ receiver units
The module unit has 24 active modules.

One module corresponds to two antenna sub-

elements each for x and y directions, and se-
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LTR.

lects x or y direction according to the beam
direction. In transmission, the RF signal from
the transmitter unit is divided, amplified, and
transferred to the antenna elements. In recep-
tion, the weak received signals from the an-
tenna elements are amplified, combined, and
transferred to the receiver unit. Circulators
and PIN-diode switches in the active modules
are used for the transmitting/receiving switch.
The phase of transmitting RF signals is also
controlled in the active modules having 5-bit
phase shifter, and the phases of transmission
and reception are controlled independently.
The module unit is placed in the vicinity of the
antenna in order to reduce the cable loss.

The transmitter unit is composed of a stable
local oscillator (STALO) of 1381.5 MHz, a fre-
quency conversion unit, a modulator, and a ra-
dar controller. The IF (intermediate frequency)
transmitted source signal of 24 MHz is gener-
ated by applying a specified phase-modulation
and pulse-modulation to the COHO (coherent
oscillator) signal in the modulator. The source
signal is up-converted to the RF transmitted
signal of 1357.5 MHz by mixing it with the
STALO signal in the frequency conversion unit.
The RF signal is then sent to the module unit.

The receiver unit is composed of two COHOs
of 24 MHz and 24.003 MHz, a frequency con-
version unit (which forms a super-heterodyne
receiver), and a phase detector. The signal re-
ceived at 1357.5 MHz is down-converted to the
IF of 24 MHz in the frequency conversion unit.
The IF signal is subsequently down-converted
to a video signal (analog signal) by the COHO,
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and into in-phase (I) and quadrature-phase (Q)
signals by a phase detector. In the case of the
RASS mode, the center frequency of the I and
Q video signals is shifted by 3 kHz with respect
to the normal mode, in order to detect the
acoustic line spectra (see Section 6 for details).
The video signal is transferred to the analogue-
to-digital converter (A/D) in the data acquisi-
tion unit.

3.3 Data acquisition and signal processing
units

The data acquisition unit consists of two A/
Ds and DSP (Digital Signal Processor) unit.
The I and Q video signals are converted to 14-
bit digital signals in the A/D. The sampling
interval is equal to the sub-pulse width. In the
DSP unit, the digital signal is decoded accord-
ing to the pulse compression code, and a num-
ber of digital signals are coherently integrated.
Then the digital signals are transferred to the
signal processing unit.

The LTR system uses an engineering work-
station as the signal processing unit. The op-
erating system is UNIX, which is a popular
multi-user and multi-task operating system.
The workstation can execute some calculations
such as fast Fourier transform (FFT) up to
4096-points, incoherent integrations, and esti-
mation of spectral parameters. Because it is
necessary to realize the high speed and large
data transfer, the private LAN (local area net-
work) of 100 baseT is used as a interface be-
tween the data acquisition unit and the signal
processing unit. All parameters to control the
LTR system, and the observed data transferred
from the data acquisition unit, are transferred
through this network.

4. Software system

The software to control observations and to
process data must have the performance to uti-
lize the hardware of the LTR. The operators
control the entire LTR system by using only the
observation software. The observation software
of the workstation should have the following
functions:

1. A function to set up observation parameters
and to control observations.

2. A function to transfer data from the data
acquisition unit to the workstation and to
send parameters to the LTR.
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Fig. 4. Block diagram of the observation
software including the RASS observa-
tions (see Section 6 for RASS).

3. A function to process the data—FFT, inco-
herent integrations, the estimation of spec-
tral parameters, and so on.

. A function to record data onto an 8 mm tape.

. A function to graphically display the obser-
vation data simultaneously with the obser-
vation.

