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1. Introduction

Dynamic shear instabilities are believed to be the main source of turbulence in the vicinity of
upper level frontal zones associated with tropopause folds and jet-streams (Shapiro, 1978).
Kelvin-Helmholtz billows are generated and can persist for hours or even days at the base of
clouds extending above the fronts (e.g., Luce et al., 2012). These structures produce clear
signatures in the VHF radar echoes which make them very easy to identify in range imaging
mode with the MUR (Middle and Upper atmosphere Radar) (e.g. Fukao et al., 2011).
However, recent studies suggested that turbulence can be generated by a different mechanism
underneath clouds. Based on airplane pilot reports which often indicate turbulence down to a
few km below cloud base, Kudo (2013) proposed that convective instabilities produced by
cooling due to sublimation of snow falling into dry and weakly stratified subcloud layers can
be the cause of so-called Mid-level Cloud-base Turbulence (MCT). His numerical simulations
based on idealized initial conditions confirmed the possibility of such a mechanism. Luce et al.
(2010) described turbulence detected by the MUR at the base of a cirrus cloud and suggested
that it was likely generated by a convective instability. Since then, many cases in relation with
upper level fronts have been identified from MUR observations (e.g. Wilson et al., 2014). In
the present work, we describe in detail a case observed on 25 September 2011 during the
TANUKI2011 experiment. The characteristics of the turbulent layer will be compared with
results of three-dimensional numerical simulations initialized with simultaneously collected
balloon data (see the companion paper by Kudo et al. 2014).

II. MUR observation results.

11.1 General characteristics.

Figure 1a shows the time-height cross-section of radar echo power in range imaging mode
after doing the Capon processing at vertical incidence on 26 September 2011 from 0100 LT to
0500 LT in the height range 2.0-8.0 km. A RS92G radiosonde was launched at 02:38 LT. The
dashed thick line shows the balloon altitude versus time. The other profiles are the measured
temperature, dew point temperature and vertical shear profiles with arbitrary scales for easy
reference. The corresponding time-height cross-sections of vertical velocity and turbulent
kinetic energy (TKE) are shown in Figure 1b and lc, respectlvely Assuming isotropy of the
turbulent wind fluctuations, TKE 1s given by 3/ 2w,,m ~3/2c02, where w,, is the r.m.s.
value of the vertical Velomty and oL, 1s the variance of Doppler spectral peak corrected from
the non-turbulent effects. o2, is an estimate of w?  (see Wilson et al., 2014 for more
details).

Figure 1a shows a deep layer of intense echo power around the altitude of 5.5 km with nearly
vertical or curled striations (e.g. at 0140 LT) and quite irregular edges. This layer was
observed from 15:20 LT on 25 September (not shown). The altitude of the top of layer was
6.1 km at 0100 LT, 5.5 km at 0300LT and 5.0 km at 0500LT. Its depth increased with time
from about 700 m at 0100 LT to about 1500 m at 0500 LT and was about 1200 m at 0300 LT,
i.e., during the balloon flight. The in situ profiles clearly indicate that the turbulent layer
occurred just below a frontal zone (i.e. beneath a temperature inversion and a strong shear at
the cloud base). Interestingly, there is no apparent signature of the frontal zone itself in the
radar echoes while it is recognized that vertically pointed VHF radars can be used to observe
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the structure of frontal zones due to its sensitivity to stable layers. The depth of the turbulent
layer detected by the radar corresponded to the depth of the weakly stratified layer where the
dew point temperature was nearly constant. Below the turbulent layer (i.e. ~4.3 km), the air
was very dry. At the base of the layer, there was a small temperature inversion and the wind
shear was not enhanced. Figure 1b shows that the vertical velocity perturbations were maxima
inside the turbulent layer. Downdrafts and updrafts up to +/-2.3 m/s around the balloon flight
occurred more or less regularly over the whole depth of the layer. Finally, Figure 1¢ shows
that TKE was enhanced in the altitude range of the turbulent layer with local values exceeding
2.5 m%s?, especially after 0420 LT. The echo pattern above the front clearly suggests that the
cloudy region was turbulent, but echoes were less intense, the layers were thinner and TKE
was much weaker.

From left to right, Figure 2 shows the vertical profiles of a) SNR at vertical and oblique
incidences, b) the measured variances of vertical wind estimated from Doppler spectrum
width and the variances corrected from the beam-broadening effects used for calculating TKE,
c¢) the zonal and meridional wind components measured by the radiosonde and MUR (after
60-min averaging), and the horizontal wind shear estimated from MUR observations, d) the
Richardson number Ri=N°/S’ estimated from e) the dry or moist (saturated) Briint-vaisili
frequency. The turbulent layers detected from radiosonde profiles by using Thorpe analysis
(see, e.g., Wilson et al., 2014) are indicated by the gray rectangles.

The turbulent layer below the cloud base was detected from balloon data and its depth was
about 1000 m around the altitude of 4.92 km. It is consistent with MUR observations. The
layer was associated with isotropically enhanced SNR, confirming the mechanism of Bragg
scatter from isotropic turbulence. At the center of the layer, the wind was mainly eastward.
The horizontal wind shear was very weak (a few m/s/km or less) but was much stronger at the
top, i.e., at the cloud base (~40 m/s/km from MUR data) as already shown by the balloon-
derived wind shear profile in Figure 1. The statically stable inversion (N°~107 s) at the cloud
base is found to be possibly dynamically unstable (Ri ~0.25). Within the layer, N and Ri were
negative.

All the aforementioned features suggest that the turbulent layer was generated by a convective
instability underneath the frontal zone and cloud base rather than by a Kelvin-Helmholtz
instability even if the condition for its development was met at the cloud base (Ri ~0.25). 1)
In the present case, the morphology of the echo layer strongly differs from the characteristics
expected for KH billows. Indeed, KH billows generally produce well-defined slanted “S-
shaped” structures (braids) in the time-height radar echo power cross-sections (e.g., Figure 2
of Fukao et al., 2011). 2) KH billows also produce nearly-monochromatic vertical velocity
disturbances far above and below the altitude of the billows (Figure 3 of Fukao et al., 2011).
Here, they appeared to be mainly confined within the echoing layer. 3) There is no evidence
of critical level (at which the horizontal phase velocity of the KH instability would be equal to
the background wind) inside the layer, i.e., there was no amplitude minimum and no phase
shift by about 90° of the vertical wind at the mean altitude of the layer (contrary to the case
shown by Figure 3 of Fukao et al., 2011).

These arguments may be weak if the observations were made after the KH billows eventually
broke and formed well-developed turbulence. However, the vertical redistribution of
momentum produced by turbulent mixing would result in a shear layer splitting so that the
shear would be minimum near the center of the layer and maximum at the edges. Because
there was no enhanced shear at the bottom of the layer, this interpretation is likely not correct.
The observations rather suggest that the wind shear was initially weak when the instability
developed. The wind shear direction within the turbulent layer was difficult to estimate from
radar data because the shear magnitude was extremely small and the wind profiles strongly
fluctuated in time and space. However, after 01:53 LT, the radar-derived wind shear revealed
a dominant southward component, i.e. was roughly orthogonal to the wind direction. It is
consistent with the wind shear deduced from smoothed balloon profiles and used for
initializing numerical simulations (see the companion paper by Kudo et al. 2014).

In summary, turbulence observed by the MU radar on 26 September 2011 below a frontal
zone was very likely MCT. The temperature at the cloud base (-12.5°C), the weak



stratification and the weak humidity below the frontal zone are also consistent with the
condition of occurrence of MCT according to the numerical simulations by Kudo (2013).

11.2 Additional characteristics

Figure 3a shows the time series of vertical velocities for 4 consecutive gates over the depth of
the turbulent layer at a time sampling rate of ~6 sec from 23:26 LT for about 70 min. Nearly
monochromatic and more or less intermittent fluctuations of +/- 0.5 m/s were observed
suggesting wavelike disturbances. Figure 3b shows the corresponding time spectrum of
velocities. It shows a narrow peak at 100 sec. Because the wind speed was about 14.3 m/s, a
horizontal wavelength of about 1430 m can be estimated if the wave axis was oriented
spanwise. Figure 3c shows the time series of vertical velocities from 01:53 LT, around the
time of balloon flight. The disturbances were stronger (as already shown by Figure 1b) but
much less organized. During that period, the velocity spectrum exhibits a -3 slope for periods
shorter than 125 sec and several discrete peaks for larger periods (or a slope close to 0 in
average). Still assuming wavelike disturbances, the maximum horizontal wavelengths
associated with the two highest frequency peaks were 1100 m and 2500 m, respectively.
However, the features shown by Figures 3¢ and 3d rather suggest a much higher degree of
disorder than those shown by Figures 3a and 3b.
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Figure 1: (a) Time-height cross-section of radar echo power at vertical incidence at a time resolution of
~12 sec in range imaging mode in the altitude range 2.0-8.0 km on 26 September 2011 from 01:00 LT to
05:00 LT. The dashed line shows the balloon altitude versus time. Temperature, dew-point temperature
and horizontal wind shear profiles measured by a balloon launched at 02:38 LT are shown in solid, thick
solid and gray lines, respectively. (b) the corresponding cross-section of vertical wind. (c¢) The
corresponding cross-section of turbulent kinetic energy (TKE).
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(saturated) Briint-Vaisild frequency shown in (e). The turbulent layers detected from Thorpe analysis of
radiosonde profiles (see, e.g., Wilson et al., 2014) are indicated by the gray rectangles in (b).
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Figure 4. (a) Cross-correlation functions between 7 consecutive time series (10 min) of radial wind
fluctuations measured with the vertical and eastward beams from 01:53 LT. (b) Same as (a) for wind
fluctuations measured with the vertical and northward beams. The wind direction, approximately oriented
eastward at the altitude of the turbulent layers, is shown by the arrow. A sketch showing the location of the
radar volumes in the 3 directions is given by light blue circles.

Figure 4a and 4b show cross-correlation functions between detrended time series of vertical
winds and radial winds measured with the eastward and northward beams, respectively.
Because the wind direction was mainly eastward, the same fluctuations were likely detected
by the vertical and eastward beams but with a time delay that may depend on wind speed. A
maximum of correlation (0.4-0.8) was observed with a nearly constant time delay of about 90
sec (Figure 4a). In case of fully disordered structures, a weak correlation should be found
between time series measured with the vertical and northward beams. Figure 4b confirms that
the fluctuations are weakly correlated, but significant correlation maxima (up to 0.7) can be
observed around 0 sec. These results suggest that remnant or/and sporadic roll-like structures
roughly oriented North-South as the wind shear could have been observed after 01:53 LT.

Figure 5a shows the contour plot of echo power in range imaging mode for the arbitrary level
of 39 dB measured with the vertical and eastward beams in the height range of the turbulent
layer. Remarkably similar features were detected in both directions but with an apparent time
delay. Figure 5b shows the same information but after shifting the contour plot obtained with
the northward beam by -90 sec, in agreement with the time delay obtained from velocity
correlation analysis (Figure 4). The structures coincide now very well in time indicating that
the structures were frozenly advected by the horizontal wind. The zonal wind speed was about
9.2 m/s at 5.22 km (mean altitude of the turbulent layer) and the corresponding horizontal
distance between the radar volumes was 5220 xsin(10°) =920 m. A frozen advection would



produce a time delay of 920/9.2 =100 s, in close agreement with the value of 90 s found from
Figures 4 and 5 (a wind speed of 10 m/s would produce the exact time delay).

Figure 5b shows that the agreement is not so good between the vertical and northward contour
plots confirming that the radar volumes were filled with distinct turbulent structures. However,
the contour plots are sufficiently alike to determine that there was no clear time delay between
the beams, confirming the analysis of Figure 4b.
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Figure 5 : (a) Contour plot of echo power for the arbitrary level of 39 dB measured at vertical incidence
(black lines) and with the eastward beam (filled patterns) from 01:53 LT. (b) Same as (a) but after shifting
by -90 sec the contour plot measured with the eastward beam. (c) Same as (a) for measurements made from
the vertical and northward beams.

II1. Summary

MUR monitored a deep layer (~1000 m) of turbulence around the altitude of 5.0 km
underneath the base of a cloud extending above an upper level front. All the characteristics of
the layer and the background conditions suggested that the observed turbulence was generated
by a convective instability produced by cooling of sublimating falling snow in the dry sub-
cloud layer. The companion paper by Kudo et al. (2014) presents results of numerical
simulations initialized with the balloon data collected during the turbulent event observed by
MUR. The good quantitative agreements between radar observation and simulation results
strongly support that convective instabilities are likely the dominant processes for generating
MCT below frontal zones.
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Measurement of vertical wind in preciptation by the MU radar:
A case study
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Abstract

Equatorial Plasma Bubbles (EPB) or in other term known as Equatorial Spread F(ESF) are
extended zones of depleted F-region plasma density that grow from irregularities caused by
the generalized Rayleigh—Taylor instability mechanism in the post-sunset equatorial sector.
Study of Equatorial plasma bubbles is interesting because plasma density depletions generate
rapid changes in both the amplitude and phase of radio signals, which propagate through the
bubble, producing ionospheric scintillations that degrade communications and navigation
signals. Scintillations come from many sources. Therefore, this study was conducted to
understand characteristics of the EPB/ESF and to confirm the source of interference in the
case study scintillation events at any given time. In this research, scintillations have analyzed
using scintillation index (S4) from GPS Ionospheric Scintillation and TEC Monitor (GISTM)
at Kototabang (0.20°S, 100.32°E; 10.36°S dip lat) and Pontianak (0.05°N, 109.34°E; 8.9°S dip

lat) for the case March 1 and March 8, 2011. The field aligned irregularities (FAI) obtained
from Equatorial Atmosphere Radar (EAR) data. Analysis of ionosonde data from CADI
Pontianak and FMCW Kototabang also showed that spread F occurred on March 1 and
March 8, 2011. Scintillation index showed strong value at the appropriate time. Further
analysis of EAR and other data will help understanding of Equatorial Plasma Bubbles (EPBs)
and scintillation.

