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Abstract

The recently constructed Wuhan Atmospheric Radio Exploration (WARE) radar is the
first mesosphere-stratosphere-troposphere (MST) radar in the mainland of China, lo-
cated at Chongyang, Hubei Province (114◦8′8′′ E, 29◦31′58′′N, ∼ 23◦ geomagnetic lat-
itude). WARE radar has a capability of probing the structure and dynamics of the atmo-5

sphere at the altitudes from 3 to 100 km (excluding 25–60 km). With fine temporal and
spatial resolution, WARE radar provides an outstanding opportunity for the first time to
extensively and intensively investigate various atmospheric phenomena at the regions
of mid-latitude China. In this paper, we present the main configuration and technical
specifications of WARE radar system. For the first time, we also report some initial re-10

sults obtained by the WARE radar: (1) wind field observations from 69 to 85 km and
from 3.2 to 16.9 km together with their comparisons with the rawinsonde results, (2)
tropopause heights determined by radar echo power and comparisons between radar
tropopause and rawinsonde tropopause, (3) atmospheric gravity waves in the tropo-
sphere with the wave length and propagation direction analyzed using the hodograph15

method, (4) aspect sensitivity of echo power at six specified heights in the troposphere
and stratosphere, and (5) diurnal and semi-diurnal tides at the tropospheric and low
stratospheric heights analyzed by the Lomb–Scargle periodogram method.

1 Introduction

In the past 30 years, mesosphere-stratosphere-troposphere (MST) radar have been20

developed and installed around the world. MST radar observes the echoes backscat-
tered from refractive index fluctuations in the neutral atmosphere and ionosphere,
which can be applied to operational routine observation and scientific research. The
first Very-high-frequency (VHF) MST radar in Jicamaca successfully observed the at-
mospheric echoes in 1970s (Woodman and Guillen, 1974). Since then, studies and25

constructions of MST radars have shown great growth. For example, the SOUSY radars
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(Czechowsky et al., 1984; Rüster et al., 1986), the Esrange radar (Clison et al., 1999)
and the recent MARRSY MST radar (Latteck et al., 2012) in Norway have shown great
capacities for atmospheric research in Europe. VHF MST radars have also developed
widely in the Unite States since 1970s (Gage and Balsley, 1978; Gage and Green,
1978; Hocking et al., 2001). In Asia, there have been several VHF-MST radars, such5

as the MU radar (Fukao et al., 1980, 1990), the Chung_Li radar (Röttger et al., 1990),
the Gadanki radar (Rao et al., 1995; Jein et al., 1995), the EAR radar (Fukao et al.,
2003), and so on, which have provided numerous important results and findings to
further our understandings of the atmosphere and the ionosphere.

Enormous progresses have been made into the atmospheric research by VHF-MST10

radars (see the reviews by Hocking (1997; 2001), Fukao (2007) and the references
therein). One of the most important purposes of MST radars is routinely continuous
monitoring the three-dimensional atmospheric winds at altitudes above the boundary
layer. Doppler Beam Swinging (DBS) and Spaced Antenna (SA) methods are the two
primary methods for deriving wind field estimation of MST radars. In particular, MST15

radars is capable of measuring the profiles of vertical wind velocities. Conventionally,
the tropopause height is determined from atmospheric temperature by rawinsonde ob-
servations. MST radars provide an effective and efficient approach to estimate the
detailed temporal variation of tropopause, which is very important for studies of at-
mospheric dynamics. Due to the fine temporal resolution of three dimensional wind20

measurement at different height, MST radars are the most suitable instruments for at-
mospheric gravity waves (AGWs) studies, including intrinsic frequencies, wavelengths,
wavenumber spectra, and possible wave sources. Studies of aspect sensitivity of echo
power have always been a significant topic for MST radar community. For MST re-
search, aspect sensitivity means angle dependence of echo power, which can be em-25

ployed to investigate the primary mechanism (scattering or reflection) of the MST radar
echoes. With the fine temporal resolution, MST radar is also suitable for tidal analysis
and nonlinear coupling between different atmospheric waves and oscillations such as
AGWs, planetary waves (PW), and quasi biennial oscillation (QBO).
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Although considerable development of technology and applications for MST studies
have been made, new instruments and facilities are still planned and proceeded for fur-
ther atmospheric research. Recently, Wuhan Atmospheric Radio Exploration (WARE;
114◦8′8′′ E, 29◦31′58′′N) radar has been successfully developed and put into oper-
ation (Zhao et al., 2013). The WARE radar is a significant facility of the Meridian5

