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1. Introduction

Previous MU radar experiments carried out in April and
July 2005 demonstrated the usefulness of the
Frequency-domain Interferometric Imaging technique (FII,
also called range imaging) for improving the radar range
resolution. In particular, cumulus convection and a KHI
event could be imaged with a fine time-height resolution (a
few ten seconds and a few ten meters, respectively). The
proposed experiment was devoted to make new
observations of turbulence in the tropo-stratosphere in range
imaging mode.

2. Purpose of Project

In particular, we wanted to focus on Kelvin-Helmholtz
(KH) billows gencrated by shear instabilities near the
tropopause where the jet-stream is strong and possibly
during a passage of a meteorological front. Indeed, it is
known that tropopause folds are strongly conducive to
dynamically gencrated turbulence but the small-scale
structure of the turbulent layers are still very poorly known.
A better description of the turbulent structures in
tropopause folds would be uscful for a better understanding
of the tropo-stratosphere exchanges. Unfortunately,
tropopause folds did not occur during the experiment in
November 2006 but KH instabilities observed on both
sides of the jet-stream maximum could be imaged for the
first time. Also, the opportunity was offered to make the
first observations  with  the
Rayleigh-Mie-Raman (RMR) lidar operated at the MUR
site.

3. Detail of Observations.

comparisons  of

The FII mode provided height-time reflectivity images of
the tropo-stratosphere from about 1.5 km up to about 20.5
km at a time sampling of 16.5 s and a typical range
resolution of a few ten meters (with the Capon method and
for high SNR'). The FII technique was applied for the first
time in two dircctions (vertical and oblique at 10° off
zenith) for studying aspect sensitivity at high resolutions.
Table 1 provides the main MU radar parameters used

during the range imaging cxperiment.

! Strictly speaking, it is not possible to define the range
resolution obtained with adaptative methods since it depends
on Signal to Noise Ratio (SNR).

Avery about 30 min, the standard 5-beam DBS mode has
been applied for a few minutes for complementary
information (mainly wind profiles). The RMR lidar was
operated during night time, mainly for humidity, aerosol and
cimus cloud observations. Observations have been
performed for two consecutive nights at a time resolution of

30 s and height resolution of 9 m.

Table 1 : Specification of the MU radar parameters

Observational mode FIl (Range Imaging)

2152 LT Nov. 13 - 1202 LT Nov.
16, 2005

Observation period

Number of frequencies 5 (46.0 - 46.25 - 46.5 - 46.75 -

47) MHz

Number of directions 2, Vertical and (0°,10°)

Number of coherent Integrations | 64

Incoherent integration No
Time resolution/sampling (s) 33/16.5
Height sampling (m) 5

4. Results

Figure 1 shows an example of height-time cross-section of
SNR (or reflectivity when the Capon processing is applied)
at vertical incidence before and afier doing the Capon
processing. The top pancl show the result at a time
resolution of about 1 min (standard value) and a range
resolution of 150 m. The bottom panel shows the
corresponding Capon image at a time sampling of 16.5 s.
The improvement is very clear. In the high resolution
image, signature of KH billows (or braids) can be easily
identified around the altitude of 15. 5 km as well as fine
stable layers below and above. Some of the thin layers are
distorted and these distortions are very likely due gravity
waves generated by the KH instability at 15.5 km because
their oscillations are in phase with the billows. The billows
are associated with a strong wind shear in the upper level
of the jet-strcam near a tropical tropopause around 16 km
(not shown). The billows were observed for at least 2 hours
and they have a horizontal wavelength of about 5.3 km and
a vertical extent between 0.5 and 1.0 km. The analysis of
wind and temperature profiles measured by radiosondes
launched from nearby metcorological stations indicated the

presence of nearly-monochromatic disturbances, likely due



to a dominant inertia-gravity wave (IGW) superimposed to
the background wind field (not shown). The presence of
the IGW was also confirmed by the analysis of wind
profiles measured by the MU radar, just before the KH
billows are detected by the observations in range-imaging
mode (Figure 2). The IGW, with vertical and horizontal
wavelengths of about 3.5 km and 600 km, respectively,
may have been a direct radiation from the jet-stream and
likely played a major role in the onset of the observed KH

instability (Luce et al. 2008).
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Figure 1: (Top) Time-height cross-section of SNR at vertical
incidence from 11.5 km to 18.5 km above sea level (ASL) with MUR
on 13 November 2005 at the standard resolution (150 m) and a time
resolution of about | minute. (Bottom) The corresponding image
after FII processing with the Capon method at a time sampling of
16.5 s (time resolution of 33 s). White bands correspond to radar

stops. (After Luce et al. 2008).
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Figure 2: wind component profiles measured by MU radar in DBS
mode (solid thick lines) at 2148 LT and by radiosondes launched at
Hamamatsu (*x") and Yonago (*+" ). The meridional component 1s at

the left side and the zonal component at the right side.

Figure 3 shows another event of KH instability observed
around the altitude of 17 km in FII mode using the vertical
beam (top panel) and the oblique beam (bottom panel).
Below 16.5 km, the atmosphere is strongly stratified and
many thin reflectivity layers can be noted. Contrary to the
KH billows, these thin layers are strongly aspect sensitive.
This result suggests the backscattering mechanisms are
different in the range of the KH billows (nearly isotropic
scattering) and of the thin layers (partial reflection). In
addition, the variation in time of the reflectivity associated
with the thin distorted aspect sensitive layer just below
16.2 km (i.e., just below the KH billows) are very likely
due to a tilt of facets of distorted sheets. At the same time,
bright spots appear in the oblique beam at min 23 and 26
for example, likely because the orientation of the facets

coincide with the perpendicular of the beam direction.
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Figure 3: A second example of height-time cross-sections of
reflectivity showing a KHI event around the altitude of 17 km (top)
with the vertical beam (bottom) with the oblique beam. Thin aspect
sensitive layers (likely associated to temperature-gradient sheets) can

be noted underneath the KH billows or braids,

A strong shear of the zonal wind can also be noted around
5.0 km at the bottom part of the jet-stream (Figure 2). It
exceeds 50 ms'km'. The corresponding MU radar
observations of reflectivity revealed a KH wave pattern
particularly evident for at least 20 minutes until 2210 LT
(top panel fo Figure 4). Unfortunately, the beginning of the
event could not be observed. Their amplitudes are so large

around 5.5 km (about 1 km around min 5) that they can even



be distinguished in the initial 150-m resolution plot (not
shown). The oscillations of the (unfiltered) radial velocities
in the bottom panel of Figure 4 occur over a height of more
than 4 km and their crest-to-trough amplitude exceeded 8
ms™'. The period is about 3 min. Since the mean wind speed
was about 30 ms™ at the altitude of the KH instability
(Figure 2), a horizontal wavelength of about 5.7 km can be
deduced. The phase of the oscillations undergoes a clear
offset of 90° around 5.5 km, indicating the position of the
critical level of the KH instability. The wind shear was
significantly smaller at 2234 LT than at 2148 LT (not
shown), compatible with the observed decay of the KH
instability.
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Figure 4: (Top) Time-height cross-section of KH waves in the
troposphere. (Bottom) The corresponding vertical wind component
calculated from the Doppler spectra at a range resolution of 150 m.
Nearly monochromatic waves and a critical level are very clear.

(After Luce et al. 2007).
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Figure 5: (Top) Variations of height versus time of the layer
extracted from the Capon image around 4.2 km where nearly
monochromatic fluctuations are observed (Figure 4). Superimposed
are the corresponding variations of vertical velocity at 4.2 km
measured from the Doppler spectra. (Bottom) Comparison of the
vertical velocity measured from the Doppler spectra and the same
parameter deduced from the variations of the layer position in the
Capon image. (After Luce et al. 2007).