1. Introduction

Equatorial Spread F (ESF) is the phenomena in which highly irregular plasma density
with a large range of scale sizes and amplitudes at almost all altitudes throughout the latitude
and longitude sectors. The ESF predominantly occur at nighttime. The complex dynamical
phenomena and plasma instability play an important role in development of ESF. The
horizontal geomagnetic field lines at the magnetic equator perpendicular to gravity, and also
prevailing natural wind and background electric field, compose unique phenomena to develop
the plasma irregularities. These plasma irregularities are generally magnetic field aligned.
They have zonal widths of typically a few tens of km and extend along the magnetic field
lines for hundreds to thousands of km depending on the peak altitude of the irregularity
(bubble) development [e.g., Sobral et al., 2002], while their vertical heights range from a few
tens of km to several hundred km [e.g., Labelle et al., 1997]. When radio signals propagate
through these disturbed regions, they cause scintillation. This results in a fade in received
signal power, meaning a loss of signal. The region of equatorial scintillations extends 30° on
either side of the earth’s magnetic equator and the strongest effects are found at
approximately 10° N and S (Wanninger, 1993). Another Ionospheric irregularities can also
find in the nighttime. Under certain condition we can find the irregularity of electron density



which is aligned along the Earth’s magnetic field. It is known as Field Aligned Irregularity
(FAI) that related to EPB/ESF. Another research pointed out that frequent and stronger
scintillations associated with EPB during solar maximum period and a drastic reduction in
frequency and intensity of scintillation during solar minimum period (Basu et.al, 1978).

In this work has been studied the characteristics of the Equatorial Spread F in
associated with the scintillation and Field Aligned Irregularities (FAI) occurrences over
Kototabang by using GPS Ionospheric Scintillation and TEC Monitor (GISTM), Equatorial
Atmosphere Radar (EAR), and ionosonde data. This study also have been done to understand
variability of plasma irregularities of ionosphere therefore it give general pattern of the
relationship between scintillation and plasma irregularities of ionospheric layer.

2. Data and methodology

Equatorial Atmosphere Radar (EAR) have operated at Kototabang, West Sumatra,
Indonesia (0.20°S, 100.32°E; 10.36°S dip lat). EAR is the large monostatic radar which
operate at 47.0 MHz. This instrument developed to study dynamic of lower and upper
atmosphere (Fukao et.al., 2003).

Frequency 47.0 MHz
Output Power Peak: 100 kW, Ave.: 5 kW

Quasi-circular active phased array
(110 m-diameter, 560 three-element Yagis)
3

Beam Width 3.4°
Beam Direction Anywhere (within 30°zenith angles)

1.5 km - 20 km (Atmospheric turbulence)
over 80 km (lonospheric irregularity)

Antenna System

Observation Range
5 _

Figure 1. Equatorial Atmosphere Radar Specification and Location

Under certain condition, amplitude fading and phase scintillation effects can cause
loss of carrier lock and intermittent GPS receiver operation (Klobuchar, 1991). GPS
scintillations generally occur shortly after sunset and may persist until just after local
midnight. GISTM used to obtain scintillation index (S4) which indicated occurrences of
scintillation. Ionosonde is another instrument was used in this study to confirm the Equatorial

Spread F (ESF) oocurrences over Kototabang and Pontianak.

GPS Anvena

C Pengolah [a
Penerima GPS PC Pengolah Data

Figure 2. GPS Ionospheric Scintillation and TEC Monitor (Left) and Ionosonde (Right)



The Equatorial Atmosphere Radar (EAR) unable to observe the ionosphere region in
directions perpendicular to the geomagnetic field for studying F region FAI associated with
Equatorial Spread F (ESF). Intense FAI echoes have been observed in the nighttime F region
over Kototabang during 2011-2013 and classified in postsunset and postmidnight occurrences.
Furthermore, we have taken two cases of ionosphere irregularity and analyzed possibility
relationship between ESF and scintillation between Kototabang and Pontianak.

3. Results and discussion
3.1 Seasonal variability of Field Aligned Irregularities (FAI)

Characteristics of the EPB/ESF have already been observed as daily precentage of
occurrence of Field Aligned Irregularities (FAI). We have used a threshold SNR value of -
5dB. Precentage obtained from ratio between number of signal of particular range and time to
total number of signal. Figure 3 is result of radar data analysis during 2011-2013 shows that
the higher precentage of F-region post-sunset FAI occured around March (~30%) and
September-October (~40%), while F-region post-midnight FAI occur around June-July (~35-
50%). The result clearly confirm dependency of ionosphere irregularities to solar activity.
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Figure 3. Daily precentage of occurrence of F-region echoes



3.2 Ionospheric scintillation occurrences during March 2011
The corrected scintillation index (S4) obtained from amplitude scintillation data of
GISTM which has already been reduced multipath effects and ambient noise described as :

S4 = \/S4m2 — Sheorr’

Figure 4 shows scintillation occurreces during March 2011 over Kototabang and Pontianak.
Those results have been compared with FAI occurrences from EAR (Kototabang), shows the
strong correlation of both data.
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Figure 4. Scintillation Index (S4) of Kototabang (left) and Pontianak (right)
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Table 1 »Daf;e apd _time of FAI from_EéR

= =

19:30 — 23:00 19March 2011 20-00 - 23:00
21:00 - 01:00 20 March 2011 20:00 — 22:00
| 21:00 - 23:00 21 March 2011 19:30 — 22:00
20:00 — 24:00 24 March 2011 19:30 — 22:00
| 19:30 - 23:00 25 March 2011 19:30 — 24:00
20:30 — 02:00 26 March 2011 20.00 - 24.00
3 20:00 - 01:00 27 March 2011 20:00 — 23.00
| 20:00 - 24:00 28 March 2011 19:30 — 24:00
22:30 — 23:30 30 March 2011 20:00 — 24:00
| 20:00 —24:00 31 March 2011 20:00 — 23:00

3.3 Relationship between Field Aligned Irregularities (FAI), Scintillation and
Equatorial Spread F (ESF)

During March 2011 we founded strong relationship between FAI and scintillation
events over Kototabang. We also observed scintillation event which possible associated with
ionospheric irregularities over Pontianak. Pontianak placed about 1058.17 km eastern of
Kototabang.

For further analysis, we took 2 cases, 1 March 2011 and 8 March 2011. The echoes
scatter were analyzed to obtain zonal distance by using distance approximation of 2 location
at the certain height over the earth’s surface . Each of bubbles of SNR plot named as A, B, C,
D, and E (figure 5). Dirift velocity determined from zonal distance of each bubble and
gradient of time. Possibility of period of bubbles propagate from Kototabang to Pontianak
was obtained from simple relation between distance and drift velocity. Table 1 shows the
result of all bubbles.



Zonal Distance (km)
Zonal Distance (km)
o

-100

2.00 =150

Time (hours) Time (hours)
Figure 5. Zonal distance from SNR plot of echoes scatter EAR for 1 Marc
8 March 2011 (right)

The echoes scatter of bubble A shows the fastest drift velocity

18 19 20 21 22 23 24

h 2011 (left) and

and Bubble B is the

slowest. By using the similar relation between distance, velocity, and time, will be obtained
period/time which needed all of bubbles for propagating from Kototabang to Pontianak.

Table 2. Characteristic of Each Bubble

No. Date Bubble’s Name Drift Velocity Period/Time to
(m/s) propagate (h:m)
1. 1 March 2011 A 208.3 1:24
2. 1 March 2011 B 72.46 4:36
3. 8 March 2011 C 166.67 1:48
4, 8 March 2011 D 138.89 2:06
5. 8 March 2011 E 98.04 3:00

The virtual height over Kototabang and Pontianak from ionosonde data also increased
at that time. It means that electron density of F region of ionosphere layer over Kototabang
and Pontianak fluctuated or changed mainly for 1 March and 8 March 2011 (red line in

Figure 6).
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Figure 6. Virtual height of F region for Kototabang



4. Conclussions

We studied characteristic of ionospheric irregularity by using three different
instruments that is Equatorial Atmosphere Radar Kototabang, GPS lonospheric Scintillation
and TEC Monitor (GISTM) at Kototabang and Pontianak, and also ionosonde at Kototabang
and Pontianak. The results obtained from present study suggest that :

» Radar data analysis during 2011-2013 show that the higher precentage of F-region
post-sunset FAI occured around March (~30%) and September-October (~40%),
while F-region post-midnight FAI occur around June-July (~35-50%). The result
clearly confirm dependency of ionosphere irregularities to solar activity.

* The relationship between the scintillation and ionospheric irregularities (ESF) found
from analysis GISTM and ionosonde data over Kototabang and Pontianak. Variability
of virtual height also show increasing of F region’s virtual height when equatorial
spread F and scintillation occurred.

» The further analysis of echoes scatter of EAR for certain case show characteristics of
bubbles at certain height (350 km), their zonal distance and possibility the relationship
of ionospheric irregularity between Kototabang and Pontianak that have
longitudinally spacing about 1058.17 km.
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[onospheric Ceiling
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Pornchai Supnithi
(B¥ 7y PETRER¥ET ANV, F4)
Tharadol Komolmis

(F =24 KE 5 4)
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Mo RSP AL BT T AN 2 2 icb ke B,

TRERFICOVWTHHFICE I 6 WE LT . HioKEEE AR N1 EE kR & M0 261k
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EHT7 7 X< E EA~NFY 7 32 (ExB FY 7). BEDERE EHITA 4 v LRGN T O
JABEDSN S K 75 ) AL T, hyy o AHED 5 T (bottomside) @ 77 A IEX A 2K\, BEHFRIZH >
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DN, FEFHF Y D77 X DI > TUERENIEH T % (fountain effect). Z DOFEIR, BARE 1220
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I L - RBRI 2 R 7L T d 2 EEEEEE € 7L (IR]) T, BREOEME b, Fy DSHEAREIC—
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30°N T T T ¢ 17

7/"?Mag Lat. _|
_______ LL______;—‘» 20° N
L Chlang Mai ’m/w
/: E o <O

Latitude

15°S \ \ |
75 90 105 120 135° E
Longitude

1 SEALION 4 %/ Vv 7 (BdtF = —>) BliE. O LJZIZ Chiang Mai £ & U' Kototabang D534 5

D hp Fy BRI NT0R 298, Z0Ud (M) REZ L ET S T—oIl) DMt k>Tw5. H6DET
VTR, AR, ARAERE R RER O BT I I ZRESIR A O BIMED 5 ER I N DAL Z H L EREE 5%, N
fi 1535 LN U 7 M R L 2 i\~ 72 728 by By DR AIORGE I RIS Tw 3 EEZ o 5.
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lonospheric effect VS human safety issue

* Recently, SBAS and GBAS are under
development in many countries to use
as aircraft landing systems.

« lonospheric effects can threaten
navigation/ positioning users.

* lonospheric delay o TEC a plasma
density.

lonospheric effects would degrade
availability of aircraft precision
approach.

<~ Only single PBB can cause a

positioning error in vertical more than\\ et

SBAS: Satellite-Based Augmentation System
GBAS: Ground-Based Augmentation System

10 m and needs to be detected by
ground or air-borne monitors.
[Saito et al., 2010]
Since it relates to human safety issue,
the ionosphere should be seriously
taken into account.
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* Low-latitude and equatorial
ionospheric phenomenon.

* Generation mechanism is the
Rayleigh-Taylor (RT) instability.

¢ Pre-reversal enhancement (PRE) at
the sunset terminator makes the
favorable condition for RT-
instability.

* Steep density gradient develops at

the sunset of the magnetic equator.
[Yokoyama et al., 2004]

* Low density plasma in the bottom-
side ionosphere explosively rises
to the upper ionosphere.

Schematic picture of plasma bubbles
[Tsugawa, T, AGU, 2010

 Inside the plasma bubble (PBB) ™\

— Plasma density is extremely lower
than that of outside.

* The boundary is very sharp.

¢ The local plasma density changes
from 100% to less than 10 % within
a few tens kilometer. [Burke et al., 2004]

GPS-based ROTI GRBR-based
Sep27 2010 chma 185, 99.0] P analysis
™ When the plasma ~—-Plasma bubbles are
i bubble occurs and | found to grow at the
g the ionosphere is upwelling of LSWS.
F |_severely disturbed.

How to detect plasma bubble?

o Drastically develops at the
2o fluctuation of ROTI westward wall of the £
%:; is noticed. TEC depletion.
g B B B ]

Y =

Radar [Tsunoda et al, 2011] -'—-A )
L T T R R Fan-sector echo intensity
- P EAR
. ’ bacl 13002002 1957 from
Airglow imager AT! plot for itter :
from FAI observation
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[Fukao et al., 2004]

e

ISS-detected plasma bubble

Original images

Multiplied images

Each image file was multiplied with its red channel about 15 times to emphasize the
structures of the red emission regarding to atomic Oxygen in the F layer.

This animation was made by the images taken by an astronomer with Nikon D3s on an

International Space Station (ISS) .

[Hozumi, Y., 2013]

Magnetic equator

*[EIA figure is courtesy by
T. Maruyama. (NICT)]

Redistribution

&® EXB drift along the field line

1) Eastward electric field drifts electron up to higher altitude.
2) The electron redistributes along the field line.

Above two steps show the fountain-like characteristic known as the fountain effect.

Two crests of the electron density are developed around 15-degree distance from the dip
equator known as Equatorial lonization Anomaly (EIA).

EIA can be studied by the Total Electron Content (TEC).




NP What is TEC? nc? GNU-Radio Beacon Receiver (GRBR)

LEO Satellite GRBR was developed to measure the electron density from LEO satellite
by receiving VHF/ UHF signals. We focus on the polar LEO satellites in order to capture
the EIA asymmetry in equatorial region by GRBR chain.
Each satellite flies over the stations every 11 hrs., on average.

TEC is total electron content
integrated along the satellite- -
receiver propagation path.