Space Weather Monitoring Project of China (Wang, 2010) that conduct a comprehen-
sive multi-layered and inter-disciplinary survey and exploration of space environment
by advanced ground based techniques. The WARE radar has great potential to yield
new findings, especially for regional atmospheric characteristics, due to the capabilities
for comprehensive atmospheric research.10

In this paper the design and the implementation of the WARE radar system is sum-
marized. For the first time we also present a number of initial results of WARE radar
observations, including measurements of tropospheric and mesospheric wind, deter-
mination of the tropopause, studies of AGWs, tropospheric aspect sensitivity, and in-
vestigation of atmospheric tides.15

2 Brief description of WARE radar system

The WARE radar is the first MST radar put into service in the mainland of China,
which is located at Chongyang, Hubei Province of China (114◦8′8′′ E, 29◦31′58′′N)
with the geomagnetic latitude of ∼ 23◦. The altitude of the radar site is 62 m a.s.l. The
inclination and declination angles of geomagnetic field are approximately 44.7 and20

−3.7◦ respectively at the altitude of 110 km above the radar site.
The WARE radar is a fully distributed, all solid state, and coherent pulsed Doppler

radar operating at 53.8 MHz with an average power aperture product of 2.3×108 Wm2.
The reliable detection height range covers from roughly 3 to 100 km (not including
25–60 km). The phased array of WARE radar consists of 24×24 three-element Yagi-25

Uda antennas evenly distributed over a total area of 10 000 m2. The radar beam can
be steered into five directions (East, West, South, North, and vertical) independently,
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changing continuously from vertical to 20◦ off-zenith angle with a step of 1◦ from pulse
to pulse. The echoes from five beams are collected alternately by the receiver. DBS and
active phased array technique are utilized to probe the structure and the dynamics of
the atmosphere. WARE radar is designed to operate at three independent modes which
correspond to monitoring the troposphere (low mode, 3.5–10 km), the low stratosphere5

(medium mode 10–35 km), and the mesosphere (high mode 60–90 km), respectively.
Characteristics of atmospheric turbulence echoes, including the Doppler velocity and

spectrum width, are estimated after removal of background noise and clutter. Distinct
from time domain pulse radar system, clutter suppression is accomplished by spectrum
analysis due to frequency domain detection of the WARE radar. The technical parame-10

ters and performance parameters are tabulated in Table 1, respectively. More detailed
descriptions about WARE system and hardware are referred to Zhao et al. (2013).

3 Preliminary results of WARE radar observations

3.1 Observations of atmospheric wind field

Measurement of fine quality wind field is one of the major objectives of MST radars15

(Gage and Vanzandt, 1981; Balsley, 1983). The WARE radar has the capability of
measuring the wind field based upon the DBS technique. Comparisons of wind field
observations between WARE radar and GPS rawinsonde were carried out immedi-
ately after the WARE radar was established. Figure 1a presents the power spectrum
of radar echoes received by the east, west, south, and north beams tilted to 20◦ off-20

zenith angle, and Fig. 1b shows the comparison of radar wind and rawinsonde wind
obtained at 16:00 LT on 11 September 2011. Clearly, the observations of WARE radar
are reasonably consistent with the rawinsonde observations for both wind velocity and
wind direction, indicating that our newly constructed WARE radar works properly and
efficiently to provide reliable observations for further studies.25
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An example of mesospheric wind field measurements from 69 to 85 km obtained
by WARE radar on 15 March 2011 is shown in Fig. 2. Figure 2a presents the power
spectrum received by east, west, south, and north beams tilted to 20◦ off-zenith angle.
Figure 2b presents the meridional and zonal wind estimated by echo power spectrum.
It is expected that the long-term observation by WARE radar will establish a unique5

database to investigate the profiles of mesospheric wind in the mid-latitude region of
China.