Nearly monochromatic wave-like disturbances are
observed in the Capon image around the altitude of 4.0 km
in the absence of significant shear of the horizontal wind at
this altitude, indicating again a possible direct effect of the
KHI on its nearby environment. Also, successive dot-like
echoes are noticeable between 6 km and 6.7 km during the
first 15 minutes at the crests of the oscillations in the top
panl of Figure 4. These structures are not detectable at the
standard resolution (not shown). The Capon processing
does not generate “ghost” structures in adjacent gates, as
shown in earlier papers on the range imaging technique.
These dot-like echoes are really the signature of a
backscattering process from atmospheric structures. Their
shape and their absence in the image obtained from the
oblique beam (not shown) suggest that they may result
from a mechanism of partial reflection from thin stable
layers distorted by the KH wave (it would be similar to the
case shown in Figure 3).

Figure 5 shows that the vertical velocity disturbances
around 4.2 km are fully consistent with the nearly
monochromatic vertical displacements of the layer at this
altitude. The vertical velocities deduced from the variations
of position of the layer agree well with those directly
measured from the Doppler spectra. The peaks of Doppler
velocities have smaller amplitudes than the peaks of the
reconstructed velocities, possibly due to underestimation
when the Doppler shift is near the Nyquist frequency of the
Doppler spectra.

Figure 6 shows the two first comparisons between MU
radar reflectivity in FII mode and lidar backscatter ratio.
They were reported by Takai et al. (2006). The top panel of
Figure 6 shows the presence of a cirrus cloud layer
between 7.5 km and 10.0 km for at least 1.0 hour.
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Figure 6: Time-height cross-section of MUR reflectivity with the
vertical beam between 5.0 and 10.0 km ASL from 01:40 LT on 05
Nov 2005 (Top) and from 22:20 LT on 05 Nov. 2005 (Bottom). The
contour plots show the region of enhanced backscatter ratio
measured by the RMR lidar used as an index of cirrus cloud. (After
Takai et al. 2006).

The layer of backscatter ratio is growing in time in the
height range 8.0 — 10.0 km and shows variations in
intensity with a period from 5 to 10 min, and a maximum
of 20-25 dB at 9.0 km. The time-height cross-section of
radar reflectivity shows a weak stratification in the cloud
region and moderate echoes in the range of the cirrus cloud
monitored by the lidar. The radar echoing structure seems
to be characteristic of convection in the cloud with more
intensity near the bottom. The radar echo intensity in this
region also shows significant time height variations with a
period of 5 — 10 min. The top of the cirrus is associated

with a thin and intense radar reflectivity layer. It may be a

signature of a strong humidity gradient.

The bottom of Figure 6 shows a second case with sporadic
cirrus clouds confined between two thin radar reflectivity
layers. Between these layers, echoes are weak perhaps due
to homogenization produced by mixing in clouds in this
altitude range. Without additional information, it is difficult
to determine the relationship between the cirrus and the
clear air structures revealed by the lidar and the radar.
However, the observed coincidences are extremely
encouraging for the studies of cirrus cloud dynamics (and
more the clear air in their

especially dynamics

environement) with the MU radar.
5. Summary and Conclusions
The November 2005 experiment confirmed the ability of
the FII technique to improve the range resolution of the
MU radar. In particular, the presence of KH billows or
waves on both sides of sheared region of the jet-stream
could be studied in detail. The first comparisons with lidar
observations of cirrus were extremely encouraging and
motivated further investigations.
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1.
Previous studies demonstrated that high resolution

Introduction

observations with the MU radar are useful for studying the
structure and dynamics of the lower atmosphere at small
scales. They were decisive in performing a long period
observation campaign (called TANUKI) for about 1
month with additional instruments. Among them, the
Shigaraki lidar, a Ka-band (35.25 GHz) cloud-profiling
FMCW radar and a Doppler X-band (9.8 GHz) radar were
operated during the campaign The MU radar is mainly
sensitive to clear air refractive index irregularities while
the weather radars are sensitive to condensation particles
(clouds and/or precipitations).

2,

Because of complex interactions between condensated

Purpose of Project

water and dry air mainly through latent heat release,
simultaneous observations of clear air motions, clouds
and precipitations are of great interest for studying parts
of cloud dynamics and life cycle, dynamical and
convective instabilities and turbulence associated with
clouds. The project thus aimed at comparing results of
observations from MU radar and the other particle-
sensing instruments for a better knowledge of the
small-scale dynamics in presence of clouds and
precipitations.

The onc-month cxperiment was also dcvoted to a
statistical analysis of large-amplitude Kelvin-Helmholtz
instabilities in the tropo-stratosphere. Even if they have
been observed many times, very little is still known about
the characteristics, conditions of generation, evolution,
occurrence and persistence.

3. Detail of Observations.

The MU radar was operated on 6-18 October and 4-16

November 2008 in Frequency radar Interferometric
Imaging (FII) mode with five equally spaced frequencies
from 46.0 MHz to 47.0 MHz. Range sampling was
performed from 1.32 km up to 20.37 km ASL with a step

of 5 m (the initial range resolution was 150 m). One profile

is calculated every ~6.1 s and the time resolution is ~24.4 s.

The radar beam was steered into three positions: one
vertical and two oblique directions (0°,10°), (90°,10°).

The Ka-band radar is a newly developed Frequency

Modulated-Continuous Wave (FM-CW) radar operating
at 8.6 mm. It is mainly sensitive to Rayleigh or Mie
scattering from condensation particles. The range
resolution is 50 m. The acquition time is 0.175 s and one
profile is obtained every 20 s. The radar beam was
directed vertically during the experiment. The X-band
radar is also a newly developed Doppler pulsed radar
operating at 3.0 cm, mainly for precipitation observations.
The Shigaraki lidar was also operated when weather
conditions were favorable and some radiosondes were
launched at some occasions. Observations with the UHF
LQ7 radar were also performed.

Range and time resolutions of the MU radar are close to
those of the weather radars and lidar. It is a tremendous
advantage for comparing the results of observations. In
the present report, only a few results of observations from
MU and Ka-band radars are described due to the lack of
space. Example of results with the X-band radar is shown
in a companion report (Yamamato et al.).

4. Results of observations

4.1 Kelvin-Helmholtz instabilities

Figure 1 displays an example of observations with the
Ka-band and MU radar when a
Kelvin-Helmholtz instability was triggered at the base of
Cloud-base

protuberances (some sort of fall-streaks or mamma)

large-amplitude

a cloud gradually rising with time.
perfectly coincide with the K-H braids indicating a close
relation of cause and effect between the cloud and the
instability. Luce et al. (2009) suggested that the cloud
base might be conducive to the onset of the K-H
instability by reducing the static stability through
cvaporative cooling (or sublimation) or through air
saturation cffects. Smaller amplitude K-H braids
gradually damped after the passage of the cloud. Figure 2
shows the corresponding clear air vertical velocities W.
All the characteristics of W are consistent with the
development of a KH instability. Moreover, a detailed
analysis showed that the echoes in the K-H braids are not
aspect sensitive after correcting the effect of a frozen
advection by the wind and are associated with large
spectral widths (not shown). This suggests that turbulence

in the braids is well-developed at the Bragg scale.
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Figure 1: (Top) Time-height cross-section of equivalent radar

reflectivity factor (dBZ) measured by the Ka-band FMCW radar
from 0345 LT to 0445 LT on 08 October 2008. The black lines
shows the Z;=-6 dBZ level contour. (Bottom) The corresponding
MU radar reflectivity with the vertical beam (dB).

The presence of K-H instability at the base of some
stratiform clouds seems to be a quite common feature.

During the campaign, 46% of the selected KH events in

the troposphere (52% in time) were found at cloud base.
In particular, K-H instability events have been observed
for about 63 hours in November 2008 at the base of
stratiform clouds advected by the jet-stream above a dry
air layer.

