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Abstract. The purpose of this study is to evaluate the
practical contribution of a VHF radar to high time resolu-
tion automatic temperature profiling both for research and
operational applications in the frame of an integrated sys-
tem of ground-based remote-sensing instruments. Based on
the most prominent results already mentioned about this in-
strumentation, different techniques, related to the tempera-
ture data retrieval, are experimentally tested and documented
using the INSU/Meteo 45 MHz wind profiler operating at
CNRM/Toulouse or during cooperative campaigns. In par-
allel to the self-sufficient Radio Acoustic Sounding Sys-
tem (RASS), other approaches, using the Brunt-Vaisala fre-
quency measurements, allow an extension of height coverage
up to the higher troposphere and the tropopause. As only
temperature gradients can be measured by this way, com-
plementary data from other instruments are desirable. This
makes it particularly fitted to an integrated remote-sensing
system operating from the ground combining wind profilers
with GPS, radiometers, lidar ceilometers and sodars.

Keywords. Atmospheric composition and structure (Pres-
sure, density, and temperature; Instruments and techniques)
– Meteorology and atmospheric dynamics (Mesoscale mete-
orology)

1 Introduction

The Radio Acoustic Sounding System (RASS) capabilities
to measure virtual temperature profiles using a wind pro-
filer have already been widely attested (Adachi et al., 1993;
Angevine et al., 1994; May et al., 1989; Peters, 2000; Klaus
et al. 1998). This technology, involving acoustic transmis-
sion in the atmosphere combined with an UHF or a VHF
radar, is potentially one of the most promising tools for an
automated continuous temperature profiling due to its accu-
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racy and efficiency in all weather conditions. This technol-
ogy has still some important caveats, in particular, the noise
pollution and the height coverage limitation. Both theoret-
ical studies and practical observations have been conducted
with the RASS in order to evaluate the range coverage and to
reduce noise pollution.

To complement the temperature profile above the range
covered by the RASS, other possibilities can be exploited
with VHF radars by evaluating the Brunt-Väis̈alä frequency
(B-V).

Provided the horizontal wind is not too strong, the most
direct way to deduce B-V frequency with a wind profiler is
by measuring the variations of the vertical wind velocity(W)

at high time resolution of about 1 min. As has already been
attested (Ecklund et al., 1985; Röttger, 1985; Revathy et al.,
1996), the spectral representation of these variations gener-
ally show a peak corresponding to B-V and enable an easy
detection of this parameter.

Another possibility of B-V frequency retrieval, which is
restricted to altitudes where humidity is negligible, consists
in extracting these data directly from the echo spectral power.
The dry term of the refractive index gradientM is calculated
from the signal-to-noise ratio of the radar (VanZandt et al.,
1978; Gage and Balsley, 1980) and temperature is deduced
from the general equation relatingM to atmospheric param-
eters.

In order to evaluate the practical capabilities and lim-
its of these techniques, tests have been conducted with the
INSU/Mét́eo 45 MHz instrument, either at CNRM/Toulouse
or during the Mesoscale Alpine Project (MAP) cooperative
campaign in Italy in 1999.

2 Temperature retrieval with the RASS technique

UHF and VHF radars are mainly designed for measuring
wind profiles in all weather conditions, including precipita-
tions, as the rain drops are good tracers of horizontal wind.

Published by Copernicus Publications on behalf of the European Geosciences Union.



3806 V. Klaus: Temperature retrieval with VHF radar

Fig. 1. Experimental results of monthly height coverage with cen-
tral sources alone (F1) and simulation data using distribution pat-
terns of 4 acoustic sources. at 30 m from the antenna network centre
(F4). and 8 sources at 30 m and 60 m from the centre (F8).

As per the Bragg condition, they are sensitive to refractive
index variations occurring within the scale of half the radar
wavelength. As observed by VanZandt (1983), due to exis-
tence of a persistent background of turbulence in the tropo-
sphere, clear air echoes from VHF radars are detected in ev-
ery range gate even with a resolution as small as 150 m. This
is no more true above 16 km height where gaps may appear
in some range gates. These turbulent layers being advected
by the wind, the mean wind vector is easily obtained using
several beam directions of the radar.