(S

Figure 4 shows the block diagram of the obser-
vation software in the workstation. Note that
this figure includes the software for RASS ob-
servations which will be described in Section 6.
The observation software includes programs
named ‘Observation Control’, ‘Signal Process-
ing’, ‘Data Transfer’, ‘Exabyte Control’, and
‘Quick Look’. ‘T/R Unit’ in this figure indicates
the whole system except for the data acquisi-
tion unit and the workstation. The ‘Observation
Control’ program’s functions are to set up ob-
servation parameters and to control the whole
observations. The ‘Data Transfer’ program’s
functions are to transfer data from the data ac-
quisition unit to the workstation and to send
parameters to “I/R Unit’. The ‘Signal Process-
ing’ program’s functions are to perform signal
processing such as FFT, incoherent integra-
tions, to estimate the spectral parameters from
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the data taken by the ‘Data Transfer’ program,
and to write observed results to the hard disk
(HD). The ‘Exabyte Control’ program’s function
is to record the data onto an 8 mm tape from
the hard disk without interrupting the obser-
vation. The ‘Quick Look’ program’s function is
to display the observation data to the display of
the workstation and/or of other computer sys-
tems even during the observation.

These programs must be operated in paral-
lel and be executed easily by the operators.
Therefore, we utilize the multi-task function in
UNIX. The observation data are taken by the
‘Data Transfer’ program and used by the ‘Sig-
nal Processing’ program. Therefore, it is also
necessary to deliver the data from the ‘Data
Transfer’ program to the ‘Signal Processing’
program. For this communication, we use the
inter-process communication, which is called
‘shared-memory’. Usually, separated programs
cannot access the same memory address in
UNIX. The ‘shared memory’ provides the func-
tion to access the same memory address from
separated programs. On the other hand, it is
expected that shared-memory conflict will oc-
cur, because the shared-memory is used by
two programs. To avoid this conflict, we use the
synchronous mechanism, which is called ‘sema-
phore’.

When we start an observation, the ‘Observa-
tion Control’ program should be executed. The
file name of the observation parameters, the
observation start time, and observation end
time or the number of the observations can
be specified. The ‘Observation Control’ program
initializes the shared-memory, writes the pa-
rameters into the shared-memory, and opens
the sockets of the LAN communication with the
data acquisition unit. Then the ‘Observation
Control’ program executes the ‘Data Transfer’
program automatically, and sleeps until the
‘Data Transfer’ has completed executing. The
‘Data Transfer’ program initializes the sema-
phore, executes the ‘Signal Processing’ program
automatically, and ‘Signal Processing’ program
waits until the ‘Data Transfer’ program resets
the semaphore. The ‘Data Transfer’ program
reads the parameters from the shared-memory
and sends the parameters to “IT/R Unit’ through
the socket for the radar control.

The ‘Data Transfer’ program sends the con-
trol signal to start observation to “I/R Unit’
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through the data acquisition unit, and then the
observation is started. Afterwards, the ‘Data
Transfer’ program waits for the data to become
ready. After an observation corresponding to
one beam is over, the data acquisition unit
transfers the observation data through the
socket. Then the ‘Data Transfer’ program sets
the semaphore to prevent access to the shared-
memory by ‘Signal Processing’, and transfers
the data into the shared-memory. When the
‘Data Transfer’ program takes and writes the
data for all beams, the ‘Data Transfer’ program
resets the semaphore. Then the ‘Signal Proc-
essing’ program starts the calculations of FFT
and incoherent integrations. When the speci-
fied incoherent integrations have been per-
formed, the ‘Signal Processing’ program per-
forms the estimation of spectral parameters,
which consists of noise level, peak power, mean
Doppler shift, and spectral width. When the
estimation of spectral parameters for all beams
is finished, the ‘Signal Processing’ program
writes the data onto the hard disk. The ‘Data
Transfer’ program starts the next observation
without waiting for the end of the calculations
by the ‘Signal Processing’ program.

When it reaches the specified observation
end time or last observation, the ‘Data Trans-
fer’ and ‘Signal Processing’ terminate. Then,
the ‘Observation Control’ program executes the
‘Exabyte Control’ program and exits without
waiting for the end of ‘Exabyte Control’ pro-
gram. The ‘Exabyte Control’ program reads the
data recorded in the hard disk and writes them
onto an 8 mm tape. The ‘Quick Look’ program
reads observed data from the hard disk and
graphically displays it.

