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Direct comparison between in situ and VHF oblique radar 
measurements of refractive index spectra: 
A new successful attempt 

Hubert Luce, • Francis Dalaudier, 2 Michel Crochet, • and Claude Sidi 2 

Abstract. A direct comparison between in situ and radar measurements of temperature spec- 
tra of atmospheric turbulence was performed by Dalaudier et al. [ 1989]. The widely accepted 
hypothesis of scattering from isotropic turbulence in the inertial subrange was used for the 
oblique reconstructions. However, the results were "puzzling" because neither the shape, the 
dynamic range, nor the power level was correctly reproduced. Other investigations were thus 
needed in order to determine the causes of these disagreements. A new attempt was perfor- 
med using essentially the same method based on the same model and a more extensive and 
improved data set. The results, presented here, are now very satisfying for most of 
measurements. This agreement allows us to understand that some errors and technical pro- 
blems were at the origin of the discrepancies described by Dalaudier et al. [ 1989]. From the 
new results it can be concluded that the method used, based on the isotropic model in the 
inertial subrange, is adequate to fairly reproduce most of the VHF radar measurements at 15 ø 
from the zenith. 

1. Introduction 

It is now well-known that stratospheric-tropospheric 
(ST) VHF radar echoes are produced by refractive index 
fluctuations in air. In particular, Luce et al. [1995] 
showed that partial reflection from temperature sheets, 
described by Dalaudier et al. [1994a], is the main 
mechanism contributing to vertical echo enhancements. 

may also be found [Hocking, 1985]. When the refractive 
index inhomogeneities contributing to the oblique VHF 
echoes (with a scale corresponding to half the radar 
wavelength) are within an inertial subrange, the oblique 
received power can be expressed in terms of the 
refractive index turbulent structure constant C• 2 [e.g., 
Tatarski, 1961; Ottersten, 1969b]. This parameter des- 
cribes the variability of the refractive index n within the The mechanism generally proposed (and accepted) to 

explain the backscattered power from zenith angles • isotropic inertial subrange. 
greater than 10 ø was the scattering from atmospheric Assuming this hypothesis, an attempt for a direct 
turbulence in the isotropic inertial subrange. Indeed, the 
isotropic origin of the backscattering process (for 
• > 10 ø) is observed using an azimuthal beam-swinging 
method [e.g., Riister et al., 1980; R6ttger et al., 1981, 
Tsuda et al., 1986, Hocking et al., 1990]. A theoretical 
discussion of the isotropic and inertial range hypothesis 
at VHF radar sensitivity scales within turbulent layers 
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comparison between VHF radar and balloon measure- 
ments was performed by Dalaudier et al. [1989]. The 
method relied upon nearly colocated in situ temperature 
measurements in order to estimate the three-dimensional 

(3D) spectra of refractive index fluctuations assumed to 
be measured by radar at the Bragg wavelength. The 
results of this comparison were "puzzling" (as mentio- 
ned in the title of their paper) because neither the shape, 
the dynamic range, nor the power level was correctly 
reproduced. The causes of the discrepancies are now 
well understood and are to be found in a combination of 

2Serviced'A6ronornieduCNRS, Verri•resLe Buisson, France. errors and technical problems: on the side of radar 
measurements, the power calibration was inaccurate; on 
the side of the in situ measurements, spectral levels were Copyright 1996 by the American Geophysical Union 
strongly over corrected because of errors in the estimated 

Paper number 96RS02087. time constant of the thermistors. Furthermore, random 
0048-6604/96/96RS-02087511.00 contaminations on temperature measurements by tur- 

1487 



1488 LUCE ET AL.: SUCCESSFUL IN SITU AND OBLIQUE RADAR COMPARISON 

bulent wakes from the balloon or the instrumentation 

itself, reducing the dynamic range and the quality of the 
shape reconstruction, were also identified recently. 

A new attempt of direct comparison was among the 
aims of the RASCIBA90 (radars, scidar, balloons) 
campaign. Both improved instrumentation and data 
processing allowed us to obtain satisfying results, which 
are the main content of this paper. 

This paper is organized as follows: In section 2, 
general characteristics of atmospheric turbulence 
deduced from radar and in situ measurements will be 

briefly reviewed. In section 3, some previous approaches 
showing experimental evidence of links between the 
turbulence field and radar echo intensity will first be 
presented. Then, Dalaudier et al.'s [ 1989] method will 
be introduced and the detailed reasons of the disagree- 
ments leading to the "puzzling result" for oblique 
reconstructions will be given. 

In section 4 the experimental setup of the RASCI- 
BA90 campaign will be described. Four simultaneous 
balloon and radar data sets are available. For each 

instrument the methods used in order to deduce the 

relevant model parameters will be briefly recalled. 
In section 5 the data processing procedures applied to 

balloon measurements for the direct comparisons will 
be presented. In particular, the practical method used to 
estimate the 3D spectrum of refractive index from 
temperature measurements and the method used in order 
to take into account the humidity will be described. All 
the technical and data processing improvements with 
respect to Dalaudier et al. [ 1989] will then be reviewed. 
In section 6 the comparisons between radar observations 
and reconstructions will be presented. Three of the four 
data sets, corresponding to three different nights of 
measurements, allow consistent reconstructions of the 
radar echo profiles; they will be discussed first. The 
fourth experiment shows significant discrepancies bet- 
ween reconstructed and observed profiles, within some 
altitude range. These discrepancies will be discussed and 
explained by instrumental wake contamination of the in 
situ measurements. 

In section 7, conclusions and perspectives will be 
finally presented. 

2. Characteristics of Atmospheric 
Turbulence 

From the beginning of aircraft flights the distribution 
of atmospheric clear air turbulence (CAT) was observed 
to be highly inhomogeneous because the turbulence 

grows and decays in layers or "patches." This charac- 
teristic was confirmed, for example, by Barat [1982] 
with in situ (balloon) measurements. Schematically, this 
patchiness appears on balloon measurements as a ver- 
tical succession of turbulent layers and quiet regions and 
could be at the origin of enhancements or gaps on UHF 
radar power profiles [e.g., Sato and Woodman, 1982]. 
These structures are present at all altitudes: turbulent 
layers were observed by VHF radars in the troposphere, 
the stratosphere, and the mesosphere by Woodman and 
Guillgn [ 1974]. 