The RASS technique, already available as an operational
option on several manufactured UHF instruments, consists in
sending acoustic waves in the atmosphere at approximately
half the wavelength of the radar (Peters et al., 1983; May et
al., 1990). The acoustic waves produce refractive index per-
turbations easily perceived by the wind profiler. Their speed
calculated by Doppler effect is directly related to the square
root of the virtual temperature. By this way, virtual temper-
ature profile is obtained up to the point at which the acousti-
cally induced signal is too weak or has been shifted out the
radar sensing volume by the horizontal wind.

Two main points must be underlined at this step: The
height coverage limitation, which may need complementary
devices, and the acoustic pollution, which may hinder its
practical application.

2.1 Range coverage with RASS

The range coverage is limited in height if no advanced and
expensive techniques, such as the beam ray tracing, is im-
plemented to track the acoustic wave advected by the hor-
izontal wind (Matuura et al., 1986). Both theoretical stud-
ies and practical observations, using the 45 MHz radar at
CNRM/Toulouse, have already shown that the probability
to get RASS echoes sharply decreases above 6 km height
(Klaus et al., 2002). Slight improvement may still be ob-

tained with a larger number of sources distributed around
the radar antennas taking also account of the general clima-
tology of the area, but there is no prospect of reaching the
tropopause with a low cost technology and ordinary strato-
tropospheric (ST) radar. As shown in Fig. 1, using 8 acoustic
sources distributed at 30 and 60 m from the radar antenna
centre instead of a single one, may increase height coverage
by about 1 km allowing 6 km altitude to be reached in 50%
of cases at least. This may have practical significance for
operational system focussed on the lower troposphere.

2.2 Noise pollution with RASS

The second point also deserves particular attention as hor-
izontal noise pollution may hinder practical applications
around urban areas where these measurements may be highly
required, for example for chemical pollution tracking. With
VHF radars, the problem is even somewhat harder as the
acoustic frequency needed for RASS is located in the lower
audible range at about 80 to 100 Hz, which means weaker at-
tenuation in the atmosphere and a subjectively greater distur-
bance to the ear. This nuisance may also be enhanced by the
low-frequency vibrations of the acoustic transmitter mechan-
ical structure. Contrarily to electromagnetic waves, acoustic
signals cannot be easily directed in a narrow beam without an
important technical implementation, which a low cost system
cannot afford.

The basic acoustic source was a loudspeaker with a galva-
nized iron elbow directing the signal to the zenith (Fig. 2a).
Then several attempts were made to minimize the horizontal
noise. They included respectively a soundproof box, a PVC
elbow and a one-meter long PVC cylinder extension fixed to
the elbow (Ṕenetier, 2001). While the soundproof box did
not bring much improvement, the PVC pipe with its exten-
sion attenuated the noise at ground level by 6 dB compared
to the mere iron elbow. This solution was finally adopted
due to its performance and the implementation convenience
(Fig. 2b).

Further improvement was made possible by distributing
the sources in an acoustic half-wave-length array of at least
4 identical sources. This very simple principle is already
exploited for the coaxial collinear antenna network of the
VHF radar in order to focus the signal beam near the ver-
tical. At CNRM/Toulouse, the radar antenna is located in
the experimental area at about 300 m from office buildings of
the Research Centre (CNRM) and the Meteorological School
(ENM). Consequently, stress had been laid on minimizing
the pollution in the direction of those edifices.

When using a single acoustic transmitter at the centre of
the antenna array, the noise is logically evenly distributed
around the source. With a 115 dB acoustic power at 1 m
above the horn (equivalent to a power-hammer at the thresh-
old of pain), the horizontal disturbance at the building en-
trance is between 65 and 70 dB, which corresponds to a noisy
conversation, at the limit of fatigue. In spite of being largely
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Fig. 2a. The initial acoustic source for RASS.

below the legal threshold requiring protection (85 dB), the
sound is still too noisy for being ignored. By using a network
of 4 loudspeakers, distant from each other by about half-the
acoustic wavelength, the noise can be reduced to no more
than 60 dB, equivalent to the standard level of a busy street,
which during the day is hidden in any way due to a near-by
highway.