Figure 3 shows a example of these events. The top and
bottom panels show time-height cross-sections of radar
reflectivity and the vertical velocity, respectively, for
which KH instability patterns are clearly visible. The
maximum depth of the KH braids is about 1000 m at
12:20 LT. The period of the nearly monochromatic
vertical velocity fluctuations is 1 min 36 s. The solid
black line shows the cloud contour as detected by the
Ka-band radar. The

corresponds to the critical level above which the vertical

cloud base altitude clearly

wind oscillations are in quadrature with those observed
underneath the cloud base. As Figure 1, the downward
cloudy protuberances are in perfect agreement with the

vertical wind oscillations.
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Figure 2. Close-up of height-time cross section of W around the KH billows. The thick black contours show the contours of the braids shwon in
Figure 2. The white and black arrows emphasize regions of downward and upward motions, respectively. The yellow arrows show the relative
air motions as described by Petre and Verlinde (Monthly Weather Rev., 132, 2520-2523, 20004).

4.2 Convective instabilities underneath clouds

In addition to K-H instabilities, cloud base can be
conducive to convective instabilitites arising from
sublimation or evaporation due to mixing of cloudy and
dry air or precipitation. Cooling can result in a less

buoyant mixture which triggers some sort of “upside

down” convective instability underneath the cloud. Such
a process can only occur when the cloudy air is advected
above the dry air (and can thus not be observed below
convective clouds). Several cases of such a process could
be observed during the TANUKI campaign. A striking

example is shown in Figure 4.
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Figure 4: (Top) Time-height cross-section of MU radar reflectivity (dB) at vertical incidence. (Bottom) The corresponding vertical velocity

(ms-1) measured by the MU radar. The thick black contour shows the cloud contour as detected by the Ka-band radar.

The top panel of Figure 4 shows the time-height
cross-section of reflectivity (dB) measured by the MU
radar at vertical incidence from 1230 LT until 1600 LT on
12 October 2008. The cloudy protuberances detected by
the Ka-band radar and indicated by the black contour
perfectly coincides with intense reflectivity layers
developing from the cloud base from ~1305 LT and
~1345 LT. They grow downward and the depth reachs
~2.0 km around 1400 LT. Intense echoes persisted until
the dissipation of the clouds or their disappearance above

the radars. Turbulent mixing seems to be responsible for

layer splitting from ~1330 LT and ~1435 LT due to
homogenization. The bottom panel of Figure 4 shows th
presence of strong perturbations of vertical velocities
exceeding +/-3 ms” associated with the cloudy
protuberances. The wind speed was very weak (a few
ms” below ~5.5 km and the zonal wind component
strongly increased above ~5.5 km. The wind shear
exceeded 30 ms'km' at this altitude (not shown).
Consequently, the cloudy air was advected above the
subsaturated air. The wind shear is observed at the top of

the ~2-km deep turbulent layer, indicating that a



dynamical shear instability is not the source of the
observed turbulence (dynamically generated turbulence is
usually observed in the height of maximum shear).
However, K-H billows or braids can be seen at ~1340 LT
and after ~1500 LT at the altitude of the strong wind
shear, at the top of the turbulent layer and when cloud is
not detected by the Ka-band radar. Consequently, a shear
instability may be the cause of mixing around ~5.5 km.
When cloudy air is advected above dry air, turbulent
mixing of cloudy and dry airs at the cloud base gives rise
to cooling due to evaporation or sublimation which, in
turn, is responsible for a convective instability and for the
turbulent layer growing in time below the cloud base. The
cloudy protuberances likely result from the downdrafis
and updrafts gencrated by the convective instability.
These protuberances were visually identified as mamma.
4.3 Additional results

a. K-H instability statistics

Figure 3 displays a typical example of K-H instability
event with “S-shaped™ (braided) structures. “Cat’s-eyes”
structures are more seldom. K-H instabilities were
observed 1.7% of the time and height. Among the 188
selected cases in the troposphere, only one showed the
formation and breakdown of vortices was observed
around the altitude of 1.7 km. A double layer structure
followed the breakdown. Such a process was not clearly
observed elsewhere in the troposphere (below 11.0 km),
indicating that the billows may not extract sufficient
energy from the background flow for breaking and
mixing efficiently. This may occur when K-H instability
develops at Richardson number smaller than but very
close to 0.25 as often reported in the literature.

66 % of the events have a duration shorter than 30 min
and 77% have a period smaller than 90 s. Almost all the
cases are associated with a speed shear indicating that
turning shear may not often contribute to KH instabilility
generation in the troposphere. Almost all the K-H events
are associated with a maximum of wind shear (55%
between 15 and 30 ms'km™). 67 % have a horizontal
wavelength between 1500 m and 3000 m. 66 % of the
billows (or braids) have a maximum depth between 200

m and 700 m. 75 % of the billows have a ratio of

crest-to-trough amplitude 1o wavelength between 0.1 and
0.2667.

K-H billows in the lower stratosphere (above 11.0 km)
were not often observed but some events seem to indicate
that complete mixing may sometimes occur in the upper
part of the jet-stream where the wind shear is the
strongest. An original result is the observation of some
sort of plumes or wisps at the top of a reflectivity layer at
~13.5 km. They might be the signature of an advanced
stage of turbulent mixing as suggested by coincident
balloon data (see Fukao ct al., 2010 for more details). The
wisps would be due to residual mixing at the base of a
nearly mixed layer, where the wind shear was enhanced.
b. Convective instabilities, clouds and precipitations.
Turbulent layers generated by convective instabilities due
to evaporation or sublimation such as shown in Figure 4
were observed several times at cloud base and at various
altitudes. They often preceded precipitations reaching the
ground. Some others were also observed just below the
bright band or melting level indicated by the Ka-band or
X-band radars. In these cases, cooling can be due to
melting of ice particles. For one case, a temperature
profile measured by balloon revealed statically unstable
layers below the melting level indicating that a

convective instability could indeed be generated.
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1. Introduction
Since 2005, the MU radar can be operated in

Frequency-domain Interferometric Imaging mode (FII,
also called range imaging mode) for measuring radar
reflectivity at high time and range resolutions. Preliminary
results from experiments conducted in 2005 demonstrated
the great interest of the technique for detailed observations
of the small scale stratification, waves, turbulence and
instabilitics. New datasets were collected in May and June
2006. In addition, complementary observations from
instrumented balloons, the Lower Troposphere radar and
the Raman-Mie-Rayleigh lidar were simultaneously
collected.

2. Purpose of Project

The purpose of the project was to compare results of
observations collected with the different instruments.
Firstly, these comparisons were devoted to assess the
performances of the FII technique in terms of resolution
improvement. Secondly, these comparisons aimed at
interpreting MU radar echoes at high time and range
resolutions.

3. Detail of Observations.

Measurements were performed from 1.32 km ASL up to
20.37 km ASL. The FII mede was continuously applied
in five directions (vertical and four oblique at 10° off
zenith) for estimating zenithal and azimuthal aspect
sensitivity and for retrieving horizontal winds. The data
were processed at a time sampling of 20.48 s. Table 1
shows other MU radar parameters used during the two

FII experiments.
In June 2006, the lidar was operated during night time,

mainly for humidity, acrosol and cirrus cloud observations.

Observations have been performed for two consecutive
nights at a time resolution of about 20 s and height
resolution of 18 m. In May 2006, the lidar could not be
operated due to the presence of clouds. Seven RS92G
radiosondes were launched in May, but only six were
analysed. Owing to favorable wind conditions, the
balloons did not drift too far from the Shigaraki MUR
observatory. The experimental conditions were thus well
adapted for comparisons between the datasets. LTR was

also operated but the data were not used.

