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Abstract. In the present paper, a new application of the
range imaging technique called Frequency Interferometry
Imaging (FII) or Range Imaging (RIM), performed in April
2005, is shown using the new 46.5-MHz Middle and Upper
(MU) atmosphere radar system (Shigaraki, Japan). Height-
time images of brightness distribution have been computed
at the highest resolution ever obtained for imaging with VHF
radars in the troposphere and, for the very first time, in the
lower stratosphere, up to about 22 km. The images were pro-
duced by processing signals obtained with an initial range-
resolution of1r=150 m and five equally-spaced frequen-
cies within1f =1.0 MHz, with the adaptive Capon method.
These values represent an improvement of a factor 2 over
all the previous published experiments at VHF, which were
performed with1r=300 m and1f =0.5 MHz. The Capon
images present realistic and self-consistent features, and re-
veal many more organized structures than the height-time
SNR plots at the initial range-resolution. For example, the
Capon images show persistent enhanced brightness layers
significantly thinner than 150 m in the stratosphere, which
are impossible to track with the standard single-frequency
mode owing to a lack of range resolution. These observations
thus support the idea of strong stratification even at vertical
scales much smaller than 100 m, as suggested by recent high-
resolution temperature observations by balloons (Dalaudier
et al., 1994). We also present comparisons of Capon images
with patterns obtained from the dual-FDI technique and two
parametric methods (the MUSIC algorithm and the newly-
introduced Maximum Entropy Method based on an auto-
regressive (AR) model). The comparisons confirm the insuf-
ficiencies of the dual-FDI technique and indicate that para-
metric methods such as MEM and the MUSIC algorithm can

Correspondence to:H. Luce
(hubert.luce@lseet.univ-tln.fr)

help to validate the Capon images when the parametric meth-
ods provide similar patterns.

Keywords. Radio science (Interferometry) – Meteorology
and atmospheric dynamics (Turbulence) – Electromagnetics
(Signal processing and adaptive antennas)

1 Introduction

This work describes an application of range imaging (called
RIM by Palmer et al., 1999, or FII, Frequency Interferometry
Imaging, by Luce et al., 2001a) with the new multi-frequency
digital multi-receiver system of the 46.5-MHz MU radar op-
erational since March 2004. In previous papers, some au-
thors have demonstrated by both simulations and applica-
tions the potential of FII (e.g. Palmer et al., 1999, 2001;
Luce et al., 2001a; Smaı̈ni et al., 2002; Chilson et al., 2001;
Fernandez et al., 2003; Yu and Brown, 2004) for improving
the resolving performance of Stratosphere-Troposphere (ST)
radars, which are limited by their receiver bandwidth, and
for eliminating the drawbacks of the dual-FDI (Frequency
Domain Interferometry) technique (e.g. Luce et al., 2001c).
These efforts are important for a better description of the thin
turbulent layers and temperature gradient sheets in the strati-
fied atmosphere from VHF ST radar measurements, since the
ST radar technique is still one of the most important sources
of information about the dynamics and structure of the upper
troposphere and lower stratosphere.

Other techniques than FII have been proposed to miti-
gate the bandwidth limitations of MST radars. For exam-
ple, R̈ottger and Schmidt (1979) proposed, very early on af-
ter the development of these radars, a method based on the
reduction of the original sampling time interval by shifting
the samples and a special deconvolution method by means
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of contrast enhancement, as used in optics. Also, very re-
cently, Zhang et al. (2005) applied on a weather radar a tech-
nique which uses the fact that the cross-correlation function
of signals from two overlapped resolution volumes results
from scatterers in the common volume.