The sources are supposed to transmit in a frequency range
of 80 to 100 Hz, which is located typically 2 octaves below
“middle C” of a piano at the end of the second octave from
the left. Inside this range, all the frequencies do not propa-
gate exactly according to the same pattern, because of the in-
terference of the waves generated in phase by the four distant
acoustic sources. Consequently, at any point, the transmitted
power vis frequency is not exactly uniform. Figure 3 shows
examples of acoustic wave horizontal propagation according
to the number and distribution of the loudspeakers. For the
calculation, only the maximum has been retained, which is
closest to the reality perceived by the human ear. We may
also notice that in some other directions, by compensation,
the noise is considerably increased. Consequently, due con-
sideration should be paid when installing such system near
an inhabited area as the results may show large variations
even with a slight shifting.

As the CNRM and ENM buildings are not distributed
along a simple geometric pattern, only empirical method of
sources location was used with the simulation software in
order to minimize the noise in these two directions. In this
particular situation, 4 properly distributed acoustic sources
could significantly reduce the horizontal nuisance. In any
other building configuration, the same kind of adjustment
should be made according to the number of available sources
and the available area.

Fig. 2b. Same as Fig. 2a by replacing the iron elbow by a PVC one
and 1-m extension allowing 6 dB attenuation at the ground level.

3 Temperature retrieval using the Brunt-Väisälä (N )
evaluation

3.1 Extracting temperature fromN

To complement the temperature profile above the range cov-
ered by the RASS, other possibilities can be exploited with
VHF radars by evaluating first the Brunt-Väis̈alä (B-V) fre-
quency (N) This parameter can be obtained using two quite
different techniques, which are described respectively in
Sects. 3.2 and 3.3. First, we need to establish the way of
getting temperature profiles fromN . N is expressed as:

N2
=

g

T

(
dT

dz
+ 0

)
=

g

θ

dθ

dz
= g

(
d ln θ

dz

)
(1)

whereg is the gravity acceleration (9.8 m s−2), T is the tem-
perature,z is the height,0 is the dry adiabatic lapse rate
(around 9.76 K/km), andθ is the potential temperature.

Practically, for a standard atmosphere, Eq. (1) shows
that N2 is around 0.0001 rad2/s2 in the troposphere where
dT/dz≈−6.5 K/km, and 0.0004 rad2/s2 in the stratosphere
wheredT/dzis close to zero. But of courses, important vari-
ations may occur, mostly in the troposphere.

In the case of an ideal atmosphere,0 can be written as:

0 = g/cp (2)

cp being the specific heat of a mixture of dry air and water
vapour considered as ideal gases. It can be written in the
atmosphere (Gill, 1982):

cp = 1004.6(1 + 0.8375q) J kg−1 K−1 (3)

whereq is the specific humidity.
Thus, we obtain:

0 (q) =
9.755× 10−3

1 + 0.8375q
(4)
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Fig. 3. Horizontal noise pollution with acoustic transmitters at
CNRM/Toulouse installed in the centre of the 45 MHz radar an-
tenna (grid) near the Ḿet́eo-France buildings (white lines).(a) Sin-
gle transmitter,(b) 4 transmitters located respectively at the coor-
dinates (0,0), (1.4,1.13), (0.4, 1.75), and (1.8,3.12) relatively to the
antenna grid center.

The influence of humidity may not be completely negligible
in hot and humid lower troposphere during the monsoon in
tropical regions for instance. A saturated air at 24◦C contains
about 30 hPa of vapour pressure, which at 800 hPa for exam-
ple (around 2 km) is equivalent to 23 g/kg of specific humid-
ity. Applied to Eq. (4), this influence shifts the value of0

by about 2%. Consequently, in most of cases, no significant
error may be expected by assuming0 to be a constant

The atmosphere not being an ideal gas, a more accurate
expression for Eq. (1) has been given by Richiardone and
Giusti (2001). In the same way as for the humidity effect,

this correction will not be considered due to its small influ-
ence and the degree of complexity it would involve in further
calculations.