3.2 Observations of the tropopause

Tropopause is a natural stable layer which plays a significant role in the stratosphere-
troposphere exchange (STE). Characteristics of tropopause have been studied in many10

ways and in many regions (Reid and Gage, 1996; Hermawan et al., 1998; Yamamoto
et al., 2003; Das et al., 2008; Mehta et al., 2008, 2011). The detailed time variation of
tropopause structure is very important for studies of dynamical atmospheric properties.
WARE radar provides a good opportunity to study the mid-latitude tropopause.

Conventionally, the height of tropopause can be determined by the lapse rate (lapse15

rate tropopause, LRT) (World Meteorological Organization (WMO), 1996), cold point
(cold point tropopause, CPT) (Selkirk, 1993), and radar echo power (radar tropopause,
RT) (Gage and Green, 1979, 1982; Hall et al., 2009). In our present study, we simply
adopt refractivity structure constant (C2

n) derived from radar echo power to evaluate the
tropopause location (Rao et al., 1997; Ghosh et al., 2001; Zink et al., 2004). Two exper-20

iments are shown in Fig. 3a, which were executed around 17:15 LT on 10 September
2011 and around 07:21 LT on 11 September 2011 for validation of the radar measure-
ments. The green line in Fig. 3a is the C2

n value estimated from radar echo power.
The location of maximum C2

n value implies the height of tropopause, which was about
16 km in the two cases. The blue points are the recorded temperature derived from25

rawinsonde and the blue line is the fitted temperature profile. The coldest point of the
temperature is the height of tropopause determined by rawinsonde, which was about
17 km. Considering that the height resolution of WARE radar operated at medium mode
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is 0.6 km, the heights of tropopause derived from radar and rawinsonde are consistent
with each other basically.

After validation of radar tropopause, a 20.5 h observation was carried out from
08:05 LT, 2 January 2012 to 04:35 LT, 3 January 2012. Figure 3b shows the result. As
seen, the height of radar tropopause was between 11 to 12 km during this time period,5

which was much lower than that 1 shown in Fig. 3a. Variation in tropopause height can
be attributed to different seasons for the radar observations. The tropopause height is
usually higher in summertime than in wintertime.

3.3 Observations of atmospheric gravity waves

Atmospheric gravity waves (AGWs) play an important role in transporting energy and10

momentum, in contributing turbulence and mixing, and in influencing the mean circu-
lation and thermal structure of the middle atmosphere (Fritts and Alexander, 2003).
In addition, AGWs are crucial to understand the coupling process of the upper atmo-
sphere and the ionosphere (Hines, 1960). Quasi-monochromatic (QM) AGWs are fre-
quently observed with airglow imagers, lidars, radars and rawinsondes. On this aspect,15

WARE radar provides a standard and effective tool to study these AGWs. Hodograph
method (Gavrilov et al., 1996; 1997; Hu et al., 2002; Zhang and Yi, 2005) is utilized
here to extract the parameters of dominant QM AGWs. To obtain the parameters of
AGW, the background winds are firstly removed by fitting a second order polynomial
to the horizontal wind profiles (Zhang and Yi, 2005). The results shown in Fig. 4 are20

two typical examples of QM AGWs observed by WARE radar at 06:05 and 13:05 LT,
on 26 September 2011. Figure 4a and b show wave fits of vertical profiles of merid-
ional wind disturbance at heights from 3.04 to 9.85 km at two respective scenarios,
while Fig. 4c and d show the zonal component. Figure 4e and f present the vertical
wind disturbance. The wave lengths of the two QM AGWs are calculated to be 4.9925

and 3.25 km, respectively. Hodographs of the meridional wind vs. zonal wind are il-
lustrated in Fig. 4g and h. The rotations are both anti-clockwise, indicating downward
propagating waves.
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By analyzing the polarization relation of AGW, the AGW horizontal propagation di-
rections are parallel to the major axis of the ellipse in hodographs. We can estimate the
propagation directions are 23◦ or 23+180◦ and 45◦ or 45+180◦, since the directions
have 180◦ ambiguity. In order to resolve this ambiguity, the simultaneous measurement
of the temperature profile can be utilized by radiosonde observations or Na lidar (Hu5

