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[11 A VHF Doppler radar with an active phased-array antenna system, called the
Equatorial Atmosphere Radar (EAR), was established recently at the equator near
Bukittinggi, West Sumatra, Indonesia (0.20°S, 100.32°E, 865 m above sea level). The
EAR is a large monostatic radar which operates at 47.0 MHz with peak output power of
100 kW. The EAR uses a circular antenna array, approximately 110 m in diameter, which
consists of 560 three-element Yagi antennas. Each antenna is driven by a solid-state
transmitter-receiver module. This system configuration allows the antenna beam to be
steered electronically up to 5,000 times per second. The scientific objective of the EAR is
to advance knowledge of dynamical and electrodynamical coupling processes in the
equatorial atmosphere from the near-surface region to the upper atmosphere. The
equatorial atmosphere over Indonesia is considered to play an important role in global
change of the Earth’s atmosphere. This paper presents the system description of the EAR,
including observational results of the equatorial atmosphere made for the first time with

altitude resolution of 75—-150 m.
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1. Introduction

[2] The western Pacific region, called the Indonesian
Archipelago, is a center of intense atmospheric motions
closely associated with global atmospheric change. The
world’s most active convective clouds are generated in
this region. The mechanisms responsible for these atmo-
spheric changes and fluctuations, however, have not yet
been clearly identified because of the sparseness of
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observational data from that region. The mechanisms
that cause atmospheric changes in the equatorial region
are thought to have a hierarchical (or multiple) structure,
one that would require observations of the atmosphere at
different horizontal scales for comprehensive description
[Nakazawa, 1988]. Ideally, it is necessary to conduct
coordinated experiments that include various ground-
based and space-based instruments to derive a compre-
hensive understanding of these mechanisms. To this end,
we established the Equatorial Atmosphere Radar (EAR)
at the equator near Bukittinggi, West Sumatra in the
Republic of Indonesia (0.20°S, 100.32°E, 865 m above
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sea level), in June 2001, to be a key ground-based
facilities for these kinds of studies.

[3] Recently, efforts for networking atmospheric radars
(reputable for their reliable and continuous operation)
have been initiated by scientists from the United States of
America (USA), France, Germany, Australia, Canada,
and Japan. One such network near the equator is the
Trans-Pacific Profiler Network (TPPN) operated by the
U.S. National Oceanic and Atmospheric Administration
(NOAA) [e.g., Gage et al., 1991] since 1994. The
original network consisted of six radars aligned along
the Pacific equator from Piura, Peru in South America to
Biak, Indonesia in the western Pacific. The radars at
Piura and San Cristobal continuously operate today,
although TPPN was closed in 2002. Similar but less
sensitive radars are also operating in Thailand and
Indonesia [e.g., Hashiguchi et al., 1995]. However,
coverage of the western Pacific region is not yet ade-
quate for elucidating the mechanisms of atmospheric
change. A few more radars are needed. The EAR is
expected to be a key facility that will provide important
complementary data.

[4] This paper presents a description of the EAR system
and the first observational results obtained with the EAR.
In Sections 2 and 3 we describe the EAR system design
and details of the system configuration. A short descrip-
tion is given of its capability to perform frequency-
domain interferometry in Section 4. In Section 5 we
describe measurements of the antenna pattern obtained
by using radio star emissions and Moon reflections as
signal sources, and comparisons of wind profiles obtained
by the EAR and radiosondes. In Section 6 we present
initial observations of the EAR. Finally, we present our
conclusions in Section 7.

2. System Design

[s] The EAR, a large-aperture Doppler radar for
studying the equatorial atmosphere, is located at Bukit
Kototabang, about 19 km to the north of Bukittinggi in
West Sumatra, Indonesia (0.20°S, 100.32°E, 865 m
above sea level). The EAR was designed to have the
following capabilities: (1) ability to measure the tropo-
spheric and lower stratospheric wind field up to 20 km
altitude, (2) ability to steer the antenna beam on a pulse-
to-pulse basis to any directions within 30° from zenith
so that it can observe the detailed three-dimensional
structure of small-scale processes in the equatorial
atmosphere [e.g., Worthington et al., 1999], (3) ability
to measure altitude profiles of temperature by using the
RASS (radio acoustic sounding system) technique [e.g.,
Marshall et al., 1972; Tsuda et al., 1994], (4) ability to
observe the 3-m-scale (i.e., half the radar wavelength)
field-aligned irregularities (FAIs) in the ionospheric £
and F regions [Fejer and Kelley, 1980; Fukao et al.,
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1988, 1991; Yamamoto et al., 1991], (5) a single-pulse
range resolution of 75 m, and even better accuracy for
determining vertical displacement of thin atmospheric
structures by using the frequency domain interferometry
(FDI) technique [e.g., Kudeki and Stitt, 1987] or the
frequency domain interferometric imaging (FII) tech-
nique [Palmer et al., 1999; Luce et al., 2001b], (6) a
system recovery that is fast enough to obtain useful data
at altitudes as low as 1.5 km, and (7) a facility
optimized for ease of operation and maintenance be-
cause it will be installed at a remote site in West
Sumatra, Indonesia.

[6] An active phased-array system, similar to that of
the MU (middle and upper atmosphere) radar in Japan
[Fukao et al., 1985a, 1985b, 1990], was selected,
based upon the established performance of the MU
radar’s fast beam steerability. In this kind of system
phase shift and signal division and combination oper-
ations are carried out at low signal levels by electronic
devices. Binary phase codes, such as Barker and
complementary codes [e.g., Schmidt et al., 1979;
Woodman, 1980], are utilized for pulse compression
techniques by which the signal-to-noise ratio can be
improved without compromising range resolution. In
addition to these two codes the EAR is able to use
optimal complementary codes for decoding sampled data
(Spano codes) [Spano and Ghebrebrhan, 1996a, 1996b,
1996¢]. Details of the EAR system, including several
new inventions made for the EAR, are described in the
following section.