From several kinds of in situ studies (balloon, aircraft, 
etc) and radar measurements the turbulent layers seem 
to be rather thin but often largely extended in a nearly 
horizontal direction. From in situ measurements their 

thickness was estimated to be generally of the order of 
a few hundreds of meters and even of a few tens of meters 

for several of them [see Crane, 1980, Figure 1 and 
references herein]. With a 430-MHz radar, Sato and 
Woodman [1982] identified layers of about 50 m 
thickness. With the same radar, Woodman and Rastogi 
[ 1984] observed layers less than 100-500 m thick. lerkic 
et al. [1990], with the Arecibo radar (2380 MHz and 
20-m resolution), observed layers from 60 to 300 m thick 
with 100- to 800-m spacing. Palmer et al. [1990] and 
more recently Kilburn et al. [1993], applying an inter- 
ferometric (FDI) method developed by Kudeki and Stitt 
[ 1987] with a 10-m resolution to the MU radar, observed 
many stratospheric layers with a thickness of the order 
of 50-100 m. 

Warnock et al. [ 1978] pointed out that these turbulent 
layers are advected by the wind. Then, the horizontal 
extent of these structures can be deduced from radar 

observations of their lifetime. Using the Chatanika 
1290-MHz radar, Balsley and Peterson [ 1981 ] estimated 
an horizontal extent larger than several kilometers. Their 
observed lifetime has been observed to vary from a few 
minutes up to a few hours, which is an indication of a 
large but variable horizontal extent. 

In these layers the refractive index (or temperature) 
fluctuations with scales lower than about 10 m (the 
buoyancy scale) are supposed to be only weakly 
influenced by the stratification and are then supposed to 
be essentially isotropic [Hocking, 1985]. From dimen- 
sional arguments the - 11/3 law of the 3D spectral power 
density (or 3D spectrum) of refractive index fluctuations 
is obtained in the inertial subrange [Tatarski, 1961]. 
Under some general conditions [Doviak and Zrnic' 
1984], radar measurements give access to this 3D 
spectrum at the half radar wavelength. Measurements in 
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Figure 1. Ground projection of the trajectory of the four balloon flights during the ascent. Altitude is indicated by a 
triangle every kilometer and a circle every 10 km. The location of the radar is indicated by the arrow. It can be noted 
that the first three balloons stay around the radar site. The maximum horizontal separation is typically lower than 15 
km. In contrast, on March 1, the balloon rapidly goes away from the radar because of the presence of a strong jet. 

different directions with respect to the zenith, allow 
investigations of the possible 3D spectrum anisotropy at 
a given wavelength [e.g., Tsuda et al., 1986; Hocking et 
al., 1990; Yoe et al., 1994]. The 3D spectrum evaluation 
for a given direction and different wavelengths needs the 
use of perfectly (inter-) calibrated radars. This is tech- 
nically difficult and expensive. For these reasons a 
complete description of the 3D spectrum has not yet been 
obtained using radar measurements. However, Rogers 
et al. [ 1992] made radar measurements in the first 3 km 
at 5 and 33 cm and showed that the scattering process 
hypothesis from inertial isotropic turbulence seems to 
be well adapted to explain the radar echoes at these 
scales. More recently, Cohn [1994] compared measu- 
rements obtained for UHF (440 MHz), L (1.3 GHz) and 
X (10 GHz) bands in the troposphere and showed that 
the -11/3 dependency of the 3D spectrum was generally 
observed. The CAT investigation at these frequencies is 
often difficult because of the strength of the hydrometeor 
echoes. R6ttger [1986] established that the measure- 
ments in oblique 6.5 ø and 12 ø directions, at 46.8 MHz 
and 430 MHz, respectively showed similar echo strength 
variations with altitude. This observation indicates that 

the same structures should be at the origin of the echoes. 
Other measurements in the mesosphere at 2.66 and 40.92 
MHz [Royrvik, 1985] put forward that scattering from 
turbulence was at the origin of the echoes for these two 

wavelengths, whereas Hocking and Vincent [1982] 
proposed specular reflection as a source of the echoes 
below 80 km at 2 and 6 MHz. 

The -11/3 law of the 3D spectrum implies the well- 
known-5/3 law of the one-dimensional (1D) spectrum 
observed from in situ measurements. Indeed, such a 
spectral law may be observed in some scale range, at 
least when sufficiently wide atmospheric layers inclu- 
ding turbulent patches are considered (see Figure 2). 
However, as a result of stable stratification, larger 
(vertical) scales are more and more influenced by 
buoyancy forces. Then, energy spectra scaling like k• -3 
are observed, in the so called "turbulent-buoyancy 
subrange", and this effect is also evident in the potential 
energy (temperature) spectra [Dalaudier et al., 1994b]. 
Schematically, the -3 law of the 1D spectrum is asso- 
ciated with the stratification of the medium, the spectral 
level being correlated with the stability [Lumley, 1964; 
Weinstock, 1978, 1985; Holloway, 1986]. 

3. Reconstruction of the Oblique Echo 
Profiles Using Independent Data Sets 

3.1. Indirect Attempts 

A few reconstruction attempts relying upon the same 
theoretical background have been published. Some of 
them use an independently acquired statistical charac- 
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Figure 2. Estimation method of the spectral slope and level at the Bragg wavenumber. The method is exemplified 
using here a typical temperature spectrum measured in a wide stratospheric region, including turbulent and nonturbulent 
layers; the corresponding temperature profile is shown: notice that turbulent fluctuations are nearly invisible. A suc- 
cession of distinct spectral domains with spectral slopes close to -3 (band A), -5/3 (band B), and 0 (noise limit, band 
C) may be observed. Assuming that each local spectrum (50-m-wide data section) presents the form ak p (p<0), the 
method consists in determining a and p by the calculation of the variance in two spectral bands (B 1 and B2) of identical 
relative logarithmic width Ak/k = 1. The value Sr(kb) is then determined at kb by calculating ak•'. 

terization of the field in order to infer the radar returns. 