5. Experiments at the Shigaraki MU
Observatory

The LTR was installed at the Shigaraki MU
Observatory (34.85°N, 136.10°E, 385 m above
sea level) in February, 1999. The LTR was op-
erated for system checks during March—April
1999, and has been continuously operated since
May 1999. In this section, we evaluate the
performance of the LTR system, based on the
simultaneous observations with the MU radar
(Fukao et al. 1985a, b) and the Doppler sodar
(Ito 1997). We also present preliminary obser-
vational results of wind variations associated
with the typhoon passage.
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Table 2. Observation parameters of the
LTR and the MU radar on June 24—

July 9, 2000.
The The MU

Parameter LTR radar
Inter-pulse period (IPP): 100 ps 400 ps
Sub-pulse width: 1.00 ps 1.00 ps
Number of coherent 32 38

integrations:
Number of FFT points: 128 128
Number of incoherent 30 5

integrations:
Number of sampling points: 64 128
Number of sub-pulses: 8 1
Number of beam direction: 5 5
Zenith angle: 9.8° 10°

5.1 Simultaneous measurements with the MU
radar and a Doppler sodar

It is known that the MU radar can provide
reliable wind velocity data above 1.5 km in
height. In order to evaluate the accuracy of
the data obtained by the LTR, we compare the
observation data of the LTR with those of
the MU radar. We conducted simultaneous ob-
servations with the MU radar on June 24—July
9, 2000. The MU radar was operated in the
tropospheric standard observation mode (Fu-
kao et al. 1990), and the LTR is operated in 8-
bit pulse compression mode. The observation
parameters of the LTR and the MU radar are
shown in Table 2. The observation parameters
of the LTR were chosen to sample the data up
to a height of about 10 km. The IPP was 100 ps,
the sub-pulse width was 1.0 ps (corresponding
to range resolution of 150 m), and the number
of sampling points was 64. Figure 5 shows the
height profiles of the wind velocities obtained
by the LTR and the MU radar, averaged over
0830-0930 LT on July 2, 2000 in clear condi-
tions. All of the components of the wind veloc-
ities are in good agreement between the two
radars in the height range of 1.5-5.0 km. In
this case, there was no rain so that the vertical
component is also in good agreement between
the two radars. The sensitivity to precipitation
is proportional to the fourth power of the radar
frequency, so that the LTR has approximately
60 dB higher sensitivity to precipitation than
to atmospheric turbulence under typical condi-
tions. Therefore, in the rainy case, the LTR can
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Fig. 5. Height profiles of wind velocities
averaged over 0830—0930 LT on July 2,
2000. The solid and dashed curves show
the profiles observed by the LTR and
the MU radar, respectively. The left,
center, and right panels show vertical,
northward, and eastward components,
respectively.

obtain the precipitation echoes in higher alti-
tudes than the clear-air echoes, but cannot pro-
vide the atmospheric vertical motion. Note that
the LTR can provide the horizontal winds even
in the rainy period, since it is known that the
horizontal motion of the precipitation is iden-
tical to the atmospheric motion (Fukao et al.
1985c; Wakasugi et al. 1986, 1987). Figure 6
shows the scatter plot of horizontal winds ob-
tained with the LTR and the MU radar, aver-
aged every one hour during June 24-July 9,
2000. The data used for the comparison are in
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Fig. 6. Scatter plot of zonal (left panel)
and meridional (right panel) wind ve-
locities observed with the LTR and the
MU radar during June 24—-dJuly 9, 2000.
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Table 3. Observation parameters of the
LTR and the Doppler sodar on Decem-

ber 2, 1999.
The
The Doppler
Parameter LTR sodar
Inter-pulse period (IPP): 50 pus 6 s
Sub-pulse width: 0.67 us 200 ms
Number of coherent 64 none
integrations:
Number of FFT points: 128 64
Number of incoherent 30 none
integrations:
Number of sampling points: 30 16
Number of sub-pulses: 1 1
Number of beam direction: 5 5
Zenith angle: 9.8° 20°

all time including rainy period and in all height
range, where effective data are obtained with
both radars. The wind velocities are in good
agreement between the two radars. We have
not shown the similar diagram for the vertical
component, because the vertical wind profile of
the LTR is different from that of the MU radar
in the rainy period due to the above-mentioned
reason.