Observational mode FIl (Range Imaging)

07/05 2240LT - 10/05 0711LT
06/06 1623LT- 06/06 1332LT

Observation periods

Number of frequencies 5 (46.0,46.25,46.5,46.75,47.0)

Number of directions 5, Vertical, (0°,10°), (90°,10°),
(180°,10°), (270°,10°)

Coherent integrations 32

Incoherent integrations No

Time res. & sampling (s) 40.96/20.48

Height sampling (m) 5

Table 1 : Specification of the MU radar parametets
4. Results
4.1 Comparisons with balloon data
Previous comparisons between radar and balloon data at a
vertical resolution of 150 m or more demonstrated that
radar reflectivity at vertical incidence is proportional to the
generalized refractive index gradient squared M2and then
to N4 (N: Brunt-Vaisiili frequency) when humidity is
negligible as in the lower stratosphere.
The MU radar data collected in May 2006 were processed
for retrieving high resolution profiles of reflectivity in the
lower stratosphere. Because both radar and balloon data
affected by of
radar-derived M2 and ballon-derived M} were estimated

are noise, vertical profiles
at a vertical resolution of 50 m after smoothing higher
resolution profiles. It is still an improvement of a factor 3
with respect to the initial radar resolution (150 m).
The M2 profiles were obtained from reflectivity profiles
after multiplying by a numerical constant estimated from
the condition< M? >=< M? > where <.> is the average
value of all the cstimates from the six flights above 10.5
km. Finally, assuming that no superadiabatic lapsc rate
exists at a vertical scale of 50 m, vertical profiles of N2 can
be deduced. Figure | shows some results of comparisons
for the first flight. An excellent agreement was found
between the profiles. Figure 2 shows N} versus N7 for
the six flights and for the height range 10.5-20 km. The
correlation cocfficient between the profiles is about 0.8. It
can even be improved if the effect of the advection by the
horizontal wind is taken into account. See Luce et al.
(2007) for more details about the hypotheses used,

methods and results.
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Figure 2: Comparisons between N2 derived from balloon and radar
data for the 6 balloon flights and between 10.5 and 20 km.
4.2 Comparisons with lidar data.

The results in section 4.1 confirmed that stable
temperature gradient layers are the main contribution to
VHF radar echoes in the lower stratosphere. On the other
hand, (positive and negative) humidity gradients are
expected to be the dominant factor in the lower
troposphere. In order to further assess the performances
of the FII mode and to confirm the dominant contribution
of humidity gradients, original comparisons between
Raman lidar measurements of water vapor and MU radar
measurements of reflectivity in FII mode have been
performed at high range and temporal (~20 s) resolutions
in June 2006. Other important advantages of such
comparisons are the simultaneity, time continuity and
co-localization of the lidar and radar data. Figure 3 shows
some results of comparisons. They are described in more

details by Luce et al. (2009). The figure displays a

time-height cross-section of humidity gradients estimated
from Raman lidar measurements and the position of the
maxima of radar reflectivity at the initial range resolution
of 150 m (Fig. 3a) and after applying the FII technique
with the Capon processing (Fig. 3b). The improvement
provided by the FII technique is extremely clear: most
positive and negative gradients are detected (but not or
very roughly at the initial resolution). Vertical oscillations
in time of the radar peaks as small as a few ten meters or
less (likely due to gravity waves) correspond very well
with those detected by the lidar. In this way, the radar
measurements have virtually no limitation in vertical
resolution. Regions where humidity gradients are not
well-defined are associated with scattered radar peaks.
They are thus also significant. Figure 3c shows
comparisons with backscatter ratio gradients which show
features very similar to humidity gradients. Because the
data are less noisy, the good agreements between radar
and lidar observations are even clearer. Such a good
correspondence can only be explained by the relationship
between humidity and aerosol concentration and not by
an effect of the aerosols on the radar echoes.

4.3 Convective instability underneath cirrus.
Complementary observations from the MU radar and the
lidar also revealed clear air turbulence underneath a cirrus
cloud base. Figure 4a shows a time-height cross section

of lidar backscatter ratio indicating the presence of a



cirrus layer above ~8.0 km ASL. In addition, downward
penetrating structures of cirrus particles were detected at
the cirrus cloud base for about 35 min. At the same time,
the MU radar data revealed clear air turbulence layers
developing downward from the cloud base in the
environment of the cloudy protuberances (Figure 4b).
They were associated with oscillatory vertical wind
perturbations of up to +/-1.5 ms” (Figure 4c) and
variances of Doppler spectrum of 0.2-1.5 m™s? (Figure
4d). Luce et al. (2009) suggested that the turbulence and
the downward penetration of cloudy air were possibly the

consequence of an “upside-down™ convective instability

likely due cooling by sublimation of ice crystals in the
subcloud region. Downward clear air motions measured
by the MU radar were associated with the descending
protuberances and updrafts were observed between them.
These observations suggest that the cloudy air might have
been pushed down by the downdrafts of the convective
instability and pushed up by the updrafts to form the
observed protuberances at cloud base. These structures
may be virga or perhaps more likely mamma as reported
by recent observations of cirrus mamma with similar
instruments and by numerical simulations. See Luce et al.

(2009) for more details.
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5. Summary and Conclusions

The performances of the FII technique were assessed
owing to comparisons with complementary balloon and
lidar data. These comparisons confirmed the reliability of
the technique for monitoring thin temperature and
humidity gradients in the tropo-stratosphere at a vertical
resolution better than a few ten meters.

Furthermore, turbulence generated by an ‘upside down”
convective instability due to sublimation of ice particles
underneath cirrus could be reported for the first time.
This result illustrates the usefulness of MU radar

observations at high resolution for studying small-scale
dynamic processes of the atmosphere. It motivated
further projects with complementary instruments carried
out in 2008.
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1. Introduction
It has been shown that atmospheric radar has
played a

unique and important role in

understanding atmospheric phenomena and
discovering new sciences [Fukao, 2007). The
atmospheric radar typically has angular resolution
of a few degrees and the range resolution of
approximately a hundred meters. However,
observations of the atmosphere with the scale finer
than the typical radar resolution is important for
the understanding of small-scale dynamics such as
turbulent processes and atmospheric instabilities.
Significant efforts have been put forth to overcome
resolution limitations. One of the promising and
effective approaches is the atmospheric radar
imaging techniques [e.g., Yu and Palmer, 2001],
which can reveal the fine-scale structure within the
resolution volume of the radar by exploit
multi-receiver and multi-frequency signals. Range
imaging (RIM) was developed less than a decade
ago to improve the range resolution of pulse radar
by transmitting several shifted frequencies on a
pulse-by-pulse basis le.g., Palmer et al. 1999; Luce
et al. 2001]. Signals from multiple frequencies are
combined coherently to image atmospheric
structure within a conventional range gate. The
feasibility of RIM for high-resolution observations
in the

stratosphere has been demonstrated using both

boundary layer, troposphere, and
UHF and VHF radars. Moreover, for multi-receiver
configuration, it has been shown that ground clutter
and moving clutter can be suppressed through
beam-forming approach, which is also referred as
coherent radar imaging (CRD in the atmospheric
radar community. In this report, we capitalized on
both RIM and beam-forming technologies to develop
three imaging techniques based on signals from
multiple receivers and multiple frequencies with
the goal of range resolution enhancement and

clutter suppression.

The first technique is to combine signals from

multiple receivers using Fourier beam-forming to
synthesize return from a vertically pointing beam
and subsequently, these synthesized signals from
multiple frequencies are processed using Capon
RIM. It is abbreviated by FB-RIM. The second
technique is the same as FB-RIM except the Capon
beam-forming is used and thus is termed CB-RIM.
The third technique is to apply the Capon 3-D
imaging technique [ Yu and Palmer, 2001] to all the
signals to image in the vertical direction and is
termed AIM (Atmospheric radar IMaging).