Derived by differencing the r 7

pseudo range/ phase delays of / /
the two radio signals. /7

N — o -l
</ 1TECU = 1 x 10 el/m? =~ b pre-amplifer for 150 MHz -
S T signal. v Linux PC
— Filters for both 150 MHzand v CPU faster than 1GHz is enough for
400 MHz signals. observations.
v QFH (Quadriliar Helix) v USRP board v Single-frequency GPS receiver as an
Antenna v Less than $2000 additional time reference.

s el 1 e & t1 S v
L)LPLll(llllg on l)lau & time, $550 (http://www.rish.kyoto-u.ac.jp/digitalbeacon/index.html)

solar & magnetic activity

GRBR network is a low-cost network compared to dual-frequency GPS network, and

GRBR Receiver compact network compared to ionosonde network.

7 Total cost of one GRBR set is about 3000$ only! 1-m? area is enough for the observation. s
. . . [
nic?  Observation sites & satellites ——

® omsx  Table 1. GRBR and ionosonde networks alignment. Chumphon is considered as
% the dip equator station regarding to being the nearest station to the dip equator
with an availability of both GRBR and ionosonde.

Site (ID) Latitude  Longitude Dip latitude Country  Available observation
Chiang Mai (CMU) 18.76 9893 127 Thailand GRBR and ionosonde Re S u It S
Bangkok (BKK) 13.73 100.78 6.7 Thailand GRBR eee eee
Chumphon (CPN)  10.72 99.37 3.0 Thailand GRBR and ionosonde
g ] Phuket (PKT) 8.09 98.39 0.2 Thailand GRBR M h 2 0 1 2
g Kototabang (KTB) 020 10032 -10.1 Indonesia GRBR and ionosonde a rc
GRBR: GNU Radio Beacon Receiver
Table 2. Information of the polar LEO satellites used in this work. = B e =y
Satellitename  Inclination (degree)  Apogee (km)  Perigee (km)  Period (min) g = L+ * T Tt e e . .ow s v
COSMOS2407 83 1008 952 105 ; : - —
COSMOS2463 83 1021 969 105 -
COSMOS2429 83 1011 953 105 L | ¥ R
DMSPELS 9 o 7 1o Example of GRBR ~TEC variation on
RADCAL 89.5 900 791 101.4 March 24, 2012 at pre-sunset hour.
L, (S . . i, (L,
nic? Low-latitude ionospheric irregularity 2 g nic?  Daily variation observed by GRBR % c |

06-07 LT s 08-09 LT arwsonr 10-11 LT wowr EIA forming

@ Equatorial lonization Anomaly (EIA)
All GRBR-TECs for the EIA study were taken from the narrow longitudinal
range (~less than 2 degree) with the magnetic latitude coverage of +20 degree

14-15 (T ECand

including the dip equator. So the longitudinal variation can be discarded. . . ond
Dail ation. i FEERETETaYtude
m) @ Daily varia ion. W‘%MWW'M@%}W
=) ¢ Day-to-day variability of the EIA.

EIA y and meridional wind

4 Conclusion . g

Large std. value

02-03 LT

@ Plasma bubble
@ Post sunset plasma bubble
4@ Pre-dawn depletion
@ Conclusion Il

04-05 LT

Daily variation of the 2-hr binned GRBR-TEC in March 2012 along the meridian 100° E. The green circle
represents the average TEC value, and the black bar represents the standard deviation at every 1-degree.
12




Day-to-day EIA asymmetry variation:
”ﬂ 20-22 1T bin (UT +7)
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nic? Low-latitude ionospheric irregularity

@ Equatorial lonization Anomaly (EIA)

All GRBR-TECs for the EIA study were taken from the narrow longitudinal
range with the magnetic latitude coverage of +20 degree including the dip
equator. So the longitudinal variation can be discarded.

@ EIA formation
@ Day-to-day variability of the EIA

m) @ Relationship between EIA asymmetry and meridional wind
@ Conclusion .

@ Plasma bubble
@ Post sunset plasma bubble
4 Pre-dawn depletion

March s, 2012 EIA asymmetry and the sn: March 8,2012 @ Conclusion II.
geomagnetic activity. 5"
Em v' The EIA asymmetry shows 2 3|
o) the quasi-periodic variation 5 za|
Bl v This might be the coupling ¥ 5|
from the lower atmosphere. |
% 40 o o F-] » T -II__\-._*_-J =
Lattude Lathuds
] EIA asymmetry vs. meridional wind: ] C lusi I -
N March equinox, 2012 (nighttime) NIe onclusion

lonospheric bottom height change

on 20120311. Date: 2012-03-11, Time: 1420 UT (2120 LT) 7
- Satellite: COSM0S2463, Orbit: S > N Northwar_d WInd leads to
= decrease in northern TEC.
- "
L N
- A n oo The wind flows
[ H e
£ v o
1] 'v v L 3 3
- " % Electron diffuses to lower

altitude along field lines

i awaswrawss S w v
Positive value indi northward wind. L Q
1km in height change is read as 1 m/s for meridional wind velocity.
Ionospheric bottom height change on . o
20120326. Date: 2012-03-26, Time: 1722 UT (2422 LT) ngh recombination rate
- Satellite: COSMOS2454, Orbit: N > S @
- ] e
- o TEC decreases
H . “ o
i_' ' w % Southward wind leads to
i w decrease in southern
TEC.
W R e
Negative value indicates southward wind. E_ ]

v The EIA started forming in 10-11 LT bin, and TEC value
and the magnetic latitudes of EIA crests peaked in 14-15
LT bin.

v  The EIA asymmetry had the quasi-periodic variation
suggested as the effect from the coupling from lower
atmosphere.

v" The relation between meridional wind (at ~250 km
altitude) and the EIA asymmetry was seen at night.

v’ The response delay of the TEC to the meridional wind was
within one and a quarter hours.

NJQ Low-latitude ionospheric irregularity

@ Equatorial lonization Anomaly (EIA)

All GRBR-TECs for the EIA study were taken from the narrow longitudinal
range with the magnetic latitude coverage of +20 degree including the dip
equator. So the longitudinal variation can be discarded.

4 Daily variation

4@ Day-to-day variability of the EIA

@ Relationship between EIA asymmetry and meridional wind
4 Conclusion I.

=) & Plasma bubble
The plasma bubbles are captured by GRBR even thought the field-of-view
of the GRBRs is almost parallel to the geomagnetic field.
@ Post sunset plasma bubble
@ Pre-dawn depletion
4 Conclusion Il

NIC Post sunset plasma bubble

B COSM0S2407, 20120326 from 13:37 UT (LT-7)

gso Sum Kp =7-,sum Ap =4, Dst=9nT
g \__,\_\
20
% 0 v L : :

10 20 E ]
Latitude  ~100-km scale fluctuations are seen.

= . 1P plot for COBMOS 2467 on 0126334 130730
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fvuc’? Pre-dawn depletion detected by GRBR A - NIC Depletion source investigation

DMSPF15, 20120306 from 21:06 UT (LT-7) 1PP piot for DMSPF15 °n2mwﬂ Relative GPS-TEC 20120308 210733 awseras e
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TEC (TECU)
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DMSPF15, 20120306 from 21:06 UT (LT-7)
ean

Kp=18-,Ap=9,Dst =-5nT . s

/ o

i  Absolute GRBR-TEC . - o=
2 / o%ote : nive BE . = £
oy s, Time 13
A ” . E * To confirm whether the depletion is
0 e 3 plasma bubble or not, the scintillation
- " O i z * * should be checked.
. . 20%s : . « The scintillation clearly appears at
e—— Satellite motion " - - L = - Bangkok station. 20
nic? Conclusion I

v’ The hundred-meter scale fluctuations were seen during
the post sunset bubbles.

v’ The fossil bubbles cause the pre-dawn depletion seen by
GRBR.

v’ GRBR signals were scintillating during the event.

v' The day-to-day variability of the EIA and the plasma
bubble occurrence contribute to large std. in GRBR-TEC
at night.

v’ This presentation is the evidence that the GRBR is
sensitive enough for studying the dynamics of the low-
latitude ionosphere.
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ISS-IMAPIC & 3 BREXRTIEGRE

i HERRIRE O RIFFEA

EREE. RathE, BERA. EERY (RX-1) |
REHE (ALK - B) | ILBK (JAXA - ISAS) « KIHE— (&K - STERF)

A e

ISS
Japanese Experimental Module
Exposed Facility

[

VISI: Visible-light and Infrared Spectral Imager
Airglow
730nm (OH, Alt. 85km),

762nm (02, Alt 95km),
630nm(O, Alt.250km)

Nadir looking with forward
and backward slits
perpendicular to the ISS
trajectory

Spatial Resolution: 18km
(OH and 02) and 25km(O)

Exposure Time: 1 sec.-
Weight 14.5kg
Size 416 x 335 X 223mMM  Bsckward Fov |

Forward FOV

Iss., Iss.,
[ B

Sept. 25, 2012
ISS-IMAPVISI

(02, Alt. 95km)

ISS-,
[ Outline of ISS-IMAP

« Installed on the exposed facility (EF) of Japanese experimental
module ‘Kibou’ on International Space Station (ISS).

« Imaging observation of the Earth’s upper atmosphere by
Visible-light (Airglow: Nadir-looking) and EUV (Resonant
scattering [He+ & O+]: Limb-looking) imagers

It started the observation on October 15, 2012, and will
continue observation for three years.

. Distribution of the atmospheric gravity waves around the
mesopause (87km Altitude) and the ionospheric E-region
(95km Altitude)

Distribution of O+ and He+ in the ionosphere and the
plasmasphere (up to 20,000km Altitude)

EUVI: Extreme Ultra Violet Imager

-Resonant scattering from ions

+83.4nm (O+), 30.4nm (He+)

-Backward Limb looking with 15 deg. Field-of-view.
-Weight 19.3kg, Size 170 x 370 x 480 mm

O+ [Ujietal, 2014]

02:15UT

762nm

762nm Background




Fe®
630nm

Background
emission is
subtracted from
the 630nm
emission

Citylights and
scattering from
clouds are
largely
subtracted by
this procedure.

Plasma
Bubbles

Conjugate observation with
a ground-based imager in Hawaii
Dec. 25, 2013

s

762nm observation
by ISS-IMAP/VISI
[Yukino, 2014: AOGS]

557.7nm observation
by all-sky imager

b e Comparison with
cloud top temperature and GPS-TEC

0100:0UT) 0601 2013
e (e

A =120 km
Vp= 160-180m/s
e A =80 km
Airglow concentric tructure . Vp=120m/s
— ; T -f r_, 95 km altitude [Akiya et al.,
— D OEESS: oo 2014]

NG - 300 km altitude
TEC concentric structure

Wave structures: 4-day observation
762nm (Alt. 95km)  Oct. 21-24, 2012

[ 3 Concentric wave structure in 762nm
June 1, 2013 [Akiya et al.,, 2014]

04:33
Forward FOV

Backward F!
Forward

Intensity [Rayleigh]

e

Summary

ISS-IMAP has conducted the imaging observation of the Earth’s
upper atmosphere from exposed facility of international space station
in visible-light and EUV.

VISI : Airglow: 730nm (OH, Alt. 85km), 762nm (O2, Alt 95km),
630nm(O, Alt. 250km)
EUVI : Resonant scattering: 30.4nm (He+), 83.4nm (O+)

Three years observation till 2015.

50km-500km scale structures of the ionosphere can be imaged from
space by IMAP/VISI.

VIS| observation shows the new aspects of the phenomena that have
observed by ground-based instruments: Above clouds, Wide field-of-
view and Longer wavelength.



The saturation of gravity waves traveling from the lower to the
upper atmosphere observed by the MU radar and understood by a
simple theory

S. Kato, M. Yamamoto
(Research Institute for Sustainable Humanosphere, Kyoto University)
and
T Nakamura
(National Institute for Polar Research)

1. Atmospheric gravity wave (GW, hereafter) saturation velocitiy due to a
balance between the amplification and the braking effects

The Navier-Stokes equation of motion for a GW traveling along the x
(horizontally eastwards) and z (vertical upwards) axes is as follows;
poVIdt +o(V.V)V=pF ®
d(pV)/et + div (pVV) =p F )
where V is the velocity, t the time, p the density and F consists of the
pressure gradient and the gravity but the viscosity is neglected for
simplification ; VV in (1’) denotes a tensor of the gravity wave momentum as
usually defined; div (o VV) is shown below in (14) and (15).
The Hines theory of GW (Hines, 1960) considers only linear effects in (1) and
(1)). But we consider non-linear effects; in (1) and (2) the first term is as large
as the second term. Then, we can find GW to attain a saturation. Putting the
saturation velocity V=Vo we consider
| dVo/atl= [(Vo. V) Vol ()
which implies a balance between the amplification and braking effects.
Since the saturated wave should be free from the exponentially increasing
term, we consider Vo to be a sine wave as
Vo = Cx, zcos (wt-k x-mz+ ¢ ) (3)

where C is the saturated GW amplitude constant; k and m are the wave
number for x and z direction. We simplify the situation by assuming a uniform
temperatue atmosphere with no wind. And we obtain (Appendix)

Cx=w/k (4)

Cz=w/m (5)
The saturated velocity cause the momentum to decrease with heights (Fig. 1)



thereby releasing it to the environment (Vincent and Reid, 1983).

80

ALTITUDE (km)

60 : ) \ . 1 \ 1

Fig. 1 Gravity wave momentum observed by the MU radar (T. Tsuda et al.,
1990a). Eastward momentum flux pVx Vz determined in winter (left side) and
summer (right side). Thin lines show the best fit for vertical gradient of pVx
Vz.