We also conducted the observations with a
Doppler sodar on December 2, 1999, to examine
the lowest observable height. The Doppler so-
dar has the operating frequency of 2.1 kHz and
is known to provide the reliable data from 50 m
up to about 500 m heights (Gaynor 1994). The
parameters of the LTR and the Doppler sodar
are shown in Table 3. We chose the observation
parameters of the LTR to observe at the lowest
possible height range. The IPP was 50 us, the
sub-pulse width was 0.67 us (corresponding to
the range resolution of 100 m), and no pulse
compression mode was used. We compare the
averaged height profiles of the wind velocities
obtained by the LTR with those obtained by the
Doppler sodar, as shown in Fig. 7. Since there
was weak rain, the vertical component of the
LTR is much larger than that of the Doppler
sodar below 0.4 km. Northward and eastward
components give a comparably good agreement
from the lowest observation height of 195 m.
We conclude the LTR satisfies the requirement
of the lowest observable height of 200 m.
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21:41:02-22:40:31 LT on 2 Dec 1998
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Fig. 7. Height profiles of wind velocities
averaged over 2130-2230 LT on De-
cember 2, 1999. The solid and dashed
curves show the profiles observed by
the LTR and the Doppler sodar, respec-
tively.

5.2 Evaluation of pulse compression

The LTR usually uses Spano and Ghebrebr-
han’s optimized codes for 4-bit and 8-bit pulse
compression. To evaluate the effect of the pulse
compression, we operated the LTR by interlac-
ing three observation modes, (a single-pulse,
a 4-bit pulse compression, and an 8-bit pulse
compression mode) on June 19, 1999. Table 4
shows the observation parameters. We used
the same parameters for the three observation
modes except for the pulse compression mode.
Figure 8 shows the height profiles of averaged
signal-to-noise ratio (S/N) for single pulse, 4-bit
pulse compression, and 8-bit pulse compression
in the rainy period during 0130-0330 LT on
June 19, 1999. The S/N of 4-bit pulse compres-
sion is much larger than that of single-pulse,
and that of 8-bit pulse compression is even
larger. The effects of the pulse compression are
well shown.

Table 4. Observation parameters of the
LTR on June 19, 1999.

Parameter Value
Inter-pulse period (IPP): 100 ps
Sub-pulse width: 1.00 ps
Number of coherent integrations: 64
Number of FFT points: 128
Number of incoherent integrations: 30
Number of sampling points: 64
Number of beam direction: 5
Zenith angle: 9.8°
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Fig. 8. Height profiles of averaged signal-
to-noise ratio for single pulse (solid
curve), 4-bit pulse compression (dashed
curve), and 8-bit pulse compression
(dotted-dashed curve) during 0130-—
0330 LT on June 19, 1999.

5.3 Preliminary observations of wind velocity
variations associated with the typhoon
Figure 9 shows the time-height cross-section
of zonal-meridional wind velocities averaged
every 30 min obtained by the LTR between 18
LT on July 7 and 09 LT on July 8, 2000. Rain
was observed at the MU Observatory during
00—03 LT on July 8. The LTR can continuously

Zonal-Meridional Velocity
7-8 Jul 2000

2 3 4 5 & Y B @
— a Jul 2000
Local Time

1B 19 20 21 R 2B 0 1
T

Fig. 9. Time-height cross-section of zon-
al-meridional wind velocities averaged
every 30 min obtained by the LTR be-
tween 18 LT on July 7 and 09 LT on
July 8, 2000.
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Fig. 10. Weather map at 03 LT on July 8,
2000.

provide the data up to about 6 km without
influence of weather conditions. Particularly,
wind velocities up to 9-10 km are obtained on
July 7, in spite of no rain on the ground. Figure
10 shows a weather chart at 03 LT on July 8,
2000. Typhoon 0003 (Kirogi) passed south of
the radar site. A drastic change of wind veloc-
ities associated with the passage of the typhoon
was observed with the LTR. Detailed analysis
of these meteorological phenomena is beyond
the scope of this paper. We will present de-
tailed analysis results in subsequent papers.

6. LTR/RASS system

Temperature is one of the most important
atmospheric parameters to clarify the struc-
ture of atmospheric phenomena. RASS (Radio
Acoustic Sounding System) is a remote sensing
technique to measure the height profiles of the
virtual temperature by using acoustic trans-
mitters and a pulse Doppler radar to detect the
velocity of acoustic wavefronts. In this section,
we describe the development of the LTR/RASS
system and evaluate its performance.