They are termed here "indirect," as distinct from those 
using actual fluctuation measurements, termed "direct." 

1. Van Zandt et al. [ 1978] elaborated upon a statistical 
model of C• 2 based on the probability of existence of 
homogeneous turbulent layers when the Richardson 
number, Ri, obtained by classical radiosonde data with 
a range resolution of 100 m, is lower than 1/4. This model 
was compared with C• 2 radar profiles with a range 
resolution of 1 km measured at 40.5 MHz and 30 ø from 

the zenith. Despite a large time variability of the radar 
profiles (about 20 dB for 1 hour), the results agreed well 
in shape and in dynamic range. However, this agreement 
was obtained only with a relative level since the external 
scale of the turbulence, L0, was used as an adjustable 
parameter. 

2. Comparisons of C• 2 measured by VHF radars and 
scidar (scintillation detection and ranging) were made 
on several occasions [e.g., Green et al., 1984]. The scidar 
is an optical (passive) instrument used to estimate not 
only the quality of seeing (for astronomical observa- 
tions) but also the intensity and the altitude of the 
atmospheric turbulent layers. Radar and scidar are 

sensitive to different statistical characteristics of the 

refractive index fluctuating field: the value of the 3D 
spectrum at half radar wavelength and the value of an 
autocorrelation coefficient at a horizontal separation of 
a few tens of centimeters. The experiment described by 
Vernin et al. [ 1990] used the scidar of the D6partement 
d'Astrophysique de Nice and the 45-MHz "Provence" 
radar of the LSEET (Laboratoire de Sondages Electro- 
magn6tiques de l'Environnement Terrestre). Many 
similarities were observed and the discrepancies well 
explained (especially in the troposphere). However, the 
"radar Cn 2" was 6 dB lower on average than the "scidar 
Cn2," and the difference was attributed to a calibration 
inaccuracy of the radar system. 

It can then be concluded that these two attempts seem 
to support their common underlying hypotheses on 
dominant scattering by isotropic turbulence in the 
inertial subrange. 

3.2. A First Direct Attempt: The "Puzzling Result" 

Another approach was based on a direct comparison 
between in situ and radar measurements of temperature 
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fluctuation spectra performed during the FRONT84 
campaign [Dalaudier et al., 1989]. This method tried to 
use direct in situ estimates of 1D temperature spectra at 
the scale of one half radar wavelength based on simul- 
taneous and nearly colocated balloon high-resolution 
measurements. This previous attempt lead to a "puzzling 
result," as indicated in the title ofDalaudier et al' s paper. 
Neither the shape nor the dynamic range of the echo 
strength was correctly reproduced. Furthermore, the 
power level was strongly overestimated, typically by 15 
dB. Following the much better results obtained in the 
present work, both the previous data sets and their 
processing were carefully and recently reexamined. 
Some inaccuracies and errors were found allowing us to 
explain clearly the causes of the previous discrepancies. 

On the side of radar measurements, the power cali- 
bration was inaccurate. The new calibration is based on 

(1) various comparisons with scidar measurements 
[Vernin et al., 1990] and further measurements during 
the RASCIBA90 campaign and on (2) a reexamination 
of absolute calibration of radar system parameters. 
Compared to calibration used by Dalaudier et al. [ 1989], 
the atmospheric reflectivity deduced from radar mea- 
surements should have been increased by 6 dB. The 
parameter recalibration, by itself, accounts for 3 to 4 dB, 
while radar-scidar comparisons point to a 6-dB reeva- 
luation (see section 4.1). Taking into account the abso- 
lute calibration uncertainties, these various figures are 
compatible within the error bars. Because the scidar C, 2 
profiles are supposed to be absolutely calibrated [e.g., 
Vernin et al., 1990], it was finally chosen to use the 6-dB 
correction. Furthermore, this value produces more 
consistent results for both oblique comparisons (this 
present work) and vertical comparisons [Dalaudier et 
al., 1994a; Luce et al., 1995]. 

On the side of in situ measurements, the "puzzling 
result" for the oblique reconstruction can be tracked 
down to two main causes: an important overcorrection 
for the thermistor time constant and probable contami- 
nations of the temperature signal by wakes from various 
elements above or at the gondola level. 

The overcorrection of the time constant accounts for 

a 6- to 9-dB (depending on the altitude) overestimate of 
the reconstructed C• 2 levels. The contamination by a weak 
wake, by introducing a background of self-induced 
turbulence, explains the poor dynamic range of the 
oblique reconstruction. Each problem will be now exa- 
mined in more detail. 

Since the time constant of the thermistor x was 

estimated to vary between 0.3 and 0.5 s, depending on 

the altitude, a correction of the form 1 +(on) 2 was applied 
to the spectral levels deduced from in situ measurements 
(to is the angular frequency). However, the time constant 
of the thermistor was strongly overestimated because (1) 
the diameter of the thermistors was (erroneously) used 
instead of its radius in the theoretical formulas for x and 

(2) the effect of the lead wires between thermistor and 
mounting was not taken into account (because Dalaudier 
et al. [ 1989] were not aware of the potential importance 
of the lead wires for the thermal transfer). The error on 
the radius accounts by itself for 4 to 6 dB in the 
overestimation. The importance of the energy exchange 
through the lead wires has been recently emphasized and 
modeled by Fuehrer et al. (1994). Using their approach, 
it may be shown that the neglect of the lead wires account 
for 2 to 3 dB more. Both errors increase with altitude. It 

is worth noting that taking into account the thermal 
transfer through the lead wires improves significantly 
the transfer function of the thermistor. However, the 
resulting transfer function cannot any more be described 
as resulting from a time constant. Since the spectral level 
was estimated in a relatively narrow band (/Xv/v--0.4), 
corresponding to the half radar wavelength (around 1 
Hz), the calculation of the full transfer function, follo- 
wing the work of Fuehrer et al. [1994], corrected by 
Dalaudier [1996], and using the correct geometry for 
the thermistor, shows that no spectral correction was 
necessary in this frequency band. In other words, no 
spectral correction should have been applied to the data. 