2. Purpose of Project

The research focus is to capitalize on the capability
offered by the multi-receiver and multi-frequency
configuration to explore various imaging techniques
with the goals of improving range resolution and
clutter suppression for atmospheric observations.
Three imaging techniques were developed in this
work. The feasibility of the three techniques were
their
compared using both simulations and real data
collected by the RISH’s Middle and Upper (MU)
atmospheric radar in Shigaraki.

demonstrated and performances were

3. Detail of Observation.

To demonstrate the application of the three
techniques to atmospheric observations, a MU
radar experiment was conducted on 0817-2328 LT
15 July 2009. In this experiment, two modes of
imaging and wind measurements using Doppler
Beam Swinging (DBS) were alternated. However,
we will focus on the results from the imaging mode,
where 5 uniformly spaced frequencies between 46
and 47 MHz, and 25 receivers were used. Moreover,
only the center 7 groups of antennas were used for
transmission resulting a one-way HPBW of
approximately 6.9°. Each record consisted of 125
sets of multi-receiver and multi-frequency signals
after 32 coherent averaging of raw signals from an
IPP of 400 ps, and each set has 128 data points.

Every 30-record of imaging mode (4.1 min) was



interlaced with one wind mode of approximately
0.96 min. The minimum height is 1.05 km and 160
ranges gates were used with range resolution of 150

m.

4. Results

The three techniques of FB-RIM, CB-RIM, and AIM
have been demonstrated, tested, and verified using
simulation for two scenarios. In Scenario I, a thin
atmospheric layer that is horizontally uniform was
used to demonstrate the high-resolution capability
of the three techniques. In Scenario II, one moving
clutter with different flying paths was added to test
and verify their performance of both layer
reconstruction and clutter mitigation. Our results
showed that the thin layer (width of 40 m)
embedded in the resolution volume can be revealed
through the three proposed imaging techniques.
This is not possible with the standard radar
configuration with single frequency and range
resolution of 150 m. In addition, in Scenario I
FB-RIM and AIM provide results that agree better
with the model compared to CB-RIM. For Scenario
II, a moving clutter with both zonal and meridional
velocity of 40 m/s was added at height of
approximately 5.04 km. We found that FB-RIM is
prone to the
CB-RIM and AIM can successfully mitigate the

clutter and simultaneously recovery the thin layer

contamination of clutter, while

structure. In addition, statistical analysis was
performed for the three techniques. Two quality
measures of root mean-squared-error (RMSE) and
suppression factor were introduced to quantify the
performance of how much the atmospheric
component 1s reconstructed and how well the
clutter is suppressed, respectively. The suppression
factor (dB) is defined by ratio of the sum of model
power to the sum of imaged power over the vicinity
heights of the moving clutter. If the clutter is
suppressed by the imaging technique, the imaged
power at the clutter location should be significantly

reduced and is similar to the model power. Our

statistical analysis has verified that FB-RIM has
superior performance of reconstructing thin layer,
but is susceptible to clutter contamination. On the
other hand, both CB-RIM and AIM can successfully
mitigate clutter if it is located not too close to the
center of the radar beam. In addition, for most cases,
AIM provides better in both
suppression and layer reconstruction than the
CB-RIM.

results clutter

Standard Processing
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Figure 1 : Height time intensity plot of return power
from standard processing (Top panel) and high
resolution imaging technique of AIM (Bottom
panel) for selected period of 1720-1835 LT 15 July
2009. It is evident that the evolution of the layer
structure 1is exhibited clearly in AIM results
because of the enhanced range resolution and

clutter mitigation capabilities.

Recent upgrade of the MU radar to an imaging
system with up to 25 digital receivers and 5
transmitted frequencies provides an ideal platform
to exploit imaging techniques. To demonstrate the
application of the three techniques to atmospheric
MU
conducted on 0817-2328 LT 15 July 2009. The three
imaging techniques of FB-RIM, CB-RIM, and AIM

were implemented after careful calibration for

observations, a radar experiment was



range delay. In addition, standard processing using
signals a single receiver and frequency was also
performed. Results from standard processing and
AIM from selected period of 1720-1835 LT are
presented on the top and lower panels of Figure 1,
respectively. The contamination of moving clutters
is apparent in standard processed results at heights
above approximately 6 km, which manifested
themselves as point-like and typically strong
returns. These clutters are likely airplanes or birds.
Moreover, some stronger layer structures can be
vaguely observed below 5 km and some weaker
layer structures are exhibited between 5 and 8 km.
However, these layer structures cannot be clearly
distinguished due to inherent limitation of range
resolution in the standard processing (i.e., 150 m).
On the other hand, the evolution of these thin
layers can be clearly observed in the AIM image
(the bottom panel). From the analysis of real data,
it is also shown that FB-RIM provides enhanced
resolution but is prone to clutter contamination.
The CB-RIM can provide slightly degraded
resolution compared to FB-RIM, however, it can
effectively suppress clutter contribution. Moreover,
our statistical analysis of real data indicates that
84% of AIM results have RMSE smaller than the
one from CB-RIM, which further verifies that AIM
and FB-RIM provide similar resolvability for the
case of atmospheric component only and have
better performance than CB-RIM. Additionally, it is
shown that AIM performs better than CB-RIM in
terms of clutter suppression with approximately

93% of data with larger suppression factor.

S. Summery and Conclusions

In this work, threc imaging techniques were proposed to
achicve the goal of high range resolution and clutier
suppression using signals from multiple receivers and multiple
frequencies. The three imaging techniques were first
demonstrated and verified using simulation for Scenario I of
atmosphenic layer only and Scenario II of layer and moving

clutter. Statistical analysis showed that FB-RIM has best

performance in reconstructing layer structure, but is prone to
the contamination of clutter. On the other hand, CB-RIM and
AIM can recover the thin layer structure and suppress the
clutter for cases where the clutter path is off zenith and not too
strong. AIM generally has comparable or better performance
compared to the CB-RIM in terms of both atmosphere
reconstruction and clutter mitigation. The application of the
three techniques to atmospheric observations was further
demonstrated using data collected by the MU radar with 25
receivers and 5 frequencies. It is shown qualitatively that
FB-RIM and AIM provide similar performance of layer
reconstruction. The appearance of clutters in FB-RIM images
is clear, although they have limited extent compared to those
from standard processing.  The capability of clutter
suppression offered by CB-RIM and AIM was clearly seen
from their images. In addition, the statistical analysis indicates
that AIM provides better performance of layer reconstruction
and clutter suppression than CB-RIM for most cases. It is
worth of emphasizing that adding the multi-receiver capability
to conventional RIM offers the flexibility of clutter
suppression. In other words, AIM or CB-RIM can be applied
if the signals are contaminated by clutter/interference and

FB-RIM can be used if signals only from the atmosphere.

The capability of multi-receiver and multi-frequency will be
further exploited for other applications. So far we only
focused on one of the four experiments to study the
improvement of range resolution with simultaneous clutter
suppression. Another experiment was designed to study the
horizontal structure perturbed by the acoustic waves with
multiple receivers. One of the experiments was designed to
verify and compare various techniques for range resolution
enhancement including the RIM, pulse coding, and range
oversampling. It is planned that comprehensive analysis of

these experiments will be performed.
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1. Introduction

Multiple-frequency and  multiple-receiver  imaging
techniques have been applied to
mesosphere-stratosphere-troposphere (MST) radar for many
years. Advanced versions of these techniques are termed range
imaging or frequency radar interferometric imaging (RIM/FI1)
[Palmer et al., 1999; Luce et al., 2001] and coherent radar
imaging (CRI) [Palmer et al., 1998), which use more than two
frequencies and morc than three recciving channels. As a
result, both range and angular resolutions of the pulsed MST
radar are improved greatly, provoking plenty of fine-scale
researches such as imregularity layer structures, multiple
scattering centers distribution and gravity wave activitics.
More experimental and scientific studies are worth carrying
out with these high-resolution methods.