First, we briefly review the principle of the
RASS technique. Acoustic pulses transmitted
from the ground produce refraction index fluc-
tuations aloft, which scatter incident radio
waves. We can detect the Doppler shift between
the transmitted and received radio frequencies
in the scattered radio waves, which we call
RASS echoes, and can determine the propaga-
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tion speed of acoustic wavefronts. In the real
atmosphere, the apparent acoustic velocity ¢; is
the sum of the true acoustic velocity ¢; and the
background wind velocity v;.

Cs = Cq + Uy 1)

Then, the acoustic velocity ¢; measured by a
radar becomes

Cs=Cs - =Cq N+0p 1, (2)

where 72 is a unit vector parallel to the radar
beam direction, and the dot (-) indicates an in-
ner product. Meanwhile, virtual temperature
T, [K] can be derived by the acoustic velocity c,
[m s1] as

Ca = 20.047+/T,. (3)

Using these principles, we can estimate the
virtual temperature by RASS observations.

6.1 System requirements
The LTR/RASS system was designed to meet
the following requirements:

1. It should be able to estimate the tempera-
ture within an accuracy of 0.5 K.

2. It should have a time resolution of a few mi-
nutes.

3. It should be sensitive enough to observe tem-
perature profiles up to 1.5-2.0 km height
under normal wind conditions.

The Bragg condition must be satisfied to ob-
tain significant RASS echoes with a monostatic
Doppler radar. It is expressed as

ko = 2k, (4)

where k; and k; are the acoustic and radio
wavenumbers, respectively. Namely, the Bragg
condition requires that the acoustic wavefronts
must be normal to the beam direction, and that
the acoustic wavelength must be half of the ra-
dar wavelength. Since the radar wavelength of
the LTR is about 0.22 m, the wavelength of the
acoustic wave is determined to be about 0.11 m,
which corresponds to about 3 kHz in frequency.

Since we required the acoustic signal to
include frequency components satisfying the
Bragg condition in the measurement height
range, we decided to sweep the frequency
within the pulse length (e.g., Adachi et al.
1993; Masuda et al. 1992). It is expected that
the maximum and minimum temperatures ob-
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served with LTR/RASS in Japan are about
30°C (which is the temperature near the
ground in summer) and about —20°C (which is
the temperature at the top of the ABL in win-
ter), respectively. Therefore, the required fre-
quency range for transmitted acoustic wave
with the LTR/RASS is determined to be 2,886—
3,159 Hz.

The frequency bandwidth of Doppler spectra
obtained by the LTR is determined by the IPP
and the number of coherent integrations. Since
the RASS echoes have the Doppler velocity
shift of 320—-350 m s~!, a wide frequency band-
width is necessary to obtain the RASS echoes
without frequency aliasing. It means that the
IPP must be very short, and the number of co-
herent integrations must be very few. In order
to improve velocity resolution, the number of
FFT points must be very large to maintain the
maximum velocity of 350 m s~!. It is inefficient
to satisfy both requirements, because of the re-
duction in S/N and the large amount of calcu-
lation. Therefore, we decided to employ the idea
of shifting the receiving frequency from the
transmitting frequency by about 3 kHz, which
corresponds to an acoustic velocity of 331 m s~!
at 0°C. For the LTR system, it is possible to
shift the frequency of the coherent oscillator
(COHO) in the detector (see Fig. 1).

When the Bragg condition k&, = 2k, is sat-
isfied, the received echo power P, is theoreti-
cally described as (Adachi 1996)

-8 2, 9 2
p - 77.6 x 10°p(r)r\"4n“P, (Ar 7 (5)
T(r)y 22r2 \ 2

where p(r) and T'(r) are sound pressure and
temperature, respectively, at range r,y is the
specific heat ratio, P, is transmitting power,
and Ar is a range resolution, respectively. By
substituting T = 275 K, P, =2 kW, 1 = 0.22 m,
Ar =100 m, and P, = —125 dBm, which is the
minimum detectable power considering the ef-
fect of integrations and Fourier transform, into
(5), we can obtain p(r) =1.38 x 1074 W m~2.
On the other hand, the acoustic wave attenu-
ates in the atmosphere, and the acoustic inten-
sity I = p%/(pcy) (where p is the atmospheric
density) at range r is given by