et al., 2002; Zhang and Yi, 2005), However WARE radar can not provide the temper-
ature profile directly, the ambiguity can also be eliminated by the vertical wind profile
(Muraoka et al., 1987; Tsuda et al., 1990). Hence the horizontal propagation direction
can be determined by combination of the hodograph method and the measurement
of vertical velocity of wind. For the cases presented in Fig. 4, the horizontal propaga-10

tion directions are finally identified as 23◦ (left column) and 225◦ (right column), which
are clockwise to the north. The wave intrinsic frequencies of these QM AGWs are
also calculated according to the hodographs, which is 10.3 and 7.2 h, the local Cori-
olis frequency is 7.29×10−5 rads−1. These QM AGWs in the upper troposphere have
been frequently observed by WARE radar, a statistical analysis of which have been15

conducted (Qing et al., 2014).

3.4 Observations of aspect sensitivity of echo power

Aspect sensitivity means the dependence of echo power on antenna beam pointing an-
gle, which has been reported by several researchers (Gage and Green, 1978; Röttger
and Liu, 1978; Tsuda et al., 1986). MST radar echoes are known to be aspect sensi-20

tive due to anisotropic backscattering and Fresnel reflection/scattering, which in turn
influence the determination of wind components and measurement of turbulence pa-
rameters. Jain et al. (1997) suggested that for smaller beam angles the horizontal wind
component may be underestimated by as much as 30 %. Therefore several theoretical
models are proposed to explain scattering/reflection mechanisms in order to facilitate25

the understanding of aspect sensitivity and its effect on the radar echoes.
WARE radar operates at five beams including one vertical beam and four oblique

beams. Each oblique beam has been designed to be able to scan from vertical to 20◦
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continuously with a step of 1◦. Therefore WARE radar has the capability for investigating
the zenith angle dependence of the backscattered echo power at different altitudes.
Figure 5 shows the variation of echo power as a function of beam zenith angle at
six specified heights from 4.75 to 17.85 km. Observations are carried out at 13:13 LT,
27 December 2011.5

Figure 5 shows that (1) aspect sensitivity occurs throughout the troposphere and low
stratosphere; (2) aspect sensitivity is higher in the troposphere than in the stratosphere
in this observation; (3) the relative echo power for smaller zenith angles (≤ 10◦) de-
creases faster than the larger angles (> 10◦). Usually, the degree of aspect sensitivity
is lower in the troposphere than in the stratosphere. This is due to turbulent air in the10

troposphere and stable atmosphere in the stratosphere. There are several interpreta-
tions on the causative mechanisms of aspect sensitivity. Fresnel reflection/scattering
and anisotropic scattering are the two leading suggestions. (Röttger and Liu, 1978;
Crane, 1980; Doviak and Zrnic, 1984; Woodman and Chu, 1989) Our observation in-
dicate that the mechanism for aspect sensitivity could be complicated and different15

interpretations should be taken into consideration.

3.5 Observations of diurnal and semi-diurnal tides

Atmospheric tides are defined as atmospheric waves or oscillations with periods of
harmonics of a solar day. The subset migrating tides propagate westward with zonal
wavenumbers equal to the frequencies in cycles per day. The migrating tides are gen-20

erated primarily by ozone heating in the stratosphere and water vapor heating in the
troposphere, which are uniform zonal distributed. The zonal wavenumbers of nonmi-
grating tides are not equal to the frequencies in cycles per day, which have more local
characteristics. Tides are believed to play an important role in large scale circulation
patterns and the dynamics of mesosphere and lower thermosphere. (Forbes, 1982;25