3. System Configuration

[7] The EAR uses a quasi-circular antenna array with a
diameter of approximately 110 m, which consists of 560
three-element Yagi antennas. It is an active phased-array
system with each antenna driven by a solid-state trans-
mitter-receiver module (TR module). With this system
configuration the antenna beam can be steered electri-
cally on a pulse-to-pulse basis by controlling phase
shifters in the TR modules. The beam can be steered
within 20 ps, and up to 5,000 times per second. The EAR
system is similar to the MU radar, built in Shigaraki,
Japan in 1984 [Fukao et al., 1985a, 1985b, 1990], but it
implements a few new ideas and devices that have
appeared in the last decade. In particular, efforts have
been dedicated to modularize various subsystems and
units by using commercial devices, where available.

[¢8] Table 1 shows the specifications of the EAR
system. Its operating frequency is 47.0 MHz and its
bandwidth is 4 MHz. The maximum peak and average
radiation powers are 100 kW and 5 kW, respectively (the
maximum duty ratio is 5%). A subpulse width as short as
0.5 ps can be accommodated by the 4-MHz bandwidth of
the system to satisfy the requirement for a maximum
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Table 1. Specifications of the Equatorial Atmosphere Radar
(EAR) System

Item Specification

0.20°S, 100.32°E,
865 m above sea level
10.63°S, 171.93°E

Location:

Geomagnetic latitude
and longitude:

Radar system:

Operating frequency:

Monostatic pulse Doppler radar
47.0 MHz

Antenna: Quasi-circular antenna array of
560 three-element Yagi antennas
Aperture: 110 m in diameter
Beam width: 3.4° (half power width; one way)
Beam direction 0-360° in 0.1° steps
in azimuth:
Beam zenith angle: 0-30° in 0.1° steps (no grating lobe)
Gain: 33 dBi
Transmitter
Peak power: 100 kW (sum of all TR modules)

Average power:
Number of TR modules:

5 kW (max; sum of all TR modules)
560 units (same as Yagi antennas)

Single TR module’s 180 W/unit
power:
Pulse width: 0.5-256 ps
IPP: 200 ps-10 ms (variable in 200 ps steps)
Receiver
Type: Single super heterodyne

Noise figure:
Pulse compression:

5 dB (TR modules)
Barker, complementary and
Spano codes (1 to 16 bits)

Subpulse width: 0.5, 1.0, 2.0, 4.0, 8.0, 16.0 ps (variable)

Dynamic range: 70 dB
A/D converter: 14 bits
Number of range gates: 256 (max.)

range resolution of 75 m. The nominal one way half
power antenna beam width is 3.4°.

[¢9] The hardware of the EAR consists mainly of five
subsystems; the antenna array (ANT), the transmitter and
receiver (TRX), the signal modulator and demodulator
(SMD), the signal processor (SP), and the host computer
(HC). Figure 1 shows the schematic block diagram of the
EAR system.

[10] The SMD generates a code-modulated RF signal,
which is sent to the TRX for amplification to the
specified power and radiated by the ANT into free space.

[11] The signal scattered from the atmosphere is re-
ceived by the ANT, amplified by the TRX, and sent to
the SMD. In the SMD the signal is detected and
converted to a digital signal, which is subsequently sent
to the SP for time-domain processing. The processed
signal is then sent to HC for frequency-domain data
processing to generate altitude profiles of wind velocity.

[12] The EAR system is connected to a backup electric
power generator, which automatically starts to supply
power within 1 min following a commercial power
failure. Until electric power is available from the gen-
erator, the entire radar system, except for the TR
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modules, is backed up by uninterruptible power supplies
(UPSs).

3.1. Antenna Array (ANT)

[13] Figures 2 and 3 show views of the entire EAR
antenna field and part of the Yagi array. The Yagi
antennas are arrayed on grids of equilateral triangles
with a side that is 4.5 m (approximately 0.7X: X\ is
wavelength) long, as shown in Figure 4. For this element
spacing no grating lobe is formed at beam positions
within 30° of zenith. The voltage standing wave ratio
(VSWR) is less than 2.0.

[14] The array is divided for ease of signal distribution
into 24 subarrays as shown in Figure 4. Each subarray,
except for eight of those along the periphery in the north
and south, consists of 24 antennas and an identical
number of TR modules. Each of the eight subarrays
along the periphery contains one to three fewer antennas
(and TR modules) to produce a quasi-circular array
pattern.

[15] The echoes returned from the atmosphere and
ionosphere are received by the antennas and sent to the
TR modules via duplexers (see Figure 5). The duplexer
switching time is made less than 10 ps, which limits the
closest range (1.5 km) from which data can be sampled
and recorded. It is noted that the electromagnetic antenna
near field effect prevents accurate observations with the
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Figure 1. Schematic block diagram of the Equatorial
Atmosphere Radar (EAR) system located at the equator
near Bukittinggi, West Sumatra, Indonesia. The antenna
array (ANT) and the transmitter and receiver (TRX)
except for the indoor divider and combiner unit are
installed in the antenna field. Other equipment is
installed in the Observation House. STALO and COHO
are abbreviations for stable local oscillator and coherent
oscillator, respectively.
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Figure 2. A view of the entire EAR.

EAR below 1.9 km altitude. Wind velocity measure-
ments below the 1.5—2 km altitude are covered by an L-
band boundary layer radar collocated at the EAR site
[Renggono et al., 2001].