1(r) = I(ro) exp(—or), (6)

where o is the attenuation coefficient, which is
related to the atmospheric temperature, pres-
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sure, humidity, and acoustic frequency (Evans
et al. 1972). The attenuation of I(r) at 3 kHz is
estimated as about 3.3 dB/100 m at the height
of 1 km (890 hPa), the temperature of 20°C, and
the relative humidity of 30% (Crocker 1998).
The attenuation varies with atmospheric pa-
rameters and strongly depends on relative hu-
midity (for example 8.3 dB/100 m and 1.5 dB/
100 m for the relative humidity of 10% and
100%, respectively, at 1 km and 20°C). Assum-
ing the constant attenuation of 3.3 dB/100 m,
we need a transmitting acoustic pressure of at
least 0.32 W m~2 (115 dB) for the maximum
observable height of 2 km.

According to the MU radar/RASS experi-
ments, it has been found that the height cover-
age is significantly reduced under strong wind
conditions. Masuda (1988) employed ray-tracing
in order to analyze the propagation character-
istics of acoustic wavefronts, and showed that
the normal condition depends largely on pro-
files of background temperature and horizontal
wind velocity, as well as distance between ra-
dar and acoustic sources. In the case of LTR/
RASS observations, the LTR cannot always
steer the beam in the windward direction, while
the MU radar can. If the wind flows from the
direction to which the LTR cannot steer the
beam, it is expected that the height coverage is
severely reduced. Based on the discussions us-
ing ray-tracing of acoustic wavefronts for vari-
ous wind conditions (Masuda 1988), we decided
on the speaker positions as shown in Fig. 11.

_ ~
2 .
/ el \

/ 7 @ N 7m \
/ /1 3m \ \
| /

. 0) ©) |
\ \ | Radar | s !
\ N2 — /
\ O /

\ /
ON QO
~ _ -

(O :Spe_z:lkeTPosition )

Fig. 11. Speaker positions for LTR/

RASS.
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Because one of the requirements for LTR is
the transportability, the number of speakers
should be as few as possible. Thus, we use eight
speakers.

6.2 Acoustic transmitters

We have developed the acoustic transmitters
for the LTR/RASS based on the discussion in
the previous subsection. The horn speakers
must be portable and compact enough to be
placed around the LTR antenna. Therefore, we
decided to employ a hyperbolic horn speaker,
which is a typical acoustic horns.

The designed horn speaker system consists of
a hyperbolic horn and a loudspeaker unit. With
regard to the material of the horn, we chose
wooden boards to avoid vibration due to intense
acoustic pressure. The maximum sound pres-
sure level is 131 dB (12.6 W m~2), according to
the specification of the compression driver (JBL
2450H). Therefore, the maximum observable
height of the LTR/RASS is estimated at about
2.4 km under ideal wind conditions. A picture
of the horn speaker system is shown in Fig. 12.
The horn surface is coated with silicon to pre-
vent it from rotting. The horn is mounted on
a frame with wheels, and is fixed by concrete
blocks in order to prevent it moving in a strong
wind.

The original acoustic wave is generated by
the sound device controlled by the software
in the workstation, and it is transferred to
the sound device (YAMAHA, DS-2416) loaded
in the personal computer for controlling the

Fig. 12. Picture of a hyperbolic horn
speaker system. The horn is mounted
on a frame with wheels.
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acoustic signals through the audio cable. After
reducing the noise due to the cable, it is ampli-
fied and distributed to eight lines in the sound
device by the software operated in the personal
computer. Then, the acoustic waves are trans-
ferred to the power amplifiers (Amcron, MA-
601) through the audio cables. Because each
power amplifier can amplify two acoustic sig-
nals independently, we use four power ampli-
fiers.

6.3 Software system

We must control the acoustic waves and
acoustic transmitters in RASS observations.
The block diagram of software for RASS obser-
vations is indicated in Fig. 4. The ‘Sound Con-
trol’ and the ‘Device Control’ are new programs
for RASS observations. The ‘Sound Control’
program has the functions of generating acous-
tic signals and controlling the acoustic signal
transmission. ‘RASS-PC’ in this figure is a
personal computer for loading ‘Sound Device’,
which is the sound device to amplify and dis-
tribute the acoustic signals. The ‘Device Con-
trol’ program is operated in ‘RASS-PC’ and has
the function of controlling the sound device.