In relation to the low dynamic range of the recons- 
tructed profiles, the detailed examination of the data 
obtained during the four flights of the RASCIBA90 
campaign (present paper) clearly shows the presence of 
short periods during which the temperature data are 
(weakly) contaminated by nonatmospheric fluctuations. 
Such contamination arises as a consequence of the wake 
from the instrument itself (when its upwind orientation 
is not properly maintained, especially in the case of weak 
relative horizontal wind between the gondola and the 
balloon) or from cables or technical gondola located 
above the instrument. For the RASCIBA90 campaign 
data, the contaminations were identified and removed as 
far as possible (by "manual" scrutiny of the data). 
Unfortunately, such "decontamination" could not be 
performed on the FRONT84 data. Furthermore, because 
of its different geometry and mass distribution, the 
FRONT84 gondola was not always properly pointed 
upwind during its ascent, as already mentioned by 
Dalaudier et al. [ 1989]. Consequently, a "background" 
of contamination was probably present in the data. This 
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background can account for the bad dynamical range of 
the reconstructed signal and also possibly for the poor 
shape agreement of the profiles. 

Taking into account both radar and balloon correc- 
tions and errors, it can be concluded that the puzzling 
result obtained by Dalaudier et al. [1989] for oblique 
measurements is now understood. The new and more 

successful attempt of direct comparisons using new data 
obtained during the RASCIBA90 campaign is now 
presented. 

4. Experimental Setup and Accessible 
Parameters Using the Isotropic Hypothesis 

The RASCIBA90 campaign was performed in order 
to investigate the fine-scale structures of the troposphere 
and lower stratosphere, as viewed simultaneously by in 
situ balloon-borne sensors and remote sensing instru- 
ments. This experiment took place at the Centre National 
d'Etudes Spatiales (CNES) balloon launching site of 
Aire sur l'Adour (43ø42'N, 0ø15'W) at the end of 
February and the beginning of March 1990. The balloon 
instrumentation was developed by the Service d'A6ro- 
nomie du CNRS (Centre National de la Recherche 
Scientifique) while the humidity data set was provided 
by the D6partement d'Astrophysique de l'Universit6 de 
Nice. Four balloon flights took place, on February 19, 
20, and 22 and on March 1. The ground projection of the 
trajectory of the four balloon flights is given in Figure 
1. The horizontal separation between the radar and the 
balloon, which is less than 20 km for the three first 
flights, rapidly exceeds 30 km for the fourth launching, 
made during strong jet stream conditions (March 1). 

Simultaneously, the "Provence" 45-MHz ST radar, 
operated by the LSEET and located near the launching 
site, allowed an exploration of the same atmospheric 
altitude range. A short account of the instrumental set 
up and of the measured parameters is given below. 

4.1. Radar Measurements 

The VHF 45-MHz "Provence" radar uses two 

50-by-50 m antennas, each one composed of 16 strings 
of coaxial-collinear antennas. The antenna beam could 

be scanned sequentially between the vertical and two 
oblique directions (15 ø south-east and south-west of the 
zenith). Its pulse peak power Pt was 36 kW, and the range 
resolution Ar used during the campaign was 600 m. 

The refractive index 3D spectrum at the half radar 
wavelength scale is accessible from the radar measure- 
ments by using the following radar equation [Van Zandt 

et al., 1978; Doviak and Zrnic', 1984]: 

_= -- 4•lk r 14Nc•,(2kr) 
N c KB(T N+Ts/• ) r 

where o•--0.2 is the efficiency factor for antenna and 
transmission lines, Ae is the effective antenna area of the 
order of 1100 m 2, r2v is the cosmic noise temperature 
evaluated to 6000 K by Lamy et al. [ 1991 ], Ts-- 700 K is 
the temperature system noise including receiver and 
duplexor noise, r is the radial range, Nc• is the number 
of coherent integrations, KB is the Boltzman constant, c 
is the velocity of light, k r is the radar wave vector, and 
ß , is the mean 3D spectral power density of refractive 
index fluctuations in the sounded volume. The given 
radar parameters take into account the 3-to 4-dB reca- 
libration (see section 3.2) with respect to the calibration 
given by Dalaudier et al. [1989]. These values do not 
consider the 2- to 3-dB reevaluation leading to the 6-dB 
correction used for the comparisons. 

In fact, (1) is a simplified expression of the radar 
equation. The power received by a radar is proportional 
to the 3D spectrum of refractive index convolved with 
a spectral sampling function (SSF) taking care of the 
effect of the finite scattering volume [Doviak andZrnic ', 
1984, see also Hocking and RSttger, 1983]. Because of 
the poor radial radar resolution, the radial effect of the 
convolution by the spectral sampling function can be 
neglected. Taking account of the transverse convolution 
is necessary if the backscattering process is produced by 
strongly anisotropic fluctuations. In other words, ani- 
sotropic models must include the transverse weighting 
function by introducing a convolution with the antenna 
beam pattern in the radar equation. Dalaudier et al. 
[1989] developed an anisotropic 3D model using a 
simplified expression for the radar lobe and showed that 
a moderately anisotropic turbulent component could 
contribute at 14.5 ø from the zenith. They also showed 
that the narrower the radar lobe, the smaller the contri- 
bution. 