[16] The antennas have a single linear polarization
aligned in the north-south direction. Although use of
linear polarization has the disadvantage of producing
amplitude fading on signals propagated through the
ionosphere because of Faraday rotation, it has no nega-
tive consequences for signals backscattered from the
lower and middle atmosphere.

3.2. Transmitter and Receiver (TRX)

[17] A schematic block diagram of the TRX is shown
in Figure 5. Each TR module is installed in a waterproof
box that is mounted near the ground on the pole of its
antenna (see Figure 3). The TRX is composed of a
preamplifier (Pre-amp), an indoor divider and combiner
unit (DCU), 24 outdoor DCUs, and 560 TR modules.

[18] For transmission, the RF (47.0-MHz) signal from
the SMD is amplified by the Pre-amp and divided
equally into 560 signals by the indoor and outdoor
DCUs. Each of the 560 signals is sent at a low power
level (0.3 mW or —5 dBm) to a TR module and
amplified to the final transmitting power level of 180
W (peak; 52.5 dBm). Figure 6 shows an example of the
transmitted pulse with a 16-bit optimal code with a
subpulse width of 1 ps.

[19] During reception, the signal received from each
antenna is amplified by a low-noise amplifier in each TR
module, and the output signals from 560 TR modules are
combined into one signal by the indoor and outdoor
DCUs. The received signal is amplified further by the
Pre-amp and sent to the SMD. The five-bit phase shifter
in each TR module can change the phase in steps of
11.25° and provides the phase shifts required for both
transmitted and received signals.

[20] The indoor DCU, which is installed within the
Observation House, provides DC power and control
signals to the outdoor DCUs and divides and combines

the RF signals. The outdoor DCUs are installed in the
antenna field, and each unit supplies the RF signal, the
DC power and control signals to 24 TR modules (or to
21 to 23 TR modules in the eight peripheral subarrays, as
mentioned above). The 24 outdoor DCUs drive and
control all of the TR modules.

[21] The TR module is composed of a driver amplifier,
a power amplifier, a low-noise amplifier, an input du-
plexer, an output duplexer, a phase shifter for transmitted
and received signals, a directional coupler for monitoring
the transmitted power, and a control circuit for monitor-
ing and controlling operations (Figure 5). The driver
amplifier is a push-pull class AB power amplifier with a
gain of 36.8 dB, while the power amplifier unit is
composed of a two-stage push-pull class AB amplifier
with a gain of 35.0 dB. The total loss due to insertion,
filters, switches, and attenuators in a TR module is 14.3
dB. Therefore, the total effective gain becomes 57.5 dB.
The Pre-amp is identical to a TR module.

[22] A photograph of a TR module is shown in Figure
7. Chassis dimensions are 37 cm x 55 cm X 24 cm
(height, width and depth), and its weight is about 20 kg.
The driver and high-power amplifiers are installed on the

Figure 3. Three-element Yagi antennas are shown,
each with a transmitter-receiver module (TR modules)
mounted, near the ground, on the pole.



FUKAO ET AL.: EQUATORIAL ATMOSPHERE RADAR (EAR)

19 -5

e el

3 II.OI3.0.|I.15...|

i o p? L, W B B R
%g: - .|. * L ] * L] ¢ L] .|' * . * L ] * L 2 '-IO * .
oig l:l:l.:OI'40:.:|.:l.60:0:|.:O-
"3 AL EengereresloL
ARt | I8 D S T P D llee et
I§§:.l-:.I-:_._:'_:_'_:T:_'_:_.?'_:_-!:.:-:.
L BN LI S e

%f.—:—.—: .I: .—:—Ia';:—.—:—.ﬁ_.:—.g—:d.f.—:—:—.:—;—:—;“
§ g W I N T e e
I ARl A e P AR TR e (T
V%E:.:.:_1|.:.I'B:o::o:oI.O:o”o:o:o
g®f 24 resTetle sl 4
5 a0l I DRI Y- R DA IR BT
@ 2} R PRNIFE NS M P

g: -l.-......l.-...-.-l..

i | TR0 T IR

gg: | ....|... . l

1 |

1 2 3 465686 7 8 91011121314 15186 17 18 19 20 21 22 23 24 25 26 27 28

West L———=—

—_> East

Figure 4. The EAR antenna array. Each dot represents the location of a three-element Yagi

antenna and TR module.

right in Figure 7 while the output duplexer and low-pass
filter are on the left top and the input duplexer and phase
shifter are on the left bottom. A low-pass filter is inserted
after the output duplexer to prevent transmission of
harmonics (not shown in Figure 5). The mean time
between failures (MTBF) of the TR modules is about
160,000 hours. This implies that approximately 30 TR
modules need to be repaired every year. Each TR module
continuously monitors its transmission power and sends
a warning signal to the HC through the SP whenever the
transmitting power drops.

[23] All cables leading from the indoor DCU to the
balun of each antenna are physically of equal length. The
balun is similar to the one used for the MU radar [Fukao
et al., 1985a]. The cable lengths between the indoor and
outdoor DCUs, the outdoor DCU and TR module, and
TR module and balun, are 150 m, 33 m and 2.7 m,
respectively. The feed-cable loss that needs to be con-

sidered is 0.27 dB, which occurs between the TR module
and the balun.

3.3. Signal Modulator and Demodulator (SMD)

[24] A schematic block diagram of the SMD is also
shown in Figure 1. This subsystem is described briefly as
follows: The SMD is composed of a stable local oscil-
lator (STALO) of 37 MHz, a coherent oscillator (COHO)
of 10 MHz, two frequency conversion units (one of
which forms a super-heterodyne receiver), a phase de-
tector, two analog-to-digital converters (A/Ds), and a
radar controller (RC). The receiver noise level is —104
dBm, which is comparable to the minimum measured
cosmic noise level of —103.6 dBm. This high noise level
seems to be caused primarily by noise from the TRX and
partly due to the low gain of the MDL. The receiver has a
wide dynamic range of more than 70 dB.
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Figure 5. Schematic block diagram of the transmitter
and receiver (TRX) of the EAR.