Preliminary results of FII observations using only lim-
ited data sets with the old MUR were presented by Luce et
al. (2001a, b). The technical configuration was not adapted
to optimal applications, since only switches for two frequen-
cies were available. Sequential series of observations in dual-
FDI observational mode with different frequency spacings
were used, likely producing large uncertainties regarding the
computed parameters and errors. Subsequently, a tempo-
rary system using four frequency synthesizers with a maxi-
mal frequency excursion of 0.5 MHz switched pulse-to-pulse
was then developed and the results have been described by
M. Hirono (2003, Master Thesis, personal communication).
In contrast, the recently upgraded system can provide ob-
servations with a sequential pulse-to-pulse 5-frequency scan-
ning from 46.0 to 47.0 MHz (1f =1.0 MHz), with an initial
range-resolution of1r=1/2cτ=150 m, whereτ is the pulse
duration, andc is the speed of light. It is thus improved by
a factor of 2 with respect to all existing experiments in fre-
quency domain interferometric modes (including both dual-
FDI and FII) published until now with VHF ST radars, since
1f =0.5 MHz and1r=300 m (i.e.τ=2 µs) were usually
used. It has to be noted that forn equally-spaced frequen-
cies, the maximum permissible1f (MHz) value in order to
avoid ambiguity lobe effects is(n−1)/τ (with τ in µs) and
not 1/τ , as seems to be the case from the numerical values
used. However, in practice, the values of1f andτ are lim-
ited by the receiver bandwidth and frequency band alloca-
tions. For better resolution performance, it would better to
use1f >1/τ (to the detriment of ambiguity lobe rejection)
when possible. Chilson et al. (2003) used1f =2 MHz and
τ=2 µs with a UHF radar, while Smaı̈ni et al. (2002) used
1f =0.75 MHz andτ=2µs with a mini VHF radar.

In Sect. 2, a brief description of the principles of the FII
technique, radar configuration and data processing used is
given. In Sect. 3.1, results of observations from 4.35 km up to
22.20 km, using the Capon method (e.g. Palmer et al., 1999;
Luce et al. 2001a) are described and compared with the re-
sults from the standard single-frequency observational mode.
A portion of the Capon images is then described in more
detail in Sect. 3.2 and compared with the patterns obtained
from the MUSIC algorithm (Luce et al., 2001a), the newly-
introduced auto-regressive (AR) Maximum Entropy Method
(MEM) and the dual-FDI technique (Kudeki and Stitt, 1987).
Section 3.3 presents an attempt at estimation of the layer
thickness from the Capon method and the results are com-
pared with the thickness provided by the dual-FDI technique.
Finally, conclusions of this work are given in Sect. 4.

2 Generalities

2.1 Principles of the FII technique

The principles of range imaging have been described in de-
tail by previous authors (e.g. Palmer et al., 1999; Luce et
al. 2001a). It can be simply recalled that range imaging is
similar to antenna array processing used for carrying out an-
gular scanning. Range imaging provides the distribution of
backscattered power (called “brightness distribution”) as a
function of altitude. Range imaging needs to estimate first
the covariance matrix of received signals at all possible dif-
ferent frequency spacings. The brightness distribution ob-
tained by performing scanning in a given radar range gate
can differ according to the processing methods used. Basi-
cally, two classes of methods can be applied. First, there are
the (non-parametric) filter-bank methods, such as the Capon
method, which do not require hypotheses on the vertical dis-
tribution of the scatterers. The Capon method is an adaptive
method which provides a better resolution than the Fourier
method when the signal-to-noise ratio (SNR) is sufficient
(e.g. Palmer et al., 1999). This method is well-recognized
and has been successfully applied, for example, by Chilson
et al. (2003) on a UHF profiler.

The second class of methods includes parametric methods
based on a selected model. Among these methods, the MU-
SIC algorithm is based on the singular value decomposition
(SVD) of the covariance matrix. It has been developed for
the optimal detection of discrete non-coherent sources and
its performance does not depend on SNR. The MUSIC algo-
rithm does not provide quantitative information on the inten-
sity of the assumed discrete sources, since it is equivalent to
Capon processing when SNR tends to infinity (e.g. Nickel,
1988). Thus, when sources (here, atmospheric layers) can be
considered as “thin enough when compared to the range res-
olution”, SVD-based methods are optimal and can provide
much better resolution than filter bank-methods (e.g. Luce et
al., 2001a).

The Maximum Entropy Method (MEM) is another para-
metric method originally developed in spectral analysis for
the detection of narrow-band spectra with a low-order autore-
gressive (AR) model (e.g. Stoı̈ca and Moses, 1997). Hence,
for our application, MEM would also provide a better reso-
lution than the Capon method in the case of thin atmospheric
layers.