Here, the isotropic scattering hypothesis will be used 
again. Physical reasons may be found in: (1) the lack of 
VHF radar aspect sensitivity for zenithal angles larger 
than -- 10 ø, as already mentioned; (2) the known fact that 
taking into account admitted values of both turbulent 
kinetic energy dissipation rates and stratification para- 
meter within turbulent layers, the VHF radar Bragg 
wavelength is smaller than the Lumley-Shur (buoyancy) 
scale; this scale is expected to fairly represent a transition 
above which the (anisotropic) influence of stratification 
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Figure 3. Comparison between the reconstructed profiles using the -5/3 and the observed slopes. Vertical profiles of 
•n(2kr) in logarithmic scales deduced from temperature and humidity measurements at the radar resolution (600 m). 
The four panels correspond to the four flights measurements. The reconstructed profile with the -5/3 slope is given by 
the solid line, and the observed slope is shown by dashed line. The noise level is given by the thin dashed-dotted line. 
The two profiles are very similar. The computed slopes on sections of about 400 m thickness every 50 m are presented 
at the right of each profile. The -5/3 slope is given as reference by the vertical solid line. 

should play a major role [Hocking, 1985]; (3) the 
consistency, within turbulent layers and in the vicinity 
of VHF radar Bragg wavenumbers, of our horizontal and 
vertical relative wind U' and W' spectra obtained from 
anemometric measurements made during the experi- 
ment (see section 4.2) with those predicted by the 
Kolmogorov theory. However, we emphasize that the 
slopes of local temperature spectra often depart from the 
expected -5/3 law, as shown in Figure 3, an observation 
which does not imply anisotropy of the temperature 
fluctuation field. 

On the other hand, 1D/3D spectral conversions, an 
essential step for the balloon/radar comparisons, require 
some supplementary hypotheses about the 3D spectrum 
itself, which is nearly unknown. The choice of any 
anisotropic model (for instance, outside turbulent layers) 
would be highly arbitrary and would require supple- 
mentary parameters. This is why we used, everywhere, 
the isotropic model. 

The oblique ( 15 ø) radar profiles will be presented here 
in terms of •(2kr). The detectability profile discrimi- 
nating the signal from the noise will be plotted for each 

radar profile. This notion has already been used by, for 
example, Gage and Balsley [ 1978]. 

4.2. Balloon Measurements 

Atmospheric temperature measurements were 
obtained during four balloon flights with a good vertical 
resolution (a function of the balloon ascent velocity but 
slightly less than 20 cm). These measurements were 
performed with high-resolution (5-7 mK) fast response 
platinum cold wire thermometers (time constant less 
than 10 ms) which much improved upon the previously 
used microbead thermistor. Using the altitude time series 
deduced from high resolution pressure sensors (sam- 
pling rate =1 Hz, r.m.s. noise = 0.16 Pa), the original 
temperature time series have been resampled (spline 
cubic interpolation) every 20 cm, corresponding to a 
slight undersampling. Three thermometers were used, 1 
m apart horizontally and vertically. Furthermore, ane- 
mometric data sets were obtained with a two-axis ionic 

anemometer [Barat, 1982]. From these measurements, 
mean wind profiles as well as turbulent velocity com- 
ponents can be computed. Humidity measurements were 
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also available for three of the four flights (February 20 
and 22 and March 1). 

1D spectrum of temperature fluctuations. The 1D 
power spectral density of temperature, or 1D spectrum, 
St(k), is accessible from balloon measurements with the 
Taylor (frozen field) hypothesis along the trajectory of 
the balloon. This 1D spectrum is related to the 3D 
spectrum Or(k ) by integration along two symmetric 
planes with respect to the origin, at a distance of 2k and 
perpendicular to the velocity direction. Dalaudier et al. 
[1989] showed that the observed 1D vertical spectrum 
is a poor indicator of the anisotropy of the fluctuations 
since the ratio between the 1D spectrum produced by 
strongly anisotropic fluctuations and the one produced 
by isotropic fluctuations is equal to the scalar spectrum 
slope. 

The vertical 1D spectrum can be defined as 

s•(L) = 2teL)= 2 ½½L, L, L)•L•a,, (2) 
912 

where F•(k•) is the two-sided 1D spectrum, $•(k•) being 
defined for k• > 0 JOttersten, 1969b]. However, the 1D 
estimated spectra given by sensors hung below a rising 
balloon are not purely vertical because of the relative 
horizontal velocity component. This velocity (most of 
time smaller than the vertical ascent velocity of the 
balloon) must be taken into account in the calculations. 

If $•(k) (where a is the angle between the vertical axis 
and the relative velocity vector) is the estimated spec- 
trum from the temperature data vertically resampled at 
a spatial constant step (20 cm), it can be easily shown 
that the vertical 1D spectrum is connected to the 1D 
spectrum along the gondola trajectory by 

Sfr(k) = S•(k/ cos •)/cos • (3) 

Relation between 1D and 3D temperature spectra. 
Within the framework of the isotropic fluctuation 
hypothesis, a simple relation between the 3D spectrum 
and the 1D spectrum can be obtained [Ottersten, 1969b]: 

P k-2S•(k) (4) ½•(a) :-• 

since Or(k) = Or(k, 0, ½) -- Or(k) and p (p<0, required 
condition for isotropy) is the 1D spectrum slope S•(k)-k p . 
The particular case of the inertial range implies p=-5/3. 

Conversion of the parameters expressed in terms 
of refractive index n. At radar frequencies and without 

ionization and humidity (as can be assumed in the 
stratosphere), the refractive index n is only a function of 
the temperature T (K) and atmospheric pressure, Pr (Pa): 

0.776 x 10-6pr 
n -- 1 = r (5) 

The 3D temperature and refractive index spectra are 
associated by the relation [Tatarski, 1961 ] 

0.776 x 10-6pr 12 OR(k ) = T2 Or(k ) (6) 

5. Data Processing for Direct Comparisons 

The reconstruction method based on the isotropic 
scattering hypothesis uses the theory developed in the 
previous section. The method estimates the 3D isotropic 
spectrum of refractive index fluctuations at the •r/2 radar 
scale, O•(2kr), from in situ measurements. A first variant 
of this method needs the knowledge of the local slope 
of the 1D spectrum of temperature and its level at •r/2. 
The second one (used by Dalaudier et al. [ 1989]) is based 
on the use of the -5/3 inertial slope compatible with the 
one supposed for the small scales. 