[25] The IF (intermediate frequency) transmitter source
signal of 10 MHz is generated by applying a specified
phase-modulation and pulse-modulation to the COHO
signal in the modulator. The source signal is up-converted
to the RF transmitted signal of 47.0 MHz by mixing it
with the STALO signal in the frequency conversion unit.
The RF signal is then sent to the TRX through a band-
pass filter.

[26] The pulse width for transmission is determined by
the subpulse width (0.5, 1.0, 2.0, 4.0, 8.0 or 16.0 us)
times the number of bits (1—-16) used for phase modu-
lation. The maximum pulse width available is 256 ps (16
ps X 16 bits). The IF band-pass filter is selected to match
the subpulse width.

[27] The signal received at 47.0 MHz is down-con-
verted to the IF of 10 MHz in the frequency conversion
unit. The IF signal is subsequently down-converted to a
video signal (analog signal) by the COHO 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 100
Hz below that of the normal mode (i.e., 10 MHz-100 Hz)
in order to detect the acoustic line spectra. The I and Q
video signals are then converted to 14-bit digital signals.
The sampling interval is equal to the subpulse width. It is
possible to delay the start of sampling by 1 to 1024 times
the inter-pulse period (IPP) in order to receive Moon-
reflection echoes for the purpose of antenna calibration
(the delayed sampling mode).

[28] All timing signals for EAR operation are gener-
ated by the timing generator in the Radar Controller
(RC). They are generated from the COHO signal of
10 MHz. The RC sends parameters of operation to the
receiver and TRX.
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[29] A GPS satellite receiver (not shown in Figure 1)
receives the GPS time and reference signal. The RC
utilizes this reference signal to synchronize the time
counter to the GPS clock.

3.4. Signal Processor (SP)

[30] The SP performs a series of signal processing
operations (pulse decoding, coherent integration, fast
Fourier transform (FFT), incoherent integration), and
sends the processed data to the host computer (HC).
The interface between the SP and HC is a LAN 100
Base-T.

[31] A schematic diagram for the signal processing of
the EAR is shown in Figure 8. The digitized I and Q
signals are stored in the FIFO (First-In/First-Out) mem-
ory (double-buffered memory) in the A/D converters (see
Figure 1). The output is sent to the pulse decoding and
coherent integration units with header data added. Pulse
decoding can be performed for any binary code with
lengths up to 16 bits, such as Barker codes, ordinary
complementary codes, and Spano codes [Spano and
Ghebrebrhan, 1996a, 1996b, 1996¢]. The maximum
number of a code sequence is 32.

[32] After pulse decoding, the digitized I and Q signals
are coherently integrated for each beam and range. The
coherent integration unit adds a specified number of I
and Q signals and outputs 32-bit data to double-buffered
memory. The data from the ranges to be processed are
selected and sent to the digital signal processing (DSP)
unit.

[33] The integrated I and Q signals are stored in the
buffered memory of the DSP unit, and rearranged into
time series at respective ranges. The DSP then performs

Figure 6. Photograph of the transmitted pulse with 16-
bit optimal code and subpulse width of 1 ps.
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Figure 7. Photograph of the TR module.

complex FFT and power spectrum calculations on these
time series. The computed power spectrum consists of
32-bit floating-point values. The DSP also performs a
specified number of incoherent integrations of the power
spectra. After incoherent integration the power spectra
are sent to the HC via a 100 Base-T LAN interface. Time
series of the digitized I and Q data (before FFT opera-
tion) can also be stored for specific off-line processings,
such as frequency domain interferometric modes.

3.5. Host Computer (HC)

[34] The HC sends operating parameters to the RC and
controls start/stop of operation of the entire system. The
HC is a workstation having a CPU (Central Processing
Unit) with 450 MHz clock and 512 MB main memory.
The operating system is Solaris-UNIX. The observation
software of the workstation has the following functions:
(1) to set up observation parameters and to control the
radar system, (2) to receive data from the SP, (3) to
process data to estimate spectral parameters, (4) to record
data on digital data storage (DDS) tapes, and (5) to
display data graphically during observations.

[35] Observation software includes programs named
“Observation Control,” “Data Taking,” “Signal Pro-
cessing,” “Tape Control,” and “Quick Look.” Obser-
vation Control sets up observation parameters to control
observations. Data Taking sends radar control com-

mands to the RC and takes data from the SP through a
100 Base-T LAN interface. Signal Processing performs
signal processing, such as the estimation of spectral
parameters from data taken by the Data Taking program
and the writing of results to hard disk. Tape Control
transfers data stored on hard disk to DDS tape without
interrupting observations. Quick Look is an on-line data-
viewing program that reads data from the hard disk and
plots them to the graphic display of the workstation. To
control programs effectively, we use UNIX system calls

Pulse decoding & Integration Unit

Pulse Coherent ~ O
Decoding i
Pulse Coherent L
Decoding i

Buffer Memory

Buffer Memory

Buffer Memory

Buffer Memory

| digital signal

Q digital signal

DSP Unit
Buffer 6 Rearran- FFT Incoherent & Buffer To Host C.omputer
Memory gement Integration Memory

Figure 8. Schematic diagram of the signal processor
(SP). The SP consists of two units: pulse decoding and
integration unit and digital signal processing (DSP) unit.
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such as ‘“‘creation of process,
“shared memory.”