2 Saturated GW energy and spectrum
The time-averaged wave enegy of each wave E by (4) and (5) is given as
E = (1/){(0/k)?+ (w/m)2} (6)
Snce (w, k, m) is considered invariant upon the saturation of Vo which is
monochromatic, we consider that the dispersion relation is also invariant as

m2=[(N2/ 2 )-1] k2 (7
where N is the Bruent frequency. By (8) we have
E= (1/4) (N/m)2 ®

For obtaining the power spectrum we have to assume the length of the GW
train which is finite. We assume that an original GW extends

over - 1/(2m,) < z < 1/(2m,) as E cos(moz) where m, << m. The power
spectrum © (m) is obtained by the Fourier transformation (Stratton, 1941)
as follows:

Om) =1/ Cx) § cymy ™) E cos(moz) exp (imz) dz =(1/5) W¥/m®)  (9)
where in (9) the numerical factor is 1/5 in our simple theory whilst it is 1/6 in
the case of Smith et al. (1987). Fig. 2 (right-handed side) illustrates © (m) to
be compared to a work by Smith et al. (1987). The w spectrum along the radar
beam velocity is fairly consistent between observation (Fig. 2, left-hand) and



our simple theory though not discussed any more except noting that the
spectrum depends on m besides .

T T T T
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MU RADAR
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Fig.2 Gravity wave power spectrum.

Right side: Vertical wave number spectrum profile. Solid and dashed lines
show zonal and meridional components, respectively. A chained line
corresponds to model spectrum by Smith et al. (1987).

Left side: Frequency spectra of vertical and radial wind velocities observed in
October in 1986. Each radial wind observed is indicated by azimuth (first)
and zenith (second) angle. VZ85(0 °) VZ85(10 °) vertical and oblique beam by

VanZandt model (1985). Note that Figs. 1, 2 are results of observation of three
dimensional inertia gravity waves.

3 Momentum release for accelerating winds and producing GW

The saturated GW velocity, Vo, follows the Navier-Stokes eqgation (1) as
dpVo)/ot + div (pVoVo) =p F (10)

where o VoVy is the saturation momentum flux (tensor) and div( o Vo Vo) is

a vector as follows:

= (1/p) div(p VoVo) x = 0 (Vox Vo) 8 x + 3 (Vox Vo, )/ 3 z+



(1/ 0 )[VOXVOx(ap/ aX)Ox + Voz VOZ(ap/ 6z) ] (11)

I.=09 (Voz Vox)/ d x + 9 (Voz Voz)/ 3z +(1/ p) [Voz Vox (9 p/ 3 x) +Voz Voz
(0 pld2)] (12)
I'x is important for understanding the GW horizontal momentum release to
the mesosphere circulation, contributing to the mesosphere circulation
(Lindzen, 1981; Matsuno, 1982). Assuming p= 0, exp(- z/H) andd po/0x =
0, we have

Ik 2 (02/2kmH)(4mH sin 2¢-1) (13)
By (4) and (5) and considering |k|<<|m| with (N/@) >> 1. We average time-
wise I, obtaining Iy with an understanding that F is periodical and F =0; I'x
is the horizontal wind acceleration in the mesosphere general circulation. We
have

Iy = - (022kmH) (19)

Iy = 18 (meter/sec/day) where we put H =10 km, k <<m, w/k =15 (m/s),
27/w =3hrsandm=3x10* (1/meter) More correctly we have
5 <I'x < 500 (meter/sec/day) as in Fig. 1 (Nakamura, 1991; Matsuno, 1982).
Note that (3), (4) and (5) give div(Vo) = o sin2¢ which means a large
momentum release as large as 13 times the wind acceleration. The GW
produced by the momentum release should travel to the thermosphere.

Appendix

Solution of |6Vo/ot|=|Vo.V Vol :

Cx=o(w/k) A.1
Cz= (w/m) (A.2)

where aand B are constants and satisfy o+ 8= F¥2. Our choice in text is
a=B=1 as (4) and (5), a choice, which is appropriate since the choice gives
|Cx/Cz|=|m/k|=|Vx/Vz| (Kato,1980) because we understand that the
saturation GW should result from the original monochromatic GW and upon
the saturation, though losing the exponential amplification factor, the initial
GW dispersion relation is invariant, provided N is constant anywhere as in
our case. It is important to note that as in Fig. 2 our choice gives the
saturation power spectrum as ®(m) in a good agreement with our radar
observation. In our theory we need neither splitting nor turbulence for
understanding the saturation as by Lindzen (1981) and Matsuno (1982)
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B L CL 5 (Tanaka,1983), ZD X700 T & plc g BE OB M B ) T L2 @B @ A W00 7 e e ZD 5813
WICEETHLINE LR HEVRINRODITFRE THD, B E R Z SR E G I CEDIZE RS EDOL —&
BIFELZRWO T, BRI fRBNZIIR 23035 T A,

TR B KRB Je 2 — i, IR TR B — AR IR, HEH PR R D05 )T MU L—# 12k
%2 OWNESE P 72 E OB THO N EM U - D TFEL 2o T, T ER A E FE 0 55 R 12 Bl 2 3 EPE
HEIERBAINER - TAORBIBE R ORHE B Z IR L72\), MU L—X I 28 UTH EVITLETHI
T 2880372008 AL E 350705 et it 8 S i A1 1T 12 20ms ™ 1F & O AR TR FE C Bt 975 2,500km D HPE K41
O W BB ELO AAED Folr 76 RS 7228130 B IZfE 9 5(Ushimaru and Tanaka,1990), & O X FE72 -+ 45 i
SHVTWZRWAS | SHE RS SR 238 1T DI B o 7) F I EI D IR T& D,

3. WO BEEA
3.1 FHAEAEHOHE

PR B 3% &S OF EAERIZ W THY D LR IICiE R L CA LD, IR DL SR pT el
M7= SNDEE WERE NI IZELRHERN & O E 7 77 AL, R & AR T

puw’ == L7 | = const (& #0) (12)

EETD, 72720 WK OSHEHEIRIE TH D, RO SN 72 R @ £0 TIXIEEh EOIUR A E Z 53
PRGIIZAE L2\ 72720 SIE R BUT RIS I > T o<V LB LT 5322 Tl WKB BZRER T —EELT,
AU FENNEE E B (non-acceleration theorem)&FE(X 41, Eliassen and Palm(1961)(Zdi~> TILHE I OWF ST DR T o AL
iz, ZOEHROMENEWRIZUIZO BRI/ h - 7223, Booker and Bretherton(1967)(Z K0 G S & FE W IL &V D
BESA > T BLRICL N ICE T,

ZOICNEE I OFEEB B OGN E T Ty 7 AT S E LN TIE—E(2EL 0 =0 A TERE RIS
TETHLEW)THLIZEREETHD, 2T EHELIERRIETHIE O RV X — K&

E= % ' +w’ +p(g/pP N7 ]@ua@awxﬁzz% R — 4 S L 00 4 AR R AT

HOTHITRO—ELIF LT, ZObvic
pcg, A= const (@+0) (13)
LVIHBRETISD, 22T, A= E/ @13 OVERE FE (wave action density)EMEENDBETHD, 4 13777 ERKIC
KNI DIER | EMEE NS W EVR 28 B (adiabatic invaliant) THY, AU AT 2L DN TR X— LB L
M6, P RARL T TWHFIESEDHZENTED, ZIVET AR -7 F 12— (photon analogy)&V ) (Uryu,1974),
B DITTREA DI B, B L E LRIy DS E RSN, LT3 D 1 R P ELHL
ou'? N 1 opu'n
o p oz

DISNEERD, 1271, i D FE OIS L > TERSIE ZIROA—F —(—ROF—F — T B %15
TYDE RS THY | WA FEL THRARIZIRD AT DS BUk AL T D LRIV TR T 5, — 5, D
TEM#FEIE WKB ERloh & T

o4 , 1 dpcg, A

=0 (14)

va 6 _ 15
o p oz (4>
L7223, (14)E(15) X k 1X @i Ak 7325 2 72O BRV AT & 700
%(wm — pkd)=0 (16)

B pu'w' = pheg, A DBIREES,

TITL B UL L PR O EAE RIS oW B Z L T ), pu® (= M) &k o i B B (wave
momentum), 7= pkA(= P) % #EE) & (pseudo-momentum &5\ T quasi-momentum)EFE ST 50385, AKF-J7 0]
IR DIRNWRERD I RGEIE M E P LITHE LD, —F | HEHCANTKD IONTGIEET D5 AR D MR

LCHBCEHARNTELD T ROA—F —0Fnia? (bbb MITAERSNALITRLR, 7277, 2084
ThifET & P (I X —FEL S TN AE B&EL TRFEEND, ZOIH1Z, R(16)IF DRI T 5



DT TN EIZERELTUILY, ZOIH7B T, JEob s & L EES &1 I LS THY  %RE 1LY
—EtEEL DL X BND, ZOERROFENE Mcntyre(1981)2 2 L TIZLV, ZZTIIREAEEZ TWDADTE LD
DOEFEZH > THRV, L0h 2 THEE B IS —1 2,
Bokb & AT FaER) AR AU
oP 1 0

——+——A(poc.Pl=D 17
. (pcg,P) (17)
L0 MBI R — B HORES . FEN
i(zva_f’
D= 0z Oz (18)
- 2uP
EETDH, 22T, VIS E IR, g T = e — N EREC TR D, FE R SN
ou 10
= (pcy,P)=0 19
ot (pc,P) (19)

THABND, 22T, U =1, +u” ThH(u, IZHIHE),

T AN HEE AP L HIOGR L T 2 Ol SRV 2 I (03 4 2 B G2 1 3R 5V B AR Vil B <o T BBl 72 & oo i g
KRR THELRDN, ZOMW % 52 DM TH LMK 2 DI ENERS D, WETEZIZIZ o ve s -~ L
DRV ALETE B DVNTRRA L EPFAEL . EIHDYF ¥ —RY HUT I D HERMLLT

Ri = N° <L F7-1E Ri<0 (20)
(owsoz) 4
WHNTHD, K2 BHEH D RFTRIAZ L D8RG L, TR I ON TS WKB T fllic S T~
DREJEZHUZ AL TEmAYIZ
u'| = ‘C—Z/_I‘
(21)
P=%@—w

RE DR CROT ZENTED, Hlt . WERE /TIITX L TOK OO SR TR ESIVTVD, HEDIC
BHECHE IR E AL AN BV BLim O HAiME BRSO LHI D A TOSSHOBETH D,

3.2 RRJEEYE 2 R IR E)

25 LI OFE BAE R O SR )72 & LT BV RO B TR ST O R 03 2 42(20~30 - A) THRIBIRYIC
EETHEG: WDdHYE 2 FIREHQBONI DWW TE X THLI, M 412, FREFHED N B CHIBIES IV T
JE& B8 0D H -2 3V JRL D IRF ] — 5 EE BT T B 2 RS Tnd

RO M EOZIT EENS FEICE - TLHZEnbN %, QBO BFlE Lindzen and Holton(1968)I2J:->T
WP T 2 IC U TR RS T, AJE E D QBO Bl A L35 IZFEL T, Lindzen and Holton(1968)13 3 /4 % 7
7] D7 AR FE 2 D PN EE ) I
DENEASRE L FUEH A AE I
STHEYIREINEZAZ AR AL
Tois, ZDOBNERE IR
TN EV R LRAEOAE —E )
B M5 851272 > 72 (Holton
and Lindzen,1972), 1% 5Dk 5 &
WRIIZ F-5< QBO ERFmOAREI L
Booker and Bretherton(1967)P i
FEmEHER RIS NI FE LN
) H.3% CTH > 7=, Lindzen and
Holton(1968) D B i 7> & i 45 & I e
RSB COMIIIIER 0 o b el s TR B 5 T4 508 DI 7
ERITBE R ICb s, (Reed and Rogers, 1962)
T, B &2 0 i AR ’ ’
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Gtz VTR EE ) & L O AR EAE B S0 HEI QBO BERR DS DO 2~ TAH LD,
W, RAE L REONEE R EE 25, T TR HEB B L, FEIiT
ou 10 _, w o’u
—+—=—p(c;, P tci,Py)=K
o ,552'0( aFe + ¢, Py) 2 52
TERIND, $o, =a— A HZEZ TR0 W 7 MO NEE DR OFHER &3, £h2h

0P , 1 opcg, P,

(22)

~ 2
o b o HE -
P, 1 3dpclP,
+— = =-2
o 7 oz Hby

TH26ND, ZZTUIRT EBIOW IZZENENRAE, A& ERT, TNOOFOREEE L, ThEh

b, =l )
co =%(cw —1/7)2

Li2%, 22T, cf ke BEn R HRINE LI RE OB O Thd, Belkic, WELE IR OIS
P >P, >0

ES =—
0> P, > Py
LOSEIESAIISNG, 1272 L, SEEB R ORI

1 _
P ZE(CE _”)

1 _
Pys = E(CW - u)
ThHzbNnb, 22T, IRF S idfafnz B
W45, HFER((22)E(23). BL OIS
24)L(25)1285->T QBO D 1R
&b, NEREE CHEEDO R W
SCHERBEIT 500, ENFELTH
B TE R FE DN R KA P IS R IR
LTWALDIE=a— @ AN LR
T HMN, FNLUSNDONEE ST == — |
MBI LG R I LABENKEZ N,
ZD X7 L TEE LT QBO O— 73 3
5 2R & T 5 (Tanaka and
Yoshizawa, 1985), 7272, Z @ B & 1%
WKB I ELCEEIRIEENTE 7 B2 ~<D
LEAET HEVIE) DB IR DO
K ITEET M LDLEDTHY | PR ' RN TN s ey
BRI DI OIIIT I T cZ 5 JRiE QBO O F-EME RO RER - & FE W X, 7 ve U SR A
NEN—FELMEDLN TV ARNEWSH AL — B OIS HENCLDEERICEAH 0, IEER, [ K]
WAL T HOIL TN, HE T2 OEA  c-free [ FIX Tc-const (Tanaka and Yoshizawa.1985).,
2D LMD EE WD LB NEL
B3, ZHUTDOUVNTIX Zhang et al.(1997) &2 R TIELLVY,
TV =—=alf B BRITEA N RO T EZEIA—S—EREDBHBITIE A LN E I ORI IRES 2 5TV L
%y ZOIORGEIINSE TS EWEA L OWAFAE LI IR HE T 5, ZOXHBIET AN E R k> TR
975 QBO D ¥kt WKB £ /L Zhang et al.(1997)I2 &~ TS T2, 7Rl LD — SICIREN T 2B B LS E
X FpW R ONEE DAL ENEN B2 ST- AR EE CHE 2 NIRRT 228, fERIIITRE S MICIE
1§72 QBO ZRAESELZEN DT, ZOFHEL T, ZOTT /L TIIREINCH -G BB DN ERE A
B 1 TholledTIFROMNEE Z LIV TWD, ZORERDIELIT UL, =/ =—=afliZIF IR K