The application of MEM and MUSIC is aimed at helping
validate the Capon processing. A description of MEM and
its performance compared to the Capon method and the MU-
SIC algorithm via simple numerical simulations is shown in
the Appendix. These simulations demonstrate that the per-
formance of the two parametric methods is better than the
performance of the Capon method for the detection of lay-
ers which are very thin when compared to the initial range-
resolution used. In particular, MEM provides a better power
of separation and is less sensitive to SNR than the Capon
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Fig. 1. (Top) Observations in standard mode (4.35–8.7 km). (Bottom) Observations after Capon processing.
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method. However, in the case of thick layers, MEM and
the MUSIC algorithm always produce false sharp peaks of
brightness which will be wrongly interpreted as very thin
layers. Even though the distribution of the peaks gives some
information on the vertical extent of the real thick layer, it
cannot be interpreted without ambiguity. Such a problem of
interpretation does not occur with the Capon method since
this method is not constrained by the hypotheses of narrow
sources. Hence, the parametric methods should be under-
stood as complementary and should not be considered as al-
ternatives to the Capon method. They can help in the in-
terpretation of the Capon images when both parametric and
non-parametric methods provide similar patterns.

2.2 Experimental configuration and data processing

The experiment was performed on 26 April 2005, 10:44–
12:11 LT. Five equally-spaced frequencies from 46.0 to
47.0 MHz, i.e. 1f =0.25 MHz, were selected. A single
vertically-directed transmit beam (beamwidth 3.6◦) was used
and range sampling was performed from 4.35 km to 23.4 km
with a step of 150 m. Coherent integration and time reso-
lution were 256 and 0.51 s, respectively. The data were col-
lected without gaps between records and with an SNR as high
as possible for optimal application of the processing meth-
ods. For this purpose, only a vertically-directed beam was
used, to the detriment of the estimation of other parameters
(e.g. the horizontal wind, which can be obtained by swinging
the radar beam in at least 3 directions). Owing to this config-
uration, observations could be obtained up to about 22.20 km
(no echoes were observed between 22.20 and 23.4 km).

Almost 5×5 unnormalized covariance matrices were es-
timated using a time series of 128 points (corresponding
here to about 1 min 5 s) every 64 points for better continu-
ity between estimates. SNR was estimated using the mo-
ment method and noise estimates from the furthest radar gate,
where the signal is found to be weak. When corrupted by air-
plane echoes, the segments of the time series have been re-
placed by a linear interpolation between points assumed not
to be affected. Capon and MEM patterns have been calcu-
lated using Eqs. (A3) and (A2), respectively, and the position
of the peaks provided by the MUSIC algorithm has been de-
duced from the MUSIC patterns given by Eq. (A5), arbitrar-
ily assuming 2 sources. The edge effects resulting from the
radar range-weighting functionW2(z) have been corrected,
as described in Luce et al. (2001a), by dividing the obtained
patterns byW2(z)= exp(−z2/σ 2

z ), whereσz=1r/2=75 m.
The range-scanning for the Capon, MEM and MUSIC meth-
ods was performed independently in each 150-m range gate
every 1 m. This step does not imply that estimates sepa-
rated by 1 meter are independent. Rather it insures that no
peak has been missed or no position has been significantly
biased, especially for the MUSIC algorithm which can pro-
duce extremely sharp peaks. Finally, the dual-FDI method,
using1f =1 MHz, has been applied (using Franke’s (1990)

formulas), in order to emphasize the improvements obtained
with FII, and the same plotting representation has been used
for easier comparisons with FII patterns.

3 Observational results

3.1 Capon imaging in the troposphere and stratosphere

For an easy analysis, the height-time plots of the images are
presented in Figs. 1 to 4, showing results for 4.35–8.7 km,
8.7–13.20 km, 13.2–17.70 km and 17.7–22.20 km, respec-
tively, including the patterns obtained with the standard pro-
cessing at a resolution of 150 m (top) and the correspond-
ing patterns after Capon processing (bottom). According
to the radio soundings performed by meteorological stations
around the MU radar site (not shown), the tropopause altitude
was around 11–12 km. The strong echoing layer detected be-
tween 11 and 11.5 km by the MU radar and the thick altitude
range (∼1.5–2.0 km) of weak echoes (Fig. 2) may thus be a
signature of the tropopause altitude, usually associated with
a sharp background temperature increase, and of the upper
troposphere, usually associated with very low static stability,
respectively.

Some artifacts can be noted, for example, around 10 and
63 min in Fig. 1, due to residual airplane echoes that still per-
sist despite the preliminary rejection treatment. Unrealistic
peaks are also noticeable at the edges of the theoretical range
gate (i.e. every 150 m) when the pattern is near its minimum
(blue color). They result from the edge-effect correction that
should not be applied when the noise background is reached
since it is not affected by the radar range-weighting function.
The correction should only be applied when there actually is
a layer near the edge of the range gate, but this information is
not known in advance. Therefore, these edge effects should
not be considered when analyzing the results.