Assuming0 to be a constant, Eq. (1) is easily solved as
already described by Revathy et al. (1996).

dT

dz
−

N2

g
T = −0 (5)

By putting:

I (z) =
θ (z0)

θ (z)
= exp

[
−

∫ z

z0

N2
(
z′

)
g

dz′

]
(6)

we can write:

I.
dT

dz
−

N2

g
I T = −0 I (7)

or:

I
dT

dz
+ T

dI

dz
=

d (T I)

dz
= −0 I (8)

which finally gives by integration:

T (z) =
1

I (z)

[
I (z0) T (z0) − 0

∫ z

z0

I
(
z′

)
dz′

]
(9)

or its equivalent in term of potential temperature:

T (z) = θ (z)

[
T (z0)

θ (z0)
− 0

∫ z

z0

1

θ (z′)
dz′

]
(10)

Due to the presence of the integral in the expression of
Eq. (9), an initial value ofT (z0) at a given range gatez0
is needed to calculate theT profile. It can be obtained for
example from the RASS measurements in the lower ranges.
If humidity data are available or at least estimated,0 can
further be fine-tuned, but it has been shown that no much ef-
fect is produced on final results. However, when using RASS
virtual temperature (Tv) measurements, they will help to pro-
vide more rigorously the initial valueT (z0) from Tv(z0).

As previously mentioned,N can be extracted from radar
data by two different techniques using respectively the echo
power in the case humidity is negligible and the vertical wind
variations. They will be described in the following chapters.

Figure 4 shows some examples of B-V obtained respec-
tively by the signal power (VHFSP) and the vertical wind
spectrum methods (VHFWS). It is interesting to note that
both can be efficient in providing this parameter. VHFWS
tends to smooth the data in the troposphere, while VHFSP
is much more sensitive at this level.

3.2 Temperature retrieval with the echo power technique

3.2.1 Theoretical background

A possibility, which is restricted to altitudes where humidity
is negligible, consists in extracting B-V data from the echo
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Fig. 4. Comparison ofN2 between radio soundings (RS) and VHF radar (VHF) using respectively the signal power (VHFSP) and the
vertical wind spectrum (VHFWS) method.

spectral power of the ST radar as has already been shown
by Hooper et al. (2004). To this purpose, the dry term of
the refractive index gradientM is first estimated from the
radar data through the expression of the refractivity turbu-
lence structure constantC2

n (VanZand et al., 1978).

C2
n = 2.8L

4/3
0 M2

=
η

0.38
λ
1/3 (11)

whereL0 is the outer scale length of the turbulence spectrum,
η is the radar reflectivity extracted from the echo power in-
tensity (VanZandt et al., 1978; Gage and Balsley, 1980), and
λ is the radar wavelength..

M is directly expressed from radar reflectivityη as:

|M| = 0.97L
−2/3
0 λ

1/6 η
1/2 (12)

Besides,M is related to atmospheric parameters as follows:

M=−77.6×10−6 P

T

[
N2

g

(
1+15600

q

T

)
−

7800

T

dq

dz

]
(13)

whereP is the atmospheric pressure (hPa),T is the temper-
ature (K),g is the acceleration of gravity (m s−2), q is the
specific humidity (g/g), andz is the altitude. When humidity
is negligible, we simply have the dry contributionMD:

MD ≈ −77.6 × 10−6 P

T

N2

g
(14)

Then,N2 is deduced from the combination of Eqs. (12) and
(14):

N2
= 1.25× 104 g

T

P
L

−2/3
0 λ

1/6 η
1/2 (15)

3.2.2 Practical implementation

η may not be correctly estimated due to difficulties to cali-
brate the radar properly and the possible fluctuations of the
radar performances with time. If accurate results should be
sought, the daily variations of the cosmic noise must also
be considered in order to evaluate the noise level to be sub-
stracted from the signal-to-noise ratio (Campistron et al.,
2001). At this step, we simply consider thatη is only esti-
mated through a multiplication constant to be evaluated from
validation with radio soundings. Practically, comparisons of
M profiles calculated both from the radiosonde data and the
profiler on preliminary campaigns are very useful.