2. Purpose of Project

Long-term mean vertical wind has been observed by
VHF/UHF radars to be downward in the middle troposphere
and usually slightly upward in the lower stratosphere. Such
feature is more remarkable in the wintertime [e.g., Fukao et
al., 1991; Gage et al., 1991; Yoe and Ruster, 1992; Nastrom
and VanZandt, 1994; McAfee et al., 1995; Chen, 2006]. One
potential causc of the biased vertical wind is the
Kelvin-Helmholtz instability (KHI) of jet stream that may tilt
the layers to opposite oricntations above and below the jet
[Muschinski, 1996]. Multiple-frequency observation of the
layers is one chance to examine the tilted layers.

The incident angles of radar echoes, which may be closely
related to tilted layers, can be estimated by CRI. Therefore, a
combined experiment of RIM/FII and CRI can provide a good
chance to examine the relationship between tilted layer and
biased vertical velocity. This is the major purpose of this
project.

3. Detail of Observation

The radar data were collected from 0700 LT on 9
February to 1600 LT on 10 February 2006, using the
46.5-MHz MU radar system (34.85°N, 136.10°E). The 19
antenna groups in the interior part of the radar array were used
in our multiple-receiver observations and the combined output
of the full antenna array was employed to estimate vertical
wind. Five equally spaced transmitting frequencies—46.00,
46.25, 46.50, 46.75, 47.00 MHz—were employed along with
the multiple-receiver mode, with the five frequencies switched
pulse-to-pulse. The output of the entire array was used for
multiple-frequency analysis. For transmission, the entire array
was used and the radar bcam was directed vertically.
Sampling range step was 150 m, and the sampling range was
between 3 km and 22.2 km. Moreover, five-beam Doppler
beam swinging (DBS) mode was performed for approximately
10 mins at about 1-h intervals, with radar beam directions
(azimuth, zenith) = (0, 0), (0, 10 ), (90, 10), (180, 10), and
(270, 10). The DBS data provide referable horizontal wind in
addition to the horizontal wind which we derived from the
vertical-beam data with the spaced antenna method (SA). We
used the full-correlation analysis (FCA) developed by Briggs
[1984]. Such estimated horizontal wind is considered adequate
for the purposes of this study.

4. Results

Figure 1 displays some observational examples of echo
centers/layer positions, and Figure 2 shows mean vertical and
horizontal velocities.

Figure 3 reveals the distributions of echo centers. The
profiling curve of number difference in the zonal direction
(left panel) indicates that there were more echoes coming back
from the west (upstrcam direction) in the middle troposphere,
with the maximum at the height of ~8 km where the greatest
downward mean vertical velocity was observed (see Figure 2).
On the other hand, there were more echoes returning from the
south direction below the jet-stream wind maximum; this
could be due to an intrinsic tilt of the echoing surfaces in
meridional direction, or other causes, which were not verified
in this study.

Mean zonal and meridional incident angles are shown in
Figure 4 (left). With the SA-estimated horizontal wind, we
calculated the vertical velocity associated with the mean
incident angle, and the result is also presented in Figure 4
(right). Interestingly, below ~9 km the order and variation of
the estimated vertical velocities (thick-solid curve) are very
close to the observed ones (thin-solid curve). Large
differences appear in the height interval of ~10-14 km, where
the jet-stream wind maximum was observed. In addition, the
reversal of the estimated vertical velocities is unremarkable
around/above the jet-strcam wind maximum. These results
suggest that only the vertical velocities below ~9 km be
closely related to the incident angles of echo centers for the
present observation; in other words, the wind shear-tilted layer
structures were important for downward vertical velocities in
this region.

Figure 5 reveals the power difference between two
oppositely oblique beams. Here the zonal (or meridional) EPI
is defined as the ratio of the echo power in the westward (or
southward) beam to that in the eastward (or northward) beam.
Although the EPI was cstimated from DBS data acquired only
for ~10 min at about 1-h intervals, the feature of EPI still
makes it possible to indicate the occurrence of tilted layers if
such layers exist frequently. As one can see in the left panel of
Figure 5, the zonal EPI between 4 km and 9 km is apparently
larger than those at other places, revealing evidence of the
layers tilting mainly downward to the upstream direction in
the middle troposphere.

Finally, Figure 6 shows the distributions of layer slopes
(left) and the difference between the positive-slope number
and the negative-slope number (right). Apparently, below the
height of the jet-stream wind maximum, the number of
positive slopes is larger than that of negative slopes,
irrespective of time resolution. A larger number of positively
sloped layers may bias the mean vertical velocity downward,
consistent with the observations below the jet-stream wind
maximum.

The above investigations have shown one coherent feature
in our observations: the existence of wind shear-tilted layer
structures was more cvident in the middle troposphere and in
the zonal direction. It is conceivable that the wind shear-tilted
layer structures exist in zonal direction because of the large
vertical wind shear in that direction. However, above the jet
stream wind maximum, the characteristics predicted by the
wind shear-tilted layer model were not found clearly. This
suggests that other structures/mechanisms may be more
important than wind shear-tilied layers in the region above the
jet stream wind maximum, for example, turbulent structures
caused by the saturation and breaking of gravity waves, or
intrinsic tilt of the echoing surfaces. The depressed influence
of wind shear-tilted layer structures on vertical wind in the
region above the jet-strcam wind maximum could be onc of
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the reasons as to why the reversal height of mean vertical
velocity observed in Figure 2 was not located near the
jet-stream wind maximum (~12 km).

5. Summary and Conclusions

We have applied multiple-receiver and multiple frequency
techniques to survey the vertical velocities in the troposphere
and lower stratosphere. Thirty-three hours of radar data were
used to acquire estimates of mean vertical velocities at
different altitudes. Analysis shows that the mean vertical
velocities were downward below ~15 km with a maximum of
~-10 em/s at ~8 km. In addition, the reversal height of mean
vertical veloeity was at ~15 km, which is higher than the
observed mean altitude of the jet-stream wind maximum (~12
km).

Statistical distributions of layer slopes, incident angles of
echo centers, and echo power imbalance between two
oppositely oblique radar beams have suggested that
asymmetrically tilted layer structures, which might be caused
by vertical wind shear, exist in the middle troposphere.
Moreover, the mean vertical velocities derived from the
incident angles of echo centers were close to the
radar-measured mean vertical velocities below ~10 km,
suggesting that wind shear-tilted/KHI layer structures could
be a major contributor to the downward mean vertical
velocities observed in the middle troposphere during our radar
observations. However there are obvious differences between
the derived and the radar-measured vertical velocities in the
regions around and above the jet-stream wind maximum,
indicating that other structures or mechanisms are morc
important there than the tilted layers. This may explain partly
the inconsistency between the reversal heights of vertical
velocities observed in our experiment and those reported
previously in the literature.
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Figure 1: CRI and RIM/FII examples observed by the MU radar,
resolved with the Capon method. (a) Grating pattem of CRI
brightness. (b) Top: two-blob brightness distribution of CR1. Bottom:
contour plot of brightness distribution, in which the symbol +
indicates the brightness center estimated. (¢) Contour plot of the
RIM/FII brightness distribution; the position is relative to the central
height of the range gate.
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Figure 2: (Left) Profiles of mean vertical velocities estimated with
autocorrelation-function  analysis  (solid) and method
(dashed), positive velocity means upward. (Right) Profiles of mean

spectral

zonal and meridional winds, positive velocity is ecastward or
northward directions. The balloon-sounding winds were measured by
the meteorological stations at Yonago (35.4°N, 133.3"E) and
Hamamatsu (34.8°N, 137.7°E).
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1. Introduction

The applicant’s first use of MU radar in 2006 has resulted
in good product [Chen et al., 2008]. Based on our experience
and other researchers’ studies, the high-quality data observed
by multiple-frequency and multiple-receiver imaging
techniques (RIM/FII and CRI, respectively) are indeed
excellent for advanced studies of the atmospheric structures.
For example, double-layer structures have been observed with
continuous-wave (CW) radars [Browning and Watkins, 1970]
and have also been demonstrated to be related to
Kelvin-Helmholtz instability processing. However, such layer
structures were not resolved by VHF radars until the use of
RIM/FII technique {Luce et al., 2006; Chen et al., 2009). A
combined usage of RIM/FIl and CRI can even give some
further studies of the atmosphere, for example, investigation
of vertical velocity bias observed by VHF/UHF radars [Chen
et al., 2008]. In view of this, more observations using RIM/FII
and CRI are worth carrying out.