For the first time, significant patterns in interferometric
observational mode have been obtained up to about 22 km,
i.e., both in the troposphere and lower stratosphere. The ef-
fectiveness of the FII processing is very clear from Figs. 1
to 4 when comparing the Capon pattern with the standard
single-frequency mode pattern. The Capon pattern reveals
individual and persistent echoing layers, sometimes much
thinner than the range resolution used, which are often diffi-
cult and sometimes impossible to resolve in standard mode.
It thus confirms the strong layering of the lower atmosphere,
and especially of the lower stratosphere at vertical scales of
101

∼102 m. This property was expected but this is the first
time that it has been directly observed by a VHF ST radar
in the lower stratosphere at such a high vertical resolution.
It is then worthwhile to note that the possible apparent in-
termittency of the echoes observed with the standard mode
at a range resolution of 150 m results from the lack of range
resolution. Some striking examples:

Ann. Geophys., 24, 791–805, 2006 www.ann-geophys.net/24/791/2006/
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Fig. 2. Same as Fig. 1 for 8.7 to 13.05 km.
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Fig. 3. Same as Fig. 1 for 13.05 to 17.55 km.
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Fig. 4. Same as Fig. 1 for 17.55 to 22.05 km.

www.ann-geophys.net/24/791/2006/ Ann. Geophys., 24, 791–805, 2006



798 H. Luce et al.: High-resolution vertical imaging of the troposphere and lower stratosphere

– In the troposphere, layered structures are revealed by the
Capon pattern below 5.5 km and between 6.2 km and
7 km, while the standard pattern rather provides quite
thick and intermittent structures (Fig. 1). These layered
structures are plausible and the Capon pattern radically
changes our interpretation of the radar echoes measured
in standard mode in these altitude ranges. The curved
parts of the two maxima between 30 min and 50 min
and around 6.3 km are clearly separated by a deep min-
imum that cannot be distinguished in standard mode.
The latter merely shows a short-lived thick maximum,
very likely due to smoothing effects by the radar range-
weighting function. The intense echoes below 5.5 km
are in fact overhung by a thin layer that quickly moves
downwards from 45 min. It can only be roughly approx-
imated from the standard mode observations.

– Above the tropopause, layers in the Capon pattern sep-
arated by about 500 m can be clearly distinguished
around 11.7 km and 12.3 km at the beginning of the ex-
periment (Fig. 2). Impossible to identify in the stan-
dard pattern, the Capon pattern also shows the appear-
ance of a layer at 38 min and at mid-distance between
the tropopause layer and the layer identified at 11.7 km.
Also, the standard mode seems to indicate that the
tropopause layer is divided into two around 70 min, but
the Capon pattern clearly indicates that there is no rela-
tion between the two structures. Above 20-km altitude,
three consecutive layers, separated by less than 100 m
and oscillating together are resolved in the Capon pat-
tern (Fig. 4). This feature is compatible with the obser-
vations of strong temperature gradient sheets observed
in groups of high-resolution, in-situ temperature profiles
(e.g. Dalaudier et al., 1994, and mainly in the MUTSI
temperature profiles, Fig. 4 of Gavrilov et al., 2005).

Some layers in the Capon pattern appear sometimes quite
thick (of the order of the range resolution used, i.e. about
150 m). This is the case for the tropopause layer around
11.3 km. Another thick layer of variable intensity and
thickness apparently moves downward between 19 km and
19.5 km and internal structures that look like turbulent bil-
lows can be seen, especially after 60 min. The lack of com-
plementary information prevents us from proving their ex-
istence. However, considering the performance of the tech-
nique, it is reasonable to suggest that this interpretation is
plausible. Also, analyses of the raw spectral width of the
Doppler spectra clearly indicate a strong enlargement in the
altitude range of this thick layer (not shown) while no clear
signature of width enhancement is found for the thinner lay-
ers seen above. This observation may support the turbulent
nature of the layer around 19 km.

3.2 Comparisons of processing methods

For comparison of the Capon pattern with MEM, MU-
SIC and dual-FDI patterns, we selected a close-up between
5.8 km and 7.3 km. The results are shown in Fig. 5. The top
panel shows the Capon pattern, and the dots indicate the po-
sition of all the brightness peaks. Horizontal solid lines indi-
cate the limits of the theoretical range gates. The center panel
of Fig. 5 shows the MEM pattern, and the dots show the po-
sition of the maxima provided by the MUSIC algorithm, as-
suming 2 sources. The choice of 2 sources is arbitrary but is
selected because it corresponds to the number of peaks some-
times resolved by the Capon method and MEM. The bottom
panel of Fig. 5 shows the results of dual-FDI processing, us-
ing the same representation as for the FII processing. The
dots indicate the peak positions provided by dual-FDI.