(24)
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FEHEBICBENL T | IR OIRE)JE N K ESE DL RORREE F 1 O — M IR S b 2812725, WKB 7
INZIFZFDRANHDHITTTHDLN, EDOLHZRBRIRONEE LD > T, i ESEY S50 AAEHIZ WKB
HEmA WM 3 2L NERE ) O AR L (5D WIE R R BO SR B FIZZE (L TW DT 52 enlgishnd
(Zhang et al.,1997), KIFERET NAEILZNDBEISGRNEI THHD, ZOEWOE R ITEFITIZLI DB,

B i EIZIE QBO Sl FE 7K B o7 R R ZS 2 AR E HIHIREI(BO)AS E L T vD, BO (38T A—
Y DOEFRE Y EE 2 DD, BO & QBO N A E TEDINI~ T L7 L TNDDNLLD0-> TR, [l
ONFRD TN EFEL . HORE S CAAHOEN L ZDZER TSNS, QBO OFEMZS 2 L 3 FOF R THLS
HLTWDEE D —57% BO-QBO tHAAEHDAFAETH A, HHEE g E DA L 728 D &AL 1% QBO %
AT ZENEADOEZLOBLI THEND I TIY | BT RE M E R o
QBO 73K L T TED DD, o —

WA EEORVICKRER T Ve A, & EEORICES G : Ty vB(ES
AL —HEAEIZEL AR THY , IR ETO QBO WFFED it NN,
ST, Bl Takahashi(1996)1% QBO #BREHL CWNDDIXNERE /)
K THHHELNZEZ GCM (X THREELTZ, MR A AL —EH /I IKIT
HEVITHIRIEN /NS QBO DOBEENZIT 50 TRWVDE LAV, Ll
N ARIFTZUEERIE X592V D TH 720359 QBO 124 5-LTW5
ATRBMEIL R W ERE, Z<DOIENONEE I L Ve A BT H D1k
R#ECdH D), WEE IR ICIZZ a— IV RiE S BN IS8T Db TH
BB N DY, ZOEWTH QBO HERICBITDNERE NI OB HEITTE
Il 5, WEFE 21T QBO ZERENI 5D+ THDHNEID
EEHIZIZL T LS o REES N QD DT Tliden, WEELEEDR
B0 LIV, KIE: GCM 1ZHE- S FE A2 D 572D 12 JRiE ik T
DN E WA GO T-FRER IR L T LW 2B L7 A 172 8l
HRLEEND,

i e P L T D B JEE e DM S AR OO T A O R P UM IR B D B 8 A
NI MR —=ZAHECFET DK 6 2R, 2T 48 I E B (SAO:
semi-annual oscillation)& X4V, Hirota(1978)1ZJ:-> TH RS 725 2 FED als L
KRNV D EE BA AL CRAETHZEAY Takahashi(1984)125- B e Py
TSI, SO NAEVIRITE | O Ve RICEE T 2 fE5HEE<
QBO FHIZ VT T LRI RIE TEL0, BEAEERIZ > TEE & 6 7Thrvar b2 BITAA
BIBTATL SAO WEREND, ZD X, %HEE D BO, TEiAEE D ST 876 m oo e - B Wi X, 3
QBO, LiBpk)E s O SAO & 3 FEO B EUREN B RIS, AR EDIT 40km 225 HfH]
NZED AT =R LD FSREGHE ATUVD, P&l Z#5EV TV D (Hirota, 1978)
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——I2E

4. Wi oA S B L

INFETHEIN 0 — L7 B & OIS E CTlid, EIIOAER &L 7 PMFET DT Th
LV TR T7-(Newton,1971), fEDNZ GCM RCARERFFEMT D720 DEEFHRIZ T, Z Uy RIEBRDY 50 &> 100
LV IR ENG A I E R B OEE) E O REEL VSR IEfE T, Wil E N EOEEI OB\ EEN BT I T&
BAENR DD, Ll Z Uy RE @A 720 | F I B2 L5 #H B &l o5 23 IEfE I LD DAVA K9 12705 L P R
(B =y MR TE DLV ARG E N Z > TETZ,

(mb)

ZOBGIIIRVE BN AT A(westerly bias)EFEIZAUEEESILT o
WA, NI IR A AT 22 LI ks TR CE B END
71))/)“(‘%(7":0 250 |
KR HERE G- BB R —ETho, Hiskom
BITIEE - EThHOET DL, KRIZBHOFRBIK THIE | soof SS
B A HIER S BV, PR O R 7 RIS CHIER I T, ) 7 (Gonveraence)
IRSNDHEDNT, 30N THRIA X DIEBY T 7> 7 A0 g K78 = .
D, 45N TEDUURD T RIZR D, - U ‘ et ot
Holton(1972)DEFL E4C LB &, HAALE f 24 7= D s £ 1000 e )
EEhEIL Latitude
1 =(Qacos@+u)acosd @6) BT Za—s VB RO T O

A, P CEB BAEGL, TRETHET

ZERTED, ZIT, O IRHEE, a ITHIERER ThH 2,
ERTIENTES, IIT, QR a FHBCEETHS, 00
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AT HE At fAER R AFORT
du acos@ Op acosf Ot

= - - 27
dt o 04 p oz @7
LEITDH, 22T, AVERE., ¢ IIFFEDIE T THD, Wk, @D pu 2T 72
d, _
y;’o +upV-u=20 (28)
Zo<KD, QNIZ p T T EINR GhELHE
gt(p,u)— V-(p,uﬁ)—acos@?—ﬁ—acos@% (29)

ZF5, 2T, TITIEX 8 ITRSNDINTHERE AW EBRIIET]) T4 & MBI L BRI T3 D Z O E
FhT5,
WE, (29D A HIE NSO FERE a cos 0 AENT TR L E TR 358, 2Bk Lo AES B S D

02 0027r
—j jp,ua cos BdAdz = —J- I p,uv a cos Bd Adz 7 A
0 0
02
_I Iaz cos’ G(a—pjdﬁ,dz | - 7 30
09 oA
w21
~ [ a? cos? .9(%jdzdz
00 82 r, (i< v )
2 . o
027 az_ Teo %o
—[ (4% cos? 6 Lfa
{ { @ eos ‘9( & jdw o 8 P AT RS 0 L
<0 W DI IO E SR,

215, G0)DIEDDREZLIZERIICIZ 0 250 T, FAD 4 ERFINAIZLIT2D, 20 4 THOHH T )
B|OY—ATH 1 HOZ T, Mo 3 H T XTI 7 THD,

(BO)YDATILE 1 T E P I L5 EE & O 1 N RIS LD 0 16 JBNEZ BT 5, K AEB &7 Ty 7 AH33E
AT DB EEELO N 70Uy PO KA G IR T 52 NN ETH 5, HER B2V R #EL ThitdL
DFEHCR A B T LIEB) BRI LI DICIEMINT /0D, WE, v 25 EERLG L

u=pu+u = (Qacos¢9+z7+u’)acos0
v=v+y
DINTHBET D, 2D, ﬂﬂjﬂiiﬁ%/\‘—fﬁﬁ“k
PUY = p[Qav cos@+uv + u’w’]acos 0
155, 22T, puv 3R — 5B IC L D IEB) Bt (Hadley transport) D777 A pud' V' (3AE T HEELIC L5 1E )
HEO AL (eddy transport) D7 T 7 ATH S, £T-, # < Qacos @ THY puv MOHLN/ NSO TERE TEXD,

(2. [ prdz EEFEIICIT 0 L2, £ T, GO)OAH IS

0

72T 235D,

BO)DAAE 2 THX, 1L MLV (mountain torque) EFEIXAL, T2t v /U E RAF RN Lo TILHE O Bl F IR A&
T DA (trough) D7D ILIE OB _EEJE T ORIEZNED, ZORE KE BN &DOT 7N I%, ZOML2ZIE 30N B
A CIEAE L AL BR TP CHEBRICUR I S AL, 2 DIEIERI —2x1018) & RS ST D, (30)DAI 5 3 TEIL, M EE
£V (surface frictional torque) T D, ZiLh ILHEMLZ LRICEI MG A2 L TR, TOREXEHLHFEVE DL
W, (B0)DATILE 4 THIX, B /1ML (gravity wave torque) Thd, AT LT DA—/X\— I T 22 — BRSO~ T - F
Nybh By =728 O LHFEHA CRAET DN ENEOREIZEL RO RERMV I B FET DR R D> TE
720 ZOMEITALEER PR CRIMTIEH D — 10T VI KREREELELIELHD, UL FEO LY | EFETR
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TED, FFWNEE NI E->THLONL TV =D THS,
INHEFELEDHE, (30) 13

0= —T acos 96—80 [pﬁ cos Q]dz

Ia cos H—dz 3D

0

—a’ cos’ 07,
—a’ cos’ 07,
L1205, ZTT, Tgy o Tgo lIENEI., Ty Tx DI TOMHEERT,
ZIETD GCM TIENEE N DONEP LT LE B ESITIW e oTz, E0HDh ZIVETIEZ VYR
P ARXINKREL BERF L DEE) Bk ORI Z b+ RAED IR 272720 Th D, WP ZIUT, BRI
LD JENGE A AR UINEBESN TN T2DTHh D, LinL, GCM DOF VKA XL DIZ D, I
Pa B S A T A I DR P O F 5 RN AN DI o T2, T EE T D72 NS E 1312 L5 1 76 RO 41
B RAEEBES D557 o T2, 2T Dk D—->% Tanaka(1986)33 L) Tanaka and Geller(1999)IZ74 -
’Cii‘f\‘"C?ff:l/\
FERHERGUTB TN E ) I %) Fz K53 SR s - mss i P ik
814( ) N 1 opcg, P
o p oz
7B, BLEICIE, 2B GCM O & 7V R A TRESND, 22T, PIXT CIZHA L {4ES) &
(pseudo-momentum), [ PNEREE SR OREERE DK Sy ThD, £, (AEEN I
8P 1 opcg, P
or ﬁ 0z
TR LI LTI VY R RUTHRLND, 2O HFERUTIIPNERE 13 O FEE 2 R (transient effect)bh & F4L TS,
ZOIEEFEEL PMAEZNS T IO OEERNFEO—>THY, NERE 12 F AT HH-E T O FmE O 24
(LN EFETE B 2D B EAH TE 72272 D, Palmer et al.(1984)D L TIXZDOIEEFH N BN G EN TRV DA
BThHD,
AN (30)@55&%4%@@@
= ﬁcGzP (34)
&ﬁ FHDT, (30)0)15:_% 4 TIIFEE T OIRLE ENTNDIET/2 D, WERE 1 faf L CRFTHR AR %
2725 E, P ORIFIEL LT

=0 (32)

=0 (33)

P= %(c —r) (35)
HEHINS,
GCM DA, K7 VR T(32). (33). (35)Z 8N L THE 2812705, HIZRMHT TOE G /11
Too = kpUsNVa (36)

ThH26N5, 22T IRT S TEMRTOfMEE L,
GCM TIRKEERE LD/ R 2R 5, U 13 H . - e
ERBEOEREE, N (THEFHTOT T ko314 girl ] FONALIMEAN GRAVITE VAVE SURFACH STRES

TR Va iZHE O N0 E S0 2 H(variance) T ," . SRR
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0 1. LR LR Bk T DO E E AR \Ad

D10 B THD, LR CIEEARI RS2 | |
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& transience)% X 10 | ZAEXPIITRLTHD, N
R E T O BOSRIZ KO R P R BGR S D, [F]
REIZ AR [A) & O S AE U D7 O fi [ E
Bk 2N 2V R AL OB EEE AR S D,
— DOWNEE I RINZLD 7t O EE R
B n A — DR (Ne /) LN THY
1,000km (¥ & T& %5, [ Downward control
principle | EFFIZNADIERIAHY . T H IR E A
Ho THELL Ml T ~D 53k 232k 1k
INDHEVIEDTHD, LTeD > C, FF i
VT T E OIS TRL TE 22 ey
TH0, EAUCHEEEBEIT 5807281k
FEAER, ERRICIE, W E TR ERH D
ZHDWEPS IR ENEDEES L TRBE
R FEMBE RS, T2 —T - RT Y
(Brewer-Dobson)JEER M E RS AL TVHEZE X HiLD,
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1 7R O UK (Tanaka and Geller,1999),
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5. A PR S RV O TR

WL E S DFF 72 AS Booker and Bretherton(1967)128» CHAGNIENTZ, T CRETLNEE D
B BT T v 7 AR E TR T AL DO TH D, ZAUX N E T 0 B S WL SRR O
BIEIX 3 I REN TS, ZOFHT LM SIZ L > THLWIFZED -2 BH T 5 8012787,

ZIVETHE CIINE E I T B2 D /A R E LA S TR o T2, BT ZEE I 2 0> TR U I R
ELIES BV L RWEAY . L UERBLIEE T B/ 2N E D S iR L CRE & EIZ R30I
725, DM TR B 55 EE Dk T D, Lindzen(1981), Holton(1982), Matsuno(1982)13 PN 8 /1 O
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HFHIZHY | Hoinka(1984)iXE L F— IR T-0.3 Nm ™ ORIE A3 TV %, Fiz, Palmer et al.(1984)1% 115 /79
DIFEIET L~ ORI OV T,

5.1 TR
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I. Introduction

The Middle and Atmosphere Radar (MUR) is a powerful and versatile VHF radar (Fukao et
al., 1985a,b, 1990). It was the first in its category capable of looking in multiple directions so
that angular distribution patterns of radar echo power could be obtained. Taking advantage of
the fast beam steerability of MUR, Tsuda et al. (1986) showed a detailed description of
zenithal dependence of echo power. All things considered, it was the first study using an
imaging technique with a VHF-band radar. Since then, many studies with MUR using beam
scanning techniques have been reported showing 2D and even 3D images of echo power
distributions. From the mid-1990’s, radar imaging took on a new meaning with the
introduction of spatial and frequency domain interferometry techniques. Complementary to
the beam scanning techniques, they are based on the use of multiple receivers and multiple
closely-spaced frequencies. They aim at improving the angular and range resolutions of the
radars, mainly limited by antenna array dimensions, frequency bandwidth of the antennas and
frequency allocation. In other words, the purpose is to “see into” the radar resolution volume
defined by the pulse length and beam-width. MUR has always been at the forefront of these
radar imaging techniques and has the highest potentials owing to its upgrade in 2004 (25
receivers, 5 transmitting frequencies) (Hassenpflug et al., 2008). In this short and non
exhaustive review!, a few examples of results obtained from radar imaging with MUR are
shown. The principles of the interferometry techniques are only touched on briefly, or even
just advocated. A comprehensive review can be found in Yamamoto (2012).