2, Purposc of Project

Three goals are initially set for this project. The first one
is to distinguish the isotropic and anisotropic parts of a
double-layer structure with the RIM/FII technique, operated
along with vertical and oblique radar beams. Since the
RIM/FII technique improves the range resolution of echo
power distribution greatly (meter scale), it is also possible to
improve the estimate of aspect sensitivity in meter-scale; this
is the sccond goal. In addition to RIM/FII technique,
combining CRI technique in observations is helpful to the
above studies.

The third goal of this project is to examine the effect of
beamwidth on applications of RIM/FII and CRI. Qualitatively,
broad beamwidth is unfavorable to RIM/FIl. We intend to
examine this in quantity, which can improve our
understanding of using RIM/FII technique. Besides, the
influence of beamwidth is also crucial for CRI because CRI
brightness distribution is weighted by radar beam pattern that
usually causes a biased estimate of echo center. To calibrate
such beamwidth effect is thus a valuable work.

3. Detail of Observation

The radar data were collected from 1600 LT on 13 Jan to
1600 LT on 14 Jan 2009, using the 46.5-MHz MU radar
system (34.85°N, 136.10°E). Pulse length was | ps and range
resolution was 150 m. Table 1 lists three observational modes.
4. Results

Two studies have been achieved: (1) the effect of radar
beamwidth on RIM (program 2; see Tabie 1); (2} double-layer
structures and their isotropic characteristics (program 3). The
other rescarch topics of this project are still under
cxamination.

For the first study, the novel calibration approach
proposed by Chen and Zecha [2009] was applied to examine
the dependence of phase bias and range weighting function on
radar beamwidth. Figure 1 exhibits the histograms of phase
biases (left column) and o, values (middle column, which
indicates the standard decviation of Gaussian range-weighting
function) obtained. Right column demonstrates the variation
of o, valuc with SNR. The nine transmission-reception pairs
are displayed separately. As scen, each histogram of phase
bias posscsses a peak, of which peak location can be regarded
as the likely phasc bias (§pais) of RIM., This diagram reveals a
remarkable feature: s varies with Tx_Rx pair. For the pair
“Tx_full & Rx_full”, duas is about 125 for the pair “Tx_3 &
Rx_3", however, §ps raises to 170°. Obviously, a broader
radar beam results in a larger likely phasc bias. This feature is

a new finding in RIM.

As for the distribution of o, value, the peak location is
about 70 m for all pairs, which represent approximately the
theoretical standard deviation of Gaussian range-weighting
function. Note that spread of o, toward larger value is
associated with the data with lower SNR. Also, the minor
peak of the pair “Tx_3 & Rx_3" (around g, =150 m) arosc
from a large amount of low-SNR data.

As demonstrated by Chen and Zecha [2009], the value of
o, can be adaptive to SNR of the data when we pursue the
optimal continuity of imaged power between adjacent gates,
and a fitting curve can be obtained to determine the
approximate value of o, at different SNRs, as shown in right
column of Fig. 1. Adaptive value of o, has been applied to the
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range imaging in the follow-up studies. It is found that the
differences of layer positions are very small after proper
corrections of phase and rang weighting for various
beamwidths. On the other hand, the layer thicknesses
estimated for a broader beamwidth are larger (not shown).
These features demonstrate the apparent role of radar
beamwidth in the performance of RIM.

For the second study achieved, Figure 2 displays a
portion of the imaged powers derived from the vertical and
three oblique beams in the program 3 listed in Table 1. in
which the ordinates for the oblique beams have been corrected
to coincide with the vertical beam. As seen, the vertical beam
provides the clearest layer structures in the range direction.
Three features are noticeable; (1) there are two double-layer
structures observed between 18 UT and 20 UT: the first one
descends from ~8.7 km to ~8.4 km, and the second one
locates between ~7.8 km and ~8.0 km. As the tilt angle of the
radar beam gets larger, the imaged layer structures become
more diffusive and the double-layer structures cannot be seen
clearly; (2) the layer structure descending from ~8.4 km to
~8.0 km between 18 UT and 20 UT, as observed by the
vertical beam, fades out in the observations of oblique beams;
(3) the major structures seen by 10~ and 15"-obique beams
are similar. All the three features seem to be associated with
anisotropic characteristics (or aspect sensitivity) of the layer
structures.

5. Summary and Conclusions

The effects of radar beamwidth and anisotropy on the
performance of RIM were examined from practical
observations in this study. Calibrations with the approach
proposed by Chen and Zecha [2009] have revealed that the
phase bias in the RIM processing varies with beamwidth: a
larger beamwidth results in a larger phase bias. With this
finding, we have estimated the layer position and layer
thickness more properly for various radar beams transmitted
by the same radar system.
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structure by means of vertical and oblique beams.

Comparisons of the imaged powers and layer positions

between vertical and oblique beams have disclosed different

levels of anisotropy in the imaged layer structures that may
exist simultaneously in a range gate. Such a fine-scale study is
different from the methods having a range-gate resolution
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This study also demonstrated an application of RIM to the
anisotropy (or aspect sensitivity) characteristic of the layer
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Table 1: Obscrvational Programs

Ra d:rrogram (1) Beamwidth correction of (2) Effect of beamwidth on RIM/FII | (3) Double-layer structure and
parameter coherent radar imaging (CRI) aspect sensitivity
RIM with different sizes of RIM-CRI (~50 min),
Mode Rl transmitting array DBS (~10 min), ... (alternately)
whole array, 7 subarrays in the center
::xm"'"g 7 subarrays in the center (F5-A4-B4-C4-D4-E4-F4), and 3 whole aray
F5-A4-B4-C4-D4-E4-F4 subarrays (e.g., F5-F4-A4), altemately,
about 1 min for cach array.
(1) (0,0), (0,1}, (90,1), (180,1), (270,1), (1) FII-CRI mode:
(0,2), (90,2), (180,2), (270,2) Vertical, 5°, 10°, 15° zenith,
0,3), (90,3), (180,3), (270,3), altemately, about 1~2 min for
;‘:::;m:”m (0,4), (90,4), (180,4), (270,4) each beam direction
(azimuth, (2)(0,0), (0,6), (90,6), (180,6), (270,6), (0,0) (2) DBS mode:
zenith) (0,8), (90,8), (180,8), (270,8), (0,0),(0,10),(90,10),(180,10),
(0,10), (90,10), (180,10}, (270,10), (270,10)
(0,12), (90,12), (180,12), (270,12)
Change pulse-to-pulse
7 channels combined from the subarrays as | 3 channels: whole array, 7 subarrays in | (a) FII-CRI mode: (20 channels)
follows: the center (F5-A4-B4-C4-D4-E4-F4), 19 channels in the interior
F5-A4-B4-C4-D4-E4-F4, and 3 subarrays (F5-F4-A4), part of the array for CRI, and
A4-A3-B2-B4-F5-F4-A2, respectively. the whole array for RIM/FIL
Receiver B4-B2-B3-C2-C4-F5-A4, (b) DBS mode: whole array
C4-B4-C2-C3-D2-D4-F5,
D4-F5-C4-D2-D3-E2-E4,
E4-F4-F5-D4-E2-E3-F2,
F4-A2-A4-F5-E4-F2-F3, respectively
Duration (D~3h (2)~2h ~3h 16h
Frequency (1) RIM/FII-CRI mode:
(MH2) 46.5 46, 46.25, 46.5, 46.75, 47 46, 46.25, 46.5, 46,75, 47
(2) DBS mode: 46.5
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1. Introduction