3.2.1 Comparison with MEM and the MUSIC algorithm

The Capon pattern often reveals a single peak in one range
gate. For example, a very thin layer is found mainly in gate 7
and appears around 20 min. But sometimes, it reveals two
maxima in one range gate (e.g. in gate 5 between 10 min and
30 min, and gates 3 and 8 between 50 min and 60 min):

– Around 7 km, a double echoing layer is observed dur-
ing the entire observation period. The distance between
the two maxima is typically 75–150 m. Interestingly,
the two maxima are alternately found in two consecu-
tive gates (i.e. one maximum is found in gates 8 and
9) and within a single gate (two maxima are found in
gate 8, around 10 min, 30 min and 50 min), giving extra
credence to the reality of the double echoing layer, i.e.
the structures are not artifacts of the processing method.

– Another interesting feature is the curved structure
around 6.2 km. It appears around 6 min and both
its thickness and intensity increase with time, until
it definitively becomes a double structure from about
50 min and then slowly disappears.

Comparing with the results of the other methods, it clearly
appears that the MEM pattern is extremely similar to the
Capon pattern. The MEM pattern, however, appears much
more fluctuating, compatible with the properties of the
method regardless of the layer thickness (see Appendix). The
curved structure around 6.2 km reveals a double structure
earlier (around 38 min) than the Capon pattern. A sample
of the Capon brightness distribution for 5 successive records
is given in Fig. 6, as well as the positions given by MEM
and the MUSIC algorithm. The positions agree quite well
and the distance between the two peaks is typically between
60 m and 90 m for the three methods. This result gives ex-
tra credence to the existence of a distribution more complex
than a single layer (likely a double layer) in the radar gate.
Even though the MEM and MUSIC patterns cannot be inter-
preted without ambiguity when several peaks are detected,
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Fig. 5. Close-up of high-resolution patterns in the troposphere obtained from(a) the Capon method,(b) MEM, while dots indicate the
positions of the peaks obtained with the MUSIC algorithm,(c) the dual-FDI.
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Fig. 6. Capon brightness distribution for 5 consecutive records from
time 51:40 to 53:21 and for gate 3 of Fig. 5a where a double peak is
observed. The stars and circles indicate the corresponding positions
given by MEM and the MUSIC algorithm, respectively.

the evolution of the structure may suggest that the resolution
performance of the Capon processing were not sufficient for
separating the two sources before about 45 min. It is spec-
ulated that the radar may have detected the evolution of a
turbulent layer growing with time. Because of the mixing ef-
fects, the radar would mainly detect, after a while, the edges
of the mixing layer where the refractive index irregularities
are enhanced. If this plausible interpretation is correct, it
would be the first time that such an event at vertical scale,
significantly smaller than 100 m, would have been directly
observed by a VHF radar.

The MUSIC algorithm also provides almost exactly the
same positions as MEM and Capon processing. In particular,
the three methods give almost the same single layer pattern
in gate 7 from 20 min. Only one source is found by MUSIC
while 2 sources have been assumed. This phenomenon can
occur when the atmospheric layer is really thin and unique,
as the dark blue color above indicates, the two sources being
too close to one another to be separated in the range scan-
ning. A similar event can be found in gate 8 at the same
time. For these 2 examples, the strong similarities between
the Capon pattern and the patterns of the parametric meth-
ods highly suggest that the methods reveal a very thin atmo-
spheric structure without ambiguity.

3.2.2 Comparison with dual-FDI

The dual-FDI pattern seen in the bottom panel of Fig. 5
shows roughly similar structures, but the time and spatial
continuity is very poor compared to pattern obtained from
the FII processing. FDI processing also produces “ghost”
layers resulting from the contribution of atmospheric scatter-

ers outside the theoretical range gate and the 2π phase peri-
odicity of the FDI processing (e.g. gate 3 between 0 min and
10 min, gates 3 to 7 between 40 min and 50 min). However,
it is interesting to note that the dual-FDI pattern confirms the
double structure in gates 8 and 9 until about 45 min. Because
the vertical separation between the two structures varies with
time, they really correspond to distinct atmospheric struc-
tures. By definition, dual-FDI can only detect single lay-
ers, and necessarily fails when several layers are embedded
within the range gate. The failure can manifest itself as a
non-meaningful layer thickness, but can also fail entirely to
provide a value for the thickness, as demonstrated by Luce et
al. (1999). The presence of a couple of layers can produce a
measured signal coherence smaller than it should be from the
theory for a single layer. Then the FDI algorithm has no so-
lution. This occurs in gate 3 between 60 min and 70 min (the
absence of a solution is indicated by a white rectangle) and
around 50 min in gate 8 where a double structure is found by
the FII processing. (Other failures can also occur when the
corrected FDI coherence from SNR exceeds unity, in regions
of weak SNR.)