I1. A brief history on radar interferometry

It all started with the pioneer work of Woodman (1971) and the Jicamarca incoherent scatter
radar. It aimed to determine the direction of the geomagnetic field from the measurements of
phase difference between received signals from two antennas. Interferometry applied to
atmospheric radars was born. From the mid-1970’s, Stratosphere-Troposphere (ST) radars
emerged with the idea of using several receiving antennas. The ingredients were there, but
Spaced Antenna Drift methods based on the measurements of time delays of signal
amplitudes between antennas for estimating winds were first developed. The application of
radar interferometry, based on the measurement of phase difference and known as the Post-
Beam Steering technique (PBS) or Spatial Domain Interferometry -SDI- from the 90’s, was
presented later by Rottger and lerkic (1985). The technique was then implemented on many
ST radars for estimating the angular location of atmospheric scatterers (or the direction of
arrivals —DOA- of signals) so that methods for correcting biases on vertical wind
measurements could be achieved. At that time, ST radars were still primarily “wind profilers”
and radar interferometry was mainly the basis for developing more and more sophisticated
processing techniques (such as the Full Correlation Analysis, FCA) for estimating winds and,
because it is somewhat coupled, turbulence parameters (e.g. Doviak et al., 1996).

The first work with MUR using PBS for angular imaging of echo power was presented by
Van Baelen et al. (1991). The technique used has the properties of the filter-bank Fourier

! Due to the shortness of this review, only a few studies could be referred. The author apologizes if some works
are not cited at their fair values.



beamformer, robust but of little performance in terms of resolution improvement. Palmer et al.
(1998) applied the optimal Capon filter-bank method on MUR data and introduced the term of
Coherent Radar Imaging (CRI). The purpose of the Capon method is to optimize the
beamformer response so that the output of the spatial filter contains minimal contributions
from noise and signals arriving from directions other than the desired signal direction. This
constrained minimization problem applies to unknown signals and does not need any
hypothesis on its spatial distribution contrary to what Hocking (2011) claimed. It is the main
virtue of the Capon method. On the other hand, the Capon filter is “data-dependent”; its
performances in terms of achieved resolution thus depend on signal to noise ratio. Another
virtue of constrained minimization methods is their capability to attenuate or even to remove
interferences of the same frequency as the desired signal but coming from different directions.
This ability has been used on MUR for attenuating airplane echoes (Yu et al., 2010) and for
applying ground clutter mitigation algorithm (Nishimura et al., 2010).

In the mid-80’s, another turning point in the history of radar interferometry was due to Kudeki
and Stitt (1987). To alleviate the limitations in range resolution, the authors transposed the
radar interferometer technique to the frequency domain for detecting single scattering layers
within the radar volume. Based on the transmission two closely spaced frequencies, the
position and depth of the assumed layer can be deduced from the complex coherence between
the two signals. The technique, called dual-frequency domain interferometry (FDI), was first
applied to MUR by Palmer et al. (1990). FDI is the early form of a technique using multi-
frequencies on the model of CRI. FDI can also be thought as a primitive (and discrete) form
of FM-CW technique. All the processing methods applied to CRI can be transposed to the
frequency domain for improving the range resolution. Filter-bank and parametric methods
(such as MUSIC) were tested on MUR by Luce et al. (2001) and the technique, developed
independently by Palmer et al. (1999) with the Capon method, was called Frequency domain
radar interferometric imaging (FII) or Range Imaging (RIM)?. After the MUR upgrade in
2004, FII/RIM could be applied with five frequencies switched pulse to pulse from 46.0 MHz
to 47.0 MHz and a pulse length of 1 us. The processing methods have been polished over time
(e.g. Chen and Furumoto, 2011). Recently, a new receiver was implemented for additional
range oversampling (0.1 us). The combination with FII/RIM was called RIM-OS and is being
assessed (Yamamoto et al., 2014).

Radar imaging techniques using the maximum entropy method (MEM) (Hysell, 1996) have
also been developed independently, following the initial framework of Woodman (1971), for
imaging ionospheric plasma irregularities with MUR (e.g. Saito et al., 2008). This processing
method developed in the field of information theory should not be confused with another
maximum entropy method applied in spectral estimation (and also tested by Luce et al. (2006)
with MUR for range imaging).

I1I1. Results with the beam scanning method.

Tsuda et al. (1997) showed the first analysis of azimuth-time cross-sections of echo power for
tropospheric altitudes. Figure 1 shows an example at the altitude of 6.35 km at a time
resolution of 137 sec at 6° off the zenith with 12 beam directions. The azimuthal dependence
was interpreted in terms of corrugated reflecting layers in association with gravity waves.
Detailed horizontal maps of MUR echo power distribution patterns was presented by
Worthington et al. (1999). Figure 2 shows four typical maps averaged over 1-h time intervals
obtained with 320 beam directions. An azimuthal dependence of the power distribution can
observed at zenith angles as large as 30°. It also clearly shows a relationship with shear
intensity and direction, the echo power maximum being observed toward the opposite

2 The author of this review, who has something to do with the matter, recognizes that the acronym RIM is more
“user-friendly” than FII and also uses it...(privately).



direction of the shear vector. Similar results were obtained by Hirono et al. (2004) at
stratospheric heights in association with inertia-gravity waves.
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of the echo power at 6° off the zenith, illustrated about Figure 2: Four maps of MUR echo power distribution
every 137 s, at the altitude of 6.85 km. (see Tsuda et al. patterns  averaged over 1-h time intervals. (see
1997 for more details). Worthington et al, 1999 for more details)

IV. Results with radar interferometry.

Figure 3 shows the first image produced by MUR using PBS, i.e., the Fourier beamformer
(Van Baelen et al., 1991). The configuration used permitted them to show that the maximum
of echo power can be slightly off-zenith. Figure 4 shows images of echo power (also called
brightness distribution) obtained with the Fourier-based and Capon methods averaged over
the velocity range +/- 1m/s within +/4° at 8 altitudes. The Capon method shows better
resolution than the Fourier-based method and a more pronounced azimuthal dependence.

Figure 3: (Right) MU radar configuration for the spaced receiver experiment. (Left) Contour plot of echo power
in the horizontal plane within the transmitting radar beam after PBS processing. The size of the circles indicates
the different extents of the radar beam volume at the different altitudes. The arrows indicate the wind direction.
(See Van Baelen et al., 1991 for more details).
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Figure 4: (right) Location of the individual antenna sub-arrays used for CRI with MUR. (Left) Brightness
distribution after doing the Fourier-based and Capon processing within the radar beam at 8 arbitrary altitudes.
(see Palmer et al., 1998 for more details).
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Figure 4: (Left) Time-height cross-section of SNR (dB) at vertical incidence, at a time resolution 24.6 sec and a

range resolution of 300 m. (Right) Same as (Left) after application of dual FDI. (see Kilburn et al., 1995 for
more details).

Figure 4 shows an example of application of dual-FDI with MUR by Kilburn et al. (1995).
The frequencies 46.25 MHz and 46.75 MHz were used along with a 2- gs pulse length (i.e. an

initial range resolution of 300 m). The echoing layers appear much thinner after FDI
processing and apparent vertical motions can be detected. However, the method is, in essence,
subject to range ambiguity and is constrained by the model used.
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Figure 5: (Top) Time —height cross-section of SNR (dB) for about 2 hours from 21:52 LT on 13-Nov-2005
using the standard parameters of GRATMAC observations (i.e. about 2 min and 150 m). (Bottom) Time —height
cross-section of brightness (or radar reflectivity in arbitrary levels after doing the Capon processing) at a time
resolution of 33 s (see Luce et al. 2008 for more details).




Figure 5 shows one of the first applications of FII/RIM with 5 equally spaced frequencies
between 46.0 MHz and 47.0 MHz along with a 1- gs pulse length. The top panel shows

observation results obtained with the radar parameters of a standard observational mode. The
bottom panel shows the results after doing the Capon processing. It is an overwhelming
demonstration of the resolution improvement provided by FII/RIM. In particular, KH billows
can be clearly delineated and thin stable layers can be resolved. For SNR larger than 0 dB, the
resolution improvement is typically of the order of a factor 5 or more with the Capon method.
Vertical displacements of a few meters can also be resolved: distortions of thin stable layers
due to the KH wave generated around 16.0 km can be seen on both sides in Figure 5.

Since then, many cases of KH instabilities have been detected during radar campaigns
dedicated to FII/RIM. Fukao et al. (2011) presented the first statistics of KH instability
occurrence and characteristics from MUR observations.

12-0CT-2008 Radar reflectivity (dB) - Capon{0°,0%)

Wl

Altitude ASL (k)

1246 1516 1346

Time (LT)
Figure 6: Time —height cross-section of radar reflectivity after doing the Capon processing from 12:30 LT on 12
October. The solid line is a proxy of cloud edges detected by a Ka-band radar (unpublished results).

Figure 6 shows another spectacular event of turbulence observed underneath cloud base. The
detailed patterns provided by FII/RIM permit us to better understand these observations.
Intense turbulent layers developed from cloud base and thickened with time, likely in a dry
environment (as suggested by the weak echoes below ~4.0 km). The irregular pattern of the
cloud base can be a signature of mammatus lobes (they have identified as such by one of the
participants of the experiment). These lobes and turbulence were very likely generated by a
convective instability due to evaporative cooling in the dry subcloud layer. A strong shear of
horizontal wind was also observed at the cloud base (not shown). In absence of clouds, the
shear layer generated KH instabilities in place of convective instabilities: KH braids can
easily be identified after ~14:45 LT and less clearly but surely around 13:40 LT. These
observations show that the type of instabilities generated near frontal zones strongly depend
on the presence of clouds extending above the shear layer.

Yu et al. (2010) combined RIM and CRI for the rejection of airplane echoes. Several
processing techniques were proposed. The results of one of them, called Atmospheric
IMaging (AIM) are shown in Figure 7. The top panel shows time-height cross-sections of
MUR echo power at vertical incidence in standard mode. The bottom panel shows the results
in AIM mode. The airplane echoes are considerably attenuated at the cost of a slightly
degraded performance only in terms of range resolution with respect to FII/RIM.
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Figure 7: Time-height cross-section of echo power (dB) obtained from standard processing at a range resolution
of 150 m (top) and after AIM (bottom) (see Yu et al., 2010 for more details).

V. Conclusions

This short review was just a glimpse of radar imaging techniques with MUR in the last 30
years. In many aspects, the MUR capabilities have always been in the cutting-edge of
technical innovations so that important progresses in small-scale atmospheric processes and
radar measurement physics could be obtained. Owing to constant technical and processing
improvements and combinations with complementary instruments, MUR has yet a long life
ahead.
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Renewal of Wind Profiling Radars for WINDAS (FY2013)

[ [ scocRenenal)

After Renewal (LQ-11)

Peak Power 2kw 4.8 kw

Center Frequency 1357.5 MHz (Fixed) 1357.4 MHz (Variable every 50 kHz)
Band Width <10 MHz <4.7 MHz

Antenna Gain (Size) 34.0 dBi (4m x 4m) 31.8 dBi (3.5m x 3.6m)

Beam Width 3.1° 3.9°

Beam Zenith Angle 9.8° (Variable within 0~15° ) 14° (Fixed)

Pulse Length 0.67 ps, 1.33 ps, 2.0 ps, 4.0 us <«

Pulse Repetition Freq. 5 kHz, 10 kHz, 15 kHz, 20 kHz 5 kHz, 8.33 kHz, 10 kHz, 20 kHz
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1. [FCHIZ: REEEELOHS

R B — R SRR IR N3 BT Do Te DI, D4R ML D4 (1980 4FK) 12 S el 500 UK
FHPFTOHE 1 Bl MAP >R PY LD, 583 E H IS A ORI L THW T Tho7o. 2 ERf
EGHEFFBRFE D728 D3 PN EERBA A T 2 TIh B DS RW BT L (0 - REBe s a1 3 [\l ARIC K
BRLT25E0) FURD S ENBTEW N IR Th -T2, TN TBINELLS MU L—& — X0 eIk E
DEIJWE - ELi 2 ER T D0 LMIETHIEY, 2 FFER O 3 B2 R NTRIEDNFRAID (523 B L
TeINEE T T D) B FHER KR ERBIR OB AT o 7o BRITIE, SO I DL FEENT CTIHWTH
FESBICREREhEZ 2. £ OBETHHFELVIEN TS OO B EGEF O 52U TE X 51T,
1983 ~4 A2 2 BIRKERBLNCH AEIL T, 44 ROFTBAIFEEE TIEA1D T D3 OO LR AL LA T
HT&7. 2R PD 2R Tl O KICWEER %, bX DS (1 B 43 0 7053 REHE B 5 A8 B KRR e A
CYIF R R B IS R Z I O ETRTFI 272 BT, 5K RASC ICAlRR S —& —K
KPR IO E LT, JEEAERLEE ESTZ 1989 FITHIZ T FEo7.