In the RASS observation mode, the ‘Sound
Control’ program is executed by the ‘Data
Transfer’ program. Since the acoustic wave is
much slower than the radio wave, the radio
wave must be transmitted after the acoustic
wave reaches the observation height. The
‘Sound Control’ program calculates the current
observation time and starts to transmit the
acoustic signals 10 s before the start of the
RASS observation, then it periodically trans-
mits acoustic signals every 5 s, until the end
of the RASS observation. Because the length of
the acoustic signal is about 1 s, the time inter-
val is determined by considering the load of the
power amplifier and horn speakers.

The ‘Device Control’ program is always oper-
ated in ‘RASS-PC’, and periodically reads the
‘control’ file in the workstation through the net-
work. Operators write which speaker transmits
acoustic waves and the attenuation level of
acoustic waves into the ‘control’ file. The ‘De-
vice Control’ program opens or closes the out-
put lines and attenuates transmitting acoustic
wave according to the ‘control’ file. Then, it
writes the current status of each speaker to the
‘status’ file in the workstation. By making a
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comparison between ‘control’ and ‘status’ files,
operators can confirm that the ‘Device Control’
program is operating correctly, which means
that acoustic waves are being correctly trans-
mitted.

On the other hand, because the receiving
frequency is shifted by 3 kHz in RASS obser-
vations, ground clutter echoes are frequency
aliased and do not appear at the center of the
Doppler spectrum data. In addition, the posi-
tion of ground clutter echoes in the spectrum
varies with the observation parameters, which
are chosen to separate the RASS echoes from
the ground clutter and the clear-air echoes.
Furthermore, the frequency offset between two
COHOs is not always exactly 3 kHz and has a
long-term drift within +100 Hz. Because the
center of the Doppler spectrum corresponds to
the frequency offset, it is necessary to know
the frequency offset accurately to estimate the
Doppler shift of RASS echoes. We can estimate
the frequency offset accurately from the posi-
tion of ground clutter echoes, which always ap-
pear at the zero Doppler component, although
we have to take frequency aliasing into ac-
count. Therefore, the fitting method for the
RASS observation mode becomes the following
procedure.

1. The frequency offset is calculated from the
position of ground clutter echoes in the Dop-
pler spectrum as follows: First, a frequency
that clutter echoes should fold into the Dop-
pler spectrum is calculated. It depends on
the IPP and the number of coherent in-
tegrations (in the case of the parameters
shown in Table 5, it is 2,500 Hz (275 m s~1)).

Table 5. Observation parameters of the
LTR/RASS observations on December

11, 1999.
Parameter Value
Inter-pulse period (IPP) 25 us
Sub-pulse width 0.67 us
Number of coherent integrations 32
Number of FFT points 512
Number of incoherent integrations 30
Number of beam directions 5
Zenith angle 9.8°
Number of sampling points 28

Pulse compression no compression
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A spectral peak is searched within +10 Hz
(+1.1 m s71) around that frequency, and the
first moment is calculated by the moment
method using 10 spectral data points around
the peak position in each range gate. Then,
the median value of the first moment data in
all the range gates is regarded as the fre-
quency offset, taking into account frequency
aliasing.

2. The spectral part in which ground clutter
echoes do not appear is extracted from the
Doppler spectrum, and the spectral parame-
ters of RASS echoes are estimated.

The ‘Signal Processing’ program automatically
selects the suitable method according to the
observation mode.

6.4 Preliminary observations and comparison
with radiosonde measurements

We conducted RASS observations on Decem-
ber 11, 1999. The LTR was operated alter-
nately in wind and RASS observation modes,
and background winds were compensated for
measured acoustic velocity. Table 5 shows the
observation parameters. The observation pa-
rameters of these two observation modes are
the same. The IPP and number of coherent in-
tegrations were chosen so as not to superim-
pose the aliased ground clutter echoes and
the clear air echoes on the RASS echoes. The
range resolution is 100 m. The resolution of
line-of-sight velocity is 0.27 m s~!, which corre-
sponds to the resolution of virtual temperature
of 0.45 K at 0°C. Because the observation time
of each observation mode is about 1 min, the
time resolution of the virtual temperature pro-
files is about 2 min. In order to verify the accu-
racy of the virtual temperature obtained by the
LTR/RASS, we launched the radiosonde at the
radar site.