[36] The EAR system is under full supervision of the
HC. The communication of the HC with the SP and RC
is performed via a 100 Base-T LAN interface. Commu-
nications between the RC and each TR module are
performed via RS-422 serial I/O interface. It takes less
than 1 s to send the parameters to the RC and TR
modules via the 100 Base-T LAN and serial interfaces.
By utilizing this capability, the EAR can cyclically
interleave the parameters (observation range, range (or
altitude) resolution, time resolution, etc.) in such a short
time and almost simultaneously observe, for instance,
different altitude regions with different altitude and time
resolutions most suitable to the respective regions. Six-
teen different sets of observational parameters can be
programmed within one cycle of observations.

semaphore,” and

4. Frequency Domain Interferometry
Capability

[37] Interferometric modes using multiple frequencies
adjoining 47.0 MHz have been implemented to improve
the accuracy of vertical displacement of thin structures in
the atmosphere. These modes are particularly useful for
investigations of thin turbulent or stable layers. Wave-
induced instabilities that generate such thin structures are
expected to be observed within the lower stratosphere in
the equatorial atmosphere.

[38] For FDI (frequency domain interferometry) and
FII (frequency domain interferometric imaging) obser-
vational modes four preselected frequencies, 47.0 MHz +
250 kHz and 47.0 MHz + 500 kHz, are transmitted on a
pulse-to-pulse basis by changing the STALO frequency
accordingly. These values lead to redundant frequency
spacings but should be adequate for our objectives
according to simulations and observations made by
Palmer et al. [1999], Luce et al. [2001b], and Smaini
et al. [2002]. The EAR is consequently capable of dual
FDI observations with maximum frequency difference A
f=1.0 MHz and a minimum range resolution Ar =150 m,
which represent an improvement by a factor of two (of
both the initial resolution and frequency spacing used)
over prior FDI observations at VHF. From observations
using four frequencies different data processing schemes
can be performed off-line, such as Fourier-based imaging,
the Capon method [Palmer et al., 1999; Luce et al.,
2001b], the Lagunas/Gasull method [Smaini et al.,
2002], and Singular Value Decomposition (SVD) with
the MUSIC algorithm [Luce et al., 2001b; Smaini et al.,
2002]. Preliminary results from the EAR data will be
presented in a subsequent paper.

[39] Spatial-domain interferometry is not applicable
because the EAR has only a single receiving channel
available. The RASS capability [Tsuda et al., 1994] has
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also been applied effectively with the EAR; those results
will be presented elsewhere.

5. Evaluation of Technical Reliability

[40] The EAR generally utilizes pulse-to-pulse beam
steerability for its observations. It is necessary to confirm
this capability by measuring the antenna pattern in
operation. For this purpose, measurements of the antenna
pattern have been made by using emissions from a
radio star and radar reflections from the Moon. The
performance concerned with measurements of wind
profiles in the troposphere and lower stratosphere has
been confirmed by comparisons with GPS radiosonde
soundings.

5.1. Radio Star Measurements for Receiving
Antenna Pattern

[41] The antenna pattern in the receiving mode (with-
out transmission) can be measured by using emissions
from radio stars [e.g., Guidice and Castelli, 1971;
Czechowsky et al., 1984; Fukao et al., 1985¢c]. We used
Cygnus-A, which is the most intense point radio source
detectable by the EAR and has a luminance temperature
of 53,000 K at the EAR operating frequency of 47.0
MHz [Maeda et al., 1999]. The proper steering of the
antenna beam can be confirmed by determining the
received power that maximizes at the expected time
and zenith angle where the star crosses the meridian of
the EAR.

[42] This kind of measurement was conducted between
0530 and 0640 LT on 25 April 2001. The beam was
steered to eight different directions in 1.5° steps from
34.8° to 45.3° north of zenith. The northward beam at
40.8° zenith angle encountered Cygnus-A at 0607 LT.
The antenna pattern approximately in the ecast-west
direction can be measured by utilizing the Earth’s rota-
tion. However, it is noted that absolute calibrations of
directivity and gain are not allowed at this zenith angle,
since grating lobes appear and deteriorate the radiation
pattern significantly.

[43] Doppler spectra were calculated to remove intense
interference which often entered the EAR bandwidth.
Also, coherent integration was conducted to reduce the
amount of data transferred from the SP to the HC, since
the observations otherwise halted during the data transfer.
Data were sampled at 128 points with 150-m interval,
and coherent integration was performed 16 times. Then
256-point complex FFTs were calculated to obtain Dopp-
ler spectra every 6.6 s, which were averaged for approx-
imately 20 s. The antenna gain was obtained in reference
to the noise level of the resultant spectrum, and by
plotting it versus time (or corresponding azimuth angle
from the meridian).
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Figure 9. Relative gain of the EAR antenna pattern
(solid curve) in receiving mode measured by using
emission from the radio star Cygnus-A and the
corresponding theoretical gain (dashed curve). The
antenna beam is directed to 40.8° north of zenith.

[44] Figure 9 shows a cross section of the measured
(solid curve) and theoretical (dashed curve) relative gains
of the EAR approximately in the east-west direction. The
measured directivity above —10 dB is reliable. Both
direction and gain measured for the main beam coincide
well with the theoretical values. The antenna pattern in
the north-south direction was measured by steering the
antenna beam in the meridional plane and also found to
be in good agreement with the theoretical pattern.
Similar measurements were made using radiation from
the Sun, but the measured pattern was occasionally more
fluctuating than that obtained with Cygnus-A.