FILIK 9 ERIDOVRIZIEERT - BiEdZ, W 5 RS0 SUmE Hi 7 0 s T 5 FE R Y E L LT
U7, R T ERRERIC OV TOERAAERD N SNV —T DO EEED L, LWHTER,
SRR ABN Ty a A R RSN RSN OEZ T DK Ch o7, T2k
A DFFEE AEITRINIE, DY 1998 FEITMRIZEREIL THbb, SHITHAERE & 23R K%E 2007 4FIZHHIE
SN DI LN TNDT, ZIETED GRS TESZEEZB U,

2. REEEOHEBEIHONDIR)—DER

R, HEB SN —& —BAFIC BT M8 5 AR RSN 2800, R BRI A E% T (— K
[IFARE SRV THS7ICb DS T) f SO AT | I B JE I B ST, £
OFEFR (B 1 S /), Web of Science (WoS)#itatxt R DA Fifof [E R FraEH# D 385 DN, 88%D 339 {f
23 1988 FELLRRIZ RS AL TISY, 2007 £ TOBURIET: 20 FFHICIRDE 82%D 314 1, FF3F-1 15.7 1
Th5b. 8 FOHE W78 BT R 2D L THRICT AL m<sE - B E&h, -l 5720
W HO TR~ Y T OIS 22272\ r & 1 7R 5E7 v —T7 % Bfa T EHICE > Th o
iz, EH A H T EEHH N A TR RIERLRND THDN, BeA b N RICIWIRFITSZ
TN (ZOFER, BIZIXAIREFBIFIZEE DC 25 1998 4ELLIRT721T T 5 4Rk CERAShE).

BT, 5 AT DEOKEE Lo G M i LaZENNRh ool | fiFFEE Ic L T
WoS #6425 | I CITHRZSN TS (B 2) . #5 B EAL 2 fhb/e~>7- (B 3 TER)MU L —& —{ZB 7
% 2 #/E (Fukao et al., 1985a,b) b, H7BAFSHE R D A58 5 SR 497 U5 CREAT L2 RERR S CTh .
MRS BT T B =V MUEZLL TEICFRE T NV —F NETOR AR A MELEEH DN
X HAROFRFECH S, SHIZKINHERE = BIETRR RS WIONR 2 MR E 7272 SR (B
J2 - &AL, 2005, 2009) 36 L ONE LR - 72 9830 0F # (Fukao and Hamazu, 2014) Z HH 41 TUWN5.
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1. R EIRZ 8\ E AR EBR AR HEG SO TIITE, SEOTUTHRILOBIEETO R
Sl (EAES ACHES BB TWRYY), 2FIFTiR X OSEOH S A oRF (F) . Web of
Science (2014 4E9 A 16 HEIE) 121523, 1980 EARLARTRMERSIZLVIRN TOBERTNH D) .

Nakajima, T. XE 161 fH5IA% 10,289 h=43
Akimoto, H. * 280 9,408 53
Yamagata, T. 198 8,788 50
Kondo, Y. 291 8,220 45
Fukao, S. 385 8,052 46
Tsuda, T. * 357 7,820 47
Kitoh, A. * 135 5,223 38
Yasunari, T. * 154 4,396 33
Kalnay, E. * 138 21,749 38
Solomon, S. * 400 18,701 72
Manabe, S * 115 12,606 55
Mclntyre, M. E. * 112 11,457 44
Fritts, D.C. * 228 9,391 50
Lindzen, R.S. * 199 9,242 47

2. BRBIZAE ST EERKIEE OE DT EBR AN S TIITE, #5I AE (EES I HBID
FHEBIHIEERAN TRV B8RO h #5850 (51 4L h 2L EDRRSER h R HZ8%7537) (Web of
Science, 2014 4= 9 J 16 AIAE, 1980 HFARLLRTCHEREIC L > TN TOW DR LE B 039 D) .
ResearcherID fHl A _X—BHRR B 1L ZAUTLDD, MIARFRHE OBRFRIZEDLOTHRIEH:.




1
JGR-A 2T

JMSJ 22
EPS 31
JASTP
34 AG
37
Fukao et al 1985 RS MU AT L #5IA 205 ZR#5IMA 4508 h=37
Fukao et al. 1985 RS MU RT L 156 4049 35
Tsuda et al. 1989  JAS FEASENRBAMASIML 153 4257 32
Saito et al. 1998 GRL  EEfE cpsEERA 148 1979 27
Yamamoto etal. 1991  JGR EEEE  EfFFAEEL 146 2551 27
Fukao et al. 1994 JGR  HERER BILEEHR 135 2145 25
Fritts et al. 1988  JAS hERSREHEBMRAINIL 130 4134 31
Woodman etal. 1991 GRL  EBEEE sporadic EEE N 127 2587 28
Wakasugi etal. 1986 JAOT FOii-SAE ik 126 1778 25
Fukao et al. 1991  JGR EEEE  turbulent upwelling 120 2613 28

3. R EFE TG LeABTE B A EEBRGR S (B 2 0 385 A) &, MaEn] (L), FEHFEE R
(EF)ICLIZb o, BROWS IHED EAL 10 fEoNZ (T ks H%ke h #8503, #25| i
A0 NI SCREO S A ORANE h #5540, BSOS HIZEROTOZR0).

RO RSO B (B RRBARAEAE T AR | AL EORBFEE TR A 3 e 2 B /3 IiR
S, DOFEITENTZ NN E AR E#EILZENT, BERTHRBIEET 1| ALHEQORWVERITIT
FNEEDND) HED—DThHoT=, WREBIEAIL, M (R &IEE) [k L TOMb TR CE KR E
REALEIGIZ, B HIZBIL TIWL<O ORI ERRY > —EFf> T b, ZLTENLITATAE
B Rzs. 7o = NIED AU R, AT, VA= ADTZD D7 vy =/ MRS
7eZEHEHTHY, ZAUT OINEELE - 1 B [l Se A 035 12> TR Hbihd T L) MAP ORI TR e A1z
NEFESCHEEL TIEITENOTHEN, TOHROT a2/ MZBWTHLETENZZ8E, B1 T
0 =7 NENE B E B ICH IS5 SO (k0B T LA) 825 | B MR TRV ZEDBI BN TH
5. FleaY 2 I MRELENBEWHTE T TR TR Ea B IEEN, DRV OFEEHDL (B3 LA
B SENEIEE D, RO IR TR TRIEIRRZ AN TR Z LI &7,

3. [L—9—KRSVMEBZ IAREICHETIFEEENTHRELE

A YeD TREMIRFRAZEVIRL THRLHE, AR DO Z LT B ULERE L ADHIKINIEE -8 50 L,
ZORMEOLINOLOLEEUONS. kML L T, HENFEE S (H B 5 OFE T O L7207 a7
2 -t KT E TR S & 70) BAEITH LT, BN MLIRNZEIZOWTIEIZ (Db) B b Lok
JETHSNZZETHD (THAMAZEEL DNT B 50300 Y D S EDF I IEL TRELLT) .
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MUR B EAR Symposium, September 16-17, 2014

Equatorial Fountain in
the Middle and Upper
Atmosphere over
Indonesia

Coupling Processes in f olar Terrestrial Sy
Solar Radiation

Energetic Particle Precipitation
Galactic Cosmic rays

Geospace
- Magnetosphere,
® - lonosphere/
‘ Solar wind Thermosphere,
Flare & (> 500kmis) |
CME
CME (Coronal Mass Ejection) blast and
subsequent impact at Earth

hitp://sohowww.nascom.nasa.goviBest of SOHO

= "Coupling process in the solar-
terresinal sysiem” aims to study the
solar energy inputs into the Earth, and
the response of Geospace
(magnetosphere, ionaosphere and
atmosphere) to energy input.

+ The solar energy can mainly be divided
into two parts - the solar radiation
invalving infra-red, visible, ultra-violet
and X-ray, and solar wind which is a
high-speed flow of plasma particles.

= The solar radiation becomes maximum
al the equator and atmospheric
disturbances are actively generated
near the Earth's surface. They further
excite vanous atmospheric waves,
which propagate upward camying
energy and momentum.

+ Electro-magnetic encrgy associated
with the solar wind cenverges into the
polar regions where disturbances are
generated. A part of the energy is
transported toward lower latitudes and
lower atmospheric regions.
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Indonesian Archipelago
® Maritime Continent - Warm water pool
® The cumulus convections - Most active over the globe
® “Heat engine” of the global atmospheric circulations

Cloud-top temperature observed by
meteorological satellites (February 1997)




History of collaboration between RISH and LAPAN

1986 First visit to LAPAN observatories in Pertianak (west Kalimantan) and
Biak (Inan Jaya).
1987 Intensive site survey for “Equatonal Radar” project (Pontianak and west

Sumatra).
1980 Campaign with ball b atthe LAPAN
observatory in Watukosek, east Jawa
73 of a radar v in 2USPITEK, Serpong, west Jawa
{Metecr Wind Radar and Boundary Layer Radar)
992- igns in LAPAN PUSPIPTEK,

Pontianak, etc)

1995 Establishment of an MF radar observatory in Pontianak

2001 Establishment of the Equatorial Atmosphere Radar [EAR] in Koto Tabang,
West Sumatra

FY2001-2006 Grant-in-Aid for Scientific Research on Priority Areas “Coupling
Processes in Equalorial Atmosphere (CPEA)" lead by Prof, S, Fukao,

FV?GG&ZUID JSPS Aawm‘ﬂu Suunm Platform Program “Elucidation of

network in Asia” lead by

Prnf T. Tsuda
FY2010 2012 Strategic Fund for Promotion of Science and Technalogy
and system op! for space weather in
Indonesia” lead by Prof. M. Yamameoto
2011 10" anniversary of the EAR at RISTEK, Jakarta

Site survey for the equatorial radar in west Sumatra, Indonesia

The Equatorial Atmosphere Radar (EAR)

Antenna View : 560 Yagi-antenna arrays (110m d\ameterl
Peak Power: 100

Antenna close-up

TR: transmitter and er

EAR 10™ anniversary
(September 22-23, 2011)

Institute  for Humanosphere (RISH), Kyoto
University and National Institute of Aeronautics and Space (LAPAN)
hosted the 10" anniversary ceremony and symposium for the EAR on
September 22-23, 2011, at the RISTEK Auditorium, Jakarta. The
ceremony was attended by the Minister of Research and Technology
of Indonesia, the Minister of the Embassy of Japan, and the
representative from the Ministry of Education, Culture, Sports, Science
Technology (MEXT), and head of many research institutes in
Indonesia.
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Equatorial MU (middle and upper atmosphere) Radar
[EMU} in west Sumatra, Indonesia

] Is comparable to the MU radar,
and about 10 times better than the existing EAR

Equatorial MU Radar (Expansion of EAR)

T, ”
EMU sensitivity becomes
similar to the MU radar.
4 EMU System
Frequency: 47TMHz
Antenna: Active-phased array
(163m diameter, Total 1045 Yagis)
Qutput power: 500kW PEP) [ur x 112
kvt
TR module at each Yagi-antenna
Multi-channe! receivers
Radar controller / Data processor

1-group = 18 Yagis
Array consists of 55 groups
{19 Yagis x 55 = 1045)

[ Equatorial MU Radar (Expansion of EAR) |

+Equatorial MU Radar
{EMU) will be installed next
o ik ; New 1o the existing Equatorial
¥ | By Almesphere Radar (EAR) at

. Kototabang, West Sumatra.
+EMU will be operated
under collaboration with
LAPAN based on success of
RISH-LAPAN collaboration
on the EAR.

-Detailed local survey was
conducted in Mareh 2012
Now design and installation
[ plan of the EMU is precise

E and complete. We are ready
Existing to realize the new radar as
Equatorial Atmosphere scon as the funding would
Radar decided

ol

T /

Comparison of MU Radar, EAR, and PANSY

MU radar EAR PANSY

= e
Lon, Lat 34.85N, 136.11E 0,208, 100.32E 69008, 39.59F
Leic 475 1045
Number of RX 5ch 55.ch

3 : 20,000 m*
e (103 atmeter) (160 5 diaeter)

22kW 00 W

1 MW 500 kW

1.0 {standard) 12




Equatorial Fountain

Plasma Fountain: Energy

sichange by hramical 56 Time-height variations of wind velocity (arrow) and temperature

Joci foch dcal (contour) during a passage of a cold front, observed with MU radar-
:Dup"n-;";?,’:,mw;,md‘u RASS on August 3-4, 1991-4 with 3 min and 150 m resolutions.
perturbations of electron

density

Fountain of the Middle
Atmosphere: upward
transport of tropospheric air
through the equalorial
tropopause and global
distribution by the general

irculation

. Driving Force of Fountain:

“ | Generation, propagation and
dissipation of atmospheric
waves and production of
turbulence

Origin of Fountain Materials:
Emission of materials from
land and ocean surface and
transport and mixing in the .
troposphere

Wind velocity profiles observed with the
MU radar, i andr

90

80 H .
1
o, =
oo =

w 50 i = 2
u d
EJO
oot \ o o

20 20 o

15
10 50510
o

-20 0 20-40-20 O 20 40
WIND VELOCITY (m/s)
Both wave amplitudes and wave lengths (A} increase along height.

Time-height section of atmospheric static stab
obtained with the MU radar-RASS |

ot 1985

8. Alexander, Jioch
FIG. 5. The N2 profile during the 4-day campaign. The radic

A,=2 -3 km in the lower stratosphere; A, =5km in the middle stratosphere; Who marked by the whilc the
A, =10km in the mesosphere RASS WMO th
Time-height vari of ,:“v’t_"“‘,'f’;‘gl MU radar- RASS observations of temperature profiles on August 6,
echo layers in the mesosphere | (o) ang 1996 with time and height resolution of 150 m and 3.6 min. (Four
mesopsphere profiles are averaged, giving a time interval of 14.4 min.)