5.1. Humidity Contribution in the Troposphere 

The humidity effects in the reconstruction must be 
taken into account in the troposphere. These effects can 
be preponderant up to 8 km [e.g., Van Zandt etal., 1978; 
Tsuda et al., 1988; May et al., 1991 ]. An estimate of the 
potential refractive index gradient M was made with and 
without humidity by using the relations given by 
Ottersten [ 1969a]: 

mwe t = -0.776 x 10 Prr-2(1 + 15600q T -1) x 

dT 7800 dq ! •zz + F• - 1 + 15600q T-' dz (7) 

and 

-0.776 x 10 pr T- •-2 + Fa (8) 

With q, specific humidity (kg/kg) which represents 
the content of water vapor in the air and Fa= -9.8x10 -3 
degrees/m is the adiabatic lapse rate. For a dry atmo- 
sphere, Mdry is proportional to N 2. 
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Moreover, Tatarski [1961, p. 57] showed that the 
intensity of the refractive index fluctuations is propor- 
tional to M. Then, it can be shown by using the isotropic 
condition at •,r/2 that 

m•2.et 

(I)n(2kr)we t = Ma2r•- • . (I)n(2kr)ar3. = R . (I)•(2kr)ar3. (9) 
. 

The ratio R was calculated for three profiles corres- 
ponding to balloon flights for which humidity measu- 
rement was available. The contribution of the humidity 
for the reconstructions will be shown to be important 
and discussed when the comparisons between recons- 
tructed and observed profiles are presented. 

5.2. Estimate of the 3D Spectrum of Refractive 
Index at the •,r/2 Scale 

From the 1D vertical temperature spectra obtained 
from balloon measurements, the 3D refractive index 

spectrum profile for the •,r/2 scale, assumed to be 
measured by the radar in oblique direction (15ø), is 
calculated. The method estimates local parameters 
(slope and level for the radar half wavelength) of the 1D 
vertical spectrum. However, because of the horizontal 
separation, sometimes large, between the balloon and 
the radar, it is unrealistic to suppose that for a given 
altitude range, the estimated parameters correspond 
effectively to those observed by radar. It is assumed 
instead that the fluctuations measured by the balloon 
sensors are representative (in a statistical sense) of the 
fluctuations observed by the radar. In other words, it is 
assumed that given the range radar resolution, the mean 
atmospheric conditions leading to the formation of 
turbulent layers extend horizontally much further than 
the radar-balloon horizontal distance. It is also assumed 

that the altitude variations of the layer do not exceed the 
range resolution and that the observed temperature 
fluctuation intensity is representative of the intensity 
measured by radar. If this is verified, the observed 
spectral slopes could be more significant in order to 
reproduce the radar measurements than the -5/3 slope. 
The use of the -5/3 slope instead of the locally observed 
one (method reduced to one parameter) corresponds to 
the empirical observation that "on an average" the local 
slope leads to this value. 

First, the 1D temperature spectra are estimated for 
sections of about 50 m. The spectral slope is then 
obtained around •,r/2 by calculating the variance in two 
frequency bands of identical relative (logarithmic) width 

Ak/k--1. In practice, the scale range used is (1...10) 
meters and was chosen with the idea that it corresponds 
roughly to the assumed inertial subrange within turbu- 
lent layers. Indeed, the small-scale cutoff is introduced 
in order to avoid a possible underestimate of the slope 
produced by the spectral density of the white noise at 
high frequencies. The upper limit is introduced in order 
to restrict the scales domain used for the estimate to the 

vicinity of the radar half wavelength. 
The spectral level St(k) for kb = 2kr is calculated as 

indicated in Figure 2 (by taking the value on the 
straightline, in log-log coordinates, leading to the same 
variances as those measured in the two bands between 

1 and 10 m) and by taking into account the relative 
horizontal wind correction (relation 3). The spectral 
level corresponding to the white noise (= 5 to 7 mK) is 
then subtracted. This noise level, variable with altitude, 
was estimated by calculation of the variance in a high- 
frequency band of the spectrum corresponding to the 
scales smaller than 1 m (see Figure 2). For these scales 
it was first supposed that the spectral fluctuations are 
due only to the white noise. However, in regions of high 
turbulent patches, high-frequency atmospherical signals 
can overestimate the mean variance of the noise. In this 

case the estimated variance was replaced by a more 
realistic value (as far as possible) deduced from spectra 
of nearby quiet regions. 

The 3D spectral level is then deduced from the relation 
(4) by using either the observed spectral slope or the -5/3 
one. Vertical profiles are thus obtained with a 50-m 
resolution. In order to compare with the radar profiles, 
they are smoothed using the height weighting function 
of the radar. Finally, the humidity contribution is taken 
into account when available by using (9). 

Comparisons between variants of the method (ob- 
served and -5/3 spectral slope) are shown in Figure 3. 
The noise level of the reconstruction and the spectral 
slope profiles of the 1D temperature spectra are also 
given. It can be seen that the profiles are very similar. 
However, the "-5/3" choice shows a tendency to produce 
a higher level in regions of weak activity (generally 
between 8 and 10 km) and is less important in very stable 
regions (around 12 km for example). This observation 
can be understood since the observed slope tends res- 
pectively toward zero (because of the preponderant 
instrumental noise) and is steeper than -5/3 (because of 
the contribution of stable layers producing a-3 slope). 
However, it is interesting to note that the 1D spectral 
slope is not critical and cannot be a cause of a real 
discrepancy for the comparisons with the radar profiles. 
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Although the method of slope e,stimation can be at the 
origin of some dispersion since the inertial slope can be 
observed only if the inertial subrange is dominant at least 
until 10 m, the slope profiles show that the -5/3 slope is 
rarely observed. The very small values (between 0 and 
-1) are principally due to the noise level and the steeper 
ones are generally associated with regions of high 
stability. It can be noted that the slope profile is more 
uniform on February 20 and the inertial slope is more 
frequently observed especially in the stratosphere. 