As discussed in Hooper et al. (2004),L0 may not be a con-
stant, with respect both to time and altitude. This has led to
an alternative form of the expression of the radar return sig-
nal power (for example Gage et al., 1980). This assumption
quoted by Hooper and Thomas (1998) whereL0 may depend
onN2 resulting inη proportional toN4 has given correct re-
sults concerning humidity retrieval (Tsuda et al., 2001; Klaus
et al., 2006).

www.ann-geophys.net/26/3805/2008/ Ann. Geophys., 26, 3805–3817, 2008
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Fig. 5a.Scale height relative to the ratio P/T computed from a series
of radiosoundings at CNRM/Toulouse.

However, a number of radiosonde comparisons made at
different times and locations has confirmed the proportional-
ity of M2 with the radar reflectivityη (Röttger, 1979; Tsuda
et al., 1988; Hocking and Mu, 1997; Hooper and Thomas,
1998; Low et al., 1998). Local tests at CNRM/Toulouse have
confirmed these results showing that the best temperature re-
sults were obtained withL0 considered as constant, but tak-
ing a different value from the troposphere to the stratosphere.
Consequently, the knowledge of the tropopause height ap-
pears to be a valuable complement for this study.

The problem to find the exact value ofL0 is minimized
by the fact empirical calibration is already made to evaluate
η from radar signal to noise and only a global constant in-
cluding both calibration value andL0 is required to apply the
method.

Consequently, in Eq. (15) constant parameters can be com-
bined under:

K = 1.25× 104 g L
−2/3
0 λ

1/3 (16)

whereK is evaluated once for all with a possible variation
between the troposphere and the stratosphere.

This finally leads to:

N2
= K

T

P
η
1/2 (17)

Fig. 5b. Relative error involved by replacingP/T values by
P0/T0exp[-(z−z0)/H ] with H equal to 9000 m below 9 km height
with a linear decrease of 1 km per 3.5 km above this height.

Equation (17) contains pressure data, which may not be
available in a completely independent remote sensing sys-
tem. One direct way is to use the previous estimations from
the model forecasting, as small variations ofP have little in-
fluence on the general accuracy of the method.

Another way is to replaceP/T , which is proportional
to the air density, by an expression depending only on

ground measurementsP
T

=
P0
T0

exp
(
−(z−z0)

/
H

)
(Hooper et

al., 2004), whereP0 andT0 are the pressure and tempera-
ture respectively at ground levelz0, andH is the mean scale
height across the whole altitude range. HereH should not
be confused with the more traditional scale height used for
computing pressure profile. The general profile ofH , mea-
sured from a series of radiosoundings at CNRM/Toulouse,
is around 9000 m the troposphere with a slight decrease of
about 1 km per 3.5 km above this level (Fig. 5a). Larger vari-
ations occur below 5 km, but without effect on the relative
error due to compensation by larger values ofP and smaller
altitude z. This stable behaviour above this height allows
a simple linear modelization ofH for further studies. Fig-
ure 5b shows that relative error involved by this formulation
is below 4%, which allows to keep same the differential equa-
tion (Eq. 5) for extracting the temperature profile.
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Fig. 6. Standard deviation(a) and bias(b) between radiosonde (RS) temperature measurements and respectively VHF radar temperature
computed with the echo power technique (VHF) with reference values between 5 and 10 km, and interpolated temperature data from RS
between 5 and 10 km. The column on the right indicates the number of comparisons used for the statistics.