18 0cT 1988
80434~ 160018 (ATw 070= 0 {bottom)
T

10

T ()
LENENEE ]

Basic principle of RASS technique Plasma bubble

« RASS; Radio Acoustic Sounding System

Acoustic Acoustic velocity  Relationship between
wavefront S —— acoustic velocity (c,) and
—c i, atmosphericyvirtual

)
L — = K“,J"!'_
£} ¥
Transmitted RASS echo bty
radio wave

Speaker The Bragg condition is required to
‘Wind profiling P d obtain strong RASS echo
radar

i, racoustic wavenumber vector

E:mdio wavenumber vector
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Observation Network

Various Ground-Based Observations in South East Asia ¥ =3
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Meteor/MF and VHF radar network in Asia-Oceania region

Lotitude [deg]

Pk Flat 15,18, 1475,

lonosonde network
- (SEALION) s also
“— established (Indonesia,

| Thailand, Vietnam, etc.)

IUGONET; Inter University Upper Atmosphere Global Observation Network
(2009 - ): Inter-disciplinary data exchange system of Earth’s global environment

WDS for Geomag,, Kyota Univ.
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Education and outreach activities

Master/Ph D degrees (as of 2013, Indonesia)

= PhD degree: 5 + 1 current student

— Master degree: 6

— Bachelor degree: 2

« School: 21+ Century COE & Global COE programs
— KAGI21 summer school; 4 times in Bandung + 2 times in Japan
— KAGI21 related symposia; 2 times in Bandung

+ Training Couse

- Many seminars in Bandung, NARL (India) and other

locations by Asia-Africa Science Platform of JSPS
— OJT (technical training) at EAR and the MU radar, Japan
— Many visitors to Kyoto-U and other universities and institutes

SUMMARY

Japan - Indonesia collaboration since late 1980's

Collaboration has been successfully continued , including construction of
Equatorial Atmosphere Radar (EAR) in west Sumatra in 2001,
Significant progress has been gained on the understanding of the
behavior of equatorial atmoesphere and ionosphere

Edueation and training activiies are intensively conducted.

Observations of the atmosphere in South-East Asia
+ Regional observalion network in Asia Oceania and Pacific region
+ Data exchange system (IUGONET) is expanding to Asian countries

Key research subjects
* Atmospheric coupling processes by atmospheric waves
» Space weather: Equatorial Spread-F (Plasma bubble) experiment
+ Equatorial Fountain of energy and materials, that affects the atmospheric
environment in the world (IMPORTANT FUTURE SUBJECT)

Future Plan: Equatorial MU Radar (EMU) in west Sumatra, Indonesia
« Astate-of-the-art large radar with an active phased array system, that
«can measure a wide height range in the almosphere and ionosphere
» EMU is listed in the top ten projects of MEXT with high pricrity in 2014-6
under endorsement by the Science Council of Japan

Thank you for your attention
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Shape Estimation of Space Debris Using MU Radar

Atsuhito Kawahara, Hiroshi Yamakawa, Mamoru Yamamoto, Toru Sato, Hiroyuki Hashiguchi, Kazuki Masunari

Key Words: Radar imaging, space debris, MU radar, Single Range Doppler Interferometry(SRDI)

Abstract

Shape estimation of space debris is important task in evaluating its collision energy when debris collide with artificial

satellite. Debris can be imaging by using rotating of target which has Doppler shift in a period time and it is called

Single Range Doppler Interferometry(SRDI). In this research, SRDI method has been theoretically considered and

confirmed by using simulation. Furthemore, micro-Doppler effect and fluctuation of Doppler shift, both of which has

shape information of space debris, was successfully observed by using MU radar.
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Outline

— Introduction

PANSY: Mesosphere observation

Results: Statistical characteristics
¢ Occurrence
* Height and time variations

— Conclusion

E= Polar Atmosphere in Winter

L FS-

PHERE

E2l Polar Mesosphere Winter Echo

v' Polar Mesosphere Winter Echo (PMWE)

ki
i Czechowsky et al.,
1989]

— Mesosphere echo in the polar regions
during non-summer period
[e.g., Ecklund and Balsley, 1981]

— ltis accepted that PMWE is related
to turbulence [Czechowsky et al., 1989;
Liibken et al., 2006]

Power: 0.1-1.0 % of that of PMSE. il T 0 SIS0 UL
Altitude: 60-80 km with no well-defined peak altitude
Local time: primarily confined to daytime

— Zeller et al. [2006], only one statistical study on PMWE so far
mean occurrence rate is only 2.9 % (Total 447.5 h)

— Good correlation to enhancement of electron density in D region due
to Solar Proton Event (SPE) [Kirkwood et al., 2002]

B MWE and MSE by MU radar

v' Seasonal variations of Mesosphere Echo on long time scale

: r g +

</\”‘-' ‘\

LE ] §) L

i
e ST RE AR AR

1968 19687 1988 1986 1900 1961 1982 1963
Year

—

T
bhbo

1984 1995

Temporal-vertical variations of the monthly mean echo intensity
observed with the MU radar during 1986-1995.

Kubo et al., [1997]

The PANSY radar

PANSY (Program of the ANtarctic Syowa) radar
= The largest MST radar in Antarctica
being constructed toward full system operation
- Scientific targets:
Tropospheric phenomena
Atmospheric gravity waves in MST region
PMSE and Polar Mesospheric Clouds (PMC), etc. +
...and PMWE
v' Please note that only 22% of the total system was available during the
period of this study.

ma al, 12014
System

Transmitted
- ' |Frequency / Power

N

12 groups

Table 1. Specification of PANSY radar

Coherent Pulse Doppler Radar
(Active phased array)

47 MHz / 113 kW (full system 520 kW)

Antennaaperture| 3,900 m? (full system 18,000 m?)

228(1045) Yagi-antennas with

Antenna . "
transmitter and receiver modules

Multi-channel system composed of 12
(55) groups

Receiver

—130—




E= Operation for the mesosphere

v' Dataset for analysis in this study
~ 2012.06.21-2013.06.04 : “dopplfit mesdug12”
Range =[60.0 km, 97.7 km]
~ 2013.06.04 - 2013.09.31 : “dopplfit mes12gre5”

Range =[51.0 km, 98.3 km] e S
Table 1. Parameter for the ic observation mode | Raw data
Inter-Pulse Period 800 ps “¥ 3
# Coherent integration 16 ;vy:{ M112 |
#beams 5
Data interval 64 msec
#Incoherent integration 10 "
Nyquist velocity 24.9m/s X
#Spectral data 128 .
Height resolution 600m ?gﬁpnlf/rssmﬁ - T
# Height data 64 (80)
Range see above

Range resolution: 600 m
Echo X X .
Power Time resolution: almost 4 min.

Zenith

PMWE with multiple layers lasted
forabout 6 hours

North (zenith Echoes in vertical and off-
angle 10° ) vertical show almost the same

— characteristics, which suggests
isotropic scattering by
atmospheric turbulence.
East (zenith

angle 10
Meteor echo
South (zenith FWHM of Doppler
e 10” ) spectrum ranged 10-20
m/s in PMWE (not shown
here)
West (zenith ] =>agreed with Strelnikova
angle 10° ) and Rapp [2013]

B Definition of PMWE

| occurrence distribution of echo powers |

= Identification of PMWE

v' Automatic identification of PMWE

PANSY radar beam #1-5 PANSY radar boarn §1-5

£

1 1o0) 0 IAutomatically|
6000 (a) 2013-05 T Level 2 data £ o extracted o LEI
! = -10ull E|
5000 | w0 o & 80 20 <
nén PMWE [Kirkwood et al., 2007] g% Lo g
o 4000 (Background, etc.) R Y £F 80) § 85
E‘ | ) e B om 10 mé
! > ]
8 3000 reshold power !", & o = i
k-] for PMWE: -15dB H i
= 2000 Fun PMSE ) L -
i n p
1000 MWE H o E 160 10
| e T N ] o
0 DOTACYOURA. @1 ot~ o ¥ 2 = B0 - oyt .
-40 -30 20 -10 0 10 20 2 &l 2
Echo Power [dB] % 100 o
. o
v" Threshold power for PMWE can be determined by histogram of 3w = F 1
backscatter echo power [Kirkwood et al., 2007] e . 60| at b
g, M0 a0y e tem o \J000, 0400 0800 1200 1600 2000 000D,
v i ~ - N . N
IEIC\:\?\I‘ENIth potwer Iarﬁerthan i el f==15 cle e g Eda 500"1“:' If (# of samples with powers than -15 dB)/(# of samples in a bin) > 0.5,
©IF [TUEE GHEeES. «—> then the region is regarded as PMWE
15 min
. .
= Daily occurrence rate 2 Monthly mean in May, 2013
v' Seasonal variations of daily occurrence rate for PMWE 2013-06
s E [Average (for a =
1 (e) 2013 winter in SH PMWE occurrence rate E’ @ e £ (1) Upper
E T T T T _ -1 wx boundary at the
- §§_ 1g7 E| ﬁrﬁﬁ% =2 &, altitude of 80 km
£ g;. M3 L 3 average £ T Average (for -
K] §§ ab IIL i 3 60.0-80.0km £ = data >-15 dB) = |t is consistent with
3° aof Jq‘( h E R (2) PMWE appeareqz? g & the theory of
~ 0 A 4 after sunrise, - g Hocking [1985]
n S el T T Proton Flux @ however it was still™ =
T2 10 ! ! \ﬁ\gnetosph;e detected at 70-80 ~gu cfurrﬁgcgéfor
o 5 10°- i ! n| km even after = data >- )
2 o b LR 42-87 MeV sunset -
& 10 ! ™ 3
g3 ool : .
5 . . 8
& ¥
%J‘rém Mar Apr May Jun Jul Aug Sep Oct £ B0.0-80.0kr
g
(=]

- Two SPEs occurred in May 2013. (6 SPEs March through October 2013)
- both enhancement of electron density and neutral turbulence
have strong control over PMWE as pointed out by Liibken et al. [2006].
+ Electron density variations make significant contributions to day-
to-day variations of PMWE

|d) Zerdth
rata %]

Zeller et al. [2006]

o

~ 140 — ; reported mean
6008 1 I:l ‘;z' —J 20139591 itimal occurrence
Pu— . rate wasup to 9 %
10 min 5 1op 20130501 P
w & d
T ) = z ] ] SZA-0E
himm 0000 0400 0800 1200 1600 2000 000D

uT
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E=l Monthly mean vertical profiles

¥' Monthly mean vertical profiles (in all LT)

— (Left) The number and (Right) averaged power of detected PMWE

(c) 2013-05 (d) 2013-05
857 85
8o 80 ;Difference within 2 dB
.
=R 75 X
= =
-§ 70 § 70
£ " £ "
fe faln R o
South South
60 West 60 Wost |
55 55
600 -10 -9

8 -7 6 -5
Echo Power [dB]

200 400
# of sample

- #of echoin vertical direction was larger than off-vertical by 100
- Average echo powers in vertical and off-vertical had no much
difference (less than 2 dB)

Appearance/disappearance

¥" Height dependence of appearance/disappearance time for PMWE, which
is consistent with Ecklund and Balsley, [1981]
sunrise 2013-05 sunset
T ﬁ_’ — Delay time ~ a fe3v hours
f ) sl e r 1 [ Loa? ;
g i‘ : f’ “Q appear i ;'g‘ disappear Not Strong Loss
2 i L . Ju' |) Strong Loss
[1] 1 [ A
hhmm 0000 0400 aeoc/ 1200 1500\ 2000 0000
2013 May 01 uT uay 02
T
electron production process 1

Detachment from negative ions

electron loss process ~ Attachment
e +M—T (69,6 +03s >0 +0)

I+1* =M (e.g., O2+ O2+ M— 202+
M)

|- + hv(visible) = M + e~
[Friedrich et al., 2004]
(e.9.,CO3 +hv—COs+€)

Recombination

From our numerical estimation, time scale of electron loss,
determined by effective recombination, roughly agrees with
the time scale of PMWE disappearance observed after sunset.

Zenn

Seasonal variation in 2013

2013, March, April, May, June, July, August, September
100 0y

= PMWE started to appear in the last March

v

Summary

Summary of this talk
- We presented PMWE characteristics observed by PANSY radar

_ and almost disappeared in September.

(1) Upper and lower cutoff heights
seemed to be invariantin May, June,

between March 2013 and September 2013.

- High occurrence rate up to 20 % in May 2013 ( ¢ mean diurnal
occurrence rate ~9%, Zeller et al., 2006)
Triggered by not only SPE but also energetic electron

201309 [f 2013-08 (e) 201307 4d) 201306 o) 201308 (0) D304 (=) 201303

Zarith

Zanitn Zanan Zanmn

Zarith

and July.

time [e.g., Zeller et al., 2006]

00
250

s
H
£
3

"

%

-4

(2) Time duration is determined by sunlit

precipitation (30-300 keV]
Height: almost constant (between 60km and 80 km)
Duration: strongly depends on sunlit time (diurnal, seasonal)

- PMWE always appeared after sunrise, which means free electron
detached from negative ion plays an important role.

- However, PMWE at altitude of 70-80km lasted for 2-3 hours even
after sunset.
Time scale of electron loss, determined by effective
recombination, roughly agrees with the time scale of PMWE
disappearance observed after sunset.
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— @, GCM-GAIA 2k 5y ab—ya ViR
D3 ODT—XEMHAT S, Aura EOS/MLS 7 —
41X NASA © Aura #EF5HIE MLS 75551
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B R 11km~97km OFEFAIC 42 EdH VD | KL
kzh£h 80 EETHHATE S, AT —FIIfMAE
BLBIZI > THEAZLNTWADT, #ig 3 AHDT
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Time changes of U (MSAO: 0.01 hPa)
iy
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Time changes of U (SSAO: 1.0 hPa)
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