5.3. Details of the Experimental and Processing 
Improvements 

1. With respect to the experiment described by 
Dalaudier et al. [ 1989], more extensive in situ and radar 
data sets are now available. Four comparisons with data 
sets obtained during both quiet and disturbed meteoro- 
logical conditions are now possible. The model used can 
then be tested for different conditions. 

2. On the side of radar measurements, the power 
calibration has been improved, and a much larger 
number of vertical profiles are available (8 to 10 for each 
comparison). In order to identify regions where the radar 
signal can be meaningfully compared with in situ mea- 
surements, the detectability threshold [Gage and Bal- 
sley, 1978] calculated as by Ferrat and Crochet [1994] 
is plotted in Figure 4 along with the radar signal using 
the same units. 

3. Concerning the in situ measurements, several 
improvements can be noted: (1) The measurements were 
performed during the night in order to avoid any radiative 
contamination of the sensors [Dalaudier et al., 1994a]. 
(2) The gondolas are smaller and lighter than the gon- 
dolas used by Dalaudier et al. [ 1989]. Their orientation 
with respect to the wind was then better and faster, 
allowing fewer disturbances by the wake from cables 
and the instrumentation itself. (3) The time response of 
the cold wire thermometers used during the RASCI- 
BA90 campaign is sufficiently short in order to avoid 
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Figure 4. Compmson between rad• observations and recons•ucfions from temperature measurements. Shown •e 
ve•ical profiles, in log•ithmic scales, of measured (thin dashed lines) and estimated (thick solid lines and thick dashed 
lines for the d• profiles) 3D spec•um of refractive index fluctuations (using a constant -5/3 slope). All the rad• 
profiles obtained during the ascent of the balloons •e given. The standard rad• detectability threshold is indicated 
for each profile by the dotted lines (see tex0. The noise level of the recons•uctions is given as a dashed-dotted •in 
line. Humidity measurements were not available on Febru• 19. Data loss prevented humidity co•ections on Febru• 
22 •ound 6.5 •. A time v•iability of the rad• measurements which is smaller than one decade can be observed. 
The three recons•ucted profiles agree well in shape, and dynamic range •d quite well in level with the observed ones. 
For the fou• flight the shape and dynamics •e well reproduced but the level is strongly overestimated between 8 
and 13 •. 
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any correction of the estimated 1D spectrum level 
(although the correction was unnecessary at 3 m scale 
for the data used by Dalaudier et al. [ 1989]; see section 
3.2). (4) High-resolution temperature measurements are 
available in the troposphere and in the lower stratosphere 
(from the ground up to about 25 km) whereas the 
temperature sensors used by Dalaudier et al. [1989] 
were saturated for altitudes lower than about 8 km. (5) 
Humidity measurements obtained with V•iiss•il•i RS80 
sondes and a 9-m sampling are available for three flights. 
These measurements allow us to take into account the 

contribution of the humidity in the troposphere by using 
the method described in section 5.1. 

4. Concerning the data processing, some improvements 
are introduced: (1) The spectral slope of the 1D tem- 
perature spectrum is estimated based on the variances 
between 1 and 10 m; two types of reconstructions are 
then performed in order to estimate the contribution of 
the observed slopes instead of just the -5/3 one. (2) The 
few regions contaminated by the wake of the instruments 
and balloons are carefully determined and suppressed 
without any ambiguity for the most important of them. 
(3) The noise level of temperature measurements is 
subtracted for each estimated temperature 1D spectrum. 
The noise level (smoothed at the radar resolution) is 
indicated on each of the four profiles. (4) The oblique 
path of the gondola with respect to the flow was taken 
into account in the temperature spectral estimate (rela- 
tion (3)). 

6. Comparisons Between Radar Observa- 
tions and Reconstructions 

6.1. Results Obtained on February 19, 20, and 22 

These 3 days correspond to quiet meteorological 
conditions with wind speeds typically lower than 10 ms -• 
and a maximum horizontal separation between radar and 
balloon which was typically smaller than 25 km (Figure 
1). 

The general comparison between profiles recons- 
tructed with a -5/3 slolSe and observed radar profiles 
shows a good general agreement (Figure 4). 

1. The shapes are very similar. Particularly, the 
enhancements around 12 km are clearly reproduced. 

2. The dynamic range of measured and recons- 
tructed profiles is nearly the same. It can be noted that 
the suppression of the noise level (see section 5.2) 
contributes slightly to the improvement of the dynamic 
range especially in regions of low activities. 

3. The use of the estimated slope instead of the 
expected one (-5/3) has usually a very weak effect (see 

Figure 3). However, in some regions of weak activity 
(February 19 around 9 km, and February 22 around 10 
km), its use slightly improves the restitution of the weak 
observed echoes. 

4. The reproduced level is quite good with a slight 
uncertainty due to the radar calibration. 

5. Humidity data are available on February 20 and 
22. The contribution of this parameter appears to 
dominate in the (lower) troposphere. The agreements 
confirm the importance of the humidity in this region of 
the atmosphere. 

6. It is interesting to note that the level of the 
reconstruction is lower than the radar level when the 

backscattered power is too low to be detected (see the 
detectability threshold). 

Some local disagreements (concerning one or two 
successive radar gates) can be observed on these quiet 
days: for example, overestimates are clear around 11 km 
on February 19. 

On February 19, because the humidity data are not 
available, only dry refractive index reconstructions are 
plotted. It is worth noting that the level, shape, and 
dynamic range are quite well reproduced. The shape 
enhancement observed around 12 km is perfectly 
reconstructed by the model. In the stratosphere the signal 
level is generally below the detectable threshold, but 
there are significant and sporadic enhancements (fluc- 
tuating in time and height). The reconstruction indicates 
the same kind of enhancement in the same region around 
16 km which points out the physical reality of (very 
probably) sporadic turbulent layers observed by the 
radar. 