Forbes et al., 1997; Vincent et al., 1998; Manson et al., 2002) However, due to the
small amplitudes of tides in the troposphere and lower stratosphere, the studies on
tides in this region require more efforts and deserve further investigation.
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We report diurnal and semi-diurnal tide analysis by WARE radar observations in the
lower atmosphere from 1 to 12 October 2011. The observations of WARE radar pro-
vide 30 min time resolution and allow us to analyze in the temporal domain. Meridional
and zonal wind are firstly derived from power spectrum of radar echoes. Figures 6a
and 7a show meridional and zonal wind from 3 to 25 km with height resolution of 150 m5

during continuous 12 days. Then the perturbation wind field is obtained by subtracting
the background wind. We calculate the background wind by applying a second-order
polynomial fitting to the vertical profiles of horizontal and vertical winds respectively, fol-
lowing Zhang and Yi (2005). After that, a high pass filter with a cutoff at 36 h is applied
to remove the influence of planetary waves (PW) and quasi biennial oscillation (QBO).10

Finally, a Lomb–Scargle periodogram analysis (Scargle, 1981, 1982) is performed on
the resultant time series data. Significant values in Figs. 6b and 7b can be found around
the period of 12 and 24 h, which indicate semi-diurnal and diurnal oscillation. It should
also be noted that at the low altitude the values concentrate on the 12 and 24 h, while
at the high altitude the values tend be scattered around these two periods. The re-15

sults indicate the influence of secondary waves generated by the planetary/tidal wave
interaction (Huang et al., 2009).

4 Summary

In this paper we have summarized the design and implementation of the recently
constructed Wuhan Atmospheric Radio Exploration (WARE) radar, the first very-high-20

frequency (VHF) mesosphere-stratosphere-troposphere (MST) radar in the mainland
of China. A number of initial results regarding atmospheric wind field, tropopause, at-
mospheric gravity waves (AGWs), aspect sensitivity of echo power, and atmospheric
tides have been reported for the first time. Tropopause detection in this paper indicate
that WARE radar is capable to estimate the accurate tropopause height and obtain25

time series of radar-tropopause. The QM AGWs similar to the case introduced in this
paper have been observed frequently by WARE radar. By using the Lomb–Scargle
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spectral analysis, the quasi-monochromatic gravity waves model, and the hodograph
method, a comprehensive study of AGWs at Chongyang region have been carried
out (Qing et al., 2014). The results of aspect sensitivity observation shows that the
reflection/scattering mechanism for radar echoes are complicated and will have to in-
vestigate systematically. By using a Lomb–Scargle periodogram analysis, we find that5

there exists dominant diurnal and semi-diurnal oscillations in the troposphere and low
stratosphere, which have not been reported intensively.

These results demonstrate the outstanding capabilities of the WARE radar for com-
prehensive atmospheric researches. As a unique VHF-MST radar facility at mid-
latitudes in the mainland of China and as an integrated part of well-planned Chinese10

Meridian Space Weather Monitoring Project, the WARE radar has great potential to
yield new findings as of the regional atmospheric characteristics. Further system im-
provements and expansions will include radio acoustic sounding system (RASS) to
obtain local temperature profiles. Combinations of AGWs observations by WARE radar
with simultaneous GPS network and HF Doppler observations enable to provide pro-15

found clues to track the correlations between AGWs and TIDs. Therefore, this kind
of study in the future can greatly enhance our knowledge of the neutral atmosphere-
ionosphere coupling process, especially at low- and middle-latitudes. Collaborative ex-
periment campaigns of our WARE MST radar, for instance, during the deep convection,
cold front, Mei-Yu season, and/or geomagnetic storms, together with the MU radar and20

the Chung-Li radar, all of which are located in East Asia, will establish a truly unique
platform for in-depth investigations and comprehensive understandings of the struc-
tures and the dynamics of the Earth’s atmosphere.
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Project (http://159.226.22.74/). The rawinsonde data can be provided by corresponding author
upon contact request.
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Table 1. WAER radar technical parameter.