5.2. Moon Reflection Measurement for
Total Antenna Pattern

[45s] Since an ordinary antenna array has antenna
patterns that are reciprocal for transmission (TX) and
reception (RX), it is enough to measure the pattern in
receiving mode only. On the other hand, the TX and RX
patterns of an active phased array are, in general, not the
same and are inseparably related to the distributed trans-
mitter and receiver characteristics [Fukao et al., 1985a,
1985c]. Therefore, it is necessary to measure the EAR
antenna patterns by taking amplitude and phase character-
istics of all TR modules into consideration. The output
phase and power of every TR module of the EAR is kept
equal, to an accuracy of 7° and 0.2 dB. Considering that
amplitude and phase errors are generally distributed
randomly among the TR modules, there is no significant
error in gain and direction of the main beam, while the
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low-elevation sidelobes increase in proportion to the
magnitudes of the errors.

[46] A two-way array pattern in a plane which contains
the Moon orbit was measured during passage of the
Moon. The measurement was conducted during a one-
hour period from 1515 to 1615 LT on 27 April 2001. The
beam was fixed to 22.8° in zenith and 351.9° in azimuth
where the apparent velocity of the Moon relative to the
EAR on the Earth became zero at 1544 LT. A 256-us
pulse was transmitted with an IPP of 5.2 ms. The echoes
were over-sampled at 256 points with 2.4-km interval.
No coherent integration was performed. Then 512-point
complex FFTs were calculated in real time to obtain
Doppler spectra every 2.7 s. The resultant power spectra
were averaged for approximately 30 s. Since the distance
between the EAR and the Moon surface is about 368,000
km, we do not receive any echoes from the moon during
the first 2.45 s but we do receive range-aliased echoes
afterward. The antenna pattern was obtained by choosing
the peak value of the spectrum at the range of the
maximum echo power of each 30-s data set and plotting
it versus time (or corresponding azimuth angle).

[47] Figure 10 shows a cross section of the measured
(solid curve) and the theoretical (dashed curve) relative
gains of the EAR approximately in the east-west direc-
tion. Both the measured direction and gain of the main
beam are in close agreement with theoretical values. The
signal-to-noise ratio exceeded 15 dB. Consequently, the
fluctuations of the measured values are thought not to be
produced by noise fluctuations but by ionospheric scin-
tillations, which have been found to be active during

& L o =
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Figure 10. Relative gain of the EAR two-way antenna
pattern (solid curve) measured by receiving Moon
reflection echoes and the corresponding theoretical gain
(dashed curve). The antenna beam is directed 22.8° from
zenith and 351.9° in azimuth.
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Zonal (upper panel; westerly or eastward positive) and meridional (lower panel;

southerly or northward positive) wind profiles observed simultancously with the EAR (thick
curves) and GPS radiosondes (thin curves) around 13 LT on 5—8 November 2001. Height from the

antenna field of the EAR is indicated.

equinoctial seasons over Sumatra in Indonesia. On the
other hand, information on the sidelobes is not available
due to limited sensitivity.

5.3. Simultaneous Wind Measurements of EAR
With GPS Radiosondes

[48] Because of uncertainties in absolute range and
echo direction from system biases and scattering charac-
teristics, it is important to validate wind profiles obtained

by the EAR with other wind-measuring techniques. For
this purpose we compared EAR wind profiles with those
obtained simultaneously with GPS rawinsondes in No-
vember 2001. More than 170 GPS radiosondes were
launched from the radar site every 3 or 6 hours by the
Frontier Observation Research System for Global
Change of Japan.

[49] The beam of the EAR was steered to five direc-
tions (vertical, and north, south, east, and west) every
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Figure 12. Scatterplots of zonal (left panel) and
meridional (right panel) wind velocities observed below
10 km altitude with the EAR and radiosondes from 1 to
28 November 2001. Best fit linear-regression lines are
shown, for both the regression of rawinsonde data on the
radar data (solid line), and vice versa (dotted line).

IPP (400 ps). We chose a zenith angle of 10° because it
has been used for routine observations of the troposphere
and the lower stratosphere with the MU radar since 1986
and repeated validations of those measured winds have
been made with radiosonde measurements [e.g., Luce et
al., 2001a]. A 16-bit optimal code with a subpulse width
of 1 ps was used. The data were sampled at 150 ranges
with 150-m intervals and coherent integration was per-
formed 32 times. Then 256-point complex FFTs were
calculated in real time to obtain Doppler spectra every
16.4 s. The resultant power spectra were averaged for
approximately 80 s.

[s0] Figure 11 compares the altitude profiles of wind
velocities obtained by the EAR with those obtained
with the GPS radiosondes launched around 13 LT on
5—8 November 2001. The EAR data were averaged for
one hour around the rawinsonde launch time. The wind
profiles are in good agreement in the altitude range of
1 to 20 km, although some EAR data are missing below
the tropopause region, 15—17 km, due to low signal-to-
noise ratios that are commonly encountered by 50-MHz
atmospheric radars with similar sensitivities [Hocking,
1997].

[s1] Figure 12 shows scatterplots of horizontal winds
obtained with the EAR and radiosondes during the entire
month of November 2001. All data in the altitude range
from 1.5 to 10 km, where effective data were obtained
with both instruments, are utilized. The wind velocities
are in good agreement, obtaining correlation coefficients
of 0.98 (zonal) and 0.95 (meridional). Best fit linear-
regression lines are shown, for both regression of rawin-
sonde data on radar data (i.e., zero error is assumed in the
radar data; solid line) and vice versa (i.e., zero error is
assumed in the rawinsonde data; dotted line). The small
differences seen may be plausibly attributed to errors
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associated with both radar and rawinsonde measurements
[Hocking, 2001]. However, the random error of horizon-
tal winds measured by radars with a good detectability is
estimated to be about 0.7 ms ™' [Yamamoto et al., 1988].
This value is substantially smaller than the scatter of the
data points in Figure 12. This result demonstrates the
validity of EAR wind measurements, although further
investigation may be needed regarding effects of partial
reflection.