3.2.3 Layer thickness estimated from the Capon method

Time evolution of the position and thickness of the layers
estimated from the Capon method, the associated peak of
brightness and the signal-to-noise ratio (SNR) observed in
the corresponding range gate is given in Fig. 7 for two se-
lected layers in the troposphere and stratosphere. For easy
comparison, the thickness has been calculated by fitting a
Gaussian curve to each maximum of the Capon pattern. The
number of points used for the fitting is 10, arbitrarily around
the maximum. It was verified that the choice of the num-
ber of points does not qualitatively affect the results. The
thickness has been defined as twice the standard deviation of
the Gaussian curve, the same definition as for the dual-FDI
thickness. Chilson et al. (2003) performed a similar analysis
with UHF data but used twice the square root of the second
central moment for estimating the layer thickness. The ab-
sence of points usually corresponds to the absence of a peak
in the range gate or to a non-realistic peak (bad continuity
in time). The horizontal blue dotted-dashed line corresponds
to a SNR threshold above which SNR effects on the estima-
tion of the layer thickness are expected to be weak (see Ap-
pendix). This threshold has been taken arbitrarily as 10 dB.
For the tropospheric layer (around 5.13 km), the associated
SNR is roughly larger than 20 dB, while it is about 10 dB or
sometimes less for the stratospheric layer (around 15.59 km).

The selected tropospheric layer has sometimes a thickness
as small as about 20 m. It appears to deepen significantly
around 10, 16, 20 and 45 min. These layer increases are re-
lated to SNR minima for the three first cases, of about 20 dB.
However, at such high SNR, blurring effects are not expected
to be strong, according to the simulations shown in the Ap-
pendix. Thus, it is believed that the thickness variations are
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Fig. 8. Comparison between the histograms of thickness distributions estimated from the Capon method (left) and the FDI algorithm (right)
for all the available data set.

rather due to atmospheric effects. The increase in thickness
around 45 min is associated with a small minimum in peak
brightness but not in SNR (larger than 20 dB), indicating that
this thickness increase is rather due to an effect of the fast
downward motion of the layer. Thus, the thickness of the
layer is likely a combination of its real thickness and of its
vertical displacement during the data acquisition time.

The selected stratospheric layer appears much thicker than
the tropospheric layer. The low-SNR effects on the layer
thickness are much more evident for this case. The SNR
minima (below 10 dB) indeed clearly correspond to large in-

creases of thickness. Thus, it is expected that blurring effects
are dominant at stratospheric altitude ranges where SNR is
usually smaller than 15 dB at the altitudes of the resolved
layers. Thus, it is possible that the stratospheric layers are
even thinner than the thickness suggested by Figs. 3 and 4.

Figure 8 shows histograms of layer thickness estimates
from the Capon method and FDI algorithm for the total data
set. Their peaks are at 33–36 m and 70–80 m, respectively.
It is clear that the thickness in the Capon patterns is more
compatible with the typical thickness of the temperature and
humidity gradient sheets observed by high-resolution, in-situ
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techniques (Dalaudier et al., 1994; Muschinski and Wode,
1998). The thickness estimated from the FDI algorithm
only denotes a characteristic already emphasized by Luce et
al. (2001c): the average is close to half of the radar range-
resolution and is thus merely an artifact of the method.

In Fig. 8, the layer thickness histogram was calculated
from 40 records with 256 points, using 2 times oversampling
to smooth the results. The average thickness was 47 m. Pro-
cessing of the data as 64-point or 128-point records led to
histogram peaks at 24 m and 33 m, and average thicknesses
of 41 m and 45 m, respectively. The estimated thickness thus
shows a slight dependence on the time over which data pro-
cessing is carried out, as expected, owing to both statistical
variation and vertical movement of the layers due to various
dynamic effects, such as gravity waves, convection or fronts.