Aspect Specifications

Radar system
Operating frequency 53.8 MHz (λ = 5.576 m)
Power Synthesis All solid state, Fully distributed
Peak Power ∼ 172 kW
Duty Cycle Low mode 10 %

Medium mode 20 %
High mode 20 %

Antenna system
Antenna array 24×24, active phased array
Antenna type Yagi aerial, 3 units, horizontal polarization
Normal beam width ≤ 4.5◦ half-power width, pencil beam
Voltage Standing Wave Ratio ≤ 1.1
Beam Direction Five beams: vertical, off-zenith 0–20◦ by 1◦

Antenna Operation Mode Doppler Beam Swinging (DBS)
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 516 

Figure 1. (a) Power spectrum of four oblique beams. (b) Comparison of wind field 517 

observations between MST radar and rawinsonde for the altitude range of 3.2 to 16.9 518 

km at 16:00 LT on September 11, 2011: (left) wind speed and (right) wind direction.519 

Figure 1. (a) Power spectrum of four oblique beams. (b) Comparison of wind field observations
between MST radar and rawinsonde for the altitude range of 3.2 to 16.9 km at 16:00 LT on
11 September 2011: (left) wind speed and (right) wind direction.
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 520 

Figure 2. WARE observations of mesospheric wind: (a) the spectrum power of four 521 

beams, and (b) the meridional and zonal wind estimated from 69 to 85 km. 522 

523 

Figure 2. WARE observations of mesospheric wind: (a) the spectrum power of four oblique
beams, and (b) the meridional and zonal wind estimated from 69 to 85 km.
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 524 

 525 

Figure 3. (a) 
2

nC  profile (green line) estimated by radar echo power and temperature 526 

profile (blue line) estimated by rawinsonde. (b) WARE observations of the radar echo 527 

power from 3.2 km to 16.9 km for continuous 20 hours. The black dotted line denotes 528 

the height of radar tropopause. 529 

 530 

531 

Figure 3. (a) C2
n profile (green line) estimated by radar echo power and temperature profile

(blue line) estimated by rawinsonde. (b) WARE observations of the radar echo power from 3.2
to 16.9 km for continuous 20 h. The black dotted line denotes the height of radar tropopause.
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Figure 4 532 

 533 

Figure 4. Vertical profiles of (a) meridional, (c) zonal and (e) vertical wind 534 

disturbance components of the QM IGW observed at 06:05 LT on September 26, 535 

2011. (g) is the hodograph of the fitted meridional wind versus zonal wind. (b), (d), (f) 536 

and (h) are the same as (a), (c), (e) and (g), while the time is 13:05 LT on September 537 

26, 2011. 538 

539 

Figure 4. Vertical profiles of (a) meridional, (c) zonal and (e) vertical wind disturbance compo-
nents of the QM IGW observed at 06:05 LT on 26 September 2011. (g) is the hodograph of the
fitted meridional wind vs. zonal wind. (b), (d), (f) and (h) are the same as (a), (c), (e) and (g),
while the time is 13:05 LT on 26 September 2011.
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Figure 5 540 

 541 

Figure 5. Observations of the variation of echo power as a function of beam zenith 542 

angle at six specified heights at 4.75 km, 6.09 km, 9.13 km, 13.13 km, 15.24 km and 543 

17.85 km by low and medium mode of WARE radar. 544 

545 

Figure 5. Observations of the variation of echo power as a function of beam zenith angle at six
specified heights at 4.75, 6.09, 9.13, 13.13, 15.24 and 17.85 km by low and medium mode of
WARE radar.
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 546 

Figure 6 (a) The raw time series for the meridional wind observed by WARE radar 547 

from October 1 to October 12, 2011, with height resolution of 0.15 km and temporal 548 

resolution of 30 minutes. (b) Lomb-Scargle periodogram of meridional wind 549 

disturbances. Only the values with confidence levels greater than 95% are shown.  550 

Figure 6. (a) The raw time series for the meridional wind observed by WARE radar from 1 Oc-
tober to 12 October 2011, with height resolution of 0.15 km and temporal resolution of 30 min.
(b) Lomb–Scargle periodogram meridional wind disturbances. Only the values with confidence
levels greater than 95 % are shown.
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 551 

Figure 7. Similar to Fig. 6, but for the zonal wind. 552 Figure 7. Similar to Fig. 6, but for the zonal wind.
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