Equation (15) can be expressed as follows:

N2
= K ρ−1

0 exp

[
z

H

]
η
1/2 (18)

ThenT profile is calculated in the same way as with the pre-
vious method with a second variableK to solve the system
of Eqs. (10) and (16). Either, this value is estimated from
preliminary radio soundings and then adopted for the whole
measurement campaign, or calculation is made for each pro-
file in a two-variable (K andT ) resolution equation, in which
case, two referenceT points are needed to solve the prob-
lem. In practical application, the second reference point can
be provided for example by commercial jet liners at upper
height as already implemented in real time by the Aircraft
Meteorological Data Relay (AMDAR) System. As reported
by the EUMETNET (2004), the data are available through
Global Telecommunication System in less than 30 min in
80% of cases. Radiometric profiler with integrated data over
a larger range can be a substitute. Solution is then brought
in by numeric method whereK is adjusted by successive di-
chotomy until agreement is reached at both reference points.

3.2.3 Limitations/caveats

The main limitation of this technique in the troposphere is
of course the presence of humidity, because the radar signal
return power provides|M| (Eq. 12), while only the dry com-
ponentMD is needed for the B-V evaluation (Eq. 14). This
influence has been discussed in Hooper et al. (2004) from
comparisons with 221 radiosondes, showing great discrep-
ancies below 4 km altitude. This is confirmed by the mea-
surements made at CNRM/Toulouse (Fig. 4). It must also
be noted that for a given|M/MD| ratio, the error will be all
the more greater asN is important, so the impact will not be
same if its value is 0.02 rad s−1 or 0.005 rad s−1.

It has also been observed that precipitation may seriously
hinder the data quality, first by introducing a spurious echo,
and second by removing from the turbulence echo a part of
the small-scale refractivity structure related to fluctuations in
humidity (Chu and Liu, 1994; Vaugham and Worthington,
2000).

In the frame of this study, the first 5/6 kms are supposed
to be covered by the RASS, so that a part of these limita-
tions would not apply above this range, at least in temperate
regions.

www.ann-geophys.net/26/3805/2008/ Ann. Geophys., 26, 3805–3817, 2008
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Fig. 7. Same as Fig. 6 with reference values between 5 and 11 km.

We have also seen that the mean scale height is constant
in the range 5 to 10 km in which case it is possible to express
the P/T ratio with sufficient accuracy based only on ground
measurements. Above the tropopause,H can be estimated as
a function of altitude.

3.2.4 Experimental results

The two-month Mesoscale Alpine Project (MAP) Campaign
in the region of Milan (Italy) was used to test this technique
(Bougeault et al., 2001). A large number of controlled VHF
radar measurements were available and completed with daily
radio soundings.

Here we simulated the improvement to be expected when
T is measured between 2 levels in the troposphere and near
the tropopause respectively by the RASS (5 km) and a jet
liner (10, 11, and 12 km, respectively). For each range gate,
the standard deviation (StD) and bias of the difference be-
tween the radiosonde, and radar-derived values were com-
puted. StD is reduced to about 2 K with the couple 5–10 km
(Fig. 6) and 5–11 km (Fig. 7). The results get degraded with
the couple 5–12 km (Fig. 8), however this may not be too
detrimental for a practical application of the method as most
jet liners fly below this altitude. The same statistics have
been calculated by replacing the radar-derived values by a
simple interpolation ofT between the two reference levels.

StD becomes closer to or above 3 K. It must also be noted
that outside the range connecting the two levels, the method
is no more accurate, so that it may not be applicable in the
stratosphere if temperature data are available only up to 10
or 11 km height.

3.3 Temperature retrieval with the vertical wind variation
technique

3.3.1 Theoretical background

Provided the horizontal wind is not too strong, the most di-
rect way to deduceN with a wind profiler is by using the
vertical wind velocity(W) spectra at high time resolution
(around 1 min). As has already been attested (Ecklund et
al., 1985; R̈ottger, 1985), the spectra show the “B-V cut off”
with a spectral peak at the B-V frequency characterised by
a steeper decrease on the side of higher frequencies. This
has been confirmed with the VHF radar at CNRM/Toulouse
and validated by radio soundings (RS) (Fig. 9). From then,
T profiles can be deduced as has already be demonstrated by
Revathy et al. (1996) and Mohan et al. (2001).