SEEK-2 (Sporadic-E Experiment over Kyushu 2)
is an observation campaign to study spatial
structure of Field-Aligned Irregularity (FAI) and
sporadic-E (Es) layer by means of two sounding
rockets and ground-based observation network with
radars and optical instruments. SEEK-2 was
planned based on the results from the first SEEK
experiment (SEEK-1) in 1996. Figure 1 shows
concept of the SEEK-2 experiment. We planned to
monitor FAI echoes in the E-region from separated
radar sites, and then launch sounding rockets for in
situ observations. This figure also includes
expectations from the schematic view of the QP
echoes and the Es layer structures by Ogawa et al.
(2002). While planning the SEEK-2 experiment, we
postulated that there are ¢y a
horizontally-structured Es layer that induces
polarization electric fields, and (2) field-elongated
plasma enhancements generated by the electric field
above it. Keeping basic concept of SEEK-1, we
tried to advance the experiment by launching two
rockets as close as possible in time. We tried to
conduct plasma density measurement on both
rockets. We introduced dual-band beacon
experiment in both rockets to measure horizontal
structure of Es layers. On the ground, we used two
radars instead of one in SEEK-1. One of the radars
had a radio interferometry capability for correct

measurements of spatial structures of the QP echoes.

In addition to these, the observations were planned
during the solar-maximum period while SEEK-1
was conducted in the solar-minimum condition.
After the successful operation of SEEK-2, we
have continued data analysis. We now try to publish
13 papers from SEEK-2 experiment in a special
issue of Annales Geophysicae. For detailed results
of each experiment, readers should refer to
companion papers (Bernhardt et al; Larsen et al.;
Maruyama et al; Ogawa et al; Onoma et al;
Oyama et al.; Pfaff et al.; Saito et al.; Wakabayashi

Fig 1.: Schematic diagram of the
SEEK-2 experiment

et al; Wakabayashi and Ono; Yokoyama et al.,
2005).This paper is to summarize these results, and
discusses the spatial structures of the mid-latitude
E-region irregularities that we have obtained from
our experiments (Yamamoto et al., 2005).

2. Results from SEEK-2 experiment

The experiment was successfully conducted on
August 3, 2002 with successive launches of two
sounding rockets (S-310-31 at 2324JST, and
S-310-32 at 2339JST) from Uchinoura Space
Center (USC) of Japan Aerospace Exploration
Agency (JAXA). Timing of the experiment is
selected while intense QP echoes were observed
with two radars in Tanegashima (Figure 2). Main Es
layer with double-layered structure was observed at
103-105 km altitudes, and was well explained by
the ion accumulation owing to the neutral-wind
shear. Number of minor peaks were detected in the
electron density profiles up to 130 km. Electron
temperature showed depletions in association to the
minor density peaks. Electric field was 5-10 mV
m-1, and its intense fluctuations appeared below
110 km. Wavelike variation of the electric field was
seen above 110 km. From radar experiment we
found that QP echoes appeared at around 105 km
altitude, which agreed well with the main Es layer.
They propagated to the southwest with a frontal
structures elongated from northwest to southeast.
Rocket beacon experiment of Es layers revealed
spatial structure of the plasma densities.

As shown by Saito et al. (2005), the FAI echoes
appeared horizontally at nearly constant altitude of
around 105 km, which was well associated with the
Es layers. At the same time, we observed horizontal
variability of the layers (e.g., Bernhardt et al., 2005).
Maruyama et al. (2005) carefully analyzed time
variation of  from Yamagawa ionosonde, and
found about 10-minutes variations of  that are
similar to the periodicity of the QP echoes. first
fluctuated in small amplitude for a couple of cycles
(for 50-60 minutes), and then grew very fast (Figure
2). This abrupt growth of fluctuation was well
associated with the QP echo onset.

3. Discussion

We confirmed that the Es layers are spatially
modulated by the motion of the neutral atmosphere,
and then FAI echoes start to appear. The sources of
the FAls are plasma-density gradient of the Es
layers and polarization electric field that is induced
by the neutral wind and spatial inhomogeneity of
the Es layers. At the main Es layer, wind-driven FAI
mechanism may be effective at both upper and
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lower sides of the Es layers. Induced polarization
electric field maps along the geomagnetic field, and
generate small plasma structures above the Es
layers. In these secondary plasma enhancements,
weak FAIs can be driven by the polarization electric
field although they are not well detectable to
portable radars such as those used in SEEK-2. The
scenario of the midlatitude E-region with QP
echoes is now clear to this scope. The sources of the
QP echoes in the main Es layers, especially the
mechanism that determines horizontal structures,
can be gravity waves or KHI in the neutral
atmosphere, or azimuth-dependent E-region
instability of the plasma (Tsunoda et al, 2004).
Unfortunately, we could not choose one from these
based on these results.

4. Conclusion

Based on the results from SEEK-1, SEEK-2 and
other experiments, we studied structures of
night-time midlatitude E-region. We concluded that
the QP echoes are the reflection of horizontal
structures of the main Es layers. Source of the
structures were not determined from the
experiments, but the candidates are gravity waves,
Kelvin-Helmholtz Instability, or azimuth-dependent
Es instability. Polarization electric field is induced
from the Es layer with QP echoes, maps upward
along the geomagnetic field, and plays an important
role determining structures of the whole E-region.
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An important finding from SEEK-1 and SEEK-2
is intense polarization electric field. Such electric
fields with scale size of several km or more can
easily map to the F-region along the geomagnetic
field. Tonospheric E/F-region coupling is the next
interesting research topic. Studying the source of
the QP echoes should be done in such a large
framework in future studies.
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1. Purpose of Project One of the ionospheric
phenomena, discovered more than 40 years ago,
which is still elusive is the occurrence of
daytime 150-km echoes (140-170 km region).
The origin of the irregularities causing radar
echoes has remained unresolved. Thought to be
confined to the dip equator, they are now
observed quite frequently at low latitudes up to
11° magnetic latitude. The findings of these off
the dip equatorial observations came first from
Gadanki MST radar located in India and now
from the Equatorial Atmosphere Radar (EAR)
located in Indonesia (Patra and Rao, 2007;
Patra et al, 2008; Yokoyama et al., 2009).
Notably, the echo characteristics observed at
these two locations are very similar to those of
the dip equator. Importantly, detectability of
these echoes with the EAR has clearly
suggested that MU radar will be able to detect
these echoes due to its high sensitivity if they
are present at mid-latitudes. Considering the
solar zenith angle dependence of the echoes, we
wondered whether the phenomenon is related to
F1 layer itself (all details of the F1 layer) and
nothing to do with latitude or longitude or any
large polarization process. Thus, the first and
foremost target of this research project was to
detect the 150-km echoes over Shigaraki, a
mid-latitude location, which will provide
evidence on their latitudinal extension.

3. Detail of Observation.

Experiments were conducted on three days (10-12

June 2008) using the MU radar. The MU radar

antenna was phased to point the beam transverse

to earth’'s magnetic field. Experiments were
detect field-aligned
irregularities from the height region of 90-180 km.

designed  suitably to
During these three days of observations, echoes
from the 150-km region were not detected.

4. Results

During the three days (10-12 June 2008) of observations

made using the MU radar, 150-km echoes were not

detected. Considering that the 150-km echoes have a strong
seasonal dependence and also strong day-to-day variability,
this negative result is not totally unexpected. The first
attempt in search of the 150-km echoes thus suggested that
more rigorous scarch is possibly necessary to detect these
echoes at mid-latitude. We are currently planning to carry
out a morc comprchensive experimental program to
discover the mid-latitude 150-km echoes using the MU
radar, a program to be submitted for future
experimentation.

5. Summary and Conclusions

In the first attempt made during 10-12 June 2008, we have

not been successful in detecting the mid-latitude 150-km

echoes. More rigorous search is necessary to discover these
and we wish to carry out a comprehensive experimental
program using the MU radar.
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