6. Preliminary Observational Results
6.1. Atmospheric Observations

[s2] The EAR is the first radar in equatorial regions to
make observations with a resolution as fine as 75—150 m.
Radars in the Trans-Pacific Profiler Network (TPPN)
operated by NOAA use range resolutions of approxi-
mately 1 km. The Gadanki radar in India (13.5°N,
79.2°E) has a resolution of 150 m [Rao et al., 1995],
but it is located far from the equator. The EAR has been
in full continuous operation since 1 July 2001, with only
occasional interruptions to repair and maintain hardware
and software.

[s3] Figure 13 shows an altitude-time intensity plot of
one-hour averages of atmospheric echoes observed with
the EAR from July to late December in 2001. The short
data gaps were caused mainly by commercial electric-
power failures, which the EAR engine generator could
not successfully compensate for. The echo intensity was
weaker from late August to late October than in other

Figure 13. Altitude-time intensity plot of echo power
observed in the vertical beam of the EAR from July to
December 2001. The echo power is given in arbitrary
units. The echo power is about 8 dB weaker from late
August to late October than in other periods because of
trouble with the preamplifier (Pre-amp).
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Figure 14. Altitude-time intensity plot of echo power
observed in the vertical beam of the EAR during 1-28
November 2001. The cold-point tropopause defined by
GPS rawinsonde measurements is indicated by crosses.

periods because of initial trouble with the band-pass filter
in the preamplifier (Pre-amp).

[s4] We note that multiple layers of intense radar
echoes appear in the plot at altitudes between 15 and
19 km. The lowest layer usually corresponds in altitude
with the minimum temperature (or the cold-point tropo-
pause) observed with the GPS radiosondes. However,
when the cold-point tropopause is occasionally displaced
to a higher altitude (as determined from rawinsonde
data), radar echoes sometimes continue to be observed
from the original tropopause altitude, while additional
echoes appear at the new tropopause location, as seen
during 7-9 and 20-23 November (see Figure 14). A
possible interpretation would be in terms of local tem-
perature minima produced by the presence of Kelvin
waves that are known to be active above the tropopause
[e.g., Andrews et al., 1987].

[s5] On the other hand, the echo intensity, especially
below 10 km, varies considerably with altitude and time
due primarily to changes in humidity. This feature seems
to be associated with cloud activity inferred from the
images of the GMS (Geostationary Meteorological Sat-
ellite). More detailed discussion will be left to subse-
quent papers.

[s6] Figure 15 shows altitude-time intensity plots of
the vertical, zonal, and meridional components of the
wind averaged over one hour during the same period.
Short-period fluctuations due to buoyancy waves, with
periods of less than a day, are more dominant in the
vertical wind than in the horizontal wind, similar to cases
observed at middle and high latitudes.

[57] In the troposphere the westerlies (eastward wind)
are dominant below 10 km while the easterlies (westward
wind) are dominant above that altitude. Although not yet
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well understood, the observed zonal wind varies with
periods from 30 to 60 days below 10 km, and seems to
be associated with the Madden-Julian Oscillation (MJO)
[Madden and Julian, 1994]. Strong vertical shear in the
zonal wind accompanied by an intense echo layer near
the cold-point tropopause is also observed. Recurring
downward phase progression with periods of approxi-
mately 10 days above the cold-point tropopause is
associated with Kelvin waves [Fujiwara et al., 2003].

[58] On the other hand, shorter-period fluctuations are
dominant in the meridional wind in both the troposphere
(approximately 10 days) and lower stratosphere (4—5
days). These may be mixed Rossby-gravity waves [ Yanai
and Maruyama, 1966; Wheeler and Kiladis, 1999;
Widiyatmi et al., 1999, 2001].

[59] Changes in the vertical structure of atmospheric
waves and turbulence over Sumatra, associated with
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Figure 15. Altitude-time intensity plots of vertical (top
panel), zonal (middle panel), and meridional (bottom
panel) winds observed with the EAR from July to
December 2001. Positive values indicate updraft,
westerly (eastward), and southerly (northward) winds.
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Figure 16. Altitude-time plots of FAI echo intensity in
four directions near due south perpendicular to the
geomagnetic field in the £ region on 2 November 2001.

MJO and possible changes of MJO due to the Sumatra
mountain ridge [Murata et al., 2002], will be investigated
with the EAR in the future. Also, it will be interesting to
study effects of El Nifio and La Nifia on dynamics over
Sumatra with the EAR.

6.2. Ionospheric Observations

[0] The MU radar has been shown to be fully
capable of operating as a ‘“‘coherent scatter” radar,
and intensive efforts have been dedicated to the under-
standing of 3-m-scale field-aligned irregularities (FAIs)
at midlatitudes [e.g., Fukao et al., 1988, 1991; Yama-
moto et al., 1991, 1992, 1994]. The EAR is a similar
VHF radar which is also capable of viewing the
ionosphere in directions perpendicular to the geomag-
netic field, but it is the first one established in the
geomagnetic southern hemisphere (10.63°S, 171.93°E).
It is located in altitude outside of the equatorial elec-
trojet (EEJ) but within the equatorial (or Appleton)
anomaly region.

[61] The EAR has been applied to study F region FAIs
associated with equatorial spread /' (ESF) from nearly
10°S (geomagnetic latitude). Such studies have been
conducted extensively by the Jicamarca radar at the
geomagnetic equator in South America [e.g., Woodman
and Hoz, 1976]. The EAR has also been utilized for
observations of £ region FAIs in regions outside the EEJ,
where their characteristics are not well known because
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only a few such radar observations have been made [e.g.,
Woodman et al., 1999; Chau and Woodman, 1999;
Choudhary et al., 1996; Patra et al., 2002].