3.3.2 Practical implementation

The first step is to check the accuracy of the vertical veloc-
ity measurement. This is not always an easy task as the

Ann. Geophys., 26, 3805–3817, 2008 www.ann-geophys.net/26/3805/2008/
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Fig. 8. Same as Fig. 7 with reference values between 5 and 11 km.

vertical velocity to be calculated may be polluted by the
ground clutter or near-zero frequency noise. A good sepa-
ration could be obtained only after further coherent integra-
tion, i.e. a spectral zooming near zero frequency, and a zero
padding, which increases the spectral resolution. A more
advanced method consists in filtering the time series using
wavelet packet decomposition as described by Jordan and
Lataitis (1997). The opportunity of such filtering has been
attested at CNRM/Toulouse (Klaus and Chérel, 2003).

Figure 10 gives an example of vertical wind velocity spec-
tra. A signal corresponding to the B-V frequency is easily
observed at all range gates with a typical slope on the right
side towards higher frequencies.

3.3.3 Limitations/caveats

This technique cannot be applied in all meteorological con-
ditions. For example for super-adiabatic lapse rates when the
B-V frequency become imaginary. Also, during strong hor-
izontal winds, the spectra do no more show a peak followed
by a sharp decrease and consequently to accurately locate
the B-V peak, as it has been asserted by extended campaigns
(Ecklund et al., 1985).

For an automated implementation, it must be stressed that
any error or inaccurate location of the peak at a given range
gate will have repercussions on all the following altitudes.
Consequently, a rigorous checking will be required for its ef-

Fig. 9. Example of vertical velocity spectrum obtained with
the VHF radar at 3550 m on 26 March 2002 between 12:00 and
12:30 UTC (34 s resolution profiles with zero-padding up to 256
spectral points). The B-V frequency appears as a peak around
0.011 rad s−1 corresponding to about 571 s (9 mn 31 s) periodicity.

ficient implementation. In order to approach the skill level
of the human expert, a fuzzy-logic software will be imple-
mented at CNRM/Toulouse in 2009, in a similar way as was
already successfully tested on ST radars for an optimal se-
lection of turbulent peaks on the spectra. (Cornman et al.,
1998). This method consists in allotting a table of values,
called membership function, for each criterion needed to ac-
cept a signal for further processing.
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Fig. 10. Vertical wind spectra obtained with the VHF radar on 22
February 2002 between 12:17 and 12:31 UTC (45 s resolution pro-
files with zero-padding up to 128 spectral points). Peaks are men-
tioned by triangles.

A number of criteria will be selected at each of the three
steps.

– On the raw vertical beam spectra, most of the ground
clutter pollution is supposed to have been removed in
the preliminary time series filtering. Thus we need to
check the presence of a single peak, its detectability
above the white noise, and its general form compared
to a Gaussian by the skew or 3rd moment evaluation.

– On the time series of vertical velocities. At each range
gate, we must check the number of valid points without
too many gaps for a proper spectral analysis.

– On the vertical velocity spectra: as shown on Figs. 9 and
10, a non-ambiguous peak must appear, which means
that no other concurrent peak is present within several
dBs.

Fig. 11.Temperature profiles obtained from the B-V measurements
using peak frequency (BV raw) from Fig. 6, and a factor correction
on the frequency (BV cor.), compared to the reference temperature
profiles provided by the analysis output from the ECMWF model
(T. Ref).

Beside these steps involving vertical velocity data, the hori-
zontal velocity also needs to be checked.

Using the membership function for each of these criteria,
we can put a mark on the quality of the measurement. The
linear combination of all the values provides a global esti-
mate, which finally indicates if the technique can be applied
or not. Tests with experimental data will be needed to define
the various parameters related to each membership function
and their linear combination.