4 Conclusions

Range imaging of the lower atmosphere using the FII tech-
nique was performed for the first time up to∼22 km in the
lower stratosphere with the new 46.5-MHz Middle and Up-
per atmosphere (MU) radar system at Shigaraki, Japan, in
April 2005. The Capon patterns revealed persistent struc-
tures much thinner than 150 m, very often corroborated
by the parametric MEM and MUSIC algorithm, only very
roughly suggested by the classical FDI technique, and im-
possible to resolve with the standard 150-m mode. This work
thus gives credence into the effectiveness of the FII tech-
nique. The Capon images confirm the strong layering of the
lower stratosphere at vertical scales of 101

∼102 m, i.e. at the
highest vertical resolution that could be achieved with a VHF
radar.

Such a technique of more reliably estimating layer thick-
ness is useful in two important ways. Firstly, radar obser-
vations can more easily be reconciled with those of other
instruments, allowing radar observations to be used oper-
ationally for observing thin-layer structures, and secondly,
continuous observations of these structures and the better re-
solving of their changes in time would permit us to ascertain
local small-scale dynamics of the tropo-stratosphere, and de-
termine the generation mechanisms of the layers with greater
accuracy.

High-resolution imaging with the new MU radar imaging
system will permit a better analysis of the temperature gradi-
ent sheets and thin turbulent layers by VHF ST radars. Con-
sequently, future studies will be carried out on interpreting
the structures resolved by the FII mode.

Appendix A Maximum Entropy Method

The Fourier-based imaging method proposed by Palmer et
al. (1999) and Luce et al. (2001) is based on the use of
the FFT to estimate the brightness distribution. In terms
of Z-transforms, the model brightness distribution can only

have zeros in the Z-plane. This refers to the moving av-
erage (MA), all-zero model. A different estimation can be
provided by an auto-regressive (AR), all-poles model, also
called Maximum Entropy Method (e.g. Candy, 1988). The
estimated brightness distribution can have the form (in terms
of Z-transforms):

BAR(Z) ∝
1∣∣∣∣1 +

N∑
k=1

akZk

∣∣∣∣2
. (A1)

Since this estimate can have poles, it is well-adapted to
brightness distributions with sharp peaks. For application
to range imaging, the MEM brightness distribution can be
written as (Nickel, 1988; after only slight modifications of
applications to antenna array processing):

BMEM(z)=e∗

1R−1e1/

∣∣∣e∗

1R−1a(z)
∣∣∣2 , (A2)

wherea(z) = [1 exp(j1kz) exp(j21kz) ... exp(j (N −

1)1kz)]T is the scanning vector of dimension N at position z,
R is the N×N covariance matrix of the received signals at N
different frequencies,e1=(1, 0, ...0)T is a unit vector, and *
represents the conjugate transpose operator. When Eq. (A2)
is given in terms of Z-transforms, an expression of the form
of Eq. (A1) is obtained. As reported by Nickel (1988), the
Capon pattern given by, for example, Palmer et al. (1999)
and Luce et al. (2001a) is:

Bcap(z)=
(
a(z)R−1a∗(z)

)−1
, (A3)

which corresponds to a harmonic averaging of the MEM pat-
tern such that

Bcap(z)=
1

N

N∑
k=1

B
−1

MEM,k(z) , (A4)

where BMEM,k is the MEM pattern obtained from the last
k frequencies (see also Stoı̈ca and Moses, 202–204, 1997).
Thus, the MEM pattern should be affected more by statisti-
cal errors (i.e. the MEM pattern should show greater fluctu-
ations) but the resolution performance should be better. The
MUSIC algorithm consists first in estimating the eigenvec-
tors of the covariance matrix. For M<N discrete sources, M
sources are associated with M eigenvectors (corresponding
to the Signal subspace). The last N-M eigenvectors are re-
lated to the Noise subspace. If we noteT=[t1 t2 . . . tN−M ]

the N×(N-M) matrix of Noise eigenvectors, then the MUSIC
pattern is given by:

BMUSIC(z)=
(
a∗(z)TT∗a(z)

)−1
. (A5)

In order to assess the performance of MEM with respect to
the Capon method and the MUSIC algorithm, simple numer-
ical simulations have been performed. The modeling scheme
used for these simulations has already been presented by
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Fig. A1. Results of simulations for the Capon method (top), MEM (center) and MUSIC algorithm (bottom), assuming SNR = 20 dB and two
“infinitely” thin layers separated by 0 m to 150 m.
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Fig. A2. Results of simulations for the Capon method (top), MEM (center) and MUSIC algorithm (bottom), assuming a single “infinitely”
thin layer and for SNR from –10 dB to 30 dB.
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Fig. A3. Results of simulations for the Capon method (top), MEM (center) and MUSIC algorithm (bottom), assuming SNR = 20 dB and a
single layer of thickness from 0 m to 150 m.