Figure 13 shows a comparison of the virtual
temperature profiles between LTR/RASS and
radiosonde results. The standard deviations of
the RASS results are indicated by the horizon-
tal bars. The launch time of the radiosonde
was 2050 LT, and the LTR/RASS profiles were
averaged over 30 min during 2050-2120 LT.
The virtual temperature of both results are in
good agreement. The mean difference does not
exceed 0.6 K from 100 m up to 600 m heights.
On the other hand, the mean difference reaches
about 1 K at about 1 km height, and the stan-
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Fig. 13. Left panel shows virtual temper-
ature profiles with LTR/RASS (solid
curve with cross signs) averaged over
2050-2120 LT on December 11, 1999
and with radiosonde (dashed curve)
launched at 2050 LT. Right panel
shows the difference of virtual temper-
ature between RASS and radiosonde.
Horizontal bars indicate standard devi-
ation of RASS results for 30 min.

dard deviation is much larger than that for
lower heights. Therefore, the maximum obser-
vation height in this case is about 600 m, which
is lower than the height expected in Subsection
6.1. Observations were carried out on a stormy
winter’s day, with strong winds. The horizontal
wind velocity at ground level observed by ane-
mometer was about 4 m s~ !, and that at 1 km
observed by the LTR was 15 m s~! in a south-
easterly direction. Therefore, it is considered
that the acoustic wavefronts were blown by the
background wind, and the RASS echoes could
not be received by the LTR. Since we obtained
the highest observable height of 600 m based
on the discussion using ray-tracing with the
observed wind profile, the observational results
of LTR/RASS are reasonable. Under normal
wind conditions, temperature observations up
to 1.5-2.0 km are expected feasible. In the
above case in the clear-air, we compensated
the effect of background winds for measured
acoustic velocity. We have to note in the rainy
case that background winds cannot be cor-
rectly compensated, since precipitation echoes
are dominant.

7. Concluding remarks

In this study, we have developed a Lower
Troposphere Radar (LTR) which is the first
active phased-array type wind profiler in the
1.3-GHz band. The antenna gain of 33 dBi
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is obtained by developing a 4 m x 4 m active
phased array antenna, which has 96 antenna
sub-elements. The peak output power of 2 kW
is obtained by using 24 active transmitting
modules. S/N is improved up to 8 times by us-
ing a pulse compression technique which uses
8-bit Spano and Ghebrebrhan’s coding. Three-
dimensional atmospheric wind data are ob-
tained with high time and height resolutions in
real time. We showed simultaneous observation
results with the MU radar and the Doppler so-
dar, and have confirmed LTR’s potential as a
reliable tool for observations of wind velocity
profiles in the lower troposphere, including
the atmospheric boundary layer. Evaluation of
pulse compression was discussed, and the ef-
fect of the pulse compression was well shown.
Detailed observations and numerical model
studies may be expected by using this radar.

We also described the LTR/RASS system.
We designed the acoustic transmitters and dis-
cussed the transmitting acoustic waves to sat-
isfy the Bragg condition at different heights.
Eight hyperbolic horn speakers were arranged
to observe up to 1.5—2.0 km under normal wind
conditions. We showed the initial results of the
virtual temperature profile obtained by LTR/
RASS observations, and the comparison with a
radiosonde sounding, although we need more
comparisons to verify their accuracy.

The LTR is now continuously operated at the
Shigaraki MU Observatory in standard wind
observation mode. In March 2001, the Japan
Meteorological Agency (JMA) installed their
‘Wind Profiler Network’ (WINDAS), which con-
sists of 25 LTRs3, covering Japan. Because the
LTR has the advantage of being able to observe
wind profiles with high time and height reso-
lutions, we expect that it will contribute to the
improvement of weather prediction. One im-
portant application of the LTR is to mount it
on a ship to observe the atmospheric dynamics
over the sea (Law et al. 2002). To compensate
in real time for the roll and pitch of the ship,
the beam direction can be electrically controlled
since the LTR enables fast beam steering. We
will present its observing system and observa-
tion results in subsequent papers.

3 Six LTRs are added in WINDAS in 2003.
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