On February 20 a good agreement is observed bet- 
ween the radar profiles and the reconstruction. The low 
dynamic range above the lower troposphere presented 
by the radar measurements is reproduced. The power 
level is quite uniform in height but sufficiently high in 
order to be above the detectability threshold up to 14 km, 
in contrast to the three other observations which do not 

show atmospheric signal around 10 km. 
On February 22 the agreement is noteworthy and 

noticeable discrepancies are not observed. 
These results show a dramatic improvement respec- 

tively to Dalaudier et al.' s [ 1989]. They unambiguously 
support the isotropic turbulence model to reconstruct 
realistic oblique radar echoes profiles. 

6.2. Results Obtained on March 1 

This fourth night of experiment corresponds to 
measurements obtained during strong eastward wind 
conditions. A broad jet stream, with a wind velocity 
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exceeding 45 m s -• from 6 to 13 km height, carried away 
the balloon far from the radar site: the radar-balloon 

distance was already 50 km at a balloon altitude of 10 
km (see Figure 1). 

While consistent results are obtained below 8 km, 
striking disagreements are observed between 8 and 13 
km (the overestimate is typically 10 dB). They could be 
attributed, at the first sight, to a horizontal inhomoge- 
neity of the refractive index fluctuations during distur- 
bed conditions possibly related to meteorological or 
orographic variations. However, this explanation is not 
convincing because the discrepancies always show an 
overestimate of the reconstruction. We can also suspect 
some contaminations of the measurements by turbulent 
wakes, contaminations that would be indistinguishable 
from real atmospheric turbulence, using the methods that 
proved to be efficient elsewhere. This interpretation is 
supported by the balloon anemometric data which show 
very weak horizontal relative winds (the wind shear on 
the balloon-gondola distance of 175 m) within the jet 
and, consequently, many instabilities in the orientation 
of the gondola. From these data a mean wake-gondola 
distance may be computed. This distance appears to be 
of the order of one balloon diameter (about 20 m) within 
most of the considered region. Thus contamination of 
the data by balloon and gondola wakes are highly 
probable. It may be noticed that the simultaneous 
observations of weak local velocity shears in the central 
part of a strong jet and of weak radar returns from the 
same area are fully consistent. 

The agreement above 13 km is not significant since 
the radar measurements were below the sensitivity 
threshold. 

7. Conclusion and Perspectives 

The present work addresses the problem of the 
mechanism responsible for the VHF radar echoes in 
oblique directions. The method used is a direct compa- 
rison of the inferred 3D spectrum of refractivity fluc- 
tuations as determined from radar echo power and from 
simultaneous, nearly colocated, in situ measurements 
obtained from tropostratospheric balloon flights. The 
originality of this method is that both in situ and remote 
sensing measurements are performed at the same scale, 
corresponding to the half radar wavelength. The model 
used for this comparison is based on the standard 
hypothesis that the refractivity fluctuations responsible 
for the oblique radar echoes are produced by isotropic 
turbulence. 

A previous attempt by Dalaudier et al. [ 1989] using 
the same method and hypothesis led to a "puzzling 
result" as indicated in the title of their paper. However, 
a careful reexamination of this previous work, in the light 
of the present comparison, allowed us to understand the 
stated discrepancies as a result of a conjunction of errors, 
inaccuracies, and technical problems (see section 3.2). 
On the other hand, the other "puzzling result" presented 
in that paper is now understood as a consequence of an 
inadequate modelling of the mechanism responsible for 
the vertical echoes [Dalaudier et al., 1994; Luce et al., 
1995]. Consequently, we can state the previous puzzle 
is now completely solved. 

Many experimental and data-processing improve- 
ments were performed with respect to that previous 
attempt (see section 5.3). The direct comparison shows 
a satisfying agreement between radar and in situ mea- 
surements for most of the available data. This agreement 
is obtained both in the troposphere and in the (lower) 
stratosphere without any adjustment between the two 
data sets. The shape and the dynamic range of the profiles 
are conveniently reconstructed, taking into account the 
experimental limitations coming from both radar and in 
situ noise levels. It is worth noting that the present 
agreement was obtained with a radar resolution of 600 
m. Such "moderate" resolution allows some smoothing 
of the in situ profile of the highly inhomogeneous 
turbulent fluctuations. This smoothing is interpreted as 
a statistical averaging of the atmospheric turbulence 
parameters. The averaged parameters are assumed to be 
nearly constant over horizontal distances of a few tens 
of kilometers. 

The disagreement observed for part of the data (see 
section 6.2) is interpreted as the result of a contamination 
of in situ measurements by nonatmospheric turbulence. 
This contamination, which could not be distinguished 
from "true" turbulence, is attributed to the existence of 
very weak wind shears within the core of a strong jet. 
These weak shears are associated with very low levels 
of atmospheric turbulence as indicated by the simulta- 
neous lack of oblique radar echoes. 

The overall agreement of the present comparison 
allows us to conclude, as expected, that the scattering of 
radio waves by turbulent refractivity fluctuations is the 
dominant mechanism for the oblique echoes. The radar 
echo profile, with 600 m resolution, is well reconstructed 
from in situ estimations of the 3D spectrum of refractive 
index inhomogeneities. These estimations require the 
hypothesis of isotropy at the Bragg scale (here about 3 
m), and the comparison shows that the further hypothesis 
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of inertiality (slope-5/3) can also be used. These suc- 
cessful reconstructions demonstrate the efficiency of the 
current physical model of radio wave scattering, even if 
they do not prove the validity of the underlying hypo- 
theses. 

We should note that in situ measurements with such 

a high resolution are difficult and that the 1D spectra 
analyzed here do not contain much information about 
the anisotropy of the observed structures. However, the 
use of three temperature sensors with vertical and 
horizontal separation of 1 meter will allow us to inves- 
tigate further this question in subsequent analysis of the 
same data set. 
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