Contrarily to the previous method, one reference point
should theoretically be sufficient for providing T-profile.
However, the frequency abscissa of the maximum of the peak
is not always a good indicator for temperature retrieval. Fig-
ure 11 shows an example when this value must be increased
toward the higher frequency base of the peak. Using a global
multiplying factor of 1.5 and starting with a reference value
at 2400 m provided by the analysis output from the Euro-
pean Centre for Medium Range Weather Forecast (ECMWF)
model, we get a much better agreement at 3000, 5600 and
7300 m. A significant gradient variation can even be seen
around 3000 m along with an increase of B-V frequency in a
small slab at 4000–4500 m which allows a nearly exact align-
ment of temperature profiles at higher altitudes. This value
may change with time.

Experiments with the same type radar in Lannemezan
have also shown the necessity to take the right side base
of the peak in order to get satisfactory temperature profiles
(B. Campistron, personal communication, 2002).

Consequently, for efficient implementation, a second ref-
erence point is considered desirable. This will also minimize
the effects of any inaccuracy on the peak detection as men-
tioned above.
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Fig. 12. Comparison ofT between radio soundings (RS) and VHF radar (VHF) using the B-V frequency calculation through the vertical
speed spectra (Left: Absolute values, right: Temperature differences). The starting point at the 5 km range gate has been extracted from the
RS measurements.

3.3.4 Experimental results

With the above considerations, very encouraging results have
been obtained with the VHF radar at CNRM/Toulouse com-
pared to 7 radio soundings (RS). As a special configuration of
the radar was necessary for continuous vertical profiling dur-

ing at least 20 min per hour, no data were exploitable from
previous cooperative campaigns, which included only regu-
lar beam swinging in the vertical and 4 oblique directions in
15 min cycles. This explains much fewer comparison profiles
were available as particular measurements had to be made on
site to this purpose.
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Fig. 13. Standard deviation (left) and bias (right) between temper-
ature profiles provided respectively by radiosonde (RS) and VHF
radar (VHF) using the vertical wind spectrum method (VHFWS)
at various range gates. The columns at the right of the figures indi-
cate the number of comparisons used for the statistics.

Figure 12 gives some examples of temperature retrieval
using the VHFWS method with comparisons with ra-
diosonde data. The temperature differences are less than 2 K
between 5 and 10 km height.

Statistical results with the VHFWS have shown a stan-
dard deviation between 1 and 2 K up to 10 km (Fig. 13),
which represents roughly the tropopause height. Above this
level, data are less accurate and could not at this step be taken
as reference for an operational exploitation. The may be due
essentially to the lack of accuracy involved by the signal at-
tenuation at the upper range gates due to power limitations of
the VHF radar (6 kW peak power×4000 m2 antenna).

4 Conclusion

The RASS technology allows virtual temperature measure-
ments up to 6 km height with a few kW peak power VHF
radar using very simple loudspeakers distributed around its
antennas. It has also been shown that a proper distribution
of the acoustic transmitters may significantly minimize the
noise disturbance in selected directions reducing by the way
the restriction zone in inhabited areas. Besides, even in the
absence of costly ray-tracing techniques, the capabilities of
VHF radars in the field of temperature measurement are not
limited to the RASS technology and the lower troposphere.
Extensions to higher ranges could be made using the Brunt-
Väis̈alä frequency measurements with some restrictions al-
ready mentioned.

Either the spectra of the vertical velocities measured at
one-minute frequency or directly the echo power from al-
titudes where humidity is negligible can be exploited to
this end. As in both cases differential equations must be
solved, complementary temperature data are required. Val-

idations with radiosoundings have shown that accuracy from
the vertical velocity spectra analysis may reach 1 to 2 K
under the tropopause. With the echo spectral power tech-
nique, less than 2 K standard deviation error could also be
obtained between two reference altitudes where temperature
is known, typically at the top of the RASS profile (5 km) and
along the jet liners routes (10–11 km), respectively. Above
the tropopause, values are not so good and further studies
would be needed before extending furthermore in altitude the
methodology.

These techniques are particularly suited to an integrated
remote-sensing system including for example a radiometric
profiler, a lidar or AMDAR data able to provide complemen-
tary information on temperature either at a given level or over
a larger range.
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