Luce et al. (2001a) and Smaı̈ni et al. (2002). It is based on
the analytical calculation of the complex normalized cross-
correlation, assuming a given number of Gaussian-shaped
layers embedded within the range gate (Luce et al., 1999).
The thickness of the layers is defined as twice the standard
deviationσ of the Gaussian function representing the layers.

The normalized cross-correlation matrix is hence calcu-
lated for a given distribution of layers, assuming that the
backscattered signals from each layer are uncorrelated. The
noise effects are taken into account by assuming white noise,
so that only the diagonal of the matrix is affected by an ad-
ditional termPN . The signal-to-noise ratio is thus defined
as 10 log10(PS/PN ), wherePS=1 is the arbitrary power, i.e.
the normalized cross-correlation at 0 frequency lag. The pro-
posed simulations show the optimal performances of the pro-
cessing methods since they provide a cross-correlation ma-
trix without estimation errors.

Contrary to Palmer et al. (1999), the effects of the wave-
front curvature are not taken into account because these ef-
fects depend on the layers’ height and are quite small for
tropospheric altitudes and for narrow beams (e.g. Luce et al.,
2000). The mean altitude of the selected layers is thus not
important.

Figures A1–A3 show results of FII simulations, assuming
five equally-spaced frequencies over 1 MHz and1r=150 m.
Figure A1 shows FII patterns using the Capon method,
MEM and the MUSIC algorithm (assuming 2 sources) for
the case of 2 infinitely thin layers (i.e.σ=0) and assuming

SNR=20 dB. As expected, MEM provides separation ca-
pabilities better than the Capon method but worse than the
MUSIC algorithm. For this case, the layers are detected for
a vertical separation distance of about 40 m with the Capon
method, while only about 20 m is needed with MEM. Thus,
in case of the detection of several very thin layers, MEM
(and the MUSIC algorithm) are more adapted than the Capon
method.

Figure A2 shows FII patterns using the same methods as
in Fig. A1, assuming a single “infinitely thin” layer located at
the center of the gate, versus SNR from –10 dB to 30 dB. The
plots show that MEM is less sensitive to SNR than the Capon
method. Blurring effects are noticeable from 10–20 dB with
the Capon method and from 0–10 dB with MEM, depending
on the error tolerance. For this layer model, MEM is thus
more adapted than the Capon method at low SNR. One can
note that the MUSIC algorithm only provides one peak de-
spite the assumption of 2 sources.

Figure A3 shows FII patterns using the same methods as in
Fig. A1, assuming SNR = 20 dB and a single layer of thick-
ness from 0 m to 150 m. As expected, the Capon method
provides the best pattern with increasing layer thickness and
detects only a single layer regardless of the thickness. Since
MEM and the MUSIC algorithm are adapted to distributions
with sharp peaks, they reveal “ghosts” for “thick” layers:
MEM detects a double peak from a thickness of about 30 m
onwards and then a triple peak starts to form from 100 m
onwards. The MUSIC algorithm shows two peaks with an
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increasing separation distance when the layer thickness in-
creases, indicating that the separation can be an indicator of
the vertical extent of the thick layer. Applied on real data,
MEM and the MUSIC algorithm cannot provide information
on the real thickness of the structures.

In summary, each method has its advantages and draw-
backs, depending on the assumed layer model. MEM shows
a performance intermediate to the Capon method and the
MUSIC algorithm. MEM and the MUSIC algorithm are not
adapted for thick layers but can provide much better resolu-
tion performances than the Capon method when multiple thin
layers are assumed. As a consequence, the application of the
different methods to the same data set can provide the follow-
ing information: if the Capon pattern is similar to the patterns
obtained with MEM and the MUSIC algorithm (i.e. the same
number of layers is found), this reinforces the hypothesis that
the Capon method sees real atmospheric structures. When
they differ (i.e. when MEM and MUSIC patterns show more
peaks than the Capon patterns), the results can be interpreted
in two different manners: either the Capon method perfor-
mance is not sufficient to resolve the structures, or MEM and
the MUSIC algorithm show spurious peaks.
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