[62] Figure 16 shows altitude-time-intensity plots of
FAI echo power from the E region in four beam
directions near due south: (160.0°, 22.1°), (170.0°,
21.2°), (180.0°, 21.0°), and (190.0°, 21.3°) in azimuth
and zenith, respectively, A single pulse of 4-us width (or
600 m range resolution) was used. The condition of
perpendicularity to the geomagnetic field for the 3.4°
antenna beam width is satisfied over the entire altitude
range 80 to 150 km. The echoes appear extended in
altitude, from 95 to 140 km, and the maximum echo
intensity is more than 35 dB larger than the noise level.
Features similar to those reported for other locations are
commonly observed above 100 km: Quasi-periodic
striations, downward (toward the radar) progression of
echo regions, and relatively wide spectral widths. The
unique capability of the EAR to observe in different
directions simultaneously will help investigation of the
spatial structure and movements of FAIs. For instance,
some echoes occur almost simultaneously in the four

00 r UAs, Zo:
soo F (1700, 849)
a0 F
m-
mh
838
500 | (1800, 840)
8.0t
m-
m-
888
m: 24.5)
m: 80
" B4
ﬂﬁ: "E
200 | - m =
19: £0:00 £21:00 £2:00 o
Local Time -2

Figure 17. As for Figure 16, but for the F region on 27
March 2002. The black line shows the solar terminator.
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Figure 18. Altitude profiles of incoherent scatter echo intensity observed with the EAR from
1843 LT on 7 November 2001 to 0545 LT on the following day. The echo intensity is given in
arbitrary linear units with range divergence compensated.

beam directions, while others show westward propaga-
tion with a phase velocity of 15 to 20 ms™', as observed
at midlatitudes.

[63] Intense FAI echoes have also been observed over
a wide altitude range in the nighttime F region, as
shown in Figure 17. A 13-bit Barker-coded pulse with
a 16-ps subpulse (or 2.4 km range resolution) was used.
The time resolution is 62 s. The radial drift velocities
are usually less than 100 ms~' but occasionally exceed
200 ms~!. Upward-developing plumes and upwelling of
the bottom-side F layer, commonly associated with ESF
[Tsunoda and White, 1981] have been detected also with
the EAR near 10°S, as well as with the Gadanki radar at
6.3°N [Rao et al., 1997]. These results will be discussed
elsewhere.

[64] As mentioned above, the EAR is approximately
10 dB less sensitive than the MU radar. However, the
ionospheric density is, at least, two-to-three times larger
in the equatorial anomaly than at midlatitudes [e.g.,
Rishbeth and Garriott, 1969], and the very weak inco-
herent scattering (IS) originating from the free electrons
is also detectable with the EAR [Sato et al., 1989]. A
preliminary measurement of the IS power profile has
already been made using a 7-bit Barker coded pulse of
224-us width (7 bits x 32 ps).

[65] Figure 18 shows a sequence of such profiles
obtained from 1843 LT on 7 November 2001 to 0545
LT on the following day. The beam was directed,
sequentially, with a 10° zenith angle toward the north,
east, south, and west on a pulse-to-pulse basis, and the
profiles shown are averages of the four beams. The
observation was made in a one-hour cycle changing
sequentially between five different modes. The IS power-
profile mode was operated for approximately 10 min
each hour. The feature of the electron density profile that
is typical of the low-latitude ionosphere is the high F
layer peak in the evening followed by a subsequent
lowering of the layer toward midnight. Fluctuations with
vertical scale of 10 to 15 km are seen in the echo power
profile. This is consistent with altitude fluctuations
caused by Faraday rotation, estimated with electron
density profiles from the International Reference lono-
sphere [Bilitza, 1997].

[66] Multipulse transmission capability, similar to that
used with the MU radar [Sato et al., 1989], will be
implemented in the near future for spectral measurements
to observe F region temperature, drift velocity, and
electron density as well. Also, it is noted that the geo-
magnetic conjugate point of the EAR is 16.69°N and
100.17°E, north of Bangkok, Thailand, that will provide



FUKAO ET AL.: EQUATORIAL ATMOSPHERE RADAR (EAR)

unique convenience for conjugate point observations with
an ionosonde, an airglow imager, etc., in the future.

7. Concluding Remarks

[67] In this paper we have described the EAR recently
installed at the Indonesian equator (0.20°S, 100.32°E;
geomagnetic latitude 10.63°S). The EAR is a 47-MHz
Doppler radar with an active phased-array system. The
system is composed of 560 three-element Yagi antennas
and an equivalent number of solid state power amplifiers
(TR modules). The nominal beam width is 3.4° while the
nominal peak and maximum average radiation powers
are 100 kW and 5 kW, respectively.

[68] The antenna pattern of the EAR has been favor-
ably calibrated by using emissions from Cygnus-A and
reflections from the Moon. Also, we have presented the
results of simultaneous wind observations with GPS
radiosondes. These results have demonstrated the EAR
as a reliable tool for observing wind profiles in the
troposphere and lower stratosphere and 3-m scale field-
aligned irregularities (FAIs) in the ionosphere over the
Indonesian Archipelago.

[60] The EAR is now being continuously operated and
provides valuable data day by day. High-resolution obser-
vations with the EAR, never before realized, must play an
important role in various studies of the equatorial atmo-
sphere and ionosphere. It is expected that the EAR will be
operated in collaboration with other existing networks of
radars, such as those mentioned in the Introduction,
satellites such as TIMED (Thermosphere Ionosphere
Mesosphere Energetics and Dynamics) of the USA and
ROCSAT-1 of the Republic of China (Taiwan) [Su et al.,
20017, and other ground-based radio and optical sensors.
The EAR is expected to proceed to study the hierarchical
structure of atmospheric variations in the equatorial
region using the data from these instruments in the future.
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